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Abstract 

We used thermostable group II intron reverse transcriptase sequencing (TGIRT-seq), which 

gives end-to-end sequence reads of highly structured RNAs, to identify >8,000 short (≤300 nt) 

full-length excised intron (FLEXI) RNAs in human cells. Most FLEXI RNAs are predicted to 

have stable secondary structures, making them difficult to detect by other RNA-seq methods. 

Some FLEXI RNAs correspond to annotated mirtron pre-miRNAs (introns that are processed 

into functional miRNAs) or agotrons (introns that bind AGO2 and function in a miRNA-like 

manner), but the vast majority had not been identified or characterized previously. FLEXI RNA 

profiles are cell-type specific, reflecting differences in host gene transcription, alternative 

splicing, or intron RNA turnover, and comparisons of matched tumor and healthy tissues from 

breast cancer patients and cell lines revealed hundreds of differences in FLEXI RNA expression. 

About half of the FLEXI RNAs contained one or more experimentally identified binding sites for 

a spliceosomal protein, AGO1-4, DICER, or a number of different regulatory proteins, 

suggesting multiple ways in which FLEXIs could contribute to the regulation of gene expression. 

As FLEXI RNAs are linked to the expression of thousands of protein-coding and lncRNA genes, 

they potentially constitute a new class of broadly applicable, highly discriminatory biomarkers 

for human diseases. 

 

cancer / diagnostics / liquid biopsy / miRNA / RNA-binding protein / RNA sequencing / RNA 

splicing 
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Introduction 

Most protein-coding genes in eukaryotes consist of coding regions (exons) separated by introns, 

which must be removed by RNA splicing to produce a functional mRNA. RNA splicing is 

performed by a large ribonucleoprotein complex, the spliceosome, which catalyzes 

transesterification reactions yielding ligated exons and a distinctive excised intron lariat RNA 

whose 5' end is linked to a branch-point nucleotide near its 3' end by a 2',5'-phosphodiester bond 

(1). In most cases, excised intron lariat RNAs are acted upon by a dedicated debranching enzyme 

(DBR1) to produce a linear intron RNA, which is rapidly degraded by cellular ribonucleases (2). 

In a few cases, excised intron RNAs have been found to persist after excision, either as branched 

circular RNAs (lariats whose tails have been removed) or as unbranched linear RNAs, with some 

contributing to cell or viral regulatory processes (3-11). The latter include a group of yeast 

introns that are rapidly degraded in log phase cells but are debranched and accumulate as linear 

RNAs in stationary phase where they may contribute to a generalized cellular stress response (10, 

12). Other examples of excised intron RNAs with cellular functions are mirtrons, structured pre-

miRNA introns that are debranched by DBR1 and processed by DICER into functional miRNAs 

(13-15), and agotrons, structured excised linear intron RNAs that bind AGO2 and function 

directly to repress target mRNAs in a miRNA-like manner (16). 

Recently, while analyzing human plasma RNAs by using Thermostable Group II Intron 

Reverse Transcriptase sequencing (TGIRT-seq), a method that gives full-length, end-to-end 

sequence reads of highly structured RNAs, we identified ~50 short (≤300 nt), full-length excised 

intron (FLEXI) RNAs, subsets of which corresponded to annotated mirtrons or agotrons (17). 

Here, we used TGIRT-seq to systematically search for FLEXI RNA in human cell lines and 

tissues. We thus identified >8,000 short (≤300 nt) FLEXI RNAs, the vast majority of which had 

not been characterized previously. FLEXI RNAs could potentially function in gene regulatory 

pathways and constitute a new class of broadly applicable, highly discriminatory RNA 

biomarkers for human diseases. 
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Results and Discussion 

A search of Ensembl GRCh38 Release 93 annotations (http://www.ensembl.org) revealed 51,645 

short introns (≤300 nt) in 12,020 different genes that could potentially give rise to FLEXI RNAs. 

To investigate which of these introns might produce FLEXI RNAs in biological samples, we 

obtained TGIRT-seq datasets of intact (non-fragmented) human cellular RNAs (Universal 

Human Reference RNA (UHRR) and RNAs from HEK-293T, K-562, and HeLa S3 cells) and 

reanalyzed the plasma RNA datasets by mapping to the hg38 human genome reference sequence 

(Table 1). The searches were done using combined datasets obtained from multiple replicate 

libraries totaling 666-768 million mapped reads for each of the cellular RNA samples (Table 1). 

We thus identified 8,144 different FLEXI RNAs originating from 3,743 protein-coding genes, 

lncRNA genes, or pseudogenes (collectively denoted FLEXI host genes) represented by at least 

one read in any of the sample types (Fig. 1A). Most FLEXI RNAs were present in relatively low 

abundance in whole-cell RNA preparations, with density plots showing sharp peaks for the 

UHRR, K-562, and HEK-293T samples at 0.003-0.01 reads per million (RPM) and broader 

peaks for the HeLa S3 and plasma samples at 0.02 RPM (Fig. S1). The most abundant FLEXIs in 

different sample types were present at 1.3-6.9 RPM. Pairwise scatterplots showed that FLEXI 

RNA profiles are cell-type specific with many FLEXIs differentially expressed in each sample 

type (Fig. 1B). 

