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Abstract

Resistance to CD19-directed immunotherapies in lymphoblastic leukemia has been
attributed, among other factors, to several aberrant CD19 pre-mRNA splicing events,
including recently reported excision of a cryptic intron embedded within CD79 exon
2. While “exitrons” are known to exist in hundreds of human transcripts, we
discovered, using reporter assays and direct long-read RNA sequencing (dRNA-seq),
that the CD19 exitron is an artifact of reverse transcription. Extending our analysis to
publicly available datasets, we identified dozens of questionable exitrons, dubbed
“falsitrons,” that appear only in cDNA-seq, but never in dRNA-seq. Our results
highlight the importance of dRNA-seq for transcript isoform validation.

Keywords: Long-read sequencing, Oxford Nanopore Technologies, Alternative
splicing, mRNA isoforms, Exitrons, Reverse transcription, CD19, Immunotherapy,
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Background

Aberrant splicing plays an important role in therapeutic resistance either by generating
protein isoforms resistant to treatment or by eliminating target proteins entirely. A
prime example of this phenomenon is B cell acute lymphoblastic leukemia (B-ALL) ac-
quiring resistance to chimeric antigen receptor-armed autologous T cells (CART-19),
which are engineered to target the CD19 surface antigen of B cells [1]. We previously
demonstrated that skipping of exon 2 of CDI19 pre-mRNA generates a protein variant
inherently resistant to killing by CART-19 and mis-localized in the endoplasmic
reticulum [2, 3]. Subsequently, we and others have shown that retention of the CDI19
intron 2 containing a premature termination codon contributes to CART-19 resistance
as well [4, 5]. Of note, several publications reported that apparent removal of a cryptic
intron fully embedded within CDI19 exon 2 generates a novel isoform in healthy indi-
viduals and B-ALL patients (termed Aex2part) [2, 6—8]. One study further suggested
that this event could mediate resistance to blinatumomab, a CD19-CD3-bispecific T
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cell engager ([6]; commentary by [9]). The same publication hypothesized that excision
of the embedded intron might be catalyzed by the IRE1 (ERN1) endoribonuclease,
which is responsible for unconventional splicing of the XBPI transcript during the un-
folded protein response [10].

Such “exitrons” are known to exist in hundreds of human transcripts and are thought
to evolve from ancestral coding exons, often preserving the open reading frames [11].
Given the potential significance of the reported CDI9 exitron, we began to investigate
its nature using long-read Oxford Nanopore Technologies (ONT) sequencing. Long-
read applications allow sequencing of complete transcript isoforms and have re-shaped
our understanding of the complexities of human transcriptomes [12-14]. Different
ONT protocols are currently available. In ¢cDNA-seq, reverse transcribed (and often
PCR-amplified) cDNA molecules are sequenced, while in dRNA-seq, polyadenylated
mRNA molecules themselves are passed through the pores and read [15]. Both proto-
cols can capture full transcripts, including alternatively spliced isoforms. However,
dRNA-seq typically yields fewer reads and thus is most commonly used for detecting
RNA modifications, such as adenine methylation [16]. Our data presented here indicate
that the use of this method also avoids mis-identification of questionable exitrons
(dubbed “falsitrons”), including but not limited to the one in CD19 exon 2.

Results and discussion

To investigate the processing of CD19 exon 2, we treated the NALM-6 B-ALL cell line
with thapsigargin, which induces unfolded protein response and IRE1 activity [10], and
profiled select transcripts by RT-PCR. As anticipated, the levels of the spliced XBPI
isoform were increased, but we did not detect changes in the reported CDI19 Aex2part
product (Additional File 1: Fig. S1a). This called into question the role of IRE1 in exon
2 processing. We therefore decided to investigate aberrant splicing of CD19 mRNA in
B-ALL in more detail. To this end, we performed dRNA-seq and cDNA-seq on the
same RNA sample from a therapy-resistant patient-derived xenograft [17] using long-
read ONT sequencing. Both datasets documented the occurrence of several previously
reported pathological CD19 isoforms, including exon 2 skipping [2] and intron 2 reten-
tion [4]. Surprisingly, we failed to detect the Aex2part product in dRNA-seq, even
though it was clearly observed in cDNA-seq (Fig. 1a). This suggested that it may be an
artifact of the reverse transcription (RT)/PCR amplification-based protocol. Close
examination of the CD19 exon 2 sequence revealed that the putative exitron could be
folding into a stable hairpin flanked by two 8-nt direct repeats (Fig. 1b), hinting at pos-
sible RT or PCR slippage at the base of the hairpin and ensuing product truncation.

To test this hypothesis, we engineered a dual-fluorescence GFP/RFP reporter (Fig. 1c)
that would allow detection of CDI19 exitron excision by standard RT-PCR, and the corre-
sponding protein product - via restoring the RFP open reading frame detectable by flow
cytometry. Consistent with the CD19 exitron excision being an RT-PCR artifact, we read-
ily observed the corresponding RT-PCR product, but no RFP/GFP double-positive cells
upon transfection into HEK293T cells (Fig. 1d, e). In addition, we introduced point muta-
tions that were predicted to either increase the stability of the secondary structure (mut+;
AAG = - 5.1 kcal/mol) or disrupt one of the direct repeats (mut-; Fig. 1b). Consistent
with our hairpin hypothesis, these reporter variants altered the levels of the Aex2part
product in the RT-PCR-based assay. Namely, they were 82% higher in the case of mut+ or
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Fig. 1 The reported exitron in the CD19 exon 2 is a reverse transcription artifact. a Genome browser view
showing cDNA-seq and dRNA-seq data for RNA from a patient-derived xenograft (PDX). Junction reads
supporting the reported Aex2part product can be observed in cDNA-seq but are absent in the dRNA-seq. b
Schematic of the predicted secondary structure and the direct repeats of the putative intron in CD79 exon
2. ¢ Schematic of the eGFP/mCherry-based reporter to detect splicing of the reported CD19 exitron. d RT-
PCR assay characterizing the CD19 transcript isoforms for the wild type version and the variants of the
reporter shown in panel c. They include two different point mutants predicted to stabilize the putative
hairpin (mut+) or disrupt one of the direct repeats (mut-), as well as the control construct wherein the
reported exitron has been deleted at the DNA level (exon2part-del). e Flow cytometry-based assay to
characterize splicing of the reported exitron in HEK293T cells. f Genome browser view showing the region
of CD19 exon 2. cDNA-seq, dcDNA-seq, and dRNA-seq were performed on the same RNA sample from
HEK293T cells expressing the mut+ reporter shown in panel c. Several hundred junction reads supporting
exitron excision at the direct repeats in the cDNA-seq and dcDNA-seq data are detected, while none are
found in the dRNA-seq

