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Abstract 

Analysis of transcript function is greatly aided by knowledge of the full-length RNA sequence. New long-read sequencing enabled by Oxford 
Nanopore and PacBio devices have the potential to provide full-length transcript inf ormation; ho w e v er, standard methods still lack the ability to 
capt ure tr ue RNA 5 ′ ends and select f or poly aden ylated (pA+) transcripts only. Here, w e present a method that, b y utilizing cap trapping and 
3 ′ -end adapter ligation, sequences transcripts between their exact 5 ′ and 3 ′ ends regardless of polyadenylation status and without the need 
for ribosomal RNA depletion, with the ability to characterize polyadenylation length of RNAs, if an y. T he method sho ws high reproducibility, can 
faithfully detect 5 ′ ends, 3 ′ ends and splice junctions, and produces gene-expression estimates that are highly correlated to those of short-read 
sequencing techniques. We also demonstrate that the method can detect and sequence full-length nonadenylated (pA −) RNAs, including long 
noncoding RNAs, promoter upstream transcripts, and enhancer RNAs, and present cases where pA+ and pA − RNAs show preferences for 
different but closely located transcription start sites. Our method is therefore useful for the characterization of diverse capped RNA species and 
analysis of relationships between transcription initiation, termination, and RNA processing. 
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ells of higher eukaryotes produce a large and diverse pop-
lation of RNA polymerase II- (RNAPII)-transcribed RNAs,
anging from protein-coding messenger RNAs (mRNAs) to
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driven by at least three processes: (i) alternative transcription
initiation (alternative promoters), (ii) alternative splicing, and
(iii) alternative transcription termination, all of which may
change mRNA coding properties due to the inclusion or exclu-
sion of functional untranslated regions (UTRs) or translated
regions [ 2–4 ]. Aside from mRNAs, large proportions of the
genome are transcribed into lncRNAs of diverse classes [ 5 ]. 

RNAPII-transcribed RNAs are chemically modified: 5 

′ ends
are m 

7 G capped, which protects against 5 

′ –3 

′ exonucleases,
while 3 

′ ends may be polyadenylated (pA+), which serves
several functions, including protection from 3 

′ –5 

′ exonucle-
ases, nuclear export, and cytoplasmic translation (reviewed
in [ 6 ]). Mature mRNAs are typically pA+, while many lncR-
NAs are not polyadenylated at their 3 

′ end (pA −). Moreover,
the length of pA tails may differ between otherwise identi-
cal transcripts, and can be related to RNA stability, export
competence, and translation efficacy (reviewed in [ 7 ]). Thus,
to examine the function and fate of specific transcripts, it is
highly advantageous to know their full sequences, including
5 

′ ends, splicing patterns, 3 

′ ends, and the number of nontem-
plate adenosines. While computational methods can predict
the existence and expression of specific transcript isoforms
from short-read data, through assembly-based methods (re-
viewed in [ 8 ]) and genome or transcript reference mapping (eg.
[ 9–11 ]), it is challenging to infer the exact nature of a whole
transcript. Moreover, short-read-based methods have method-
specific drawbacks: the arguably most-used short-read expres-
sion method, RNA sequencing (RNA-seq), has difficulties de-
tecting precise RNA 5 

′ and 3 

′ ends, while related methods
specialized in sequencing 5 

′ or 3 

′ termini (e.g. Cap Analaysis
of Gene Expression (CAGE) [ 12 ] and QuantSeq [ 13 ], respec-
tively) cannot sequence the entire body of the transcript. 

A new generation of sequencing methods allows for
the sequencing of long complementary DNAs (cDNAs) or
RNAs (reviewed in [ 14 ]), e.g. Oxford Nanopore Technolo-
gies (ONT), theoretically enabling end-to-end sequencing of
transcripts. However, standard ONT cDNA-sequencing pro-
tocols have limitations in terms of 5 

′ - and 3 

′ -end detection.
First, 5 

′ ends of transcripts are often truncated due to the lim-
ited processivity of the involved reverse transcriptase (RT) en-
zymes and the nontemplated addition of bases deriving from
template switching [ 15 ]. Hence, in any standard cDNA ap-
proach, the true transcript 5 

′ end may not be detected. Second,
because the standard ONT cDNA library preparation proto-
col relies on poly-deoxythymidine (polydT) adapters, largely
used to avoid the abundant pA − transfer RNAs and ribo-
somal RNAs, only pA+ transcripts are captured. Thus, pA −
transcripts, including most lncRNAs, will not be sequenced. 

To circumvent these issues, a number of ONT-based proto-
cols have been proposed. These can broadly be divided into
(i) protocols that aim to locate accurate 5 

′ ends (through cap
trapping, e.g. CapTrap-seq [ 16 ] or template switching, e.g.
long read CAGE [ 17 ]) but rely on pA+ selection, and (ii) proto-
cols that are not reliant on pA+ RNA 3 

′ ends but do not aim to
accurately capture 5 

′ ends (e.g Nano3P-seq [ 18 ]). A small sub-
set of such methods is based on direct RNA-seq, e.g. TERA-
Seq [ 19 ] and ReCappable-seq [ 20 ], but overall produces sub-
stantially fewer sequence reads than the cDNA-based meth-
ods. To our knowledge, there are no methods that aim at ac-
curate 5 

′ -end detection of capped, RNAPII-transcribed RNAs
regardless of 3 

′ -end polyadenylation status. 
To this end, we present true length of diverse capped RNA

sequencing (TLDR-seq), a method that uses cap trapping to
select for capped RNAs, which then are full-length sequenced 

5 

′ –3 

′ regardless of pA status. We show that TLDR-seq faith- 
fully captures true 5 

′ and 3 

′ ends, that it can sequence pA+ and 

pA − transcripts, including diverse lncRNAs and that expres- 
sion estimates of the data at the gene level are highly correlated 

with that of short-read methods. TLDR-seq represents a use- 
ful complement to other ONT cDNA-based methods as it can 

be used to characterize full-length pA+ and pA − transcripts 
in the same experiment. 

Materials and methods 

Cell lines, depletions, and input RNA sample 

preparation 

HeLa S3 cells (gift from Heick Laboratory, Aarhus Univer- 
sity) were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) and high glucose and pyruvate (Thermo Fisher,
#41966029), supplemented with 10% (v / v) fetal bovine 
serum (Thermo Fisher, #A3840401) and 1% (v / v) penicillin–
streptomycin (Thermo Fisher, #15140122), at 37 

◦C in a hu- 
midified incubator with 5% CO 2 , and passaged when ∼80%–
90% confluent. 

HeLa cells were lysed and the total RNA was extracted us- 
ing the TRIzol Plus RNA Purification Kit and Phasemaker 
Tubes Complete System (Thermo Fisher, #A33254), DNaseI 
treated (Thermo Fisher, #EN0523), and repurified using the 
Purelink RNA Mini Kit (Thermo Fisher, #12183025). RNA 

quality was assessed using the RNA Nano Bioanalyzer Kit 
(Agilent, #5067-1511). 

All mouse embryonic stem (mES) cell lines used or gener- 
ated in this study were descendants of wild-type (WT) ES- 
E14TG2a cells (male genotype, XY). mES cells were cul- 
tured on 0.2% gelatin-coated plates in 2i / LIF-containing 
media [1:1 mix of DMEM / F12 (Thermo Fisher, #31331- 
028) and Neurobasal (Thermo Fisher, #12348-017) sup- 
plemented with 1% (v / v) penicillin–streptomycin (Sigma,
#P4333), 2 μM GlutaMAX (Thermo Fisher, #35050-038), 0.1 

mM non-essential amino acids (Thermo Fisher, #11140035),
1 mM sodium pyruvate (Thermo Fisher, #11360-039), 0.5 ×
N-2 Supplement (Thermo Fisher, #17502-048), 0.5 × B- 
27 Supplement (Thermo Fisher, #17504-044), 50 μM 2- 
mercaptoethanol (Thermo Fisher, #31350-038), 3 μM GSK3- 
inhibitor (CHIR99021, Sigma, #SML1046), 1 μM MEK- 
inhibitor (PD0325901, Sigma, #PZ0162), and leukemia in- 
hibitory factor (LIF; produced in house)] at 37 

◦C and 5% 

CO 2 . Cells were passaged every 48–72 h by dissociating cells 
with 0.05% trypsin (Sigma, #P4333) before neutralizing with 

an equal volume of 1 × trypsin inhibitor (Thermo Fisher,
#17075-029). Cells were pelleted by centrifugation to remove 
trypsin before resuspending in 2i / LIF media and plating at 
∼8 × 10 

4 cells / ml. 
The generation of CRISPR / Cas9-mediated genomic knock- 

ins of N-terminal 2 ×HA-FKBP-V (HA-dTAG)-RBM7 mES 
cells was described in [ 21 ] and HA-dTAG-ZCCHC8 cells were 
generated in a similar way. Depletions of HA-dTAG tagged 

proteins was performed by the addition of dTAG 

V -1 (Tocris,
#6914) to the cell culture medium for 4 h at a concentration 

of 100 nM. 
Total RNA from WT, HA-dTAG-RBM7, and HA-dTAG- 

ZCCHC8 mES cells was isolated using TRIzol (Invitrogen,
#15596026) according to the manufacturer’s instructions and 

treated with TURBO DNase (Thermo, #AM2239). RNA 
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uality was assessed using the RNA Nano Bioanalyzer Kit
Agilent, #5067-1511). 

LDR-seq and nanopore library preparation 

ll oligonucleotides used in this study were purchased from
ntegrated DNA Technologies. We used 8 μg total RNA
er sample as starting material, and dephosphorylated us-
ng shrimp alkaline phosphatase (rSAP, NEB, #M0371S), and
ased on the optimal 3 

′ -dephosphorylation enzyme for 3 

′ -
nd adapter ligation from [ 22 ] and following the manufac-
urer’s recommendations. Dephosphorylated RNA was puri-
ed using the Purelink RNA Mini Kit and quantified using
he NanoDrop One Spectrophotometer (Thermo Fisher) to
alculate the volume for 5 μg of dephosphorylated RNA to
se for subsequent steps. Briefly, 95.5 pmol of adenylated A1
ingle-stranded DNA adapter ( Supplementary Table S1 ) was
igated to the 3 

′ end of dephosphorylated RNA (5 μg) with
0 × RNA ligase buffer, 20% polyethylene glycol-8000 (fi-
al concentration), 800 units of T4 RNA ligase 2-truncated
Q (NEB, #M0373L), and 16 units of RNaseOUT recom-
inant ribonuclease inhibitor (Thermo Fisher, 10777019) for
 h at 25 

◦C. Unligated A1 adapters were deadenylated and
egraded using 25 units of 5 

′ deadenylase (NEB, #M0331S)
nd 15 units of RecJ f (NEB, #M0264S) at 30 

◦C for 30 min
hen purified with RNAClean XP Beads (Beckman Coulter,
A63987). A total of 2 μl of 100 μM A1_rc RT primer
 Supplementary Table S1 ) was added to the ligated RNA
hen denatured at 65 

