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Abstract

Advancements in single-cell RNA sequencing (scRNA-seq) techniques have expanded the study of cellular heterogeneity and transcriptional
dynamics. Early methods relied on manual cell isolation followed by barcode introduction, but subsequent approaches integrated
automated cell isolation with cellular barcoding to increase throughput. While most current single-cell RNA-seq methods aim to capture
transcripts at the single-cell level in a high-throughput manner using short-read sequencing, such efforts frequently prevent assignment of
full-length transcripts to individual cells, limiting insight into isoform diversity and complete mutational profiles. Recent advances in long-
read sequencing accuracy are starting to enable integration of full-length transcript coverage with high-throughput barcoding. This review
traces the evolution of scRNA-seq from early manual isolation methods to today’s high-throughput short-read droplet- and combinatorial
barcoding-based platforms. Then, the review discusses recent advances stemming from the adaptation of high-throughput scRNA-seq
protocols for use with long-read sequencing and addresses key challenges such as accurate barcode identification despite lower base-
calling accuracy and efforts to compensate for reduced throughput relative to short-read technologies. In parallel, the review highlights
the development of computational tools tailored to long-read scRNA-seq, including methods for cell barcode and unique molecular
index recovery, variant detection, and complete end-to-end workflows, emphasizing both their shared and unique advantages. Finally,
applications of long-read scRNA-seq are shown to provide novel insights, spanning cancer genomics, neurology, early development, and
disease contexts. By integrating technical, computational, and biological perspectives, the transformative potential of long-read scRNA-seq
is shown, advancing our understanding of cellular heterogeneity.

Keywords single molecule, long-read sequencing, single cell transcriptomes, computational workflows, precision medicine, isoform
resolution

Introduction o _ _ .
states. In this review, we summarize the transformative potential and

Traditionally, profiling the RNA of an organism was performed using
bulk RNA sequencing. However, since bulk RNA sequencing and
similar protocols aggregate many cells into a single experiment, while
providing valuable transcriptomic information of the entire sample,
key insights into the RNA expression of different cell types and states
are not captured. Single-cell RNA sequencing (scRNA-seq) techniques
were developed to address this limitation and have been steadily
evolving to attain a deeper understanding of cellular heterogeneity
and transcriptional dynamics than the previously developed bulk RNA
sequencing technologies. These advances have led to the discovery
of novel cell types, developmental trajectories, and disease-associated

recent advancements in sSCRNA-seq approaches, especially focusing on
those studies that integrate long-read sequencing platforms to simul-
taneously generate single-molecule and single-cell maps, providing
more resolution to transcriptomic studies.

Advent of low throughput scRNA-seq
technologies

The first protocol for scRNA-seq was developed in 2009, which relied
on manually isolating individual cells, generating full-length cDNA
from their mRNA, and subsequently sequencing it using short-read
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sequencing technologies [1]. While it successfully demonstrated the
possibility of sequencing the entirety of the mRNA in a single cell, the
manual isolation protocol was only able to sequence a small quantity
of cells at a time and preferentially amplified the 3’ end of the molecule
due to the use of a single polymerase chain reaction (PCR) primer
[2]. Single-cell Tagged Reverse Transcription (STRT) [3] was developed
to increase the throughput of scRNA-seq by isolating single cells into
a 96-well plate. Barcodes unique to each well were added to the
3" end of the cDNA allowing 96 cells to be pooled and sequenced
together on short-read sequencers. However, with the addition of
the 3’ barcode on the cDNA needed for pooling, the full length of
the transcript was no longer able to be sequenced because only the
reads on the 3’ end containing the barcode can be related back to
a single cell. Smart-Seq [2] was developed to address the inability of
the previous methods to capture the full-length transcript utilizing the
switching mechanism at 5 end of RNA template (SMART) template
switching technology to generate unbiased full-length cDNA of the
mRNA. There were no barcodes used in Smart-Seq requiring each cell
to be manually tracked, limiting throughput again to a few cells at a
time. Smart-Seq2 [4] improved capture efficiency, PCR conditions, and
reproducibility. Another protocol focused on reducing PCR bias, cell
expression by linear amplification and sequencing (CEL-Seq) [5], had
a unique development that allowed for in vitro transcription (IVT) to
avoid performing PCR, skipping the potential for PCR bias. This was
accomplished by performing single-cell reverse transcription that had
a primer with an anchored polyT, unique barcode, the Illumina 5’
sequencing adapter, and T7 promoter. Pooling the cDNA from multiple
samples together was then enough input material to successfully over-
come the barrier of the quantity needed to perform IVT. This method
was updated to CEL-Seq2 [6] where unique molecular indexes (UMIs)
were added to ensure each mRNA was counted only once because the
UMI could be used to identify all reads that were generated from the
original template. Lastly, Smart-seq3 [7] then improved Smart-seq2 by
including UMIs.

