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Long-read sequencing is being harnessed to improve the rate of rare disease
diagnosis.

Long-read sequencing expedites rare
disease diagnoses
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By Beatrice Bowlby (Digital Editor)

Researchers at the University of
California Santa Cruz (CA, USA) have
demonstrated that long-read
sequencing (LRS) has the potential to
expedite rare disease diagnoses with a
single test and at a lower cost. Reducing
the time to diagnosis from years to days
for individuals with rare diseases would
mean earlier intervention and, therefore,
better outcomes.

Worldwide, one in ten people is impacted
by a rare genetic disease; however, 50%
of those cases are undiagnosed. This is in
part due to the type of testing being
conducted, which utilizes short-read
sequencing (SRS) to investigate the
genome. SRS looks for genetic variants
that cause disease, reading the genetic
code in sequences of 150–250 bases at a
time. The problems with SRS in this
context are that it can’t provide a
comprehensive view of the genome due
to its short reading frame, and it can’t
reveal from which parent a variant was
inherited, a process called phasing.
These limitations can lead healthcare
professionals to miss crucial evidence
that could help them make a diagnosis.
This method may also require multiple

tests, which drive up costs and extend
the time to diagnosis.

In the current study, the team
investigated the potential of LRS to
overcome the limitations of SRS. LRS is a
next-generation sequencing method
that can read longer strands of DNA as
well as provide phasing and methylation
information. “Rare diseases are
something that people have been
struggling to diagnose for so many
years, and if we have a sequencing
technology which streamlines diagnostic
testing, I think that will be a huge
contribution – and that is what we tested
as part of this paper,” commented first
author Shloka Negi.

The study focused on rare diseases
caused by disruption to a single gene.
Working with 42 individuals with rare
diseases, the researchers used
innovative LRS – nanopore sequencing –
to glean highly accurate genetic
information from each person for
US$1000 per sample. These reads were
then analyzed against a large, complete
reference genome to identify variants
and collect phasing and methylation
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data using the Napu pipeline, a wet lab
and computational protocol developed
in co-lead author Benedict Paten’s lab.

They found that LRS provided a more
exhaustive dataset compared to short-
read data, conclusively diagnosing 11 of
the 42 individuals using a single, rapid
and cost-effective protocol. Of the 11
diagnoses, four were congenital adrenal
hypoplasia, a rare disease that affects
adrenal gland function and is caused by
a gene located in a particularly difficult-
to-access region of the genome, making
current diagnostic tests for this genetic
disease ineffective.

“To solve these cases, we developed a
new pangenomic tool that integrates
new high-quality assemblies like the
‘telomere-to-telomere’ reference
genome,” reported co-lead author Jean
Monlong. “… We know many rare diseases
involve regions of the human genome
that have been historically difficult to
study, so our results encourage us to
extend our approach to more of those
diseases that have been at a standstill
for a long time.”

Reference: 
Negi S, Stenton SL, Berger SI et al.
Advancing long-read nanopore genome
assembly and accurate variant calling
for rare disease detection. Am. J. Hum.
Genet. doi:10.1016/j.ajhg.2025.01.002
(2025) (Epub ahead of print).

Click here to view the press release.
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After a 25-year-long search, a new sequencing technique has helped
researchers pinpoint the genetic cause of SCA4, a rare movement disorder.

DNA sequencing reveals cause of rare
neurological disorder
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By Annie Coulson (Digital Editor)

Spinocerebellar ataxia 4 (SCA4) is a rare
genetic condition that severely impacts
the lives of those affected by the disease.
Like many other rare diseases, there is no
known cure for SCA4, and until now, no
known cause. Now, after 25 years of
searching, a multi-institutional group of
researchers led by a team at the
University of Utah (UT, USA) has
discovered the genetic difference that
causes SCA4, providing families with
much-needed answers and offering
hope for potential treatments.

SCA4 is a progressive movement
disorder, with symptoms that usually
appear in an individual’s 40s or 50s but
can start as early as the late teens in
some people. The pattern of inheritance
of SCA4 makes it clear that the disease is
genetic, and a study in 1996 situated the
gene responsible to a specific region of
one chromosome. However, repeated
segments and an unusual chemical
makeup made the region difficult to
analyze, preventing researchers from
pinpointing the mutation for over 25
years. 