◦C for 5 min then placed on ice. cDNA
as generated by adding 5 × Induro buffer, 2 μl 10 mM dNTP
ixture (GenScript, #D0056), 20 units of RNaseOUT recom-
inant ribonuclease inhibitor, and 800 units of Induro Re-
erse Transcriptase (NEB, #M0681L) to the RNA and A1_rc
ixture and incubated for 2 h at 55 

◦C then purified us-
ng RNAClean XP beads. The standard cap-trapping proto-
ol was carried out as described in [ 23 ], with the following
hanges: (i) following RNase ONE (Promega) and Ribonucle-
se H (Takara, #2150B) digestion steps, the barcoded 5 

′ -linker
igation was replaced with our barcoded A2 adapter ligation
 Supplementary Table S1 ), with each library barcoded with
 unique A2 double stranded adapter. The A2 adapter an-
ealing and ligation to the cDNA library were following the
ame reaction conditions as in [ 23 ], (ii) the 3 

′ -linker ligation
nd USER treatment were completely removed due to the A1
dapter ligation carried out prior to cap trapping, (iii) second-
trand cDNA synthesis was carried out using LongAmp Hot-
tart Taq 2 × Master Mix (NEB, #M0533L) with 2 μl of
0 μM A2 second-strand primer ( Supplementary Table S1 )
nd incubated on a thermocycler with the following program:
5 

◦C for 5 min, 60 

◦C for 5 min, 65 

◦C for 30 min, and then
old at 4 

◦C. Excess primers were degraded with 20 units of
xonuclease I (NEB, #M0293L) at 37 

◦C for 30 min and then
urified by AMPure XP Beads (1.8 × bead amount) (Beckman
oulter, #A63881). Of note, as in the nAnT-iCAGE method

 23 ], we incorporated an RNAse I (Promega, #M4261) treat-
ent after reverse transcription but prior to cap trapping to

leave single-stranded RNAs which have undergone incom-
lete reverse transcription (i.e. not copied till the 5 

′ end of the
NAs) resulting in truncated cDNAs. 
The reaction was purified a second time with a lower AM-

ure XP Bead amount (1.4 ×) followed by a vacuum cen-
rifugation using the Savant SpeedVac DNA130 (Thermo,
DNA130-230) to concentrate each library to 10 μl. Prepa-
rations of nonamplified libraries are completed at this point
and are assessed for fragment-length distribution using a High
Sensitivity DNA Bioanalyzer Chip (Agilent, #5067-4626) and
concentration using the Qubit dsDNA High Sensitivity Kit
(Thermo Fisher, #Q32851). For the nonamplified HeLa li-
brary, each barcoded sample was pooled then 180 fmol was
used as an input for the LSK110 nanopore library prepara-
tion. Endprep / dA-tailing and nanopore adapter ligation (Ox-
ford Nanopore Technologies, #SQK-LSK110) was carried out
according to the manufacturer’s protocol, loaded onto an R9
MinION flow cell (FLO-MIN106 - R9.4.1), and ran for 72 h.

For amplified libraries, following the exonuclease I diges-
tion and first AMPure XP Bead purification, each library was
split into four tubes, each with 10 μl, mixed with 2 μl of the
appropriate 10 μM A2 amp primer ( Supplementary Table S1 ),
2 μl of 10 μM A1 amp primer, LongAmp HotStart Taq 2 ×
Master Mix, and nuclease free water. Libraries were ampli-
fied using the following program on a thermocycler: 95 

◦C
for 30 s, 9–10 cycles of 95 

◦C for 15 s, 60 

◦C for 15 s, and
then 65 

◦C for 8 min, followed by 65 

◦C for 8 min and hold
at 4 

◦C. Each amplified library was exonuclease treated, puri-
fied with AMPure XP Beads, and concentrated as previously
described for nonamplified libraries. The four amplified reac-
tions for each library were recombined into one tube prior
to fragment length and concentration assessment using the
Bioanalyzer and Qubit, respectively. Each barcoded HeLa-
amplified sample was pooled at an equimolar ratio then 180
fmol was used as an input for the SQK-LSK110 endprep / dA-
tailing and nanopore adapter ligation, carried out according
to the manufacturer’s protocol, loaded onto a R9 MinION
flow cell (FLO-MIN106D - R9.4.1), and ran for 72 h. In par-
allel, these three HeLa-amplified libraries were also pooled at
an equimolar ratio then 180 fmol was used as an input for the
LSK114 end-prep / dA-tailing and nanopore adapter ligation
(Oxford Nanopore Technologies, #SQK-LSK114) according
to the manufacturer’s protocol, for subsequent sequencing on
an R10 MinION flow cell (FLO-MIN114 - R10.4.1) for 72 h.
mES-amplified libraries contained the same A2 barcodes and
were therefore not pooled and instead, 180 fmol of each li-
brary was individually processed for endprep / dA-tailing and
ligated with nanopore adapters using the SQK-LSK110 kit.
These mES-amplified libraries were run sequentially on two
R9 MinION flow cells, (FLO-MIN106D - R9.4.1), each li-
brary was run for 24 h, with flow cells washed using the
Flow Cell Wash Kit (Oxford Nanopore Technologies, EXP-
WSH004) after each library. 

Sequencing and base calling of the TLDR-seq 

libraries sequenced on the R9 flow cells 

The HeLa-amplified and -unamplified libraries that were se-
quenced for 72 h (HeLa libraries) or 24 h (mES libraries) with
the R9.4.1 MinION flow cells (FLO-MIN106D), using the
software MinKNOW v22.10.7. Reads were basecalled with
Guppy v6.4.2 using the parameters “–trim_strategy none”,
“–compress_fastq”, and “–fast5_out”. The last parameter al-
lows for obtaining fast5 files with the move table, needed to
determine polyadenylic acid tail (polyA tail) lengths. 

Sequencing and base calling of the TLDR-seq 

libraries sequenced using the R10 flow cells 

The same HeLa-amplified TLDR-seq libraries were sequenced
on the R9 flow cell (described above) were sequenced for

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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72 h with the R10.4.1 MinION flow cell (FLO-MIN114), us-
ing the software MinKNOW v22.10.7. Reads were basecalled
with dorado 0.7.1 using “–no-trim”, “–estimate-poly-a”, and
“sup”. For more information about the polyA tail length esti-
mation, see the “polyA tail length estimation” section below. 

QC and trimming of the TLDR-seq libraries 

Following basecalling, we kept reads with a
“mean_qscore_template” > 9 for further analysis. As reads
have 5 

′ and 3 

′ adapters (A2 i , i ∈ {1, 2, …, 12} and A1rc,
respectively), A2 i was used to demultiplex libraries. Cutadapt
v6.3.7 was run successively with “-g A2 i .A1rc” and “-g
A1.A2 i rc” where A1rc and A2 i rc are, respectively, A1 and
A2 i reverse complement sequences. With this setup, only
reads with both A1rc and A2 i adapters (or their reverse
complement) are not filtered out. Besides these parameters,
cutadapt was used with folowing options: 

“-O 8” for a minimum overlap of eight nucleotides between
the read and our custom barcodes. If that said overlap was not
met, the read was discarded. 

“-m 1” to discard any 0-nt long read after trimming. 

Genome mapping of TLDR-seq and standard ONT 

HeLa libraries 

TLDR-seq reads with 5 

′ and 3 

′ adapters were mapped on the
GRCh38 genome (GENCODE release 21) using minimap2
v2.24-r1122 with options “-ax splice”, “-un”, and “—junc-
bed anno.bed”. The file “anno.bed” was generated with the
program “paftools gff2bed” and the GENCODE v39 gtf file.
For multimapped reads, only the best alignment was kept.
As the nanopore sequencing method outputs reads on both
strands, we wrote an additional script using cutadapt output
(see the “QC and trimming” section in the “Materials and
methods” section) to orient reads in the direction of their cor-
responding transcript. 

Standard ONT nanopore reads were downloaded from the
ENA dataset PRJEB44747 [ 24 ] and mapped with minimap2
using the same parameters. However, the same orientation
method could not be used as adapters were often too short or
not captured by the sequencing. Instead, we mapped the reads
to a transcriptome (see next paragraph) and deduced their ori-
entation using their best alignment. If several best alignments
were found, we selected one of these at random. 

Genome mapping of TLDR-seq mES cell libraries 

Reads were mapped with minimap2 v2.24-r1122 on the
mm39 genome (GENCODE release 35) using the same
methodology and parameters used for mapping the HeLa cell
reads. The “–junc-bed anno.bed” file was generated from the
GENCODE v35 gtf file. 

Transcript and gene quantification of TLDR-seq and 

standard ONT nanopore libraries 

The bambu function from the Bambu package (v3.5.1) [ 25 ]
was used with the option “discovery = FALSE” to quan-
tify the transcript expression levels from the mapped reads
and according to the GENCODE v39 human annotation.
When comparing different libraries, we used Bambu Tags per
Million (TPM) output (as opposed to the TPM calculation
in RNA-seq, these are not normalized by transcript length).
For comparisons of expression level on gene level transcripts
were grouped by genes and their TPM were summarized as 
gene expression (see the “Gene expression level comparisons”
section). 

Mapping of QuantSeq libraries 

Fastq files were downloaded from the GEO dataset 
GSE137612. Reads were mapped to the GRCh38 genome 
with STAR v2.7.9a [ 26 ] (parameters –twopassMode Basic 
–outSAMmapqUnique 60) and their direction was reversed 

as the protocol produces stranded antisense transcript reads. 

Mapping of SLIC-CAGE libraries 

HeLa control [treated with a small interfering RNA (siRNA)- 
targeting green fluorescent protein (GFP)] SLIC-CAGE fastq 

files were downloaded from the GEO dataset GSE147655,
mapped on the GRCh38 genome, and processed as in [ 27 ]. 

Mapping and quantification of RNA-seq libraries 

HeLa control (treated with an siRNA-targeting GFP) RNA- 
seq paired-end fastq files were downloaded from the GEO 

dataset GSE84172 and mapped on the GRCh38 with 

STAR v2.7.9a [ 26 ] (parameters –twopassMode Basic –
outSAMmapqUnique 60). Additionally, we quantified the 
transcript expression levels using the GENCODE v39 human 

transcriptome and Salmon v1.10.2 [ 9 ] in quantification mode 
with the flags -l lU –allowDovetail and –validateMappings .
Transcript expression levels were summarized to gene expres- 
sion levels by summing TPM values for all the isoforms of the 
same gene. 

Processing of ChIP-seq and DNase-seq from 

mES cells 

mES cell Deoxyribonuclease sequencing (DNase-seq) data 
were downloaded from the ENCODE portal (datasets 
ENCFF672DJH and ENCFF962TCT) [ 28 ]. H3K4me3,
H3K4me1, and H3K27 ChIP data were downloaded from 

the GEO GSE137491 dataset [ 29 ]. All the downloaded data 
were already in the bigWig format. Files were normalized 

with the RSeQC [ 30 ] (v5.0.1) normalize_bigwig.py tool and 

coordinates were converted from mm10 to mm39 assembly 
using the lifOver tool [ 31 ]. After coordinate conversion, the 
signal was partitioned with the bedops –partition [ 32 , 33 ] 
and averaged over overlapping coordinates with the bedmap 

–mean function. The two DNase-seq replicates were concate- 
nated, partitioned, and averaged in a similar fashion. These 
bedgraph files were then converted to the bigWig format with 

the bedGraphToBigWig program [ 32 ]. DNaseI hypersensitive 
sites peaks were obtained from the ENCODE portal (dataset 
ENCFF048DWN) [ 28 ] and coordinates were converted from 

mm10 to mm39 using the liftOver tool. 