Increasing throughput with FACS and
microfluidics

Due to the inability of short-read platforms to relate full-length tran-
scripts to a single cell when multiplexing samples, subsequent scRNA-
seq protocols focused on increasing throughput. Massively parallel
RNA single-cell sequencing (MARS-Seq) [8] was designed to func-
tion in vivo and utilized fluorescence-activated cell sorting (FACS).
FACS is a specialized flow cytometry process by which fluorescent
antibodies bind to proteins on cells and the fluorescent signal read
from a detector plate is used in conjunction with a deflector plate
to sort cells. When this technology was applied, the throughput of
cell isolation increased, filling a larger plate of 384 wells. After the
integration of FACS into scRNA-seq, cell isolation through microfluidics
became mainstream. Microfluidics allowed cells to be passed through
a channel and then individually isolated within droplets that contain
the necessary barcodes for sequencing. This automated hands-off
technology further increased the feasible number of cells that could
be isolated and prepared for sequencing. The droplet sequencing
protocol (Drop-Seq) [9], which bound transcripts to beads within the
droplet and performed sequencing preparation on the beads after the
droplet was broken, indexing droplets (inDrop) [10], which performed
sequencing preparation within the droplet, and the 10X Genomics
platform [11] that increased cell capture efficiency and sensitivity

performed sequencing preparation within the droplet, were popular
applications of microfluidics to scRNA-seq.

Cell barcoding without individual cell isolation

Combinatorial barcoding, the newest development in short-read
scRNA-seq, removes the need for the physical isolation of cells. The
basis of combinatorial barcoding approaches is that when cells are
repeatedly pooled and redistributed with unique barcodes introduced
for each subset of cells during redistribution, these combinatorial
barcodes have a low likelihood of being identical across multiple cells.
Experimental complexity is then reduced while further increasing
multiplexing with the dramatic increase in potential barcodes. The
first combinatorial barcoding method to emerge was single-cell
combinatorial indexing RNA sequencing (sci-RNA-seq) [12], where
cells are fixed, permeabilized, and split across 96- or 384-well plates
with FACS. Barcodes are added, and the cells undergo a round of
pooling followed by redistribution via FACS into a second plate of
wells to receive another barcode. The barcode combination can
then be used to uniquely identify cells. It is possible for more
than one cell to have the same barcode combination, and this
likelihood can be adjusted by lowering the number of cells in each
well during redistribution by FACS. The sci-RNA-seq protocol was
later independently optimized where alternate reagents are used
to increase efficiency [13]. A variant of sci-RNA-seq, sci-RNA-seq3
[14] incorporates a third round of barcoding, which also lowers
the likelihood of multiple cells containing the same combination
of barcodes while increasing the set of unique barcodes for even
higher multiplexing capability. Split pool ligation-based transcriptome
sequencing (SPLiT-seq) [15] is another protocol that uses three
initial rounds of pooling and barcoding within wells. The barcoded
cells are pooled once again and split as sublibraries and a final
barcode is added. Sublibraries are used instead of a single library to
split the large quantity of cells from different samples into smaller
portions, reducing complexity while allowing each sublibrary to
be handled individually for optimizations such as normalization.
Additionally, Tiny-Sci [13] was developed as an adaptation to sci-
RNA-seq specifically designed for working with small samples. These
advancements enable researchers to sequence large volumes of
cells in a highly multiplexed fashion, but due to the necessity of
cellular barcodes and the use of short-read sequencing, the entire
transcript could not be sequenced. Figure 1 provides a timeline of
these technological developments.