To overcome this, the Utah-led group

used a recently developed technique,
long-read single-strand whole-genome
sequencing (LR-GS), to sequence DNA
from affected and unaffected people
from several families in Utah. They found
that in individuals with SCA4, a section of
the ZFHX3 gene is much longer than it
should be, containing a long string of
repetitive DNA called a GGC-repeat
expansion.

To investigate this further, the
researchers isolated cells from people
with SCA4 and found ZFHX3–p62–
ubiquitin protein aggregates. They also
examined fibroblasts and induced
pluripotent stem cells with the repetitive
version of ZFHX3 and found increased
ZFHX3 protein levels that can gum up the
cells’ protein-recycling machinery. “This
mutation is a toxic expanded repeat and
we think that it actually jams up how a
cell deals with unfolded or misfolded
proteins,” said co-corresponding author
Stefan Pulst.

A similar phenomenon occurs in another
form of ataxia, SCA2. The same group is
currently testing a potential therapy for
SCA2 in clinical trials, and the similarities 
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between the two conditions raise the
possibility that the treatment might
benefit patients with SCA4 as well.

Establishing the genetic cause of SCA4
provides individuals with answers and,
hopefully, effective treatments in the
future. “The only step to really improve
the life of patients with inherited disease
is to find out what the primary cause is.
We now can attack the effects of this
mutation potentially at multiple levels,”
concluded Pulst.

Reference: 
Figueroa KP, Gross C, Buena-Atienza E et
al. A GGC-repeat expansion in ZFHX3
encoding polyglycine causes
spinocerebellar ataxia type 4 and
impairs autophagy. Nat. Genet. doi:
10.1038/s41588-024-01719-5 (2024) (Epub
ahead of print).

Click here to view the press release.
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DNA sequencing is a revolutionary technology that enables scientists to decipher the life-
giving instructions contained within the genetic code of all organisms. At its core, DNA
sequencing is the process of determining the precise order of nucleotide bases (adenine,
cytosine, guanine and thymine) within a DNA molecule. This information provides a blueprint
of the genetic instructions encoded in the DNA, allowing scientists to explore the structure,
function and variability of genes and genomes.

To assist researchers in harnessing the full potential of high-throughput DNA sequencing,
here’s a top ten tip guide.

Ten tips for high-throughput DNA sequencing

GUIDE
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BY EMMA WATERS, QUADRAM INSTITUTE (NORWICH, UK)

Introduction
DNA sequencing has transformed the field of
biology. In medical microbiology, it has
significantly advanced our understanding of
genetic diseases, enabling the identification
of disease-causing mutations and the
development of personalized treatments. In
evolutionary biology, it has shed light on the
history and relationships between species,
providing insights into the mechanisms of
adaptation and speciation. Moreover, DNA
sequencing has opened new frontiers in
fields like forensic science, agriculture,
conservation biology and microbial ecology,
to name just a few.

The history of DNA sequencing is a
remarkable journey that spans the last few
decades. It all began in the 1970s when
Frederick Sanger pioneered the first short-
read DNA sequencing technique. This
technique was used to sequence the first full
genome of a virus, which was around 5000
bases long. In the 1980s, efforts were made
to automate Sanger sequencing, which
greatly increased the speed and efficiency,
enabling the sequencing of larger 

genomes. These advancements allowed the
launch of the Human Genome Project in
1990, where a group of scientists wanted to
determine the 3 billion bases of the human
genome, which was only achieved 13 years
later! During that time, other scientists
sequenced the genomes of different
organisms, celebrating each time they
sequenced a bigger genome; from 1995
when the first bacterial genome was
sequenced, containing a couple of million
bases [1], to 5 years later when a fly genome
was sequenced, which contained a couple
of hundred million bases [2].