5 

′ end, 3 

′ end, and splice sites comparisons 

Replicates of each sequencing method were pooled together.
For each method, we defined a transcription start site (TSS), if 
there were at least n reads with the same orientation starting 
at a given genomic location. This threshold n was determined 

by (number of reads in the pooled library) / 10 

6 ensuring that 
the number of TSS per method was independent of sequenc- 
ing depth. Additionally, because SLIC-CAGE read processing 
includes 1-nt trimming on the 5 

′ end, we shifted the standard 

ONT nanopore and TLDR-seq read start by 1 nt toward the 
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ead direction. When comparing TSS between two methods,
e defined a foreground and a background: for each TSS in

he background, we assigned the closest TSS in the foreground
ith the same orientation. If a given background TSS has two

qually distant foreground TSS (one upstream and one down-
tream), we assign one of them randomly. The measured dis-
ance was defined as negative if the foreground TSS was down-
tream (TSS orientation wise) of the foreground TSS and pos-
tive if it was upstream. Associations whose distance d > |50|
t were discarded. 
The same method was used to compare 3 

′ end or acceptor
nd donor splice site locations between sequencing methods
xcept that no nucleotide shift was performed. 

To define GENCODE TSSs, transcription termination sites
TTSs), and acceptor or donor splice sites, we used either
 subsetted version of the Gencode v39 annotation (list of
iotypes in Supplementary Table S2 ) or only protein-coding-
nnotated transcripts. Gencode TSSs were not shifted by 1 nt.
hen comparing Gencode ends (TSSs, TTSs, and acceptor or

onor splice site) with those from other sequencing methods,
e used the same methodology as when comparing between
ifferent sequencing methods. 

otif and nucleotide content at the 5 

′ ends, 3 

′ ends,
nd splice site locations 

espective sites (TSSs, TTSs, and acceptor or donor splice
ites) were given a score equal to the number of reads support-
ng them. We filtered the sites with the highest score within a
liding window of 40 nt and kept the 750 top sites among
ll the filtered ones. Nucleotide frequencies were calculated
n a [ −50, 50]-nt window centered around the sites and nor-
alized by a factor so that the average normalized frequency

alue of each nucleotide within this window is equal to 1. To
lot the logos, we calculated a scaled frequency value freq scaled 

s f re q scaled (N) i = 

f re q norm (N) i ∑ 

f re q norm (M ) i,M = { A,C,G,T } 
, where N is either

, C, G, or T. This scaled frequency was then used to calculate
he information content of the sequence logo [ 34 ]. 

eproducibility of TLDR-seq libraries and 

omparisons between amplified / nonamplified 

ibraries 

e mapped and quantified amplified and nonamplified li-
raries according to the “Materials and methods” section
Transcript and gene quantification of TLDR-seq and stan-
ard ONT nanopore libraries”. W e used transcript TPM val-
es, not summarized gene TPM expression estimates. To as-
ess the reproducibility within and across amplified and non-
mplified libraries, we either calculated the TPM values from
ooled or demultiplexed amplified and nonamplified libraries.
To not limit the comparisons to transcripts, we also com-

ared the coverage of the libraries on 500-bp genomic bins
overing the whole genome. To this end, reads were aligned
ccording to the “Genome mapping of TLDR-seq and stan-
ard ONT HeLa libraries” section and the coverage (number
f reads mapping at a genomic position) was quantified us-
ng the SAMtools [ 35 ], the BEDTools [ 36 ], and the BEDOPS
 33 ]. We summed the coverage over 500-bp bins and normal-
zed this value in each library by its respective total sequencing
epth. For plotting, we filtered regions that had at least, on av-
rage, one read per bin. As for the transcript expression levels,
e used coverage values from the pooled or demultiplexed li-

raries. 
polyA tail length estimation 

For the reads derived from the R9 flow cell, FAST5 files includ-
ing the move table were demultiplexed with the ont_fast5_api
tools, according to cutadapt output. The R-package tail-
findr [ 37 ] (version: tldr-seq_v1.4; branch: https://github.
com/ adnaniazi/ tailfindr/ tree/ tldr-seq ) was used to estimate
polyA / T tail length. The standard tailfindr algorithm (as de-
tailed in reference [ 37 ]) identifies adapter sequences adjacent
to polyA or polyT tails and operates under the assumption
that a polyA or polyT tail is always present next to the adapter.
This assumption aligns with the standard ONT sequencing
protocol, which typically targets polyA+ RNAs for sequenc-
ing. However, in the tldr-seq branch, this assumption has been
relaxed to accommodate reads that lack a polyA tail. This
modification allows the algorithm to process a broader range
of RNA sequences, including pA − transcripts. Reads were
classified in two groups: with polyA tails (pA+) if their esti-
mated polyA tail was longer than 15 nt, without polyA tail
(pA −) otherwise. This cutoff was motivated by a previous use
in the literature [ 38 ], but we note that a cutoff of > 0 pro-
duced similar results in terms of types of transcripts detected
( Supplementary Fig. S1 A). 

For reads derived from the R10 flow-cell, polyA es-
timation code was rewritten so that it implements the
tailfindr algorithm for R10 flow cells ( https://github.com/
adnaniazi/ tailfindr/ tree/ nano3p- seq- r10 ), while accounting
for our adapters and library design. Reads were classified
in two groups: with polyA tails (pA+) if their estimated
polyA tail was longer than 15 nt, without polyA tail (pA −)
otherwise. 

Gene expression level comparisons 

Comparison of the gene expression levels between TLDR-
seq and standard ONT nanopore libraries was done after we
quantified TPM gene expression level following the “Mate-
rials and methods” section “Transcript and gene quantifica-
tion of TLDR-seq and standard ONT nanopore libraries”. For
this specific comparison, only TLDR-seq reads containing a
polyA / T tail were considered (see previous paragraph). 

When comparing RNA-seq and long-read sequencing
methods, gene TPM levels of the RNA-seq libraries were
obtained according to the “Materials and methods” sec-
tion “Mapping and quantification of RNA-seq libraries”.
As Salmon collapses all groups of identical transcripts into
a single transcript, we decided to use the same method-
ology for the long-read sequencing methods before calcu-
lating the gene TPMs, from Bambu transcript quantifica-
tion. Bambu isoform counts were then summed and normal-
ized for each gene so that we compare them with Salmon
TPM. 

To compare gene expression between SLIC-CAGE libraries
and long-read sequencing methods, we first mapped each li-
brary (see the “Mapping of SLIC-CAGE libraries” and “Map-
ping to genome of TLDR-seq and standard ONT nanopore
libraries” sections). SLIC-CA GE, ONT nanopore, and TLDR -
seq reads were then trimmed to retain only the first nucleotide
at their 5 

′ ends. Using the C A GEfightR package [ 38 ], we clus-
tered 5 

′ ends on the same strand into Tag Clusters (TCs). Each
TC was assigned to the nearest gene within 100 bp. Gene ex-
pression levels, measured as TPM, were calculated by sum-
ming TC counts associated with each gene and normalizing
them by library size. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://github.com/adnaniazi/tailfindr/tree/tldr-seq
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://github.com/adnaniazi/tailfindr/tree/nano3p-seq-r10
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Analysis of associations between alternative TSS 

usage and RNA polyadenylation 

The analysis was performed using pooled amplified R9 TLDR-
seq HeLa libraries. Reads were mapped and trimmed to re-
tain only the 5 

′ terminal nucleotide. They were then classi-
fied based on polyA tail status (pA+ or pA −; see the “polyA
tail length estimation” section in “Materials and methods”
section). To examine the distribution of 5 

′ ends in pA+ and
pA − reads, we used BEDTools to identify reads overlapping
the first exon of each gene on the same strand, as defined
by GENCODE annotation, and extended them 100 bp up-
stream and downstream. Since many genes encode multiple
isoforms, we selected the first exon of the most highly ex-
pressed isoform to avoid multiple instances of 5 

′ -end overlaps
(see the “Transcript and gene quantification of TLDR-seq and
standard ONT nanopore libraries” section in “Materials and
methods” section). Exons with fewer than 10 pA+ or 10 pA −
reads were filtered out. 

Additionally, since cap-trapping methods can capture 3 

′

UTR transcript endocleavage byproducts [ 54 ], and our fo-
cus was on transcription initiation, we excluded mono-exonic
transcripts to avoid confounding 5 

′ ends from both transcrip-
tion initiation and endocleavage products. Within each pro-
moter region (defined as ± 100 bp around the selected first
exons), we compared the distribution of pA+ and pA − 5 

′ ends
using a Wilcoxon test with False Discovery Rate (FDR) cor-
rection (FDR < 0.05). 

For all ribosomal-gene promoters passing this threshold,
we constructed core promoter motifs per polyA category. To
do so, in each given promoter and for each read polyA sta-
tus, we selected the TSS with the highest number of reads,
along with all the TSS with at least 40% this number. We then
used the ±15-bp sequences around these TSSs to calculate the
scaled nucleotide frequency per polyA status (see the “Motif
and nucleotide content at the 5 

′ ends, 3 

′ ends, and splice site
locations” section in “Materials and methods” section) and to
generate the motifs. 

For all promoters passing the FDR < 0.05 threshold (not
just those associated with ribosomal genes), we calculated the
entropy of pA+ and pA − 5 

′ -end distributions. Since entropy
calculations are sensitive to sample size and most promoters
exhibit an imbalance in pA+ / pA − read counts, we downsam-
pled the number of 5 

′ ends per promoter to match the lower
read count in either the pA+ or pA − fraction. This process
was repeated 1000 times using bootstrapping, and the aver-
age entropy was computed for both fractions per promoter.
To assess differences in entropy between the two read frac-
tions, we performed a paired Wilcoxon test. 

To compare genomic length, read length, and exon count
across polyA statuses, we grouped reads by promoter (if their
5 

′ end overlapped a given promoter) and by polyA tail status.
We then calculated the average genomic length, read length,
and exon count per group. 

To investigate cases where alternative promoters of the
same gene produce differing ratios of pA+ and pA − reads, we
reanalyzed reads from the pooled amplified TLDR-seq HeLa
libraries. Reads were mapped, trimmed to retain only their 5 

′

terminal nucleotide, and separated by polyA status. Using the
CAGEfightR package [ 39 ], we clustered 5 

′ ends on the same
strand into TCs. Since TCs were often broad, we decomposed
them into local maxima if these were separated by > 30 nt. TCs
with < 10 reads in either polyA fraction were discarded, and
we calculated the log 2 fold change [log 2 {counts (pA+) / counts
(pA −)}] for each TC. TCs were classified into three categories: 
enriched in pA+ (log 2 FC > 1), enriched in pA − (log 2 FC < 

−1), and nonenriched (|log 2 FC| < 0.3). We then identified 

genes containing at least two TCs assigned to different cate- 
gories. TC annotation was performed using CAGEfightR, and 

a TC was annotated as a TSS if it overlapped a [ −50, 200] 
region around a GENCODE-defined TSS. 