Applying high-throughput long-read sequencing
technologies for single-cell transcriptomics

Hybrid long-read/short-read approaches

Recent advancements in sequencing protocols successfully expanded
the throughput of scRNA-seq, but these protocols were still limited in
their ability to sequence the entire transcript. Instead of only altering
the protocol, researchers began to utilize long-read sequencers with
adaptations to the already developed protocols for short-read scRNA-
seq. The first long-read single-cell protocol, single-cell isoform RNA
sequencing (ScISOr-Seq) [16], utilized PacBio sequencing on the 10X
Genomics platform to capture individual cells and append barcodes
and UMIs. The cDNA library was then sequenced in a hybrid approach
with some cDNA sequenced using Illumina, and the remainder was



Briefings in Bioinformatics, 2026, Vol. 27, Issue3 | 3

scRNA-seq Timeline

First Smart-Seq inDrop 10X Genomics
ScRNA-seq CEL-Seq Drop-Seq sci-RNA-seq
2011 2014 2016 2018
® @ @
2009 2012 2015 2017

Smart-Seq2
MARS-Seq

SPLiT-seq
sclSOr-Seq

scCOLOR-seq
LR-Split-Seq
CELLO-Seq

scTalLoR-seq RAGE-Seq

2025

2023
®

2020
®

2024

HIT-scISO-seq

MAS-ISO-seq
SCAN-seq2

scRaCH-seq

2019

scNAUmi-seq
SCAN-seq

Figure 1 Timeline showing the advancement of scRNA-seq approaches to develop single molecule scRNA-seq techniques during the past decade.
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sequenced using PacBio single molecule, real-time (SMRT) cells. The
Ilumina reads were used for clustering and expression profiles where
the long-read data was used solely for isoform-level information.
Repertoire and gene expression by sequencing (RAGE-Seq) [17] utilizes
Oxford Nanopore Technologies (ONT) sequencing paired with short-
read sequencing. Similar to ScISOr-Seq, a hybrid approach to sequenc-
ing was used, except the cDNA portion utilized ONT sequencing and
hybrid capture to selectively enrich transcripts. The analysis is also
similar where the short-read data is used for expression profiling, and
the long-read data is analyzed for isoform and splicing information.
These protocols either did not use UMIs [17] or did not perform UMI
correction [16] for the long reads, so there was uncertainty about
whether biases introduced by PCR were correctly handled. Single-cell
nanopore sequencing with UMIs (ScNaUmi-seq) [18] was designed to
use matched UMIs from Illumina sequencing looking only at those
reads that were assigned to the same cell and aligned to the same
genomic region from both sequencing datasets that yielded a cell
barcode and UMI assignment accuracy of 99.3% compared to the
Mumina data.

Standalone long-read scRNA-seq

The lower accuracy of third-generation sequencing compared to
second-generation sequencing compelled researchers to use Illumina
sequencing in conjunction with long-read sequencing to ensure
proper barcode and UMI assignment, making it potentially cost-
prohibitive. The first method developed to use standalone nanopore
sequencing was single-cell corrected long-read sequencing (scCOLOR-
Seq) [19]. Through the use of dimeric barcode and UMI oligos, where
every nucleotide in the barcode was duplicated, sequencing errors
within the barcodes were easily detected and corrected. The barcodes
were also designed to have a large Hamming distance so that if
there were multiple errors within the barcode, they could still be
unambiguously identified. Using this method, barcode recovery was
found to be over 80%. Another standalone method, long-read split