The FLEXI RNAs identified by TGIRT-seq appear to be linear RNAs that extend from the 

5'- to 3'-splice site with no evidence of base substitutions or impediments that might indicate the 

presence of a branch-point nucleotide (Fig. 2A). In addition to host gene transcription, the cell-

type specific detection of FLEXI RNAs reflects differences in alternative splicing and stability of 

the excised intron RNAs (examples shown in Fig. 2B). Most of the detected FLEXI RNAs have 

sequence characteristics of major (U2-type) spliceosomal introns, with (98.7%) have canonical 

GU-AG ends and 1.3% having GC-AG or other non-canonical 5' and 3' end (18), and only 36 

having sequence characteristics expected for minor (U12-type) spliceosomal introns (19) (Fig. 

3A and Fig. S2). The identified FLEXI RNAs have a canonical branch-point (BP) consensus 
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sequence (Fig. 3A) (20), suggesting that most if not all were excised as lariat RNAs and 

debranched by DBR1, as found for mirtron pre-miRNAs (14, 15). 

Density distribution plots showed that the FLEXI RNAs detected in plasma are a relatively 

homogenous subset with peaks at 90-nt length, 70% GC, and -40 kcal/mole minimum free 

energy (MFE; ΔG) for the most stable RNA secondary predicted by RNAfold (Fig. 1C-E). By 

comparison, the FLEXI RNAs detected in cells were more heterogenous, with similar peaks but 

larger shoulders extending to longer lengths, lower GC contents, and less stable predicted 

secondary structures (≥-25 kcal/mole; Fig. 1C-E). Similar trends were seen in density 

distribution plots for FLEXI RNAs present at higher abundance (≥0.01 and ≥0.02 RPM; Fig. 

S3A and B). The more homogenous subset of FLEXI RNAs found in plasma could reflect 

preferential export or greater resistance to plasma RNases of shorter, more stably structured 

FLEXI RNAs. Consistent with these possibilities, 23% of the FLEXI RNAs found in plasma but 

only 1.7-2.6% of those found in cells corresponded to annotated mirtron pre-miRNAs or 

agotrons, whose biological functions require a stable stem-loop structure (Fig. 3B and C). A 

small number of FLEXI RNAs found in cells but not plasma (43, 0.5% of the total) contained 

embedded snoRNAs (Fig. 3C). 

About half (4,505; 55%) of the detected FLEXI RNAs contained an experimentally 

identified binding site for one or more of 126 different RNA-binding proteins (RBPs) in human 

eCLIP (21), DICER PAR-CLIP (22), or AGO1-4 PAR-CLIP (23) datasets (Fig. 4A and B). 

Compared to all annotated introns or protein-binding sites in the above datasets, the detected 

FLEXI RNAs were enriched in binding sites for spliceosomal proteins (e.g., PRPF8, SF3B4, 

AQR, EFTUD2, BUD13), as well as AGO1-4 (250 FLEXIs, including 23 annotated agotrons 

(16)) and DICER (308 FLEXIs, including 44 annotated mirtrons (24)). Sixty-six FLEXIs 

contained binding sites for both AGO1-4 and DICER (including five annotated as both agotrons 

and mirtrons). Notably, FLEXI RNAs were also enriched in binding sites for several regulatory 

proteins, including PPIG (protein folding), GRWD1 (ribosome biogenesis and histone 

methylation), UCHL5 (protease), and ZNF622 (transcription regulation). 
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Most the identified FLEXI RNAs (7,775, 95%), including those corresponding to mirtron 

pre-miRNAs or agotrons, had low PhastCons scores (<0.5 calculated for 27 primates including 

humans plus mouse, dog, and armadillo), with those encoding snoRNAs having somewhat 

higher PhastCons scores (four at ≥0.5; Fig. 1F). GO enrichment analysis using biological process 

annotations (25, 26) showed that the more evolutionarily conserved FLEXIs (PhastCons scores 

≥0.50) were enriched in genes involved in regulation of RNA metabolic processes and gene 

expression, while those with lower PhastCons scores (<0.5) were enriched in genes involved in 

other biological processes (Fig. 5). Among the most highly conserved FLEXIs (PhastCons score 

≥0.99; n=44), several are multiples of three nucleotides long and would encode additional in-

frame protein sequence if retained in the mRNA (examples in HNRNPL, HNRNPM, and FXR1). 

Another FLEXI (EIF1, chr17:41,690,819-41,690,902) appears to be unique in humans and arose 

from a point mutation in the 3’ untranslated region (UTR) that generates a new 3'-splice site, 

resulting in a novel, human-specific EIF1 isoform. 