PROMPT and enhancer RNA characterization 

For promoter upstream transcript (PROMPT) detection, we 
first pooled mES-RBM7 and mES-ZCCHC8 polyA+ reads.
We kept TLDR-seq TSSs supported by at least 10 reads and 

overlapping with a GENCODE mRNA (mm39, v35). When 

several TSS appeared in a 3000-bp window, we only kept the 
most upstream one. We then calculated the coverage of TLDR- 
seq pA+ and pA − reads around each such TSS, for each cell 
treatment and flipped the strand orientation when the mRNA 

TSS were detected on the reverse strand. We assigned nega- 
tive coverage scores to reads that were oriented opposite to 

the TSS direction. DNase1-seq (see the “Materials and meth- 
ods” section, “Processing of ChIP-seq and DNase-seq from 

mES cells”) coverage was then calculated around TSSs, and 

mRNA TSSs which did not have additional upstream TSSs on 

the other strand in the −1 to −400-bp region from the mRNA 

TSSs were filtered out. 
Putative enhancer regions were detected starting from in- 

tergenic or intronic DNAse hypersensitive site (DHS) peaks 
based on GENCODE annotation, which we required to over- 
lap at least one TLDR-seq read TSS from mES-RBM7 and 

mES-ZCCHC8 depletions (pA+ or pA −) TSS on each strand 

oriented bidirectionally and not overlapping each other, and 

not separated by > 600 bp. When several such enhancer TSSs 
were detected in a 1000-bp window, we took the most ex- 
pressed one. Putative enhancer midpoints were defined as the 
midpoint between the bidirectional TSSs as defined above. 

Results 

TLDR-seq overview 

Briefly, TLDR-seq, described in detail in the “Materials and 

methods” section above, is a novel nanopore-based method,
expanding from ONT cDNA protocols [such as direct cDNA 

and cDNA-polymerase chain reaction (PCR)], with three key 
features ( Fig. 1 A). First, to ensure that true 5 

′ ends are cap- 
tured, we employ cap trapping, based on the nAnT-iCAGE and 

ssCAGE protocols [ 23 , 40 ], to enrich for m 

7 G-capped RNA 

species and selecting against for RNAs with prematurely trun- 
cated cDNAs due to incomplete reverse transcription. 

Second, this is combined with the ligation of an extended 5 

′ - 
end A2 adapter, a 58-bp so-called “stuffer” sequence, to avoid 

the known problem with deteriorating nanopore sequencing 
quality near the 5 

′ termini and functioning also as a library 
barcode to enable multiplexing. 

Third, to be able to capture pA − and pA+ RNAs, we used 

T4 RNA ligase 2 truncated KQ enzyme to ligate 5 

′ adenylated 

A1 DNA adapter (58 bases) to all RNAs, and a primer com- 
plementary to A1 adapter was used for cDNA synthesis using 
Induro reverse transcriptase, a group II intron RT with high 

processivity [ 41 ]. T4 RNA ligase 2 truncated KQ enzyme was 
chosen to avoid adapter–adapter or RNA–RNA concatemer- 
ization. As with the 5 

′ -end A2 adapter, the A1 adapter func- 
tions as a “stuffer”sequence to avoid deteriorating sequencing 
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Figure 1. Ov ervie w of TLDR-seq and data e xamples. ( A ) Schematic o v ervie w of the TLDR method. W ith pA+ and pA − tot al RNA as an input, a 5 ′ 

adenylated A1 DNA adapter is ligated to the 3 ′ end of all RNAs, irrespective of polyA status. Then an oligo complementary to the A1 adapter is used to 
generate the cDNA by reverse transcription. To enrich for m 

7 G capped RNAs, we employ cap-trapping technology, involving the oxidation and 
biotinylation of the cap str uct ure followed by pulldown with streptavidin magnetic beads (pink). The cDNA of capped enriched RNAs are released and a 
barcoded A2 adapter is at tac hed to the 3 ′ end of the cDNA. Primers complementary to A1 and A2 adapters are used to optionally PCR amplify the 
library . Finally , the nanopore adapters are at tac hed to the cDNA library using either the L SK110 or L SK1 14 kit (Oxford Nanopore T echnologies) and 
sequenced on the MinION platform, on R9 or R10 flow cells. ( B ) Experimental design, sequencing depth and mapping rates. Top schematic shows the 
experimental design used for TLDR-seq experiments. Bar plot shows the number of reads having both adapters (left) and the percent of reads having 
both adapters (right). Color indicates library type (amplified or nonamplified). ( C ) Mapping rate of libraries. Y -axis shows % of reads mapped. X -axis 
shows library type. Dots show individual libraries. ( D ) Mapping to selected GENCODE-annotated gene annotation classes. X -axis shows sum of reads 
mapping to a given gene annotation class ( Y -axis), TPM-normalized. Colors indicate data type. TLDR-seq reads are divided into pA+ and pA −. ( E ) ACTB 

genome browser screenshot. Integrative Genomics Viewer (IGV) [ 68 ]-based visualization of reads from HeLa-derived total RNA-seq, 5 ′ and 3 ′ 

sequencing methods, standard ONT nanopore cDNA sequencing, and TLDR-seq (split by amplification method and pA ± reads) around the ACTB gene. 
Refseq gene model is shown on top. Transcription is on the minus strand, right to left. Coverage tracks are shows for all data types. B elo w, randomly 
sampled reads from standard ONT nanopore cDNA sequencing and amplified TLDR-seq libraries are shown. Dotted red line shows the location of the 
main CAGE-defined TSS. ( F ) HOTAIR genome browser screenshot. IGV-based visualization organized as in panel (E) but showing data around the 
HOTAIR lncRNA locus. All reads from standard ONT nanopore and amplified TLDR-seq libraries are shown. 
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quality on the ends. The method includes an optional cDNA
amplification step: amplified libraries will produce higher read
counts, but may skew cDNA length distributions (analyzed
further in the next section). 

To evaluate TLDR-seq, we employed it on total RNA ex-
tracted from HeLa S3 cells (see the “Materials and methods”
section), producing 15 libraries where 3 were subjected to
cDNA amplification and 12 were not: the reason for sequenc-
ing more nonamplified libraries was that such libraries yielded
much less cDNA: the three amplified libraries produce enough
cDNAs for one ONT MinION flow cell, while for nonam-
plified libraries 12 libraries are necessary to reach the mini-
mum input required as per the manufacturer’s recommenda-
tions for the SQK-LSK110 adapter ligation kit and MinION
R9 flow cell loading. Using the MinION R9 flow cell, ampli-
fied libraries produced on average 5.2e6 reads, where 63%
had both 5 

′ and 3 

′ adapters, indicating capture of full-length
RNAs, while nonamplified libraries produced an average of
4.7e5 reads, of which 54% had both adapters (Fig. 1 B). 

The mapping rate of reads having both adapters were 98%
( ±0.4%) and 98% ( ±0.3%) in the amplified and the nonam-
plified libraries, respectively (Fig. 1 C). PolyA / T tail lengths
were determined with the R package tailfindr [ 37 ], using a
version specifically tailored to TLDR-seq (see the “Materi-
als and methods” section). Reads were defined as pA+ if
having pA tails with > 15 adenosines, pA − otherwise. For
comparison, we collected ribosomal-depleted (but not pA+-
selected) RNA-seq data from [ 42 ] and ONT Nanopore direct
cDNA sequencing (DCS108) libraries from HeLa cells [ 24 ]
(referred to as “standard ONT Nanopore” below), and mea-
sured the normalized read count overlapping a curated list
of GENCODE gene annotations [ 43 ] of RNAPII-transcribed
transcripts (Fig. 1 D). The most striking observation was that
TLDR-seq pA − reads had substantially higher number of
reads falling into lncRNAs than any other approach, while
TLDR-seq pA+ reads numbers were highly similar to that of
standard ONT Nanopore within protein-coding genes, with
no substantial difference between amplified and nonampli-
fied libraries (further analyzed in next section). Two exam-
ples of these observations on gene level are shown as genome-
browser screenshots in Fig. 1 E and F for the protein-coding
ACTB gene and the lncRNA HOTAIR. The same data as in
Fig 1 D were used, but we also added CAGE 5 

′ -end data from
[ 27 ] and QuantSeq 3 

′ -end data from [ 44 ], both from the HeLa
S3 cells (Fig. 1 E and F: top panels show coverage of each data
type, and lower part shows reads from TLDR-seq and stan-
dard ONT Nanopore). 

For ACTB (Fig. 1 E), it was clear that TLDR-seq reads cap-
tured the 5 

′ ends accurately (compare with the CAGE track
and GENCODE annotation). The pA+ TLDR-seq reads gen-
erally covered the full gene length, albeit with a subset of reads
starting in the 3 

′ UTR (discussed further below). Conversely,
only a small subset of pA − TLDR-seq reads covered the whole
gene: most terminated within the second to last exon, which
may reflect degradation products, in particular prematurely
terminated transcripts. Standard ONT Nanopore reads rarely
covered the whole gene: only a fraction of reads started at
the annotated 5 

′ end and a large fraction of reads started
within annotated exons. The TLDR-seq 5 

′ ends residing in
the 3 

′ UTR of ACTB, which were primarily observed in the
pA+ data, echoes previous similar observations made using
pA+-selected CAGE and RNA-seq data on many genes (e.g.
[ 45–48 ]). Such 5 

′ ends of pA+ transcripts residing within 3 

′

UTRs have been suggested to be cryptic TSSs or more recently 
proposed to be the result of mRNA endonucleolytic cleavage 
followed by recapping [ 49 ]. Additional examples of lncRNAs 
detected with isoform resolution by TLDR-seq are shown in 

Supplementary Fig. S1 B–E. 
Conversely, for HOTAIR (Fig. 1 F), only the RNA-seq and 

TLDR-seq pA − reads could reliably detect RNAs from the 
locus, likely due to the fact that most HOTAIR RNAs were 
pA −. Only a fraction of TLDRseq pA − reads reached the 
GENCODE-annotated 3 

′ ends, but this was also in agreement 
with QuantSeq data which showed dispersed 3 

′ - ends along 
the annotated gene. The TLDR-seq pA − reads also detected 

frequent read-through of the first, and to some degree sec- 
ond, intron, indicative of frequent TSS-proximal transcription 

termination. 

Library reproducibility and comparison of amplified 

versus nonamplified libraries 

To assess reproducibility, we first compared the three ampli- 
fied TLDR-seq libraries to each other, using three approaches.
First, we examined read length distributions as the polymerase 
used in the PCR step is more prone to detachment when am- 
plifying longer cDNA fragments. We observed almost identi- 
cal read length distribution when comparing the pooled am- 
plified and pooled nonamplified libraries (Fig. 2 A shows the 
average read length distributions between library types, and 

Supplementary Fig. S2 A and B shows read length distributions 
for individual libraries). This indicates that amplification can 

be performed without substantial effects of the sequencing of 
long cDNA fragments. 