pool ligation-based transcriptome sequencing (LR-Split-Seq) [20], was
built upon the SPLiT-seq [15] protocol using combinatorial barcoding
instead of the 10X Genomics platform to isolate and barcode cells.
They demonstrated that it is as effective as short-read SPLiT-seq for
detecting cell clusters despite the slightly lower accuracy of PacBio
than Illumina. In addition to the reduced cost and ease of workflow,
switching from a hybrid short and long-read sequencing approach
to only long read was shown to increase recall when investigating
transposable elements (TEs). A library of mouse embryonic stem
cells sequenced by ScNaUMI-seq was unable to correctly map the
short reads of TEs due to their repetitive nature resulting in no
shared barcodes within these regions for long-read data analysis to
build upon. Single-cell long RNA sequencing (CELLO-seq) [21] was
developed as a standalone method to address this. It affixed 22 nt long
UMI sequences with a repetitive pattern of RYN onto the transcripts,
which allowed for better identification and error correction while
preventing homopolymers, a low-accuracy sequence structure in
ONT sequencing. Similar to scCOLOR-seq, these nanopore-specific
adjustments to the UMIs alleviated the accuracy issues that can arise
and enabled it to be a standalone method. An approach to generate
higher accuracy nanopore reads became available with rolling circle
to concatemeric consensus (R2C2) sequencing, a nanopore sequencing
method that circularizes ¢cDNA and produces consensus reads for
improved accuracy, as an alternative to relying upon cleverly designed
UMI sequences. The first study to utilize R2C2 with long-read scRNA-
seq utilized standard 10X Genomics cell isolation [22]. They were able
to assign 81% of reads to cells based on the barcodes, higher than
even the Illumina-guided assignment rate of ~67%. Of the 10x-UMIs
in the validation Ilumina dataset, 67% were in the ONT set for each
cell, with a significantly higher read accuracy for the reads that did
contain the same UMIs as the Illumina set. The cell clusters generated
are also correlated with the clusters generated by the short-read
sequencing. These studies provide evidence supporting standalone
long-read scRNA-seq, thereby eliminating the need for matched short-
read data.
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Despite standalone long-read scRNA protocols’ experimental valid-
ity, they still require larger amounts of input than short read and
do not have the deep depth provided with Illumina short-read plat-
forms because of both long-read platform limitations and the gen-
eration of non-barcoded reads. The higher amount of input needed
was addressed by the single-cell amplification of full-length RNA
nanopore sequencing (SCAN-seq) [23] protocol. It uses a pool of 48 cells
labeled with nanopore-compatible barcodes that increased the input
volume enough to satisfy the needs of long-read sequencing. SCAN-
seq2 [24] was an improvement to SCAN-seq developed to increase
sensitivity and throughput. Throughput was specifically addressed
by high-throughput single-cell isoform sequencing (HIT-scISOseq) [25]
designed for PacBio that integrates two extra steps to provide higher
throughput. First, template switching oligo (TSO) artifacts are removed
by PCR-based biotin-assisted capture. Second, multiple cDNA ampli-
cons are concatenated into long SMRTbell inserts to fully utilize the
long capacity of PacBio’s circular consensus sequencing to sequence
multiple transcripts in a single read. This was expanded in multiplexed
arrays isoform sequencing (MAS-ISO-Seq) [26] and sequenced approx-
imately 40 million full-length transcripts per SMRT Cell 8M flow cell.

Targeted long-read scRNA-seq

There are also standalone methods that perform targeted LR-scCRNA-
seq that are valuable when researchers need high coverage for specific
RNA targets. The first of these is single-cell targeted isoform long-read
sequencing (scTalLoR-seq) [27]. This method utilizes commercialized
gene panels to enrich for genes of interest after 10X Genomics isolation
and barcoding. This is followed by an artifact mitigation step reducing
TSO-TSO byproducts using biotinylated PCR primers complementary
to Readl enabling pull-down and amplification of complete cDNA.
These are sequenced using ONT sequencing and result in ~95% of
usable transcript reads mapped to the targeted genes. A different tar-
geted method called single-cell rapid capture hybridization sequenc-
ing (scRaCH-seq) [28] has a unique focus on being able to utilize pre-
indexed and stored cDNA from any 10X Genomics kit. Biotinylated
probes bind to genes of interest and are captured with Streptavidin
bead pull down to be further amplified. Only these targeted genes are
passed on to sequencing with ONT. This protocol, however, does call
for paired Illumina short-read sequencing to demultiplex and perform
clustering because the targeted genes of interest are not sufficient on
their own. The validation of their chosen enrichment genes yielded
92.6% read retention. It is shown that there is currently a diverse set
of protocols that yield both whole transcriptome and targeted scRNA-
seq with long-read sequencing platforms that provide an option of
paired Illumina short-read data or function as standalone long-read
data. Figure 2 displays the overarching concepts of these sequencing
protocols.

Computational frameworks for analyzing
single-molecule scRNA-seq

With the advent of long-read scRNA-seq, and different protocols for
generating it, new analysis methods were developed to properly ana-
lyze the resulting data. The preprocessing stage of long-read single-
cell RNA-seq analysis is centered on the accurate recovery of cellular
barcodes and UMIs, which are critical for assigning reads to their cell
of origin and determining accurate expression levels. The preprocess-
ing steps directly impact the fidelity of downstream isoform discovery,

variant detection, and expression analysis. A range of methods have
recently been developed to address the challenges of barcode demulti-
plexing in the context of long-read data, particularly given the higher
error rates associated with Oxford nanopore sequencing.