completely abolished in the case of mut- (Fig. 1d). Again, neither of them, not even
mut+, yielded GFP/RFP double-positive cells (Fig. 1e). As a positive control, we removed
the reported exitron from the reporter at the DNA level (exon2part-del) and readily ob-
served both truncated RT-PCR product (Fig. 1d, e; Additional File 1: Fig. S1b, c) and ro-
bust expression of RFP (Fig. 1e).

To differentiate between RT and PCR artifacts, we performed dRNA-seq, direct
c¢DNA (dcDNA)-seq omitting PCR amplification, and regular PCR-aided cDNA-seq on
the reporter-transfected cells. To rule out the sensitivity issue, we used the mut+
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reporter variant, which yields the highest levels of the Aex2part product in RT-PCR
(Fig. 1e). Strikingly, in the long-read ONT data, the Aex2part product accounted for >
25% of dcDNA-seq and almost 30% of cDNA-seq reads, but was undetectable using
dRNA-seq (Fig. 1f). This direct comparison of sequencing protocols indicated that exci-
sion of the reported CDI19 exitron occurs not in live cells, but in the test tube during
the RT step, possibly due to the two direct repeats brought together at the base of the
predicted hairpin structure. A similar phenomenon has been previously observed in the
human LIP1 and FOXL2 genes [18, 19].

Our results indicate that RT-based sequencing protocols can lead to the widespread
mis-identification of exitrons. Indeed, the CD19 exitron was recently reported to yield a
new isoform in the long-read full-length cDNA-seq dataset obtained using the Rolling
Circle Amplification to Concatemeric Consensus (R2C2) method serving to increase
detection accuracy [7, 8]. To determine whether other transcripts are prone to such RT
artifacts, we performed a targeted search in publicly available ONT sequencing data-
sets. Specifically, we screened for transcript isoforms that are present only in cDNA-
seq but not in the matching dRNA-seq. This was achieved using several filtering steps,
such as adjusting for read coverage and excluding the presence of canonical splice sites
(Fig. 2a, Additional File 1: Fig. S2a, also see Methods). We first applied this comparison
to cDNA-seq and dRNA-seq data for the B-lymphoblastoid cell line GM12878 from
the Nanopore RNA Consortium [20]. We readily rediscovered the CD19 exitron along
with 19 other questionable exitrons, which we dubbed “falsitrons” (Fig. 2b, ¢, Add-
itional File 1: Fig. S2b, Additional File 2: Data 1, Additional File 3: Table S1), support-
ing the common nature of such artifacts. We then extended our search to ONT
sequencing data for five commonly used cell lines from the Singapore Nanopore Ex-
pression Project (SG-NEx) [21]: A549, HCT116, HepG2, K562, and MCE-7. In total, we
discovered 100 candidate events corresponding to 57 unique falsitrons in 43 genes, for
which “spliced” reads were present in the cDNA-seq (up to 70% of reads) but com-
pletely absent in the matched dRNA-seq (Fig. 2c, Additional File 2: Data 1, Additional
File 3: Table S1). Many of these falsitrons were short (median length 353 nt; Fig. 2d),
with the “spliced” regions flanked by direct repeats (35 out of 57; Fig. 2¢, e). This dis-
covery strengthens our hypothesis that falsitrons in many instances arise from RT slip-
page. These artifacts are not restricted to ONT data, but occur in other long-read
sequencing protocols such as Iso-Seq (Isoform Sequencing, PacBio) as well [13]. We
detected 33 out of 57 falsitrons in the reconstructed isoforms from publicly available
Iso-Seq data for several human RNA samples (Alzheimer brain, lymphoblastoid cell line
COLOS829BL, melanoma cell line COLO829T and Human Universal Reference RNA—
see the “Methods” section and Additional File 1: Fig. S2c).

Conceptually, such RT artifacts would not be restricted to long-read cDNA-seq data
either and should also be found in conventional short-read RNA-seq protocols. To test
this hypothesis, we screened the Cancer Genome Atlas (TCGA) database [22] and im-
mediately found six of the falsitrons in several cancer types. Overall, the abundance of
the corresponding isoforms was low (< 5%), but could rise up to > 90% for certain sam-
ples and tumor types (Fig. 2f). This is potentially important, because a recent paper re-
ported more than 100,000 exitrons in the TCGA database and suggested that the
corresponding isoforms are novel cancer drivers and neoepitopes [23]. To learn
whether such analyses might be affected by RT artifacts, we overlaid the falsitrons from



Schulz et al. Genome Biology (2021) 22:190

-

a c d
. 100
falsitron: ey . intron length (nt)
« with direct repeats 2 % 75 =§010010901 0000
| cDNA/chNA-seﬂ | dRNA—seq—] © no direct repeat S5 50 1001 - 8000
R 8% 25 101 - 500
o =2 <101
2o e
isoform comparison & SE 75 S
new intron identification 2e l v:>°e 3%
33 & S
® g 50 @ fbé\é\
cwn
filtering steps: S« ) e 2
coverage, splice sites,... % E 5 p f CCCCTCTATGTACAAA
i =2 o 15 AACATAGCAAGACCC
£ 0 c
@ Q0 A A s 0 b
celline_$° G w® & ;
V‘Q\Q ng \y 8 5