Next, we assessed the expression reproducibility between 

libraries using two approaches. First, we binned the genome 
into 500-bp bins and then counted the sequencing depth in 

each such bin for each library, followed by calculating Pear- 
son’s correlation of these bin counts between pairs of libraries.
In a second approach, we quantified transcript (isoform) ex- 
pression levels with Bambu [ 25 ] (see the “Materials and meth- 
ods” section), and used the transcript counts to assess the 
correlation between libraries within the same group (ampli- 
fied or nonamplified). Fig. 2 B shows summaries of Pearson 

correlation coefficients (Pearson’s R) from these comparisons 
( Supplementary Fig. S2 C–F shows individual pairwise com- 
parisons). Pairwise Pearson’s R values between amplified li- 
braries were high: on average 0.92 ( ±0) for both the genome 
binning and the isoform quantification based method. We ob- 
tained slightly lower correlations when comparing nonampli- 
fied libraries, with average Pearson’s R values of 0.85 ( ±0.03) 
and 0.70 ( ±0.04) for the genome binning and isoform quan- 
tification approach, respectively. The slightly lower correla- 
tions for nonamplified libraries may be due to the substantially 
lower sequencing depth in the individual libraries compared 

with amplified libraries. 
Next, we used the same approaches to compare amplified 

with nonamplified libraries. Because of the large differences in 

sequencing depth in individual libraries coming from respec- 
tive groups (discussed above), for the genome binning method,
we normalized read counts by the total sequencing depth in 

each library and for the isoform quantification method, we 
used TPM-normalized expression values. 

Using these normalized values, we compared (i) all individ- 
ual amplified libraries to all nonamplified libraries individu- 
ally ( Supplementary Fig. S2 G and H) and (ii) the pooled reads 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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analy ses betw een library types, using the genome binning method. Organiz ed as in panel (C), but axis sho ws a v erage log 10 co v erage in 500-bp bins, 
normaliz ed b y library sequencing depth. Each dot sho ws one bin. See Supplement ary Fig . S2 H for pairwise correlation plots. A set of regions where 
nonamplified libraries ha v e higher signal than amplified libraries are highlighted. 
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rom amplified libraries versus pooled reads from nonampli-
ed libraries (Fig. 2 C and D). Pooled amplified and nonampli-
ed libraries were highly correlated (Pearson’s R = 0.92 for
he binning method and R = 0.92 for the isoform quantifi-
ation method), and slightly less correlated when comparing
ndividual libraries, with an average Pearson’s R of 0.73 (SD
 0.03) using the binning method and R = 0.89 (SD = 0.05)
sing the isoform quantification method. The Pearson’s R de-
rease when assessing single libraries was expected since the
ead depth in individual nonamplified libraries was lower and
ikely had a lower capture rate of lowly expressed transcripts
similar to the correlation decrease when comparing nonam-
lified libraries with each other). 
Most differences between amplified and nonamplified li-

raries could only be observed using the genome-binning
ethod, and derived from a subset of regions with overall low

equencing depth but higher coverage in nonamplified versus
mplified libraries (Fig. 2 D, see highlight in red). We found
hat the regions where nonamplified libraries had substan-
tially higher coverage (based on nonamplified versus amplified
fold change) were mostly from the 5 

′ or 3 

′ ends of a handful
of genes, where the remaining gene body did not show any
substantial difference between amplified and nonamplified li-
braries. The isoform detection method did not detect these
cases as it counted the sum of reads within each isoform. Be-
cause the discrepancies were mainly located in gene bound-
aries, we reasoned that the PCR primer efficiency could be
affected by local GC content. Therefore, for the 150 regions
with the highest nonamplified versus amplified fold change
values, we calculated the GC content of the 5 

′ and 3 

′ UTRs of
the overlapping transcripts (see the “Materials and methods”
section), and compared this with corresponding data from the
regions with the lowest nonamplified versus amplified fold
change values. We found that UTRs associated with higher
signal in nonamplified libraries on average had higher GC
content ( Supplementary Fig. S2 I); thus, such transcripts are
less likely to be amplified properly in the TLDR amplification
step. This is likely due to the formation of stable secondary

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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structures in these high-GC content regions impeding PCR
amplification. 

As a summary, the TLDR-seq method has satisfying levels
of reproducibility. Moreover, these analyses show that with
the exception of a few highly GC-rich isoform boundaries,
the cDNA libraries can be amplified without introducing sub-
stantial bias. 

Evaluation of 5 

′ -end detection 

An important feature of TLDR-seq is the cap trapping,
aiming to accurately detect 5 

′ ends of successfully capped
RNAPII-RNAs. We evaluated 5 

′ -end detection of TLDR-seq
using CAGE data from the same cells [ 27 ] and GENCODE-
annotated [ 43 ] TSSs. For comparison, we also evaluated 5 

′ -
end detection of a standard ONT cDNA library from HeLa
cells from [ 24 ]. These sets have different characteristics: first,
since the CAGE method uses random priming and thus cap-
tures RNAs regardless of polyadenylation status, it should in
principle detect the same 5 

′ ends as TLDR-seq as it was used
on the same cells; however, the CAGE libraries contain a to-
tal of 88 million mapped reads compared with a total of 5.1
and 4.6 million reads in amplified and nonamplified TLDR-
seq libraries, respectively, and would thus be expected to have
higher sensitivity, so it may detect lowly expressed TSSs that
TLDR-seq cannot. Second, the standard ONT cDNA library
contains pA+-selected cDNA fragments resulting in 3.3 mil-
lion reads mapped to the genome, making it comparable to
the pA+ reads of the TLDR-seq libraries, but not pA − reads.
Third, GENCODE transcript annotations are derived from
large numbers of different cell types and tissues, where some
transcripts will not be transcribed in HeLa cells. In addition,
while GENCODE annotation includes non-mRNA annota-
tions, its coverage of RNA decay intermediates and lncRNA
species is lower than that mRNAs, since the annotations to a
large extent are based on sequencing of pA+-selected RNAs. 

We first assessed the ability of TLDR-seq to identify TSSs
from the same cell type by comparison to HeLa CAGE data.
Specifically, we measured the distance of called TSSs from
TLDR-seq to the closest CAGE TSS on the same strand.
This distance will be positive when a TSS of TLDR-seq
falls 5 

′ of a CAGE TSS, negative if it falls 3 

′ of a CAGE
TSS , and 0 if TSSs overlap on the same bp. To account for
the highly different read numbers we defined a TSS for a
given set as follows: a TSS must have at least least n reads
starting at a given genomic position, where n is defined as
( number of reads in the library ) / 10 

6 . For comparison, we ap-
plied the same analysis to assess TSSs from the standard
ONT nanopore library. TLDR-seq and CAGE TSSs showed a
high overlap and overall small divergence between TSS posi-
tions (Fig. 3 A) compared with standard ONT nanopore TSSs,
where a substantial fraction fell downstream of CAGE TSSs.
The latter likely reflects the known limitation of the stan-
dard ONT nanopore protocol to identify 5 

′ ends, resulting
in 5 

′ -truncated transcripts, as discussed in the “Introduction”
section. 

We also compared TSSs from TLDR -seq, CA GE, and the
standard ONT nanopore dataset with GENCODE TSSs. For
this analysis, we chose GENCODE transcripts that, based on
their annotation, were RNAPII- transcribed and whose 5 

′ end
represented genuine TSS and not processed 5 

′ ends, e.g. 5 

′ ends
produced by endocleavage (see the “Materials and methods”
section and Supplementary Table S2). TLDR-seq and CAGE
showed near-identical TSS distance distributions (Fig 3 B, three 
leftmost plots) with a high agreement with GENCODE TSSs.
Conversely, as expected, the standard ONT nanopore TSSs 
were, on average, further away from GENCODE TSS, and of- 
ten fell downstream for GENCODE TSSs, similar to the anal- 
ysis above. 

Next, we analyzed DNA sequences around TSSs from re- 
spective sets to see if typical core promoter motifs could be 
identified at expected locations. Previous work by us and oth- 
ers have shown that highly expressed genes often use an ar- 
ray of closely spaced TSSs [ 45 , 46 , 50 , 51 ]. Therefore, for a
given dataset, we identified TSSs as above, and if many such 

TSSs were within an [ −40, 40]-nt window at the same strand,
the most expressed TSS was used. We then calculated the nu- 
cleotide frequencies in a [ −50, 50]-nt window around these 
TSSs, and sequences were reverse complemented when TSSs 
were on the reverse strand. Two noticeable sequence patterns 
stood out around TLDR-seq TSSs (Fig 3 C, left). First, a 10-bp 

wide peak of A / T enrichment at −24 to −32 bp, also shown 

as a sequence logo (Fig 3 D): this sequence pattern likely cor- 
responds to the T A T A box. This pattern could also be identi- 
fied using CAGE TSSs, but not standard nanopore TSSs (Fig.
3 C, middle and right). Second, the well known pyrimidine–
purine (PyPu) motif that is the core of the Initiator motif 
(INR, reviewed in [ 52 ]) were identified at the −1, +1 position 

in TLDR-seq and CAGE, but not in standard ONT nanopore 
(Fig. 3 C and E). For standard ONT nanopore TSS, the most 
prominent sequence pattern was instead a weak enrichment of 
a G at the +1 nucleotide, likely a bias attributed to the template 
switching used in the ONT nanopore protocol, as it preferen- 
tially selects for mRNAs with a G at the 5 

′ end. 
As a summary, TLDR-seq can accurately determine the 

5 

′ ends of full-length fragments and substantially improves 
TSS detection compared with the standard ONT nanopore 
protocol. 

Evaluation of 3 

′ -end detection 

Similarly to above, we evaluated 3 

′ -end detection using 3 

′ -end 

sequencing (QuantSeq) from HeLa cells and annotated GEN- 
CODE 3 

′ ends. We first focused on pA+ transcripts and there- 
fore compared TLDR-seq 3 

′ ends from the pA+ fraction and 

standard ONT nanopore 3 

′ ends with pA+-selected QuantSeq 

3 

′ ends, using the same approach as we used for 5 

′ ends. Re- 
gardless of whether amplification was used, TLDR-seq 3 

′ ends 
had a substantially higher degree of overlap to QuantSeq 3 

′ 

ends than standard ONT nanopore 3 

′ ends (Fig. 4 A), which 

often fell upstream of QuantSeq 3 

′ ends. We also compared the 
same TLDR-seq and standard ONT nanopore sets to GEN- 
CODE 3 

′ ends. Here, for a fair comparison, we focused on 

3 

′ ends of GENCODE-annotated mRNAs, as we expect those 
to be pA+ . The results were similar as above: regardless of 
whether amplification was used, there was a high overlap be- 
tween TLDR-seq 3 

′ ends and GENCODE mRNA 3 

′ ends,
while 3 

′ ends from the standard nanopore where frequently 
displaced upstream from the GENCODE mRNA 3 