Early efforts focused on hybrid strategies that combine long-read
data with matched short-read sequencing. Single-cell nanopore bar-
code (scNapBar) [29] exemplifies this approach by implementing a
Bayesian framework that integrates read quality scores and barcodes
prior to rescuing barcodes that might otherwise be missed. This hybrid
strategy increases barcode recovery and ensures better representation
of true cells, making it a valuable preprocessing step for studies that
already generate complementary Illumina data. To optimize efficiency
in hybrid workflows, scTagger [30] was introduced as a fast method
for linking short-read and long-read barcodes in split-library designs.
By using a trie-based data structure with error-tolerant matching,
scTagger reduces the computational burden while maintaining high
accuracy. This makes it feasible to process millions of reads and scale
long-read single-cell studies to larger cohorts.

Recent tools have moved beyond hybrid reliance by enabling long-
read-only barcode identification, thereby simplifying experimental
design and reducing cost. Barcode identification from long reads for
analyzing single-cell gene expression (BLAZE) [31] is a key develop-
ment in this direction, accurately identifying 10X Genomics barcodes
directly from Nanopore reads without the need for matched short-
read data. Using adapter and polyT detection coupled with stringent
quality filtering, BLAZE generates a high-confidence whitelist. This
approach not only eliminates the dependency on Illumina sequenc-
ing but also minimizes false positives, ensuring that downstream
clustering reflects biologically meaningful cell populations. A more
generalizable solution is provided by Flexiplex [32], which is designed
as a versatile demultiplexing and sequence search tool. Built on Leven-
shtein distance-based alignment, Flexiplex accommodates sequenc-
ing errors, supports discovery of unknown barcodes, and uniquely
handles chimeric read splitting. Its flexibility makes it suitable not
only for cellular barcode identification in long-read single-cell datasets
but also for broader omics applications such as clonal tagging, UMI
identification, and pooled sample demultiplexing.

Finally, Tranquillyzer [33] represents a new wave of neural
network-driven approaches to preprocessing. By combining con-
volutional neural networks, bidirectional long short-term memory
(BILSTM) models, and conditional random fields, Tranquillyzer per-
forms structural annotation of long-read transcriptomes, identifying
barcodes, UMIs, and adapters with high accuracy. In benchmarking,
it achieved over 99% annotation accuracy and more than 91%
demultiplexing efficiency, while also detecting and filtering chimeric
molecules. This shift from heuristic to machine learning-based models
highlights the field’s progression toward scalable, adaptive solutions
capable of handling increasingly complex single-cell transcriptome
datasets.

The discussed long-read single-cell RNA-seq preprocessing tools
illustrate a continuum in the evolution of preprocessing method-
ologies for long-read single-cell RNA-seq. From hybrid barcode res-
cue methods to flexible error-tolerant demultiplexers and Al-driven
structural annotation, they collectively establish the foundation upon
which post-processing analyses such as isoform discovery, fusion
detection, and variant calling can be reliably built.

Once reads have been accurately assigned to cells, post-processing
steps extract the full biological value of long-read single-cell RNA-seq
data. Some of these tools have previously been developed for bulk
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RNA-seq from long-read sequencing and have been applied to long-
read scRNA-seq, while others have been specifically developed for it.
A major focus is isoform discovery and quantification, where long-
read RNA-seq tools such as Mandalorion [34], an alignment-based tool,
Isosceles [35], a splice graph with an expectation maximization quan-
tification method, IsoQuant [36], which creates an intron graph that
discovers transcripts through path traversal, Bambu [37], a machine
learning approach to transcript discovery, and technology agnostic
long-read analysis pipeline for transcriptomes (TALON) [38], a tool that
corrects reads and performs annotation of the reads using an SQLite
database seeded from the Encyclopedia of DNA Elements (GENCODE)
that can be expanded with novel isoforms, can identify transcript
structures at single-cell resolution. Single-cell omics for transcriptome
characterization (SCOTCH) [39] is a long-read scRNA-seq specific tool
that identifies present known and novel isoforms by aligning reads
to isoforms and splitting the alignments to non-overlapping sub-
exons. Unique combinations of these sub-exons define isoforms; thus,
both known isoforms and those with novel splicing patterns can

be identified. These methods leverage full-length reads to resolve
alternative splicing, quantify isoform usage, and uncover transcript
diversity that short-read approaches often miss. Another key appli-
cation is gene fusion detection, particularly in cancer. Just another
fusion finder algorithm for long-read (JAFFAL) [40] applies long-read—
adapted alignment and exon-boundary anchoring to detect high-
confidence fusions while filtering artifacts, enabling identification of
clinically relevant events such as RUNX1-RUNX1T1 in leukemia, even
at the single-cell level.