0
<445678910 12 14 16
repeat length (nt)

b GM12878 “falsitron” f
(Nanopore RNA Consortium)  TAX1BP3 | | & (chr12:10?626’?6“{{2[%%2711884 (chr12 49?51?6‘18511_9:3539753)
-
RefSeq ] - 8 o100
54
©
100 .
read 80 E<Z( el
o 60 2
@ | coverage 40 o g o*
? 20 o
< | . c® Q
= | junction ‘unction g $ 25 .
Q read§ (68} 2]+ 1a3ds 2%
predicted & 0
isoforms @ Ny X N )
c Ko Y Oa X
150 - &@D & "-‘ﬂ"\ T € 5@
o | read 100 TCGA cohort (number of samples)
@ | coverage 5
w
D " 0
; ]rtér;(ét;on = h 5 SS py -tract S
x (961 °
T | predicted S —_ Lo TAT TTT T
isoforms et el S5 A
direct repeats GGGACCGGC CTGACCGCT E‘E C
@

vs
ziéZA AKA St CAI é
(

C
9 - 5 5
X
< g CAAC ATAC CCC CAC T
-% - annotated introns = %Cg A CTCT A
® (GENCODE v36, n=387,483) @ A b A s
= . falsitrons £ o Té T ?Aé X A 15 AT g
2 (long-read ONT data, n=57) —
o i Wi I w
: B e | B3 UGS 20 Ccc A
E 25 IR el 9
3 = 85 A% a4 trrty prrfhTRANLGAD
20 15 10987654<4 =1 s 15
repeat length (nt) 5’ splice S|te 3 spllce S|te

Fig. 2 The detection of questionable exitrons is common in cDNA-seq and dcDNA-seq. a Schematic representation
of the workflow to identify falsitrons in public ONT sequencing datasets. b Genome browser view showing the
falsitron in TAXTBP3 in ONT sequencing data for GM12878. ¢ Violin plots indicating the detection of falsitrons in cDNA-
seq and dcDNA-seq of different human cell lines. d Stacked bar plots showing the fraction of falsitrons of different
lengths. e Bar graph depicting the length of falsitron-flanking direct repeats. f Violin plots show relative abundance of
falsitron products in DNAJC22 and GAS2L3 for three TCGA cancer cohorts. ESCA, esophageal carcinoma. OV, ovarian
serous cystadenocarcinoma. STAD, stomach adenocarcinoma. g Plot showing cumulative percentage with direct
repeats of at least a given length. Dashed lines indicate the total fraction of introns with direct repeats (= 4 nt). h
Sequence logos indicating nucleotide composition at 5" and 3" splice sites. Positions of splice site dinucleotide

motifs are highlighted

our ONT data comparison onto these reported exitrons. We found that five falsitrons,
including the CD19 one, overlapped with reported exitrons. To our surprise, we further
detected direct repeats (> 4 nt) overlapping the putative splice sites in almost 75% of
the reported exitrons (91,852 out of 123,337; median length 5 nt), i.e. even more than
in our falsitron list (with the shorter median length of 4 nt; Fig. 2g). In contrast, only ~
25% of all annotated introns harbored such direct repeats at their splice sites (median
length <4 nt). Moreover, even though exitrons had been selected for canonical splice
site dinucleotides (GU/GC-AG), they lacked other characteristics of 5° and 3’ splice
sites such as Ul complementarity and the polypyrimidine tract (Fig. 2h). This finding
indicates that a significant fraction of the reported exitrons could also be RT artifacts.
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Although this observation awaits experimental validation, it suggests that caution is re-
quired when interpreting RNA-seq mapping data. We envision that as more dRNA-seq
data become available, the unequivocal classification of cryptic introns as exitrons or
falsitrons will be possible.

Conclusions

Here, we show that RT artifacts can lead to the detection of questionable exitrons (“fal-
sitrons”) and non-existing transcript isoforms. Such artifacts are not limited to one
study and occur reproducibly in all protocols which rely on RT, including standard RT-
PCR and short-read RNA-seq, but also in ONT-based sequencing of cDNA (PCR-amp-
lified or not). For laboratories looking to validate specific exitrons, utilization of
thermo-stable reverse transcriptases (as in TGIRT-Seq [24]) and Northern blotting can
be used to avoid artifacts, especially when exitrons in question are reasonably long.
Moreover, at least one computational tool (SQANTI) has been developed to flag suspi-
cious introns by implementing a machine learning classifier based on a variety of tran-
script descriptors [25]. For example, in the publicly available Iso-Seq dataset (PacBio)
from the lymphoblastoid cell line COLO829BL derived from a melanoma patient [26],
SQANTI2 correctly filters out the CD19 falsitron (Additional File 1: Fig. S2c). However,
such flagging could come at the expense of filtering out real exitrons. Thus, in our
opinion, dRNA-seq should be utilized beyond RNA modification detection as a reliable
validation tool for high-throughput transcriptome analysis. While it requires significant
amount of input RNA and typically yield fewer reads, it does not pick up falsitrons and
allows for a more accurate cataloging of bona fide transcript isoforms. As our work il-
lustrates, the accuracy is particularly important when putative isoforms have clinical
correlates, such as resistance to life-saving immunotherapies.

Methods

Cell lines and patient-derived xenografts

HEK293T cells were obtained from DSMZ. They were cultured in DMEM (Life Tech-
nologies) with 10% fetal bovine serum (Life Technologies) and 1% L-glutamine (Life
Technologies). NALM-6 cells were obtained from ATCC and cultured in RPMI
medium with the same additives as for HEK293T cells. All cells were kept at 37 °C in a
humidified incubator containing 5% CO,. They were routinely tested for mycoplasma
infection. Viably-cryopreserved cells from a patient-derived xenograft model of human
B-ALL harboring a TCF3-HLF fusion (ALL1807) were established as previously de-
scribed [17] and used for downstream sequencing studies.