The cell- and tissue-specific patterns of FLEXI RNA expression suggested that they might 

be useful as biomarkers that distinguish normal and abnormal cellular states. To test this idea, we 

compared FLEXI RNAs and FLEXI host genes in commercial matched tumor and neighboring 

healthy tissue from two breast cancer patients (patients A and B) and two breast cancer cell lines 

(MDA-MB-231 and MCF7). UpSet plots showed hundreds of differences in FLEXI RNAs and 

FLEXI host genes between the cancer and healthy samples (Fig. 6A and Fig. S4 for FLEXIs 

detected at ≥0.01 RPM). The discriminatory power of FLEXIs is also evident in scatter plots 

comparing FLEXI RNAs detected in the matched healthy and tumor samples from patients A 

and B, which showed a wider spectrum of differences than did those comparing all transcripts 

from the same FLEXI host genes (Fig. 6B). The scatter plots also identified multiple candidate 

FLEXI RNA biomarkers, including 18 and 16 in patients A and B, respectively, that were 

detected at relatively high abundance (0.05-0.16 RPM) and in at least two replicate libraries from 

each cancer patient, but not detected at all in the matched healthy tissue (highlighted in red in Fig. 

6B). GO enrichment analysis of FLEXI RNA host genes detected in the four cancer samples but 
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not healthy tissues showed significant enrichment (p≤0.05) in hallmark gene sets (27) that are 

perturbed in many cancers (Fig. 6C, pathway names in red ). Gene sets that were significantly 

enriched in one or more of the cancer samples but not in the healthy controls included mitotic 

spindle, MYC targets V1/2, estrogen response early/late, androgen response, oxidative 

phosphorylation, mTORC1 signaling, apical junction, and cholesterol homeostasis (Fig. 6C, 

pathway names in orange). 

The short introns that give rise to FLEXI RNAs could have originated by splice-site 

acquisition, as found for the EIF1 intron described above, or by an active intron transposition 

process (28-30), with their retention in the human genome reflecting that they acquired a cellular 

function or were not sufficiently deleterious for loss by purifying selection. Most of the short 

introns in the human genome (97%) have unique sequences, with the remainder (1,719 introns 

with 693 unique sequences) arising by external or internal gene duplications, as found previously 

for one of the plasma FLEXI RNAs (17). However, intron transposition followed by sequence 

divergence cannot be excluded. 

Based on literature precedents (3, 4, 8, 10, 12), FLEXIs RNAs could function in cellular 

regulation by base pairing to a complementary target RNA or by sequestering proteins that 

function in RNA splicing or other cellular processes, the latter possibility supported by the 

identification of multiple FLEXI RNAs corresponding to binding sites for regulatory proteins 

(Fig. 4B). The additional FLEXI RNAs identified here as being DICER or AGO1-4 binding sites 

could be previously unannotated mirtrons or agotrons or could function to sequester these 

proteins, thereby impacting miRNA biogenesis or function. Additionally, FLEXI RNAs that 

have stable stem-loop structures could be acted upon by a double-stranded RNA-specific 

endonuclease, like DICER or DROSHA, to generate discrete RNA fragments that could function 

as miRNAs or other short regulatory RNAs. More generally, the stable predicted secondary 

structure found for many FLEXI RNAs may be a common feature of introns that have acquired a 

secondary function, as such structures could facilitate splicing by bringing splice sites closer 

together, contribute to protein-binding sites, and/or stabilize the intron RNA from turnover by 
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cellular RNases, enabling them to persist long enough to perform their function after 

debranching. 

Regardless of their origin or function, FLEXI RNAs potentially provide a large new class 

of RNA biomarkers that are linked to the expression of thousands of different protein-coding and 

lncRNA genes, with particular utility as biomarkers in bodily fluids such as plasma where their 

stable secondary structures and/or bound proteins may protect them from RNases (17). Although 

FLEXI RNAs are not abundant in whole-cell RNA preparations, their relative abundance for 

diagnostics applications could be increased readily by incorporating a size-selection step that 

retains RNAs ≤300 nt prior to RNA-seq or other detection methods. As many FLEXIs are 

structured RNAs, their initial detection and characterization is best done by TGIRT-seq to obtain 

full-length, end-to-end sequence reads. Once identified, targeted assays for optimal FLEXI 

RNAs or combinations therefore could use different types of read outs, such as RT-qPCR, 

microarrays, other hybridization-based assays, or targeted RNA-seq. Targeted RNA panels of 

FLEXI RNAs by themselves or combined with other analytes could provide a rapid cost-

effective method for the diagnosis and routine monitoring of progression and response to 

treatment for a wide variety of human diseases. 

 

Materials and Methods 

DNA and RNA oligonucleotides. The DNA and RNA oligonucleotides used for TGIRT-seq on 

the Illumina sequencing platform are listed in Table 2. Oligonucleotides were purchased from 

Integrated DNA Technologies (IDT) in RNase-free, HPLC-purified form. R2R DNA 

oligonucleotides with 3' A, C, G, and T residues were hand-mixed in equimolar amounts prior to 

annealing to the R2 RNA oligonucleotide. 

 

RNA preparations. Universal Human Reference RNA (UHRR) was purchased from Agilent, 

and HeLa S3 and MCF-7 RNAs were purchased from Thermo Fisher. RNAs from matched 

frozen healthy/tumor tissues of breast cancer patients were purchased from Origene (500 ng; 
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Patient A: PR+, ER+, HER2-, CR562524/CR543839; Patient B: PR unknown, ER-, HER2-, 

CR560540/CR532030). 