Over this period, sequencing and computer
power continued to improve, allowing for
massive parallel sequencing of DNA
fragments and thus the introduction of next-
generation sequencing (NGS) technologies.
These advancements – made only 7 years
after the original Human Genome Project
ended – facilitated the sequencing of
thousands of human genomes and marked
the start of understanding genetic diseases.
In 2014, Public Health England started to use
short-read sequencing at a national scale to 
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manage infectious diseases, particularly for
tuberculosis and bacterial foodborne
diseases, as this type of sequencing is highly
accurate and can rapidly identify single
nucleotide polymorphisms (SNPs) [3].
However, short-read sequencing, which
sequences DNA fragments of hundreds of
bases in length, is unable to resolve long-
repeat sequences found in genomes that
can span over several thousand bases.

Figure 1: (Left) Short-reads of 100-1000 bases
in length, mapped onto a section of
genome containing easy-to-resolve genes.
(Right) The mapping of short-reads is
confused by sections of genomes that
contain long-repeat sequences, like those
of ribosomal operons found in all living
organisms.

In 2009, the introduction of third-generation
sequencing technologies brought about a
further breakthrough in DNA sequencing [4].
These long-read sequencing techniques
can sequence much longer DNA fragments
(thousands to millions of bases long) and
assemble genomes with increased
accuracy whilst identifying large structural
mutations where large genomic fragments
rearrange within genomes and can shuffle
the order of genetic instructions [5].

Figure 2: Long-read sequences mapped
onto and resolving a section of a genome,
which contains long-repeat sequences.

In this era of genomics, DNA sequencing
continues to evolve rapidly. Sequencing
technologies and their associated library
preparation have become more accurate,
faster, cost-effective and portable, leading
to the potential for DNA sequencing to be
performed on anything, by anyone and
anywhere.

Tip 1: Choose the appropriate sequencing
platform
Consider desired requirements like read
length, error rate and data output to match
your needs. Generally, if you are interested in
SNPs and not worried about complete
assemblies, short-read platforms like
Illumina’s MiSeq, NextSeq and NovaSeq offer
high-throughput capabilities. However, if you
are interested in structural variation, you will
require long-read sequencing capabilities
such as PacBio’s Sequel II or Revio systems,
or Oxford Nanopore’s MinION or PromethION.
You could also perform both short- and
long-read sequencing to generate the gold
standard, hybrid assemblies.
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Tip 2: Optimize DNA extraction
Optimize sample preparation and DNA
extraction for your desired sequencing
method. If you are performing long-read
sequencing, use appropriate high-
molecular-weight DNA extraction protocols
to minimize DNA shearing and degradation,
as fragmented DNA can impact long-read
sequencing performance. Quality control
measures, such as checking DNA integrity
via gel electrophoresis or fluorometric
quantification, should be implemented to
ensure the samples meet the sequencing
requirements.

Tip 3: Choose the appropriate library
preparation
Follow optimized library preparation
protocols specific to your chosen
sequencing platform. These protocols
generally follow the same outlines: DNA
fragmentation and size selection (which
might be omitted in long-read methods),
end repair, barcode ligation for multiplexing,
adapter ligation, amplification and library
clean-up steps. There may also be size
selection steps to enrich long fragments and
remove shorter ones that may affect
sequencing accuracy.

Tip 4: Multiplexing for simultaneous
sequencing of multiple samples
Some library preparation kits come with a
selection of unique barcodes, which allow
multiple samples to be sequenced
simultaneously, increasing throughput and
cost effectiveness. The barcode ensures that
you can identify and separate individual 

samples during downstream data analysis.
If you do use multiplexing in your
sequencing, use sample plate maps and
multichannel pipettes to ensure samples are
allocated the correct barcodes and
throughput is increased. Also ensure
samples are pooled to provide equal
representation of each one, whilst
remembering to consider desired data
output and genome size if these are different
between samples.

Tip 5: Library quality control
Before loading prepared libraries on the
sequencing platform do a final library
quality control check. You do not want to
waste an expensive sequencing flowcell on
a poor, failed library! Assess library quality
using gel electrophoresis and fluorometric
quantification, or similar methods, to confirm
that library size distribution, quality and
quantity are roughly correct. Monitor the
performance of the sequencer using control
samples or PhiX spike-ins to ensure optimal
sequencing conditions.