Cloning
The backbone of the splicing reporter (including both fluorophores) was generously
provided by Ramanujan S. Hegde (MRC Laboratory of Molecular Biology, Cambridge,
UK) [27]. We introduced exon 2 and part of exon 3 of the human CD19 gene between
GFP and mCherry. To this end, we amplified the CDI9 exon 2 insert sequence from
human genomic DNA (Promega) with the following primers:
5'-GATGACGATGACAAGGCCGGATCTGGAGATAACGCTGTGCTGCA-3" and
5'-GCCAACTTTGAGCCCAGGTGAATCGGTCCGAAACATTCCACCGGAACAGC
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TCCCCGCTGCCCTCCACATTGACT-3". The backbone was amplified with the fol-
lowing primers 5'-GATTCACCTGGGCTCAAAGT-3" and 5'-AGATCCGGCCTTGT
CATCGT-3'. The amplification products were combined using Gibson assembly
ready-made master mix from IMB Protein Production Core Facility. The generation of
point mutations in the splicing reporter was achieved with the Q5 Site-Directed Muta-
genesis Kit (New England Biolabs) according to the manufacturer’s recommendations.

Dual-fluorescence splicing reporter assay via flow cytometry

Overexpression of the reporter plasmid was performed using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s recommendation. Samples were trans-
fected with reporter plasmids 48 h prior to flow cytometric analysis. Cells were washed
in DPBS and trypsinized. After centrifugation, cells were washed twice with Dulbecco’s
phosphate-buffered saline (DPBS) and resuspended in FACS buffer (DPBS, 1% BSA and
2mM EDTA). Experiments were performed on the LSRFortessa SORP (BD Biosci-
ences) and analyzed via the FlowJo (v10) software (FlowJo, LLC).

Thapsigargin assay

Thapsigargin (Biomol GmbH) was used after 24h post-transfection at a concentration
of 250 nM for 2, 6, and 24 h on NALM-6 cells. Afterwards, cells were harvested and
washed twice in PBS. RNA was isolated with the RNeasy Plus Mini Kit (Qiagen).

Quantification of splicing isoforms with RT-PCR

Semiquantitative RT-PCR was used to quantify ratios of CD19 and XBPI mRNA iso-
forms. To this end, reverse transcription was performed on 500 ng RNA with RevertAid
Reverse Transcriptase (Thermo Fisher Scientific) according to the manufacturer’s rec-
ommendations. Subsequently, 1 ul of the cDNA was used as template for the RT-PCR
reaction with the OneTaq DNA Polymerase (New England Biolabs) (Cycler conditions:
94.°C for 30s, 28 cycles [reporter PCR] or 34 cycles [endogenous CD19, XBPI] of [94°C
for 20, 53°C [reporter assay] or 55°C [CD19 endogenous] or 54 °C [XBPI] for 30s,
68 °C for 30s] and final extension at 68 °C for 5 min). The primers 5'-CGCGATCACA
TGGTCCTTAA-3" and 5-CATGTTATCCTCCTCGCCCT-3" were used for the re-
porter assay, 5'-ACCTCCTCGCCTCCTCTTCTTC-3" and 5'-CCGAAACATTCCAC
CGGAACAGC-3’ for the endogenous PCR on CDI9 and 5-CCTGGTTGCTGAA-
GAGGAGG-3" and 5'-CCATGGGGAGATGTTCTGGAG-3" for XBPI. The TapeSta-
tion 2200 capillary gel electrophoresis instrument (Agilent) was used for quantification
of the PCR products on D1000 tapes.

Nanopore sequencing

For the ONT sequencing of the PDX sample ALL1807 or HEK293T cells transfected
with the mut+ reporter construct, total RNA was extracted using Trizol reagent follow-
ing manufacturer’s recommendation. The mRNA was isolated from 100 pg of total
RNA using Dynabeads mRNA DIRECT Kit (Invitrogen). The mRNA samples were sub-
jected to PCR-cDNA (SQK-PCS109, ONT), direct-cDNA (SQK-DCS109, ONT) and
direct-RNA (SQK-RNAO002, ONT) library preparation in parallel using the equipment
and consumables according to each library protocol. Subsequently, each library was
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loaded into a Spot-ON flow cell R9 Version (FLO-MIN106D, ONT) and sequenced on
a MinION Mk1B device (ONT) for 48 h. The RNA from the sample ALL1807 was sub-
mitted to the Sequencing Technologies and Analysis Core at Cold Spring Harbor La-
boratory for PCR-cDNA library preparation and sequencing on a PromethION device
(ONT).

Nanopore sequence analysis

Base calling was performed using the ONT data processing toolkit guppy (version
3.4.5). guppy_basecaller was run with default settings providing the specific flow cell
and library preparation pairs. The resulting reads were aligned to either the human ref-
erence genome (version hg38) or our custom CDI9 reporter (mut+) sequence using
minimap?2 (version 2.17-r941) [28], using the following flags “-k 12 -u b -x splice --sec-
ondary=no”. For downstream transcriptome analysis, we used the ONT pipeline
[github.com/nanoporetech/pipeline-nanopore-ref-isoforms], which implements pre-
processing with pychopper (DNA only), mapping with minimap2 and transcriptome re-
construction with StringTie [29] in long-read mode. Finally, the annotation obtained
from StringTie was compared back to the existing annotation using gffcompare [30].
This pipeline was modified to run StringTie without annotation to guide the recon-
struction and we omitted the “--conservative” flag.

ONT data comparison to identify falsitrons

In order to identify additional falsitrons, we compared cDNA-seq and dRNA-seq data
produced by the Nanopore RNA Consortium [20] and the Singapore Nanopore Expres-
sion Project (SG-NEx) [21]. The first dataset from the Nanopore RNA Consortium
contains dRNA-seq and cDNA-seq data for the cell line GM12878. SG-NEx offers
cDNA-seq, dcDNA-seq, and dRNA-seq for the five commonly used cell lines A549,
HCT116, HepG2, K562 and MCEF-7. For each dataset, we used StringTie for isoform re-
construction as described above. For read filtering, we used the default parameters spe-
cified in the pipeline: --minimum_mapping_quality 40, --poly_context 24, and --max_
poly run 8. We then contrasted the GFF transcript output files from StringTie using
gffcompare which provides a summary of all the distinct isoforms between two GFF
files. We searched for falsitrons that are supported by “spliced” reads only in cDNA-seq
but not in dRNA-seq. To do this, we inspected the pairs of “non-equal” isoforms for
junction-spanning reads that were present only in cDNA-seq and were fully contained
within an exon (filter 1a, Additional File 1: Fig. S2a) or had start and end coordinates
that were resided in two adjacent exons detected in the dRNA-seq (filter 1b, Additional
File 1: Fig. S2a). Based on the characteristics of CDI9 Aexon2part, we applied add-
itional filters, i.e. a minimum coverage of five reads of both cDNA-seq and dRNA-seq
(as reported by StringTie), and the lack of canonical GU-AG splice sites. Using these
search criteria, we identified 100 candidate events arising from 57 unique putative falsi-
trons. Of those, 35 contained direct repeats in the splice sites ranging from 3 to 16 nt,
similar to the 8-nt repeats in CD19 Aex2part. Read numbers, mapping statistics, and
gffcompare results for the samples are reported in Additional File 4: Table S2. Genome
browser views showing ONT cDNA-seq and dRNA-seq data from all putative falsitron
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events are shown in Additional file 2: Data 1. The code for the falsitron search is avail-
able in Zenodo/Github under an open source MIT license [31, 32].