K-562, HEK-293T/17, and MDA-MB-231 RNAs were isolated from cultured cells by 

using a mirVana miRNA Isolation Kit (Thermo Fisher). K-562 cells (ATCC CTL-243) were 

maintained in Iscove's Modified Dulbecco's Medium (IMDM) + L-glutamine and 25 mM 

HEPES; Thermo Fisher) supplemented with 10% Fetal Bovine Serum (FBS; Gemini Bio-

Products), and approximately 2 x 106 cells were used for RNA extraction. HEK-293T/17 cells 

(ATCC CRL-11268) were maintained in Dulbecco's Modified Eagle Medium (DMEM) + 4.5 

g/L D-glucose, L-glutamine, and 110 mg/L sodium pyruvate; Thermo Fisher) supplemented with 

10% FBS, and approximately 4 x 106 cells were used for RNA extraction. MDA-MB-231 cells 

(ATCC HTB-26) were maintained in DMEM (+ 4.5 g/L D-glucose and L-glutamine; Thermo 

Fisher) supplemented with 10% FBS and 1X PSQ (Penicillin, Streptomycin, and Glutamine: 

Thermo Fisher), and approximately 4 x 106 cells were used for RNA extraction. All cells were 

maintained at 37 °C in a humidified 5% CO2 atmosphere. 

For RNA isolation, cells were harvested by centrifugation (after trypsinization for HEK-

293T/17 and MDA-MB-231 cells) at 300 x g for 10 min at 4 °C and washed twice by 

centrifugation with cold Dulbecco’s Phosphate Buffered Saline (Thermo Fisher). The indicated 

number of cells (see above) was then resuspended in 600 µL of mirVana Lysis Buffer and RNA 

was isolated according to the kit manufacturer’s protocol with elution in a final volume of 100 

µL. To remove residual DNA, UHRR and HeLa S3 RNAs (1 μg) and patients A and B healthy 

and cancer tissue RNAs (500 ng) were treated with 20 U exonuclease I (Lucigen) and 2 U 

Baseline-ZERO DNase (Lucigen) in Baseline-ZERO DNase Buffer for 30 min at 37 °C. K562, 

MDA-MB-231 and HEK-293T cell RNAs (5 μg) were incubated with 2 U TURBO DNase 

(Thermo Fisher). After DNA digestion, RNA was cleaned up with an RNA Clean & 

Concentrator kit (Zymo Research) with 8 volumes of ethanol (8X ethanol) added to maximize 

the recovery of small RNAs. The eluted RNAs were ribodepleted by using the rRNA removal 

section of a TruSeq Stranded Total RNA Library Prep Human/Mouse/Rat kit (Illumina), with the 
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supernatant from the magnetic-bead separation cleaned-up by using a Zymo RNA Clean & 

Concentrator kit with 8X ethanol. After checking RNA concentration and length by using an 

Agilent 2100 Bioanalyzer with a 6000 RNA Pico chip, RNAs were aliquoted into ~20 ng 

portions and stored at -80 °C until use. 

For the preparation of samples containing chemically fragmented long RNAs, RNA 

preparations were treated with exonuclease I and Baseline-Zero DNase to remove residual DNA 

and ribodepleted, as described above. The supernatant from the magnetic-bead separation after 

ribodepletion was then cleaned-up with a Zymo RNA Clean & Concentrator kit using the 

manufacturer's two-fraction protocol, which separates RNAs into long and short RNA fractions 

(200-nt cut-off). The long RNAs were then fragmented to 70-100 nt by using an NEBNext 

Magnesium RNA Fragmentation Module (94 °C for 7 min; New England Biolabs). After clean-

up by using a Zymo RNA Clean & Concentrator kit (8X ethanol protocol), the fragmented long 

RNAs were combined with the unfragmented short RNAs and treated with T4 polynucleotide 

kinase (Epicentre) to remove 3' phosphates (31), followed by clean-up using a Zymo RNA Clean 

& Concentrator kit (8X ethanol protocol). The RNA fragment size range was confirmed and the 

RNA concentration determined by using an Agilent 2100 Bioanalyzer with a 6000 RNA Pico 

chip, and the RNA was aliquoted into 4 ng portions for storage in -80 °C. 

 

TGIRT-seq. TGIRT-seq libraries were prepared as described (31) using 20-50 ng of 

ribodepleted unfragmented RNA or 4-10 ng of ribodepleted chemically fragmented RNA. The 

template-switching and reverse transcription reactions were done with 1 μM TGIRT-III (InGex) 

and 100 nM pre-annealed R2 RNA/R2R DNA in 20 μl of reaction medium containing 450 mM 

NaCl, 5 mM MgCl2, 20 mM Tris-HCl, pH 7.5 and 5 mM DTT. Reactions were set up with all 

components except dNTPs, pre-incubated for 30 min at room temperature, a step that increases 

the efficiency of RNA-seq adapter addition by TGIRT template switching, and initiated by 

adding dNTPs (final concentrations 1 mM each of dATP, dCTP, dGTP, and dTTP). The 

reactions were incubated for 15 min at 60 °C and then terminated by adding 1 μl 5 M NaOH to 
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degrade RNA and heating at 95 °C for 5 min followed by neutralization with 1 μl 5 M HCl and 

one round of MinElute column clean-up (Qiagen). The R1R DNA adapter was adenylated by 

using a 5' DNA Adenylation kit (New England Biolabs) and then ligated to the 3’ end of the 

cDNA by using thermostable 5’ App DNA/RNA Ligase (New England Biolabs) for 2 h at 65 °C. 