Tip 6: Determine desired sequencing depth
Determine the appropriate sequencing
depth for your sample. Consider factors
such as genome size, complexity and the
level of sensitivity required for variant
detection, and consult published literature to
help you determine an appropriate
sequencing depth. Once you have reached
the desired sequencing depth for your
library, any data past this point might not be
useful. Instead, you may be able to wash the
current library off and then reuse the flowcell 
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for a different sample, to further increase
cost effectiveness.

Tip 7: Bioinformatic analysis pipelines
Develop and adopt an appropriate,
automated bioinformatics pipeline for data
analysis. This could include tools to perform
read quality assessment and filtering,
assembly and polishing, assembly quality
checks, variant calling and other
downstream analyses to extract meaningful
insights from the raw data. Remember to
stay up to date with the latest versions of
bioinformatics tools and methodologies
relevant to your sequencing platform and
analysis.

Tip 8: Data storage and backup
DNA sequencing generates vast amounts of
data. Ensure you have adequate storage
capacity and backup systems to handle and
protect the generated data. Implement a
reliable data management strategy to
organize and store the sequencing data
efficiently, facilitating data access and
analysis.

Tip 9: Stay up to date
DNA sequencing and subsequent analysis
are continuously evolving. Try to keep up to
date with advancements in sequencing
technologies, protocols and data analysis
tools. Regularly review scientific literature,
attend conferences and workshops, and
engage with the scientific community to
stay informed about the latest techniques
and best practices.

Tip 10: Automate where possible
Many sequencing technologies have the
capability to simultaneously sequence
hundreds of samples at once. Now, the rate-
limiting steps are generally in the
preparation of these samples for
sequencing and the subsequent data
analysis. There are automated systems for
DNA extraction, quality control and library
preparation that can speed up the wet lab
side of this. There are also ways to automate
data backup and analysis via the command
line or open, web-based platforms like
Galaxy. You may even be able to outsource
the entire process to external DNA
sequencing companies who will take your
extracted DNA (and money) and in return
will give you processed sequencing data.
This may be beneficial for some projects;
however, you may generally have less
control and will still have to consider the
points covered above.

P.S. Final tip: never load a library at the end
of the working day… Something always goes
wrong, and it is always better to have
friendly support around when this happens.
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he rise of long-read sequencing over the last decade has 
been well documented, with the initial concerns 
surrounding accuracy being quickly addressed by the 

latest generation of technologies from Oxford Nanopore (Oxford, 
UK) and PacBio (CA, USA), which both produce sequences with a 
read accuracy greater than 99% (Figure 1) [1,2]. These develop-
ments have culminated in these techniques being named Nature’s 
Method of the Year 2022 and have led to their spread into ever 
more complex applications and challenging research, perhaps 
best exemplified by their burgeoning use in the metagenomic 
analysis of microbiomes.

FALLING SHORT IN METAGENOMIC SEQUENCING
Metagenomic analyses aim to sequence and assemble the total 
genomes from all organisms present in a sample; an approach that 
proves nearly essential to the increasingly popular study of host and 
environmental microbiomes [3]. Traditionally, metagenomic 
sequencing has relied on short-read sequencing to provide the 
sequences with which to construct Metagenome Assembled 
Genomes (MAGs). However, these techniques have several limita-
tions that present challenges that are difficult to overcome while still 
using short-read sequencing. 

For instance, short-read sequencing often relies on PCR ampli-
fication of DNA in the sample, which often struggles to amplify 
GC-rich regions due to the increased stability of these DNA 
sequences, introducing GC bias into the data created. Furthermore, 
the length of short reads – typically between 75–400 bp – inhibits 
the sequencing of long repeat sequences and structural variants, 
limiting the ability to create MAGs with full sequence coverage [4].

Identifying specific strains of a bacterial species is another 
challenge that arises when you need to conduct a high-resolution 
analysis of your sample. Talking to Titus Brown, a metagenomic 
sequence analysis expert leading the Data Intensive Biology lab 
at the University of California, Davis (CA, USA), it becomes clear 
why this is so important in the study of microbiomes.