′ ends (Fig.
4 B). The same pattern was also evident by comparing GEN- 
CODE 3 

′ ends with TLDR-seq pA+ 3 

′ ends (Fig 4 B). 
Because TLDR-seq can also detect pA − transcripts, we 

compared the full pool of TLDR 3 

′ ends (including pA+ and 

pA −) with QuantSeq 3 

′ ends from a library generated from 

RNA that had first been subjected to in vitro polyadeny- 
lation using the polyA polymerase (PAP). For clarity, such 
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Figure 3. Evaluation of TSS detection. ( A ) Comparison of TSSs detected by TLDR-seq and standard ONT Nanopore cDNA sequencing to CAGE-defined 
TSSs in HeLa cells. The X -axis shows the closest distance in bp to a CAGE-defined TSS (see the “Materials and methods” section) on the same strand: 
transcription goes left to right. The Y -axis shows the number of TSSs from respective datasets that are located at a given distance. Each plot shows one 
dataset comparison to the same CAGE TSS set. ( B ) Comparison of TSSs detected by TLDR-seq, standard ONT nanopore, and CAGE in HeLa cells with 
GENCODE-defined TSSs. Plot is organized as in panel (A), but the X -axis shows distance to GENCODE-defined TSSs. ( C ) Normalized nucleotide 
distributions around TSSs defined by TLDR-seq, standard ONT nanopore, and CAGE in HeLa cells. Nucleotide frequencies are scaled so that each 
nucleotide a v erage frequency is equal to 1 in the displa y ed windo w. T he Y -axis sho ws the a v erage scaled nucleotide frequencies (see the “Materials 
and methods” section). X -axis shows distance to TSSs defined by respective method. Line colors indicate nucleotides. Each box shows TSSs from one 
dataset. ( D ) Sequence logos at position −33 to −21 bp relative to TSSs defined by respective methods. The Y -axis shows information content in bits. 
X -axis shows relative location to TSS in bp. The T A T A box is visible in TLDR-seq and CAGE libraries but not standard ONT nanopore. ( E ) Sequence logos 
at position −5 to −21 bp relative to TSSs defined by respective methods. Logos are organized as in panel (D). The PyPu motif at −1, 0, part of the 
Initiator (INR) motif, is visible in TLDR-seq and CAGE libraries but not standard ONT nanopore. 
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Figure 4. Evaluation of 3 ′ detection. ( A ) Comparison of pA+ 3 ′ detected by TLDR-seq and standard nanopore to QuantSeq-defined 3 ′ ends in HeLa cells. 
The X -axis shows the closest distance in bp to a QuantSeq-defined (pA+) 3 ′ end (see the “Materials and methods” section) on the same strand: 
transcription goes left to right. The Y -axis shows the number of 3 ′ ends from respective datasets that are located at a given distance. Each plot shows 
one dataset comparison to the same QuantSeq set. ( B ) Comparison of pA+ 3 ′ detected by TLDR-seq and standard nanopore to GENCODE-defined 
mRNA 3 ′ ends. Plot is organized as in panel (A), but the X -axis shows distance to GENCODE-defined mRNA 3 ′ ends. ( C ) Comparison of 3 ′ ends detected 
by TLDR-seq (all reads) and standard nanopore to QuantSeq-defined 3 ′ ends from PAP-treated libraries (total RNA) in HeLa cells. The X -axis shows the 
closest distance in bp to a QuantSeq-defined 3 ′ end, where RNAs were PAP-treated before 3 ′ -end sequencing (see the “Materials and methods”
section) on the same strand: transcription goes left to right. The Y -axis shows the number of 3 ′ ends from respective datasets that are located at a given 
distance. Each plot shows one dataset comparison with the same QuantSeq set. ( D ) Comparison of 3 ′ ends detected by TLDR-seq (all reads) and 
standard nanopore to GENCODE-defined 3 ′ ends. Plot is organized as in panel (B), but the X -axis shows distance to GENCODE-defined 3 ′ ends (same 
set as in Fig. 3 , RNAPII-transcribed RNAs, including pA − transcripts). ( E ) Nucleotide frequency distributions in the −50 to + 50 region around pA+ RNA 

3 ′ ends. The X -axis shows nucleotide positions around detected 3 ′ ends from each approach (one plot per approach, as indicated abo v e the plots: for 
GENCODE, all RNAs are used). Only pA+ reads are used. The Y -axis shows normalized nucleotide frequency (each nucleotide frequency is centered 
around 1 within the [ −50, 50]-bp window, see the “Materials and methods” section). Line colors correspond to nucleotides. ( F ) Sequence logos from 

the −24 to −12 region upstream of pA+ RNA 3 ′ ends. X -axis as in panel (E). The Y -axis shows information content in bits. Nucleotide colors as in panel 
(E). ( G ) Nucleotide frequency distributions in the −50 to +50 region around total RNA 3 ′ ends. The plot is organized as in panel (E), but uses all 3 ′ ends 
regardless of pA status. Standard ONT nanopore data are not shown since such reads are pA+ only. ( H ) Sequence logos from the −24 to −12 region 
upstream of total RNA 3 ′ ends. The plot is organized as in panel (F) but uses all 3 ′ ends regardless of pA status. Standard ONT nanopore data are not 
shown since such reads are pA+ only. 
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′ ends will constitute a mix of 3 

′ ends from RNAs that were
riginally pA+ and pA −, making a comparison with the full
LDR read population relevant. Using these sets, we repeated

he analysis described above. We found that as before, most
LDR-seq 3 

′ ends overlapped exactly with those from the
uantSeq library, arguably with more focused distributions
f 3 

′ ends that were only a few base pair away from the
uantSeq 3 

′ ends compared with the pA+-only analysis above
Fig. 4 C). As before, standard ONT nanopore 3 

′ ends showed
 smaller overlap, although this method is disfavored in this
nalysis since it is detecting only pA+ transcripts. Highly simi-
ar results were obtained by comparing to GENCODE 3 

′ ends
ncluding all GENCODE transcript biotypes used in Fig. 3
 Supplementary Table S2 , see the “Materials and methods”
ection and Fig. 4 D). 

As with 5 

′ ends, we analyzed the sequence content upstream
nd downstream of 3 

′ ends detected by each method. This
howed similar results for all pA+ methods / libraries: an A-
ich region was located around −24 to −12 bp upstream of
he 3 

′ ends, likely corresponding to the AWTAA pA motif (Fig.
 E shows nucleotide frequencies in the +50-bp range, and Fig.
 F shows a sequence logo [ 34 ] for the −24 to −12 region). As
xpected, this pattern was not as prevalent when analyzing
 

′ ends from the total TLDR-seq transcript pool (also includ-
ng pA − transcripts: Fig. 4 G and H). Similarly, 3 

′ ends from
uantSeq (PAP-treated library) displayed a more dispersed
-enriched region (Fig. 4 G and H). The latter is consistent
ith previous observations of these libraries: 3 

′ ends detected
y PAP libraries tend to be highly dispersed compared with
A+ 3 

′ ends [ 44 ]. 
As a summary, TLDR-seq 3 

′ ends agree well with experi-
entally defined 3 

′ ends from 3 

′ sequencing from the same
ells, and GENCODE annotations that derive from many cell
ypes. Somewhat surprisingly, standard nanopore 3 

′ ends seem
o, at times, detect 3 

′ ends that are placed upstream of 3 

′ ends
etected by any of the other methods, including TLDR-seq. 

valuation of exon junction detection 

ne key benefit of full-length sequencing is its ability to ac-
urately characterize full-length isoforms. Aside from identifi-
ation of transcript 5 

′ and 3 

′ ends, as discussed above, precise
ocation of splice junctions is therefore important. Since the
ifference of TLDR-seq and standard ONT nanopore proto-
ols is only at 5 

′ and 3 

′ ends of RNAs / cDNA, we would ex-
ect similar splice site detection performance if the same tran-
cripts are detected. 

Therefore, we first compared TLDR-seq-derived donor (in-
ron 5 

′ end) and acceptor (intron 3 

′ end) splice sites with
hose in the standard ONT nanopore dataset, and vice versa
Fig 5 A–D). We did initially not distinguish between pA+ and
A − transcripts as we do not have a reference splice site com-
endium for pA − transcripts in HeLa cells. Overall, TLDR-
eq donor and acceptor sites were highly supported by corre-
ponding standard ONT nanopore sites, and vice versa. We
bserved a slightly higher discrepancy when standard ONT
anopore splice site junctions were compared with the TLDR-
eq splice site junctions, compared with the reciprocal anal-
sis (TLDR-seqs splice site junctions versus ONT nanopore
plice site junctions). We hypothesized this was due to the in-
lusion of pA − reads in the TLDR-seq data, but when compar-
ng standard ONT nanopore data with pA+ TLDR-seq reads,
this small discrepancy was retained ( Supplementary Fig. S3 A
and B). 

Subsequently, we compared TLDR-seq and standard ONT
nanopore junctions to GENCODE splice sites (GENCODE-
transcripts selected as above). This showed near-identical per-
formance between standard ONT nanopore and TLDR-seq
data, where the majority of splice sites were right on top of
GENCODE splice sites, or a few bp off (Fig. 5 E,F). We con-
clude that TLDR-seq identification of splice sites is compara-
ble to that of the standard ONT nanopore protocol. 

Evaluation of expression level estimations 

compared with short-read approaches 

Long-read cDNA sequencing is not primarily aimed at expres-
sion quantification, since the number of reads per library is
typically much lower than short-read applications. Neverthe-
less, we reasoned that it would be interesting to assess how
expression quantification of TLDR-seq compared with CAGE
and RNA-seq data from the same cell line. 

To evaluate the TLDR-seq expression quantification accu-
racy, we used three datasets from the same cell lines: (i) a to-
tal RNA-seq library which was ribo-depleted but not pA+-
enriched, as used in Fig. 1 , (ii) the same CAGE set as above:
because CAGE is random-primed, the same population of cap-
trapped RNAs are sampled, and (iii) the same standard ONT
nanopore libraries as above. 

Quantifying gene expression from these heterogeneous
datasets required the use of two different methods. First,
for comparison with between nanopore-based and short-read
RNA-seq sets, we used transcript quantification tools which
can estimate the gene expression after mapping the reads to
the GENCODE v39 transcriptome: for RNA-seq we used
Salmon [ 9 ] and for TLDR-seq and standard ONT nanopore
we used Bambu [ 25 ] after the reads were mapped to the same
transcriptome with minimap2 [ 53 ]. Second, comparisons be-
tween long-read methods (TLDR-seq and ONT nanopore)
and CAGE sets cannot be done in the same way, because
in CAGE, only the 5 

′ ends of transcripts are sequenced. In-
stead, we mapped CA GE, TLDR -seq and ONT Nanopore
reads to the hg38 genome and trimmed them to only retain
their 5 

′ terminal nucleotide (denominated as ‘tag’). Tags were
assigned to their nearest GENCODE gene within 100 bp, and
gene tag counts were normalized by library sizes to obtain
gene TPM. Using the above methods, we observed high cor-
relation levels between TLDR-seq and RNA-seq (Pearson’s
R = 0.90 for both amplified and nonamplified TLDR-seq)
(Fig. 6 A) and TLDR-seq versus CAGE (Pearson’s R = 0.84 for
amplified TLDR-seq and R = 0.86 for nonamplified TLDR-
seq) (Fig. 6 B). For comparison, using the same methodol-
ogy, the correlation between standard ONT nanopore and
RNA-seq or CAGE was R = 0.85 and R = 0.79, respectively
( Supplementary Fig. S4 A and B). The smaller R values com-
pared with that of TLDR-seq may be due to the pA+ selection
in standard ONT nanopore. For reference, as discussed above,
between-replicate correlations of TLDR-seq were R = 0.66–
0.91 depending on correlation method and whether amplifi-
cation was used (Fig. 2 B). 