Beyond transcripts and fusions, variant detection links genotypes
and phenotypes within the same cell. Long-read somatic variant
caller (LongSom) [41] simultaneously identifies single-nucleotide
variants, copy number changes, and fusions from long-read scRNA-
seq, reconstructing clonal architecture and highlighting genetic
heterogeneity across cells. Together, these post-processing approaches
move analysis from cell-assigned reads to interpretable features:
isoform atlases, fusion landscapes, and clonal genotypes. They
establish the intermediate layer of the workflow, providing outputs
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that can be integrated into higher-level analyses and disease
models.

Along with standalone tools, multiple end-to-end workflows have
been developed to facilitate easy analysis of long-read scRNA-seq data.
Longcell [42], single-cell nanopore genotype phenotype sequencing
(scNanoGPS) [43], and workflow single cell (wf-single-cell) [44] have
been designed to accept ONT data. Full-length analysis of mutations
and splicing (FLAMES) [45], Scywalker [46], and single cell long read
(SiCeLoRe) 2.1 [18] take either ONT or PacBio data as input. While
FLAMES is a standalone workflow, it is common practice to demul-
tiplex with BLAZE instead of having FLAMES perform its own demul-
tiplexing. Scywalker goes beyond performing long-read analysis and
performs cell clustering as well. While a toolkit and not a single work-
flow, single cell isoform analysis tools (scISA-Tools) [25] is a notable
single resource that is designed to analyze long-read scRNA-seq data
from PacBio sequencers. The end-to-end workflows are described in
Fig. 3 along with the tools in Table 1.

Together, these workflows, pipelines, and toolkit demonstrate the
field’s transition toward ecosystem-level solutions. Whether through
end-to-end automation, modular isoform splicing and quantification,
or genotype-phenotype integration, they unify the strengths of pre-
processing and post-processing into cohesive analytical strategies that
can be tailored to diverse biological questions.

Applications of single-molecule scRNA-seq

Long-read scRNA-seq has been utilized across many fields of study to
further expand the understanding of the field and has led to major
clinical insights in recent years. Specifically, the long reads have
provided additional resolution to elucidate the presence of different
isoforms, alternative splicing, and gene fusions (Table 2). Along with
structural information, the long reads provided complete mutational
profiles of cells that could not be captured when sequencing only one
tail of the transcript.

Cancer transcriptomics

Researching cancer transcriptomics is a large focus of long-read
SCRNA-seq because of the technique’s ability to capture gene fusions
and novel isoforms that can occur in the disease, which short-
read sequencing struggles to detect. A study of colorectal cancer
(CRC) revealed many insights into the isoforms present. Through
long-read scRNA-seq they were able to identify isoforms associated
with epithelial cell subtypes enterocyte, goblet, and BEST4 lineages,
determined that each tumor contained a substantial proportion

of three subtypes with varying differentiation and proliferation,
highlighting intratumor heterogeneities [47]. A second study on
CRC utilized the long reads to identify a trend of 3’-UTR shortening
within cancer cells that was highly prevalent in stem/TA-like cells.
These shortened 3’-UTRs were associated with RNA processing and
metabolic processes that were correlated with increased RNA expres-
sion levels, demonstrating a potential purpose of this modification.
They also discovered alternative splicing alterations with reduced
intron retention, also within the stem/TA-like cells. Finally, they found
isoform switches in oncogenic differential transcript usage (DTU)
genes that frequently altered coding sequences and protein domains
that could influence cancer progression [49]. A third study focused
on genomic alterations in ovarian cancer and their effects on the
coding potential of the transcripts. Firstly, they identified a gene
fusion, IGF2BP2::TESPA1, that was misidentified in short-read data.
While investigating isoforms of coding mRNA from long-read scRNA-
seq, numerous isoforms of protein-coding genes were found to be
wrongly accounted for as protein-coding, and instead potentially
serve as microRNA (miRNA) sponges and competing endogenous
RNAs (ceRNAs). In addition, 49% of the genes exhibiting a significant
isoform switch between cancer and healthy cells transitioned from
protein coding to a noncoding isoform demonstrating large functional
changes that can be misrepresented in short-read scRNA-seq [48].
Long-read scRNA-seq was leveraged to study subclones in chronic
lymphocytic leukemia (CLL) in a fourth study using the improved
coverage of somatic mutations. The BTK®481S mutation is a common
cause of resistance to treatment utilizing a BTK inhibitor that can
occur in relapse patients. This and additional CLL driver mutations
can be missed while performing short-read scRNA-seq, and the
researchers were able to use the full-length transcript sequence to not
only investigate this mutation but further characterize the subclone
structure within patients with the ability to identify potentially
resistant subclones. This refined a previous study that used a
combination of whole-exome sequencing and short-read scRNA-seq
[50]. As a result of the increased resolution provided by long-read
scCRNA-seq, multiple research groups were able to further capture
previously unidentifiable significant alterations within tumor cells.