“Bacteria have dramatically more variation in their genomes 
than eukaryotes, which typically have small variations such 
as small nucleotide polymorphisms. Bacteria, meanwhile, will 
have the same core genome that composes roughly 60% of the 
genome but the remaining 40% will be a composite of different 
genes transferred from, and required to survive in, their specific 
environment.”

It is highly challenging to obtain the linkage information required 
to confidently assemble a strain-specific genome using short-
read sequencing. While attempts have been made to resolve this 
issue, it remains a serious roadblock to the use of the technique 
for this application [5]. Instead, short-read assembled MAGs often 
represent a composite genome of the strains of a species present 
in a sample. This loses a lot of the contextual information within 
the strain-specific genome that is needed to interpret the functions 
and interactions occurring in a microbiome.

ENTER LONG-READ SEQUENCING
While short reads present a serious challenge to assembling genomes 
from the same strain or cell, long reads are large enough to provide 
the linkage information to identify which specific microbial strain 
each read is from, enabling the assembly of strain-specific MAGs. 
Talking to BioTechniques for a recent Talking Techniques podcast 
episode, Jeremy Wilkinson of PacBio stated that, “…one HiFi read has 
an average of eight intact genes per read, which allows for greater 
functional and taxonomic profiling, with 90% of the reads being 
annotatable or classifiable.” Therefore, if you are designing a study 
that intends to obtain specific information about the different strains 
of a species present in the genome, long-read sequencing techniques 
provide an excellent tool to deliver this [6]. 

For example, in a recent study led by the USDA Dairy Forage 
Research Center (WI, USA), Bickhart et al. used PacBio HiFi reads 
to generate 428 MAGs with over 90% completeness from sheep 
feces [6]. Developing their own software, MAGPhase, the team 
was able to identify 220 lineage-resolved MAGs, differentiating 

LONG-READ SEQUENCING FOR 
THE METAGENOMIC ANALYSIS OF 
MICROBIOMES
One technology, long-read sequencing, and one research field, 
microbiome studies, have risen to prominence over the last 
decade. But how can one be used in the other? What changes are 
being wrought? And what limitations remain?
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between related strains of the same species found within the 
fecal matter. With this additional contextual information, the team 
was able to identify 424 novel host-strain associations within the 
sheep fecal microbiome.   

Similar metagenomic studies of canine fecal microbiomes have 
yielded interesting results, highlighting canid-specific bacteria and 
resolving key aspects of the mobilome, the mobile components of 
the genome that make up the composite part of bacterial genomes 
highlighted previously by Brown [8]. 

What’s more, due to the exceptional size that long reads are 
now reaching, structural variants and long repeat sequences can 
now be captured within a single read, while the lack of reliance on 
PCR means that GC-rich sequences present a much less daunting 
challenge

REMAINING CHALLENGES
While long-read sequencing has resolved many issues in metage-
nomics, two closely linked challenges remain. 

Firstly, As exemplified by the papers noted above, the majority of 
success stories of long-read sequencing for metagenomics have 
come from studies of host-associated microbiomes as opposed to 
environmental microbiomes [9]. This is because long-read sequencing 
requires higher quality and larger volumes of DNA compared to short-
read sequencing. This challenge follows clear logic: to produce long 
reads, you need long, intact strands of DNA to sequence. In a host-
associated microbiome, there is less diversity, meaning that each 
species’ genome is present in a comparatively higher concentration 
than environmental samples and what’s more, the DNA in these 
samples is also often in a much better condition.

This is compounded by the second challenge, the output of 
long-read technologies, which lags behind short-read sequencing, 
a technique that has had decades to optimize and increase the 
amount of sequence data that can be obtained from each sample. 
As a result, generating enough sequences to produce MAGs for 
each of the numerous species present in a complex environmental 
sample represents a current limitation of these techniques. 

The ideal solution to this problem would be to establish a 
technique or methodology that combines long and short read 
sequencing techniques in an attempt to reach a perfect union 
between short read’s ability to provide wide coverage of many, low 
abundance species, and long read’s ability to resolve genomes of 
those species down to individual strains. 