Direct repeat search

For each candidate event, we searched for the presence of the same k-mers with length
from 4 to 20 nt in a 40-nt window around each splice site. The k-mers were required to
overlap at least 1 nt of the 5" and 3’ dinucleotide motifs. The same analysis was applied
to all the exitrons detected in Wang et al. [23] as well as for all unique annotated in-
trons in GENCODE gene annotation (v36, genome version hg38) [33].

Junction search in TCGA

We use the R/Bioconductor package snapcount [https://github.com/langmead-lab/snapcount]
to query the 57 putative falsitrons from our ONT data comparison in short-read RNA-seq
data from the Cancer Genome Atlas (TCGA) database. As most of the putative falsitrons end
in repetitive regions, like in the case of CD19 Aex2part, we allowed the splice sites to be
shifted outwards by an offset of up to 1 repeat length of that given intron, as long as the result-
ing junction did not differ by more than + 1 repeat length from the original junction length.
Following these filters, we detected six of our putative falsitrons in TCGA. These reside in the
following genes (genomic coordinates of falsitron in brackets): PHAX (chr5:126625543-
126625746:+), CCDC86  (chr11:60842626-60842700:+), DNAJC22  (chr12:49351611-
49353978:+), GAS2L3 (chr12:100626865-100627488:+), CDC27 (chr17:47118517-47118594:
-, and HIFO (chr22:37807089-37807354:+).

Relative isoform abundance estimates

For the long-read ONT data, relative isoform abundance was calculated by dividing the
number of split reads supporting the falsitron junction over the total number of reads
overlapping the junction coordinates. Operations were performed using the R/Biocon-
ductor package GenomicAlignments [34]. For the TCGA data, we calculated relative
isoform abundances by dividing the spliced reads (quantified using snapcount) over the
mean of reads overlapping the junction region. The latter were quantified with data
from the ReCount database [35] via the R/Bioconductor packages megadepth and re-
count3 [36].

Nucleotide composition at splice sites

For the sequence logos at splice sites, we retrieved the sequence in a 15-nt window (3
nt in the exon + 12 nt in the intron) of the 3" and 5" splice sites of the different sets of
introns: our putative falsitrons from the ONT comparison (1 = 57), all unique exitrons
reported by Wang et al. [23] (n = 123,337) and all unique introns in GENCODE gene
annotation (v36, genome version hg38) (n = 387,483). We used the R package ggseq-
logo [37] to plot the frequency of nucleotides in each set.

Analysis of Iso-Seq data

Isoform predictions for Iso-Seq data (PacBio Sequel) before and after SQANTI2 filter-
ing (v2.7) were taken from https://github.com/PacificBiosciences/DevNet/wiki/
Melanoma%2D%2DCancer-Cell-Line-Iso-Seq-Data (for the lymphoblastoid cell line


https://github.com/langmead-lab/snapcount
https://github.com/PacificBiosciences/DevNet/wiki/Melanoma%2D%2DCancer-Cell-Line-Iso-Seq-Data
https://github.com/PacificBiosciences/DevNet/wiki/Melanoma%2D%2DCancer-Cell-Line-Iso-Seq-Data

Schulz et al. Genome Biology (2021) 22:190 Page 10 of 12

COLOA829BL and melanoma COLO829T; PacBio Sequel), and https://downloads.
pacbcloud.com/public/dataset/Alzheimer2019_IsoSeq/ (for total RNA from an Alzhei-
mer’s Disease brain sample; PacBio Sequel II). The Universal Human Reference (Agi-
lent; PacBio Sequel II) did not contain the SQANTI2 correction in the initial 2019
release (https://downloads-ap.pacbcloud.com/public/dataset/UHR_IsoSeq/). Upon re-
quest, we obtained a 2021 version of the annotation, filtered with SQANTI3 (https://
downloads.pacbcloud.com/public/dataset/UHRRisoseq2021/). In the filtered files only 4
falsitrons were detected, located in the following genes: DNAJC22 (chr5:126625543-
126625746:+), GAS2L3 (chr12:49351611-49353978:+), CDC27 (chr12:100626865-
100627488:+), PHAX (chr17:47118517-47118594:-).

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/513059-021-02411-1.

Additional file 1: Figure S1. Levels of the Aex2part product are not affected by thapsigargin treatment. a) RT-
PCR experiments followed by capillary electrophoresis to quantify different CD19 and XBPT isoforms. NALM-6 cells
were treated with thapsigargin for indicated time intervals. b) RT-PCR experiments followed by capillary electro-
phoresis to quantify different CD19 isoforms in HEK293T cells transfected with a mixture of mut- (A; does not pro-
duce Aex2partband) and exon2part-del (B; the reported intron is removed at the DNA level) reporter constructs. c)
Flow cytometry-based assay performed on the same cells. Figure S2. The workflow to detect falsitrons captures
the truncated CD19 Aex2part product. a) Extended schematic representation of the workflow to identify question-
able exitrons (dubbed “falsitrons”). b) Genome browser view depicting detection of the CD19 falsitron (Aex2part) in
ONT cDNA-seq, but not dRNA-seq data from the Nanopore RNA Consortium. ¢) Genome browser view shows that
the CD19 falsitron (Aex2part) is detected in PacBio Iso-Seq experiments but is filtered out when applying SQANTI2.