The ligated products were purified by using a MinElute Reaction Cleanup Kit and amplified by 

PCR with Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific): denaturation at 

98 °C for 5 sec followed by 12 cycles of 98 °C 5 sec, 60 °C 10 sec, 72 °C 15 sec and then held at 

4 °C. The PCR products were cleaned up by using Agencourt AMPure XP beads (1.4X volume; 

Beckman Coulter) and sequenced on an Illumina NextSeq 500 to obtain 2 x 75 nt paired-end 

reads or on an Illumina NovaSeq 6000 to obtain 2 x 150 nt paired-end reads at the Genome 

Sequence and Analysis Facility of the University of Texas at Austin. 

TGIRT-seq of RNA purified from commercial plasma pooled from multiple healthy 

individuals was described previously (17), and the resulting datasets, which were reused in this 

study, were previously deposited in the National Center for Biotechnology Information Sequence 

Read Archive under accession number PRJNA640428. 

 

Bioinformatics. All data analysis used combined TGIRT-seq datasets obtained from multiple 

replicates of different sample types (Table 1). Illumina TruSeq adapters and PCR primer 

sequences were trimmed from the reads with Cutadapt v2.8 (32) (sequencing quality score cut-

off at 20; p-value <0.01) and reads <15-nt after trimming were discarded. To minimize 

mismapping, a sequential mapping strategy was used. First, reads were mapped to the human 

mitochondrial genome (Ensembl GRCh38 Release 93) and the Escherichia coli genome 

(GeneBank: NC_000913) using HISAT2 v2.1.0 (33) with customized  settings (-k 10 --rfg 1,3 --

rdg 1,3 --mp 4,2 --no-mixed --no-discordant --no-spliced-alignment) to filter out reads derived 

from mitochondrial and E. coli RNAs (denoted Pass 1). Unmapped read from Pass1 were then 

mapped to a customized set of sncRNA and rRNA reference sequences, including human 

miRNA, tRNA, Y RNA, Vault RNA, 7SL RNA and 7SK RNA, 5S rRNA and 45S rRNA genes 
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including the 2.2-kb 5S rRNA repeats from the 5S rRNA cluster on chromosome 1 (1q42, 

GeneBank: X12811) and the 43-kb 45S rRNA repeats that contained 5.8S, 18S and 28S rRNAs 

from clusters on chromosomes 13,14,15, 21, and 22 (GeneBank: U13369) using HISAT2 with 

the following settings -k 20 --rdg 1,3 --rfg 1,3 --mp 2,1 --no-mixed --no-discordant --no-spliced-

alignment --norc (denoted Pass 2). Unmapped reads from Pass 2 were then mapped to the human 

genome reference sequence (Ensembl GRCh38 Release 93) using HISAT2 with settings 

optimized for non-spliced mapping (-k 10 --rdg 1,3 --rfg 1,3 --mp 4,2 --no-mixed --no-discordant 

--no-spliced-alignment) (denoted Pass 3) and splice aware mapping (-k 10 --rdg 1,3 --rfg 1,3 --

mp 4,2 --no-mixed --no-discordant --dta) (denoted Pass 4). Finally, the remaining unmapped 

reads were mapped to Ensembl GRCh38 Release 93 by Bowtie 2 v2.2.5 (34) using local 

alignment (with settings as: -k 10 --rdg 1,3 --rfg 1,3 --mp 4 --ma 1 --no-mixed --no-discordant --

very-sensitive-local) to improve the mapping rate for reads containing post-transcriptionally 

added 5’ or 3’ nucleotides (poly(A) or poly(U)), short untrimmed adapter sequences, or non-

templated nucleotides added to the 3’ end of the cDNAs by TGIRT-III during TGIRT-seq library 

preparation (denoted Pass 5). For reads that map to multiple genomic loci with the same mapping 

score in passes 3 to 5, the alignment with the shortest distance between the two paired ends (i.e., 

the shortest read span) was selected. In the case of ties (i.e., reads with the same mapping score 

and read span), reads mapping to a chromosome were selected over reads mapping to scaffold 

sequences, and in other cases, the read was assigned randomly to one of the tied choices. The 

filtered multiply mapped reads were then combined with the uniquely mapped reads from Passes 

3-5 by using SAMtools v1.10 (35) and intersected with gene annotations (Ensembl GRCh38 

Release 93) with the RNY5 gene and its 10 pseudogenes, which are not annotated in this release, 

added manually to generate the counts for individual features. Coverage of each feature was 

calculated by BEDTools v2.29.2 (36). To avoid miscounting reads with embedded sncRNAs that 

were not filtered out in Pass2 (e.g., snoRNAs), reads were first intersected with sncRNA 

annotations and the remaining reads were then intersected with the annotations for protein-
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coding genes RNAs, lincRNAs, antisense RNAs, and other lncRNAs to get the read count for 

each annotated feature. 