Neuroscience

The brain is another complex tissue that is studied to understand the
mechanisms behind neurological diseases. Using long-read scRNA-
seq, researchers were able to further expand upon the available
knowledge of transcriptomics in the brain. One study aimed to
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generate an isoform atlas of the postnatal mouse brain. Applying
long-read scRNA-seq to the hippocampus and prefrontal cortex,
the researchers identified differentially expressed isoforms across
45 different cell types. Additionally, they discovered that while cell
type generally determines microexon presence, the brain region
can override this as demonstrated by Nsfllc where it is exhibited
not only in neuronal cells but widely throughout the hippocampal
region [51]. Another study interrogated human cerebral organoids
for cell-type-specific and autism related exons where the full-length
transcriptome data expanded the isoform catalog for cell types. A
total of 4820 exons that were unannotated in GENCODE v.40 and
RefSeq were identified. A total of 3628 of these exons were discovered
within known genes, 111 of which were in Simons Foundation
Autism Research Initiative Autism Genes. In addition to these, 1527
unannotated splice isoforms were also found in autism-associated
genes. Eight unannotated isoforms were present in PTEN, a gene
where mutations are correlated with autism [52]. These findings
suggest that many previously unannotated exons and isoforms in the
neuronal context can be critical components of protein expression
regulation with potential clinical significance.

Developmental biology

The early stages of development were studied by sequencing blas-
tomeres from the mouse oocyte to blastocyst stage. Long-read scRNA-
seq data of these cells were studied to examine isoform switching
and TE expression during development. Using long-read scRNA-seq,
isoform switch events were discovered to predominantly occur tran-
sitioning between the zygote to early 2-cell (E2C), and the E2C to late
2-cell (L2C) stage during major and minor zygotic genome activation.
The genes that underwent isoform switching events were enriched
for the gene ontology terms cytoplasmic translation, cell division,
mRNA and DNA metabolic processes among others. When investigat-
ing isoforms, they noticed that as the embryo develops, the isoform
diversity present tends to decrease. Interestingly, there was a large
abundance of 3’ partial transcripts in the oocytes and zygotes. These
genes with partial transcripts were enriched for functions crucial to
embryo development. TE expression was analyzed for stage-specific
expression patterns, and 3894 TE loci were classified into five clusters:
higher expression in oocytes and zygotes, predominantly in E2C stage,
high expression in L2C to 4-cell stage, high expression in 8-cell to
blastocyst stage, and mouse embryonic stem cell-specific TEs [53]. A
second study focused on development in the context of spermato-
genesis in obstructive and non-obstructive azoospermia (OA, NOA),
and Sertoli cell-only (SCOS). They identified >100 000 novel transcripts
and > 36 000 novel genes in OA allowing for an increased understand-
ing of the molecular mechanism of spermatogenesis. 22 transcripts
were identified to be predominantly expressed in the pachytene stage.
At the isoform level, SCOS-specific isoforms were confirmed to be
present [56]. Researchers investigating isoform expression through
long-read scRNA-seq in hematopoietic stem and progenitor cells found
that over half of the genes in the hematopoietic hierarchy, as well as
transcription factors in established networks, have multiple isoforms.
These isoforms create additional complexity when building gene regu-
latory networks, especially in the hematopoietic stem cells. Complexes
such as Lmo2/Gata2/Ldb1/Tall may be subjected to regulation with
these isoforms, and this added complexity must be accounted for
when building regulatory networks to ensure accuracy. [54]. Together,
the transcriptome of cells involved in developmental processes has

Briefings in Bioinformatics, 2026, Vol. 27, Issue3 | 11

been further characterized in both a normal state providing novel
insights and reference data and in a disease condition allowing for
more clinical insights.