Additional file 2: Data 1. Putative falsitrons in the genomic context.

Additional file 3: Table S1. Putative falsitrons detected from Oxford Nanopore Technologies (ONT) sequencing
data for the five commonly used cell lines A549, HCT116, HepG2, K562 and MCF-7, as well as the B-lymphoblastoid
cell line GM12878.

Additional file 4: Table S2. Mapping and gffcompare statistics for Oxford Nanopore Technologies (ONT)
sequencing datasets used in this study.

Additional file 5. Review history.

Acknowledgements

We thank all members of the Thomas-Tikhonenko, Kénig, and Zarnack groups for many helpful discussions. We also
gratefully acknowledge support of the IMB Bioinformatics and Flow Cytometry Core Facilities. The results published
here are in part based upon data generated by the TCGA Research Network: https://www.cancer.gov/tcga.

Review history
The review history is available as additional file 5.

Peer review information
Barbara Cheifet was the primary editor of this article and managed its editorial process and peer review in
collaboration with the rest of the editorial team.

Authors’ contributions

LS generated the CD19 reporter assay and performed RT-PCR and flow cytometry measurements. MTD and MA per-
formed ONT sequencing on HEK293T cells. MCL conceived and implemented computational analysis strategies for fal-
sitron identification in ONT sequencing data, TCGA search, Iso-Seq analysis, and exitron characterization. KEH
performed ONT data analysis for PDX and HEK293T data. SKT has developed the ALL1807 PDX model. YB contributed
to the analysis of short-read RNA-seq data. All authors contributed to the design of the study. KZ, JK, ES, and ATT wrote
the manuscript with input from all coauthors. All authors read and approved the final manuscript.

Authors’ information
Twitter handles: @koenig_lab (Julian Konig); @andrei_thomas_t (Andrei Thomas-Tikhonenko).

Funding

Research in the ATT laboratory was supported by grants from the NIH (U01 CA232563), St. Baldrick's-Stand Up to
Cancer Pediatric Dream Team (SU2C-AACR-DT-27-17), the V Foundation for Cancer Research (T2018-014), and the
Cookies for Kids' Cancer (CFKC) Foundation. ATT is Richard “Buz” Cooper Scholar of the Breakthrough Bike Challenge.
SKT was supported by grants from NIH (U01T CA232486 and UOT CA243072), Department of Defense (CA180683P1),
Philip A Sharp Award for Innovation in Collaboration, and Simutis family fund for childhood leukemia research. YB's
work was supported by grants from the NIH (U0T CA232563, RO1 LM013437, RO1 GM128096). Research in the KZ


https://downloads.pacbcloud.com/public/dataset/Alzheimer2019_IsoSeq/
https://downloads.pacbcloud.com/public/dataset/Alzheimer2019_IsoSeq/
https://downloads-ap.pacbcloud.com/public/dataset/UHR_IsoSeq/
https://downloads.pacbcloud.com/public/dataset/UHRRisoseq2021/
https://downloads.pacbcloud.com/public/dataset/UHRRisoseq2021/
https://doi.org/10.1186/s13059-021-02411-1
https://www.cancer.gov/tcga

Schulz et al. Genome Biology (2021) 22:190 Page 11 of 12

group and the JK laboratory was supported by grants from the German Research Foundation/Deutsche
Forschungsgemeinschaft (ZA 881/2-1 and KO 4566/4-1, respectively).

Availability of data and materials

The long-read ONT sequencing data for the PDX sample ALL1807 (cDNA-seq and dRNA-seq) and the HEK293T cells
transfected with the mut+ reporter construct (cDNA-seq, dcDNA-seq and RNA-seq) are avaible in NCBI Short Read
Archive under accession numbers SRR14326969-14326973 [38]:
https.//www.ncbi.nlm.nih.gov/sra/?term=SRR14326969

https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326970

https.//www.ncbi.nlm.nih.gov/sra/?term=SRR 14326971

https://www.ncbi.nlm.nih.gov/sra/?term=SRR 14326972

https.//www.ncbi.nlm.nih.gov/sra/?term=SRR14326973

The computational code for the detection of falsitrons in ONT-Seq data is available in Zenodo/Github under an open
source MIT license (https.//doi.org/10.5281/zenod0.4906610) (31, 32].

Declarations

Ethics approval and consent to participate

Primary leukemia cells from the patient have been previously banked at the Children’s Hospital of Philadelphia Center
for Childhood Cancer biorepository with informed consent in accordance with the Declaration of Helsinki via IRB-
approved research protocols.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details

"Institute of Molecular Biology (IMB), Ackermannweg 4, 55128 Mainz, Germany. “Division of Cancer Pathobiology,
Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA. *The Bioinformatics Group, Children’s Hospital of
Philadelphia, Philadelphia, PA 19104, USA. “Division of Oncology, Children’s Hospital of Philadelphia, Philadelphia, PA
19104, USA. °Department of Genetics, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA
19104, USA. ®Present address: Stanford Cancer Institute, 265 Campus Dr, Stanford, CA 94305, USA. “Buchmann Institute
for Molecular Life Sciences (BMLS) and Faculty of Biological Sciences, Goethe University Frankfurt, Max-von-Laue-Str.
15, 60438 Frankfurt, Germany. ®Department of Pathology & Laboratory Medicine, Perelman School of Medicine at the
University of Pennsylvania, Philadelphia, PA 19104, USA.

Received: 27 April 2021 Accepted: 16 June 2021
Published online: 28 June 2021

References

1. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al. Tisagenlecleucel in children and young adults
with B-cell lymphoblastic leukemia. N Engl J Med. 2018;378(5):439-48. https://doi.org/10.1056/NEJMoa1709866.

2. Sotillo E, Barrett DM, Black KL, Bagashev A, Oldridge D, Wu G, et al. Convergence of acquired mutations and alternative
splicing of CD19 enables resistance to CART-19 immunotherapy. Cancer Discov. 2015;5(12):1282-95. https://doi.org/1
0.1158/2159-8290.CD-15-1020.