Coverage plots and read alignments were created by using Integrative Genomics Viewer 

v2.6.2 (IGV). Genes with >100 mapped reads were down sampled to 100 mapped reads in IGV 

for visualization. 

To identify short introns that could give rise to FLEXI RNAs, intron annotations were 

extracted from Ensemble GRCh38 Release 93 gene annotation using a customized script and 

filtered to remove introns >300 nt as well as duplicate intron annotations from different mRNA 

isoforms. To calculate the coverage for FLEXI RNAs, mapped reads were intersected with the 

short intron annotations using BEDTools, and read-pairs (Read 1 and Read 2) ending at or within 

3' nucleotides of annotated 5’- and 3’-splice sites were identified as corresponding to FLEXI 

RNAs. 

UpSet plots of FLEXI RNAs from different sample types were plotted by using the 

ComplexHeatmap package v2.2.0 in R, and Venn diagram were plotted by using the 

VennDiagram package v1.6.20 in R. For plots of FLEXI host genes, FLEXI RNAs were 

aggregated by Ensemble ID, and different FLEXI RNAs from the same gene were combined into 

one entry. Density distribution plots and scatter plots of log2 transformed RPM of the detected 

FLEXI RNAs and FLEXI host genes were plotted by using R. 

5'- and 3'-splice-sites and branch-point consensus sequences of human U2- and U12-type 

spliceosomal introns were obtained from previous publications (19, 20). Splice-site consensus 

sequences of FLEXI RNAs were calculated from nucleotides frequencies of the first and last 10 

nt from the intron ends. FLEXI RNAs corresponding to U12-type introns were identified by 

searching for (i) FLEXI RNAs with AU-AC ends and (ii) the 5’-splice site consensus sequence 

of U12-type introns with GU-AG ends (19) using FIMO (37) with the following settings: FIMO 

--text --norc  <GU_AG_U12_5SS motif file>  <sequence file>. The branch-point (BP) consensus 

sequence of U2-type FLEXI RNAs was determined by searching for motifs enriched within 40 nt 

of the 3’ end of the introns using MEME (38) with settings: meme <sequence file> -rna -oc 
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<output folder> -mod anr -nmotifs 100 -minw 6 -minsites 100 -markov order 1 -evt 0.05. The 

branch-point consensus sequence of U12-type FLEXI RNAs (2 with AU-AC ends and 34 with 

GU-AG matching the 5' sequence of GU-AG U12-type introns) was identified by manual 

sequence alignment and calculation of nucleotide frequencies. Motif logos were plotted from the 

nucleotide frequency tables of each motif using scripts from MEME suite. 

FLEXI RNAs corresponding to annotated mirtrons, agotrons, and RNA-binding-protein 

(RBP) binding sites were identified by intersecting the FLEXI RNA coordinates with the 

coordinates of annotated mirtrons (24), agotrons (16), 150 RBPs (eCLIP, GENCODE, 

annotations with irreproducible discovery rate analysis) (21), DICER PAR-CLIP (22), and 

Ago1-4 PAR-CLIP (23) datasets by using BEDTools. 

FLEXI RNAs containing embedded snoRNAs were identified by intersecting the FLEXI 

RNA coordinates with the coordinates of annotated snoRNA and scaRNA from the Ensembl 

GRCh38 annotations. 

GO enrichment analysis was done by using ShinyGO (26) with the GO term of Biological 

Process (25) and hallmark gene sets from the Molecular Signatures Database (MSigDB) (27). 
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Fig. 1. Characteristics of FLEXI RNAs in human cells and plasma. (A) UpSet plots of FLEXI 

RNAs (excised intron RNAs ≤300 nt with 5' and 3' ends within 3 nt of annotated splice sites) and 

host genes encoding FLEXI RNAs detected at ≥1 read in unfragmented RNA preparations from 

the indicated sample type. (B) Scatter plots comparing log2-transformed RPM of FLEXI RNAs 

in different samples. r and rs, are Pearson and Spearman correlation coefficients, respectively. 

(C-F) Density distribution plots of characteristics of FLEXI RNAs detected in different sample 

types (color coded as indicated in the Figure) compared to all 51,645 annotated introns ≤300 nt 

in the human genome (GRCh38; black). 