As a summary, we conclude that TLDR-seq expression esti-
mates on transcript or TSS level correlate well with expression
estimates from respective short-read approaches based on full
RNA samples from the same cell type. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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Figure 5. Evaluation of detection of splice sites. ( A ) Comparison of donor splice sites (intron 5 ′ ends) identified by TLDR-seq versus standard ONT 
nanopore from HeLa cells. The X -axis shows the closest distance in bp on the same strand from a TLDR-seq defined intron 5 ′ end to a standard ONT 
nanopore-defined intron 5 ′ end (see the “Materials and methods” section) in bp. The Y -axis shows the number of TLDR-seq reads that are located at a 
given distance. Plots show results from amplified and nonamplified TLDR-seq libraries as indicated on top. ( B ) Comparison of donor splice sites (intron 
5 ′ ends) identified by the “Materials and methods” section in yourstandard ONT nanopore versus TLDR-seq from HeLa cells. The plot is organized as in 
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LDR-seq can be used with R9 or R10 flow cells 

ithout modifications 

he above analyses were made using the R9 Oxford
anopore flow cell. To ensure that the method also works
ith the newer R10 flow cell, we re-sequenced the three ampli-
ed HeLa libraries using an R10 flow cell (three barcoded li-
raries in one flow cell, as in our R9 flow cell experiment). This
roduced on average 11e6 reads per library, of which 65%
ad both adapters, of which 96.5% ( ±0.04 between libraries)
apped to the genome. This was roughly twice the number of

eads compared with the R9 flow cells, with similar adapter in-
lusion and mapping rate (in R9, 63% and 98%, respectively).
e then assessed the resulting reads in the same way as the R9

eads (as in Figs. 1 –5 ) The distribution of R10 reads among
nnotated RNA classes was highly similar to that of R9 reads
 Supplementary Fig. S5 A). The reproducibility between R10
libraries was high and on similar levels as the correspond-
ing R9 library analyses (Pearsons’s R of 0.803–0.813 for
bin-based comparison and 0.705–0.711 for transcript-based
comparisons; Supplementary Fig. S5 B and C), and expression
quantification in genome bins or per transcript were highly
similar between R9 and R10 ( Supplementary Fig. S5 D and
E). The detection of 5 

′ ends (compared with CAGE and GEN-
CODE annotation, Supplementary Fig. S5 F,G), 3 

′ ends (com-
pared QuantSeq and GENCODE annotation, with and with-
out selection for pA+, Supplementary Fig. S5 H-K) and splice
sites (compared with standard ONT Nanopore and GEN-
CODE, Supplementary Fig. S5 L-Q) were highly similar be-
tween R10 and R9 libraries. Additional genome browser vi-
sualizations showing reads from both flow cells are available
in Supplementary Fig. S5 R-T. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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Analysis of associations between alternative TSS 

usage and RNA polyadenylation using TLDR-seq 

We and others, using short-read 5 

′ -end sequencing techniques
such as CAGE, have previously established that most mam-
malian core promoters use an array of closely located TSSs—
typically covering a region up to ∼100 bp, rather than a sin-
gle TSS (reviewed in [ 54 ]). It has previously been difficult to
ascertain whether the choice of transcription initiation sites
on this local scale makes a difference for the RNA elonga-
tion and / or processing (e.g. splicing and polyadenylation) of
the resulting transcript. Since TLDR-seq is the only method to
our knowledge that has the ability to characterize full-length
transcripts regardless of pA status with highly accurate TSS
locations, we used the pooled amplified HeLa library data to
address whether there are core promoters for known genes
where local TSS location choice is associated with polyadeny-
lation status. Specifically, we identified TLDR-seq TSSs occur-
ring within, and on the same strand of, annotated first ex-
ons including ± 100-bp flanking regions (3253 cases), and for
each such case tested whether the distribution of TSSs from
pA+ and pA − reads were significantly shifted positionally
(Wilcox test, FDR < 0.05, see the “Materials and methods”
section). This identified 64 first exons with significant shifts.
Two genome-browser examples of such TSS shifts are shown
in Fig. 7 A and B. Somewhat surprisingly, when TSS shifts asso-
ciated with pA status occurred, pA+ TSS distributions were on
average significantly more dispersed than pA − TSS distribu-
tions, as measured by positional entropy ( P = 5e −3, Wilcoxon
paired test, Fig. 7 C). 

Next, we asked whether the pA+ and pA − reads originating
from such shifts represented substantially different transcripts
in terms of splicing patterns and read lengths. We found ge-
nomic lengths of pA+ reads were typically larger than pA −
reads, but the difference was not large (median 398 bp, Fig.
7 D). Similarly the pA+ reads were typically longer than pA −
reads but the difference was minor (median 202 nt, Fig. 7 D),
and the pA+ reads typically had the same number of exons
than pA − reds, or one more exon ( Supplementary Fig. S6 A).
Together with manual inspections, we interpret these results
as follows: in most cases, the splicing patterns were similar or
identical up to the second-last or last exon, where the shorter
read length in the pA − fraction was likely capturing 3 

′ degra-
dation following the lack of polyadenylation. 

Genes that had one or more of these local TSS shifts as-
sociated to pA status were overrepresented in GO terms re-
lated to translation, where 23 of 64 genes featuring significant
shifts were GO ( Supplementary Fig. S6 B). This is interesting
as ribosome protein genes have a specific core promoter struc-
ture, featuring a ribosomal protein-specific initiator sequence,
the so-called TCT motif [ 55 ]. Although it is possible that this
motif structure may contribute to the shifts observed, pA −
and pA+ TSSs in ribosomal protein promoters with substan-
tial TSS shifts both had the TCT motif, although, perhaps re-
lated to the larger diversity of TSSs for the pA+ reads, the
TCT average motif strength appeared weaker for pA+ read
TSSs ( Supplementary Fig. S6 C). 

We reasoned that the same phenomenon may occur at
larger scales, where two distinct alternative promoters for the
same gene produce substantially different ratios of pA+ and
pA − reads. To identify such cases, we identified genes that had
two or more distinct clusters of TLDR-seq derived TSSs on the
same strand (see the “Materials and methods” section). Using
TSS clusters that had at least 10 pA+ or 10 pA − reads, we 
classified them into three categories based on their pA+ / pA −
log 2 fold change (log 2 FC) : enriched in pA+ (log 2 FC > 1),
enriched in pA − (log 2 FC < −1), and nonenriched (|log 2 FC| 
< 0.3). We then selected only genes containing at least two 

TCs that had at least two different categories. This identi- 
fied 306 genes, out of which 107 had TCs that overlapped 

GENCODE annotated TSS. One example of this is shown in 

Supplementary Fig. S6 D. Somewhat surprisingly, out of these 
TSS clusters, pA − biased clusters were more often overlap- 
ping annotated TSSs, while the pA+ biased TCs were over- 
represented in 3 

′ UTRs ( Supplementary Fig. S6 E): the latter is 
likely the same observation as discussed in Fig. 1 E, and previ- 
ously described [ 45–48 ]. 

As a summary, although the causality is unclear, our obser- 
vations strongly argues that the TSS selection, either at distinct 
promoters or by local TSS shifts on bp resolution level in the 
same core promoter, can in some core promoters be strongly 
correlated to transcript processing and fate. Notably, this ob- 
servation requires the unique capabilities of TLDR-seq, as it 
requires base-pair level TSS identification and simultaneous 
characterization of pA+ and pA transcripts. 

Detection and characterization of PROMPTs and 

enhancer RNAs using TLDR-seq 

As exemplified in Fig. 1 D–F, TLDR-seq can capture both 

pA+ and pA − transcripts, where the latter category includes 
lncRNAs. We and others have reported that most mRNA 

promoters initiate transcription bidirectionally, transcribing 
short, capped, pA − lncRNAs in the opposite strand relative 
to the mRNA TSSs which are targeted by the nuclear ex- 
osome, referred to as PROMPTs or asRNAs / uaRNAs [ 56–
60 ]. Similarly, active enhancer regions also initiated bidirec- 
tional transcription [ 61 ], where both strands produce capped,
pA − enhancer RNAs (eRNAs) that share many features 
with PROMPTs, including their rapid degradation by the nu- 
clear RNA exosome complex [ 62 , 63 ]. The RNA features of 
PROMPTS and eRNAs have previously only been character- 
ized by short-read approaches (e.g. CAGE [ 62 ] and nascent 
RNA approaches [ 64 ]). 

We found that TLDR-seq data from WT HeLa cells 
could identify clear cases of PROMPTs and bidirectional 
eRNAs, despite having functional RNA decay mechanisms 
( Supplementary Fig. S7 A and B). Because of their rapid degra- 
dation, such RNAs are easier to capture if one or more com- 
ponents of the nuclear exosome or its adaptor complexes are 
depleted, previously shown [ 56 , 57 ]. Therefore, to explore 
whether TLDR-seq can be used to characterize PROMPTS 
and eRNAs in greater detail, we used a dTAG-based de- 
gron system [ 65 ] to rapidly deplete RBM7 and ZCCHC8 in 

mES cells, key components of the nuclear exosome target- 
ing complex [ 66 ]) that targets nuclear pA − RNAs includ- 
ing PROMPTs and eRNAs for decay via the exosome [ 44 ,
67 ]. Specifically, endogenous RBM7 or ZCCHC8 alleles were 
tagged with 2xHA-FKBP-V (HA-dTAG) by CRISPR / Cas9,
allowing for the inducible depletion of tagged proteins us- 
ing dT AG 

V -1. W e isolated total RNA from WT (ctrl), HA- 
dT AG-RBM7, [ 21 ] and HA-dT AG-ZCCHC8 cells following 
4 h of dTAG 

V -1 treatment and applied (amplified) TLDR-seq.
TLDR-seq reads were mapped as above but on the mm39 

genome. The sequencing depth was 6.1 ·10e6, 4.5 ·10e6 and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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Figure 7. Analysis of local TSS shifts in core promoters associated with polyadenylation status. ( A , B ) Genome browser examples of TSS shifts in the 
ENSG0 0 0 0 0257379 and RPL15 loci using TLDR-seq data in HeLa cells. Top tracks show counts of 5 ′ ends of TLDR-seq reads (pooled amplified libraries 
in HeLa cells), stratified by strand and whether reads are pA+ or pA −. Middle tracks show TLDR-seq reads and overall coverage of reads (bar plot on 
top), stratified by whether reads are pA+ or pA −. Note that shown reads are randomly subsampled. Blue color indicates minus strand reads, red 
indicates plus strand reads. Vertical highlights show the main TSS(s) that are shifted between pA+ and pA − reads. RefSeq gene annotations are shown 
at the bottom. Genome browser graphics based on the IGV browser [ 68 ]. Coordinates refer to the hg38 assembly. ( C ) TSS dispersion distributions of 
pA+ and pA − read TSS in core promoters featuring poly aden ylation-associated TSS shifts. The plot shows the distributions of TSS position dispersion 
for pA+ and pA − reads in core promoters featuring TSS shifts (64 cases), measured by entropy ( X -axis). P -value from Wilcoxon paired test between 
distributions. ( D ) Distribution of a v erage difference in genomic alignment lengths of pA+ and pA − reads originating from core promoters with TSS shifts. 
Y -axis shows density, X -axis shows the difference between average genomic lengths of pA+ reads and a v erage genomic lengths of pA+ reads in bp, for 
each analyzed case ( N = 64). Dotted line shows the distribution median, with the median value highlighted. ( E ) Distribution of average difference in read 
lengths of pA+ and pA − reads originating from core promoters with TSS shifts. Arranged as in D, but plots read length, not genomic length. 
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4.2 ·10e6 mapped reads for Ctrl, HA-dTAG-RBM7-, and HA-
dTAG-ZCCHC8- libraries. 