3. Bagashev A, Sotillo E, Tang C-HA, Black KL, Perazzelli J, Seeholzer SH, et al. CD19 alterations emerging after CD19-
directed immunotherapy cause retention of the misfolded protein in the endoplasmic reticulum. Mol Cell Biol. 2018;38:
e00383-18.

4. Asnani M, Hayer KE, Naqvi AS, Zheng S, Yang SY, Oldridge D, et al. Retention of CD19 intron 2 contributes to CART-19
resistance in leukemias with subclonal frameshift mutations in CD19. Leukemia. 2020;34(4):1202-7. https://doi.org/10.103
8/541375-019-0580-z.

5. Rabilloud T, Potier D, Pankaew S, Nozais M, Loosveld M, Payet-Bornet D. Single-cell profiling identifies pre-existing CD19-
negative subclones in a B-ALL patient with CD19-negative relapse after CAR-T therapy. Nat Commun. 2021;12(1):865.
https://doi.org/10.1038/541467-021-21168-6.

6. Zhao Y, Aldoss |, Qu C, Crawford JC, Gu Z, Allen EK; et al. Tumor-intrinsic and -extrinsic determinants of response to
blinatumomab in adults with B-ALL. Blood. 2021;137(4):471-84. https.//doi.org/10.1182/blood.2020006287.

7. Volden R, Palmer T, Byrne A, Cole C, Schmitz RJ, Green RE, et al. Improving nanopore read accuracy with the R2C2
method enables the sequencing of highly multiplexed full-length single-cell cDNA. Proc Natl Acad Sci USA. 2018;
115(39):9726-31. https://doi.org/10.1073/pnas.1806447115.

8. Cole C, Byrne A, Adams M, Volden R, Vollmers C. Complete characterization of the human immune cell transcriptome
using accurate full-length cDNA sequencing. Genome Res. 2020;30(4):589-601. https://doi.org/10.1101/gr.257188.119.

9. Boissel N. ALL in escape room. Blood. 2021;137(4):432-4. https://doi.org/10.1182/blood.2020008850.

10. Maurel M, Chevet E, Tavernier J, Gerlo S. Getting RIDD of RNA: IRET in cell fate regulation. Trends Biochemical Sci. 2014;
39(5):245-54. https://doi.org/10.1016/j.tibs.2014.02.008.

11, Marquez Y, Hopfler M, Ayatollahi Z, Barta A, Kalyna M. Unmasking alternative splicing inside protein-coding exons
defines exitrons and their role in proteome plasticity. Genome Res. 2015;25(7):995-1007. https.//doi.org/10.1101/gr.1
86585.114.


https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326969
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326970
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326971
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326972
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326973
https://doi.org/10.5281/zenodo.4906610
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1158/2159-8290.CD-15-1020
https://doi.org/10.1158/2159-8290.CD-15-1020
https://doi.org/10.1038/s41375-019-0580-z
https://doi.org/10.1038/s41375-019-0580-z
https://doi.org/10.1038/s41467-021-21168-6
https://doi.org/10.1182/blood.2020006287
https://doi.org/10.1073/pnas.1806447115
https://doi.org/10.1101/gr.257188.119
https://doi.org/10.1182/blood.2020008850
https://doi.org/10.1016/j.tibs.2014.02.008
https://doi.org/10.1101/gr.186585.114
https://doi.org/10.1101/gr.186585.114

Schulz et al. Genome Biology (2021) 22:190

20.

21.

22.

23.

24.

25.

26.
27.
28
29.
30.
31
32.
33.
34.
35.
36.
37.

38.

Tilgner H, Jahanbani F, Blauwkamp T, Moshrefi A, Jaeger E, Chen F, et al. Comprehensive transcriptome analysis using
synthetic long-read sequencing reveals molecular co-association of distant splicing events. Nat Biotechnol. 2015;33(7):
736-42. https://doi.org/10.1038/nbt.3242.

Sharon D, Tilgner H, Grubert F, Snyder M. A single-molecule long-read survey of the human transcriptome. Nat
Biotechnol. 2013;31(11):1009-14. https://doi.org/10.1038/nbt.2705.

Byrne A, Beaudin AE, Olsen HE, Jain M, Cole C, Palmer T, et al. Nanopore long-read RNAseq reveals widespread
transcriptional variation among the surface receptors of individual B cells. Nat Commun. 2017;8(1):16027. https://doi.
0rg/10.1038/ncomms16027.

Hu T, Chitnis N, Monos D, Dinh A. Next-generation sequencing technologies: An overview. Human Immunol. 2021.
https://doi.org/10.1016/j.humimm.2021.02.012.

Liu H, Begik O, Lucas MC, Ramirez JM, Mason CE, Wiener D, et al. Accurate detection of m6A RNA modifications in
native RNA sequences. Nat Commun. 2019;10(1):4079. https.//doi.org/10.1038/541467-019-11713-9.

Hurtz C, Wertheim GB, Loftus JP, Blumenthal D, Lehman A, Li Y, et al. Oncogene-independent BCR-like signaling
adaptation confers drug resistance in Ph-like ALL. J Clin Invest. 2020;130(7):3637-53. https;//doi.org/10.1172/JCI134424.
Cocquet J, Chong A, Zhang G, Veitia RA. Reverse transcriptase template switching and false alternative transcripts.
Genomics. 2006;88(1):127-31. https://doi.org/10.1016/j.ygeno.2005.12.013.

Zhang YJ, Pan HY, Gao SJ: Reverse transcription slippage over the mRNA secondary structure of the LIP1 gene.
Biotechniques. 2001;31:1286.

Workman RE, Tang AD, Tang PS, Jain M, Tyson JR, Razaghi R, et al. Nanopore native RNA sequencing of a human
poly(A) transcriptome. Nat Methods. 2019;16(12):1297-305. https://doi.org/10.1038/541592-019-0617-2.

Chen Y, Davidson NM, Wan YK, Patel H, Yao F, Low HM, Hendra C, Watten L, Sim A, Sawyer C, et al: A systematic
benchmark of Nanopore long read RNA sequencing for transcript level analysis in human cell lines. bioRxiv. 2021:2021.
2004.2021.440736.

Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, et al. Oncogenic signaling pathways in The Cancer
Genome Atlas. Cell. 2018;173(2):321-37 e310. https://doi.org/10.1016/j.cell.2018.03.035.

Wang TY, Liu Q, Ren Y, Alam SK, Wang L, Zhu Z, et al. A pan-cancer transcriptome analysis of exitron splicing identifies
novel cancer driver genes and neoepitopes. Mol Cell. 2021;81(10):2246-2260.e12. https://doi.org/10.1016/j.molcel.2021.
03.028.

Qin 'Y, Yao J, Wu DC, Nottingham RM, Mohr S, Hunicke-Smith S, Lambowitz AM: High-throughput sequencing of human
plasma RNA by using thermostable group Il intron reverse transcriptases. RNA. 2015;22(1):111-28. https://doi.org/10.12
61/rna.054809.115.

Tardaguila M, de la Fuente L, Marti C, Pereira C, Pardo-Palacios FJ, Del Risco H, et al. SQANTI: extensive characterization
of long-read transcript sequences for quality control in full-length transcriptome identification and quantification.
Genome Res. 2018;28(3):396-411. https://doi.org/10.1101/gr.222976.117.

Pleasance ED, Cheetham RK, Stephens PJ, McBride DJ, Humphray SJ, Greenman CD, et al. A comprehensive catalogue of
somatic mutations from a human cancer genome. Nature. 2010,463(7278):191-6. https://doi.org/10.1038/nature08658.
Juszkiewicz S, Hegde RS: Initiation of quality control during poly(A) translation requires site-specific ribosome
ubiquitination. Mol Cell. 2017; 65:743-750.744.

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics. 2018;34(18):3094-100. https://doi.org/10.1
093/bioinformatics/bty191.

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. StringTie enables improved reconstruction of a
transcriptome from RNA-seq reads. Nat Biotechnol. 2015;33(3):290-5. https://doi.org/10.1038/nbt.3122.

Pertea G, Pertea M: GFF Utilities: GffRead and GffCompare. F1000Res 2020; 9.

Cortés-Lopez MintronArtifacts. Github. 2021. https://github.com/mcortes-lopez/IntronArtifacts/tree/v1.0.1.

Cortés-Lépez MintronArtifacts: exon2part. Zenodo. 2021. https;//zenodo.org/record/4906611.

Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis |, Loveland J, et al. GENCODE reference annotation for the
human and mouse genomes. Nucleic Acids Res. 2019;47(D1).D766-d773. https://doi.org/10.1093/nar/gky955.

Lawrence M, Huber W, Pages H, Aboyoun P, Carlson M, Gentleman R, et al. Software for computing and annotating
genomic ranges. PLoS Comput Biol. 2013;9(8):1003118. https://doi.org/10.1371/journal.pcbi.1003118.

Frazee AC, Langmead B, Leek JT. ReCount: A multi-experiment resource of analysis-ready RNA-seq gene count datasets.
BMC Bioinformatics. 2011;12(1):449. https://doi.org/10.1186/1471-2105-12-449.

Wilks C, Ahmed O, Baker DN, Zhang D, Collado-Torres L, Langmead B. Megadepth: efficient coverage quantification for
BigWigs and BAMSs. Bioinformatics. 2021. https//doi.org/10.1093/biocinformatics/btab152.

Wagih O. ggseglogo: a versatile R package for drawing sequence logos. Bioinformatics. 2017;33(22):3645-7. https://doi.
0rg/10.1093/bioinformatics/btx469.

Schulz L; Torres-Diz, M; Cortés-Lopez, M; Hayer, KE; Asnani, M; Tasian, SK; Barash, Y; Sotillo, E; Zarnack, K; Konig, J;
Thomas-Tikhonenko, A:Direct long-read RNA sequencing identifies a subset of questionable exitrons likely arising from
reverse transcription artifacts. Datasets. Gene Expression Omnibus. https.//www.ncbinlm.nih.gov/sra/?term=SRR1432
6969; https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326970; https.//www.ncbi.nlm.nih.gov/sra/?term=SRR14326971;
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326972; https://www.ncbi.nlm.nih.gov/sra/?term=5SRR14326973. (2021)

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 12 of 12


https://doi.org/10.1038/nbt.3242
https://doi.org/10.1038/nbt.2705
https://doi.org/10.1038/ncomms16027
https://doi.org/10.1038/ncomms16027
https://doi.org/10.1016/j.humimm.2021.02.012
https://doi.org/10.1038/s41467-019-11713-9
https://doi.org/10.1172/JCI134424
https://doi.org/10.1016/j.ygeno.2005.12.013
https://doi.org/10.1038/s41592-019-0617-2
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1016/j.molcel.2021.03.028
https://doi.org/10.1016/j.molcel.2021.03.028
https://doi.org/10.1261/rna.054809.115
https://doi.org/10.1261/rna.054809.115
https://doi.org/10.1101/gr.222976.117
https://doi.org/10.1038/nature08658
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1038/nbt.3122
https://github.com/mcortes-lopez/IntronArtifacts/tree/v1.0.1
https://zenodo.org/record/4906611
https://doi.org/10.1093/nar/gky955
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1186/1471-2105-12-449
https://doi.org/10.1093/bioinformatics/btab152
https://doi.org/10.1093/bioinformatics/btx469
https://doi.org/10.1093/bioinformatics/btx469
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326969
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326969
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326970
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326971
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326972
https://www.ncbi.nlm.nih.gov/sra/?term=SRR14326973

	Abstract
	Background
	Results and discussion
	Conclusions
	Methods
	Cell lines and patient-derived xenografts
	Cloning
	Dual-fluorescence splicing reporter assay via flow cytometry
	Thapsigargin assay
	Quantification of splicing isoforms with RT-PCR
	Nanopore sequencing
	Nanopore sequence analysis
	ONT data comparison to identify falsitrons
	Direct repeat search
	Junction search in TCGA
	Relative isoform abundance estimates
	Nucleotide composition at splice sites
	Analysis of Iso-Seq data

	Supplementary Information
	Acknowledgements
	Review history
	Peer review information
	Authors’ contributions
	Authors’ information
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