 

Fig. 2. IGV screenshots showing read alignments for FLEXI RNAs. Gene names are at the top 

with the arrow indicating the 5’ to 3’ orientation of the encoded RNA and tracts below showing 

the gene annotation (exons, thick bars; introns, thin lines), sequence, and read alignments for 

FLEXI RNAs color coded by sample type as indicated in the Figure (bottom right). (A) Long and 

short FLEXI RNAs; (B) FLEXI RNAs having high and low GC content; (C) FLEXI RNAs 

having low and high minimum free energies (MFEs) for the most stable RNA secondary 

structure predicted by RNAfold; (D) FLEXI RNAs showing cell-type specific differences due to 

alternative splicing and/or differential stability of FLEXI RNAs encoded by the same gene. The 

most stable secondary structure predicted by RNAfold is shown below the read alignments 

(panels a-c only) along with intron length, GC content, calculated MFE, and PhastCons score for 

27 primates and three other species. In panel D gene maps for the different RNA isoform 

generated by alternative splicing are shown at the bottom. Mismatched boxed red or green 

nucleotides at the 5' end of RNA sequences are non-templated nucleotides added by TGIRT-III 

during TGIRT-seq library preparation. Some MAZ FLEXIs have a non-coded 3' A or U tail. 

 

Fig. 3. FLEXI RNA splice site and branch-point consensus sequences and numbers and 

percentage of FLEXI RNAs corresponding to annotated mirtrons and/or agotrons or encoding an 

embedded snoRNAs in different samples types. (A) 5’- and 3'-splice sites (5'SS and 3'SS, 
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respectively) and branch-point (BP) consensus sequences of FLEXI RNAs compared to those of 

human major (U2-type) and minor (U12-type) spliceosomal introns. The number of FLEXIs 

matching each consensus sequence is indicated to the right. The remaining FLEXIs have non-

canonical end sequences. (B) Venn diagrams showing the relationships between FLEXI RNAs 

corresponding to annotated mirtrons (left) or agotrons (right) detected in different sample types. 

FLEXI RNAs annotated as both a mirtron and agotron are included in both Venn diagrams. (C) 

Number and percentages of FLEXI RNAs corresponding to annotated agotrons and mirtrons or 

containing an embedded snoRNA in different sample types compared to all short introns (≤300 

nt) in the human genome (GRCh38). "Agotron and Mirtron" indicates the number of FLEXI 

RNAs detected in the indicated sample type that are annotated as both a mirtron and an agotron. 

"Agotron or Mirtron" indicates the number and percentage of FLEXIs detected in the indicated 

sample type that correspond to an annotated mirtron and/or an annotated agotron. Embedded 

snoRNAs indicates the number and percentage of FLEXI RNAs detected in the indicated sample 

type that contain an embedded snoRNA and (/) the number of those snoRNAs that are small 

Cajal body-specific snoRNAs (scaRNAs). 

 

Fig. 4. Protein-binding sites in FLEXI RNAs. (A and B) Percentages of different categories of 

intron RNAs corresponding to experimentally identified protein-binding sites grouped by 

function or individual RNA-binding proteins (RBPs), respectively for: all FLEXI RNAs (≥1 read) 

in the UHHR, HEK-293T, HeLa S3, K-562 and plasma samples (black); all annotated short 

introns (≤300 nt) in the human genome (gray); all annotated introns in the human genome (blue); 

and all annotated binding sites for 150 different RBPs in the searched datasets (eCLIP RNA-

binding proteins (GENCODE), AGO1-4 PAR-CLIP, and DICER PAR-CLIP; orange). In panel 

A, the apparent enrichment of FLEXI RNAs in the snoRNA/snRNA/telomerase group is due to 

the presence of spliceosomal protein AQR in that group. In panel B, the names of proteins that 

are spliceosome components or function in splicing regulation are in red, and those involved in 

miRNA processing or function are in orange.  
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Fig. 5. GO analysis for genes encoding more and less highly conserved FLEXI RNAs. The 8,144 

FLEXI RNAs identified in UHHR, K-562 cells, HEK-293T cells, HeLa cells, and plasma were 

divided into groups comprised of 369 FLEXI RNAs with PhastCons scores ≥0.5 and 7,775 

FLEXI RNAs with PhastCons cores <0.5, and GO enrichment analysis for the term Biological 

Process (25) was done using ShinyGO (26). The numbers in the parentheses for each biological 

process indicate the number of FLEXI host genes and (/) the total number of genes annotated for 

that process. Adjusted p values for the enrichment of FLEXI host genes in different biological 

processes are color coded as indicated in the Figure.  

 

Fig. 6. FLEXI RNAs in breast cancer tumors and cell lines. (A) UpSet plots of FLEXI RNAs and 

FLEXI host genes detected (≥1 read) in unfragmented RNA preparations from matched 

cancer/healthy breast tissues from patients A (PR+, ER+, HER2-) and B (PR unknown, ER-, 

HER2-) and breast cancer cell lines MDA-MB-231 and MCF7. Different FLEXI RNAs from the 

same host gene were aggregated into one entry for that gene. The most abundant FLEXI RNAs 

and host genes with the highest numbers of aggregated FLEXI RNAs are listed below some 

sample groups. (B) Scatter plots comparing log2 transformed RPM of FLEXI RNAs and all 

transcripts from FLEXI host genes in unfragmented and chemically fragmented RNAs from 

cancer and healthy breast tissue from patients A and B. FLEXI RNAs present at ≥0.05 RPM and 

detected in at least two replicate libraries from the cancer tissue but not in the matched healthy 

tissue are in red. (C) GO enrichment analysis of genes encoding detected FLEXI RNAs in 50 

hallmark gene sets (MSigDB) in cancer samples and combined patient A + B healthy tissue. 