Infectious diseases

There has also been an application of long-read scRNA-seq to a single-
celled organism with a complex life cycle. Plasmodium vivax infections
are heterogenous populations of the parasite across different develop-
mental stages that each have distinct transcriptional profiles, and long-
read scRNA-seq provided the proper resolution to separate and char-
acterize these different stages. Nearly 10,000 transcripts were identi-
fied from the blood stage parasite and ~800 from sporozoites, where
some of these transcripts suggest additional unannotated isoforms of
known genes. Additionally, previous studies have been unable to fully
capture the 3’ and 5° UTR due to limitations of short-read sequencing,
but this study was able to successfully capture these regions. Finally,
stage-specific isoforms were found to be present across their data [55].
This shows that long-read scRNA-seq has a wide range of applications,
here demonstrating that it can be used to expand the knowledge of
difficult to characterize organisms.

Precision medicine

Finally, long-read scRNA-seq technology was shown to be valuable
in a precision medicine context. Low-frequency mosaicism has the
potential to make PIK3CA-related overgrowth spectrum (PROS) disor-
ders difficult to diagnose, and long-read scRNA-seq was applied for
a patient with suspected PROS but was receiving negative diagnostic
tests. The PIK3CA mutation p.His1047Tyr was eventually found with
a variant allele frequency of 11.9%. This mutation was found to be
enriched in fibroblast-like cells characterized by neural crest marker
expression. Interestingly, the clusters of cells expressing this mutation
were enriched for cells within the G1 phase of the cell cycle [57].
This demonstrated that long-read scRNA-seq can be utilized at the
individual level to diagnose disease.

Challenges and future prospects for high resolution
single molecule transcriptomics

While there has been continuous improvement in the field of long-
read scRNA-seq, there are still some challenges that could be addressed
in both the wet and dry lab. The long-read platforms are continually
improving; however, they still have lower throughput compared to
short-read sequencing, which leads to less coverage of the genes
being sequenced, thereby resulting in limited clinical insights. Also,
the lower accuracy of the long-read sequencing platforms means low-
frequency variants have a higher likelihood of being missed with long-
read versus short-read sequencers. The ability to recall barcodes is
negatively impacted by the lower read accuracy as well, meaning not
all the sequenced data will be recoverable in the case of barcodes
containing multiple errors. Finally, in the current form of typical long-
read scRNA-seq protocols, RNA is converted to cDNA before sequenc-
ing, where information related to chemical modifications on RNA is
completely erased. However, direct RNA sequencing (DRS) platforms
such as those from ONT have the ability to directly sequence RNA
and map modifications but have been underutilized due to challenges
associated with cost and the amount of input material required for
performing DRS. To allow this additional information to be accessible,
there is a need to further develop methods and protocols that can
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optimize the amount of input RNA required for direct RNA sequencing
from single cells.

While there have been tools developed to identify cellular barcodes
that perform well, accurately identifying the UMI has been less rig-
orously investigated. This is because the cell barcodes are generated
from a known list whereas UMIs are generated with random bases
thereby adding significant complexity. There have been adaptations
to the experimental approaches to overcome the limitation of using
standard barcoding approaches, but due to the popularity and ease
of adoption of the 10X Genomics system, most of the computational
methods have been tailored for these datasets resulting in a need for
novel methods which can be applied to a wide variety of long-read
SCRNA-seq datasets. There is also a need for comprehensive third-
party benchmarking to identify the ideal combination of the tools
developed for analyzing long-read scRNA-seq so that the maximum
value of the data is reached.

In the future, these current methods can be used to further elucidate
biological mechanisms as well as the underlying dysregulation in
diseases, with the increased range, completeness, and type of RNA
that are captured in long-read scRNA-seq assays. Implementation of
direct long-read scRNA-seq in the future will further enable the study
of fine-grained regulatory functions comprehensively through SNPs,
isoform usage, and RNA modifications within a single experiment
largely improving functional understanding.

Key Points

® Current challenges of short-read approaches have resulted in
the development of long-read protocols which can sequence full-
length transcripts at a high resolution while maintaining the high
throughput and multiplexing advancements of short-read scRNA-
seq.

® Computational methods and frameworks were developed in paral-
lel to analyze the newly generated long-read scRNA-seq data.

® The utility of the technology is demonstrated through applications
in cancer transcriptomics, neuroscience, developmental biology,
infectious diseases, and precision medicine.
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