As in HeLa cells, it was possible to detect of PROMPTs
and eRNAs in mES cells even when the RNA decay mecha-
nism was unperturbed (Ctrl cells from above), but as expected,
the number of reads corresponding to these RNAs were over-
all higher in RBM7 and ZCCHC8 depletions (Fig. 8 A,B and
Supplementary Fig. S7 C-H) 

To characterize PROMPTs in more detail, we identified
GENCODE-annotated mRNA TSSs that were highly tran-
scribed and produced polyA+ RNAs in Ctrl mES cells, as de-
tected by TLDR-seq (see the “Materials and methods” sec-
tion). We then plotted the TLDR-seq coverage on both strands
in the −1500 to +500 region in Ctrl and both depletions for
each locus, stratified by whether reads were pA+ or pA − (Fig.
8 C). We could identify 483 clear cases of mRNA PROMPTs
for highly transcribed mRNAs. In the Ctrl library, we could
identify 158 of these cases ( Supplementary Fig. S7 I). The large
majority of PROMPTs initiated 500 bp or less upstream of the
mRNA TSS, in a PROMPT TSS pattern echoing results from
previous CAGE-based studies [ 57 , 63 ], flanking DNAse hy-
persensitive site edges (Fig. 8 C and Supplementary Fig. S7 J).
PROMPTs were rarely spliced: 98% of PROMPT reads had
one exon (average across cell treatments), compared with
mRNA-overlapping reads which had on average 2.6 exons
(Fig. 8 D). The average length of PROMPTs (see the “Mate-
rials and methods” section) was 459 nt, covering an average
of 485 genomic bp (including introns, Fig. 8 E). For reference,
pA+ mRNA-associated reads had an average read length of
695 nt, covering an average of 4218 genomic bp (Fig. 8 E).
Thus, the majority of PROMPTs are pA −, unspliced, and on
average 450-nt long. 

We identified 1398 candidate eRNA loci, identified by
DNAse hypersensitive sites from mES cells from from the en-
code dataset ENCFF048DWN [ 28 ] in intergenic or intronic
regions which had bidirectional TLDR-seq read TSSs from
RBM7 and / or ZCCHC8 depletions (see Methods): 204 of
these were also detected in Ctrl cells ( Supplementary Fig. S7 K)
and plotted TLDR-seq coverage around each DHS on both
strands ( ±2000 bp) (Fig. 8 F). This showed clear bidirec-
tional TSSs signatures placed at the edges of the DHS peaks
( Supplementary Fig. S7 L), echoing similar CAGE-base anal-
ysis [ 63 ]. eRNAs were detected strongly in the pA − fraction
and to a limited degree also in the pA+ fraction of RBM7 and
ZCCHC8 depletions (Fig. 8 F). Similar to PROMPTs, eRNAs
were mono-exonic in 95% of cases (Fig. 8 D), and had an av-
erage read length of 473 nt and genomic length of 646 bp
including introns (Fig. 8 E). Interestingly, the heat map visual-
ization in Fig. 7 F indicated that in most loci, most eRNAs were
short (around 500 nt), but a small subset were substantially
longer ( > 1000 nt), suggesting that most loci can produce a
diverse collection of eRNAs. 

Overall, these analyses exemplify the ability of TLDR-seq to
identify pA − lncRNAs and characterize their splicing patterns
and lengths. 

Discussion 

Here, we present TLDR-seq, a method to sequence full-length
cDNAs from 5 

′ to 3 

′ ends regardless of polyadenylation sta-
tus. The method selects for m 

7 G-capped RNAs, so no riboso-
mal depletion is necessary. We show that splice sites, 5 

′ and 3 

′

ends are accurately identified by comparing with other meth-
ods employed in HeLa cells, or genome-wide annotations, and 

we furthermore show that expression quantifications using 
the method are highly correlated to that of short-read ap- 
proaches. In particular, compared with data from the stan- 
dard ONT cDNA protocol, TLDR-seq is substantially better 
at identifying correct 5 

′ ends, and is able to detect pA − RNA 

species such as diverse lncRNAs that cannot be detected by 
the standard ONT nanopore cDNA protocol. 

The method has certain limitations. First, as with all long- 
read methods, sensitivity will be lower than corresponding 
short-read methods (e.g. TLDR-seq versus CAGE for captur- 
ing 5 

′ ends) due to lower effective sequencing depth (fewer,
but longer, reads). Thus, low copy number transcripts, such 

as some lncRNAs, or RNAs that are only expressed in a 
small subset of cells, may be challenging to detect reliably,
and quantification of rare detected transcripts will be less reli- 
able. For example, while we can detect eRNAs, which typically 
have low copy numbers due to their rapid degradation, with 

the sequencing depths used in this paper in both HeLa and 

mES cells, the number of eRNA loci detected were limited.
This can be remedied by using multiple sequencing runs, or 
larger flow cells, if needed. For instance, in a pilot experiment,
a ONT PromethION platform run of amplified TLDR-seq li- 
braries produced ∼10 times the number of reads compared 

with the ONT MinION runs used here, per flow cell, and we 
also note that the R10 MinIon flow cell has roughly double the 
yield of the R9 flow cell used for most analyses above. TLDR- 
seq can also be used in parallel with high-depth short-read 

methods, where TLDR-seq would be used to identify tran- 
scripts while shorter read methods would be used for quan- 
tifications by mapping short reads to such TLDR-detected 

transcripts. 
Second, an inherent kinetics-based bias in all ONT 

nanopore approaches is that shorter cDNAs take less time 
to sequence than longer, so there is a capture bias for such 

short reads. We believe this is not a large issue since this will 
be true for all TLDR-seq runs, enabling comparisons between 

runs, and that the primary use with ONT nanopore cDNA- 
based methods is not expression quantification but transcript 
discovery. 

Third, as in all other long read cDNA-based approaches, re- 
verse transcription and amplification steps in TLDR-seq may 
introduce biases for shorter cDNAs with lower GC content or 
truncation of the polyA tail. On top of this, due to the con- 
version of RNA information to a cDNA library, epitranscrip- 
tomic modifications of the native RNAs cannot be measured.

Fourth, a relatively large amount (8 μg) of RNA is required 

for the method and although this can be easily obtained from 

cultured cells as in this study, it can be challenging for clinical 
samples or rare cell types. An avenue for improving this aspect 
is the supplementation of synthetic carrier RNAs to allow the 
use of lower input RNA for TLDR-seq, as done in SLIC-CAGE 

[ 50 ]. 
Fifth, an in-built limitation of TLDR-seq is the selection 

for capped transcripts. While this allows for accurate TSS de- 
tection and removes the need for ribosomal depletions, un- 
capped RNAs, resulting from e.g. endonucleolytic cleavage,
will not be detected. This means that many processed non- 
coding RNAs such as mature miRNAs, will not be detectable.
This can be viewed as an advantage or disadvantage depend- 
ing on the biological questions asked. 

Regardless, we believe this method will be useful for 
transcript discovery and characterization, because it enables 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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Figure 8. Analysis of PROMPTs and eRNAs in mES cells using TLDR-seq. ( A ) Genome browser example of detection of a PROMPT-mRNA locus using 
TLDR-seq in mES cells. Top tracks show coverage of Chromatin Immunoprecipitation followed by Sequencing (ChIP-seq) for H3K27ac, H3K4me1, 
H3K4me3, and DNase1-seq. DNase peaks (DHSs) are shown below. Middle tracks show TLDR-seq reads from Ctrl, RBM7 depleted and ZCCHC8 
depleted cells. Blue color indicates minus strand reads, red indicates plus strand reads. RefSeq gene annotations are shown at the bottom. Genome 
browser graphics based on the IGV browser [ 68 ]. Coordinates refer to the GRCm39 assembly. ( B ) Genome browser example of enhancer RNAs using 
TLDR-seq in mES cells. Organized as in panel A but showing a DHS with bidirectional transcription. ( C ) Detection of mRNA-PROMPT loci using 
TLDR-seq in mES cells. The X axis indicates position in bp relative to an mRNA TSS (X = 0), where mRNA transcription goes from left to right (also 
indicated in schematic on the top of each subplot). Each row on the Y axis indicates one mRNA TSS locus, organized in the same order in all subplots. 
Colored horizontal lines indicate TLDR-seq co v erage, where higher color intensity indicates higher numbers of mapped reads: red lines indicate reads on 
the same strand as the annotated mRNA, blue lines indicate reads on the opposite strand. Subplots with TLDR-seq reads from Ctrl, RBM7 depleted and 
ZCCHC8 depleted cells are shown, where reads are split whether reads are pA+ or pA −. Also see Supplementary Fig. S7 J for the same TLDR-seq data 
with o v erlaid DNase-seq co v erage. ( D ) Number of e x ons detected in PR OMPTs, enhancer RNA s and mRNA s b y TLDR-seq in mES cells. T he Y axis 
shows the fraction of TLDR-seq reads having a given number of exons (X axis). Color indicates cell treatment. Each subplot shows data from one RNA 

type. ( E ) Length distributions of PROMPTs, enhancer RNAs and mRNAs by TLDR-seq in mES cells. For each locus, an average RNA length was 
calculated across all reads. Plots show the distribution of this statistic across all RNAs of a given type from a given cell. Y axis show density, X axis show 

read length in nt (left) and length of genomic mapping of the read, including introns in bp (right). ( F ) Detection of enhancer RNAs using TLDR-seq in 
mES cells. Each row on the Y axis indicates one DHS locus, organized in the same order in all subplots. The X axis indicates position in bp relative to the 
midpoint between TLDR-seq TSSs (see Methods). Subplots show TLDR-seq coverage as in panel D, showing data from Ctrl, RBM7 depleted and 
ZCCHC8 depleted cells, where reads are split by pA+ / pA − status. Also see Supplementary Fig. S7 L for the same TLDR-seq data with o v erlaid 
DNase-seq co v erage. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf240#supplementary-data
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linkage between transcription initiation and termination sites,
splice sites and polyadenylation, and because it can capture
pA − RNAs, including lncRNAs and pA+ RNAs simultane-
ously. In particular, the method will be useful for linking TSS
locations and RNA processing events (as in Fig. 7 ) and char-
acterizing premature RNAs and RNAs that are in the pro-
cess of being degraded, and more transient RNAs such as
eRNAs, especially in combination with relevant protein de-
pletions (as exemplified in Fig. 8 , where TLDR-seq was used
to characterize PROMPTs and eRNAs). Such characteriza-
tions are important since lncRNA classification in general has
been based on technical (e.g. length-based) rather than bio-
chemical features that are hard to capture with short-read
methods. 
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