Names of pathways significantly enriched (p≤0.05) in all or at least one cancer sample are in red 

and orange, respectively. 
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TABLE 1. Summary of datasets 

RNA origin 
Raw reads 

(x106) 
Trimmed 

reads (x106) 
Mapped 

reads (x106) 
Mapped to 

feature (x106) 

HEK-293T* 741.6 
726.5 

(98.0%) 
715.2 

(98.5%) 
690.9 

(96.6%) 

HeLa S3† 851.0 
803.3 

(94.4%) 
768.4 

(95.7%) 
705.6 

(92.0%) 

UHRR‡ 712.0 
682.2 

(95.8%) 
666.3 

(97.7%) 
630.9 

(94.7%) 

K-562§ 744.2 
725.0 

(97.4%) 
713.8 

(98.4%) 
698.5 

(97.9%) 

Plasma¶ 232.5 
122.7 

(91.3%) 
71.1 

(57.9%) 
61.7 

(87.2%) 

MDA-MB-231# 226.1 
211.3 

(93.5%) 
207.5 

(98.2%) 
202.2 

(97.5%) 

MCF7|| 757.8 
703.7 

(92.9%) 
692.1 

(98.4%) 
673.7 

(97.3%) 

Patient A Healthy** 338.3 
312.6 

(92.4%) 
305.1 

(97.6%) 
297.6 

(97.5%) 

Patient A Cancer** 295.8 
275.0 

(93.0%) 
268.2 

(97.5%) 
256.5 

(95.6%) 

Patient B Healthy** 281.9 
258.2 

(91.6%) 
251.6 

(97.4%) 
244.0 

(97.0%) 

Patient B Cancer** 549.7 
492.4 

(89.6%) 
477.5 

(97.0%) 
461.6 

(96.7%) 

Patient A Healthy (Fragmented)†† 55.7 
52.7 

(94.7%) 
50.5 

(95.8%) 
33.2 

(60.1%) 

Patient A Cancer (Fragmented) †† 61.9 
59.8 

(96.7%) 
57.0 

(95.3%) 
40.5 

(68.8%) 

Patient B Healthy (Fragmented) †† 39.6 
35.1 

(88.5%) 
33.1 

(94.3%) 
22.0 

(57.2%) 

Patient B Cancer (Fragmented) †† 58.4 
56.9 

(97.5%) 
54.1 

(95.1%) 
47.1 

(85.5%) 
* HEK-293T cell RNA, combined datasets from 8 replicates (HEK-rep1 to 8).  
† HeLa S3 cell RNA, combined datasets from 10 replicates (HeLa-rep1 to 10). 
‡ Universal human reference RNA, combined datasets from 8 replicates (UHRR-rep1 to 8). 
§ K-562 cell RNA, combined datasets from 8 replicates (K-562-rep1 to 8). 
¶ Commercial human plasma pooled plasma from healthy individuals. Fifteen combined datasets 

(SRA BioProject accession number PRJNA640428, samples DNaseI_1-12, ExoI_1-3) (17).  
# MDA-MB-231 RNA, combined datasets from 2 replicates (MDA-rep1 and 2). 
|| MCF7 RNA, combined datasets from 8 replicates (MCF-rep1 to 8). 
** Matched healthy and cancer breast tissue RNA from patients A and B purchased from Origene 

(Patient A: PR+, ER+, HER2-; CR562524/CR543839); Patient B: PR unknown, ER-, HER2-; 
CR560540/CR532030). Combined datasets from 3 replicates for each sample type (rep1-3). 

†† Chemically fragmented RNAs from matched healthy/cancer tissues from patients A and B. 
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Table 2. Oligonucleotides used in TGIRT-seq library construction 

Name Sequence and notes 

NTT R2 RNA 5’-AAGAUCGGAAGAGCACACGUCUGAACUCCAGUCAC/3SpC/ 

NTT R2R DNA 

5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTN-3’, where N 
is an equimolar mix of A, C, G, T (obtained by hand mixing of individual 
oligonucleotides with A, C, G and T at their 3’ end). 

R1R DNA 

R1R DNA: 5’-/5Phos/GATCGTCGGACTGTAGAACTCTGAACGTGT 
AG/3SpC3/. The R1R oligonucleotide was adenylated. as described in 
Materials and Methods. 

Illumina 
multiplex PCR 
primer 

5’-AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTA 
CAGTCCGACGATC-3’ 

Illumina index 
PCR primer 

5’ CAAGCAGAAGACGGCATACGAGAT BARCODE* GTGACTGGA 
GTTCAGACGTGTGCTCTTCCGATCT-3’, where BARCODE* 
corresponds to the 6 nucleotide Illumina TruSeq barcode sequence. 
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Fig. 3
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Fig. 6
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Enrichment analysis of sample specific FLEXI host genes in Hallmark gene sets
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