In the first steps towards this solution, studies utilizing long-
read-assembled and hybrid-assembled MAGs to fill in the gaps 
left behind by short read-based metagenomic studies have borne 
fruit. For instance, a recent analysis of 109 gut microbiomes 
across three ethnicities in Singapore successfully compiled 1708 
hybrid-assembled MAGs that had been missed by short-read-only 
analyses. This facilitated the discovery of 70 novel gut microbes 
and over 3400 strains, providing far greater insight into the gut 
microbiome of Southeast Asian populations [10].

As for the quantity and quality of DNA? Quantity poses a major 
challenge that is difficult to address. In an environmental sample, 
increasing the sample size to raise the volume of DNA that can 
be yielded from sample preparation only increases the diversity, 
stretching the output of these sequencing technologies. Ultimately, 
to resolve this issue the DNA input requirements for these technol-
ogies need to be reduced; a solution that is simple in principle but 
not in practice. Currently, Oxford Nanopore’s technology has lower 
input requirements than PacBio’s, however, this is balanced with 
slightly less accurate read calling.  

Quality, on the other hand, has more readily available solutions. 
Sample preservation solutions exist that can stabilize the microbes in 
a sample and protect the nucleic acids present, such as the OMNIgene 
gut collection kit, and even immobilize pathogens in the sample to 
make it safe, like Zymo Research’s DNA/RNA Shield medium.

IS IT ALL ABOUT THE ANALYSIS?
For sample input requirements and the sequencing output, time is 
the only solution; however, one that Brown is confident about. “I’m 
not worried about the sequencing processes and the extraction 
methods. There is plenty of motivation out there to improve these and 
they will with time.” What concerns him is what follows after collection: 
analysis. 

Figure 1. Observed raw read accuracies measured through read-
mapping. Nanopore R.4.1 in green, Nanopore R10.4 in yellow. 
Figure adapted with permission from [1] under a Creative Commons 
Attribution 4.0 International License: http://creativecommons.org/
licenses/by/4.0/
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A growing trend in multiple fields of the life sciences is the acqui-
sition of larger and more complex datasets, the assumption being 
that with more information, deeper and more meaningful insights 
will follow. Yet, in recent years, a counterargument has arisen: 
if the purpose of developments such as single-cell sequencing 
was to move away from bulk readings and averaged results, then 
why in other instances do we often see the generation of larger, 
deeper datasets as a tool to yield more perceptive insights? Whilst 
speaking at the 2022 iteration of the annual Society for Neuro-
science conference (12–16 November, San Diego, CA, USA), 
Tim Harris (Howard Hughes Medical Institute, VA, USA) – the 
developer of Neuropixels, which enable the collection of signals 
from hundreds of individual neurons in different brain regions –  
posed the question of his own invention: “Have Neuropixels led 
to studies that bury findings in vast swathes of data or have they 
enabled researchers to collect enough information to discover the 
emphatic truth?” [11]

The key to this problem is designing data analysis techniques 
that can provide better insights than simply averaging datasets 
and grouping findings. This is what mostly concerns Brown. “I think 
as a field we are mostly concerned with generating data, assuming 
that we will be able to do something useful with it at a later date. 
However, as it stands, I think there is a lot of room to improve data 
analysis.”

Fortunately, Brown is not alone in this concern. Significant 
efforts are underway to improve microbiome analysis, and there are 
many software platforms, such as Smash community, with which 
to conduct metagenomic data analysis in distinct contexts [12]. 

While data analysis does prove perhaps the biggest challenge 
facing the field, the current techniques available and ongoing 
research efforts are continuing to produce vitally important results 
that would not have been possible with previous technologies. 

A fine example of this work includes the recent development 
of target-enriched long-read sequencing (TELSeq) by a research 
collaboration between the University of Florida (FL, USA) and 
the University of Minnesota (MN, USA). This technique was used 
to investigate antimicrobial resistance genes in three different 

metagenomes: human fecal microbiome transplant material, 
bovine fecal material from animals that had not received antibi-
otics and soil from unused prairie surrounded by farmland. This 
study revealed numerous colocalizations between mobile genetic 
elements and antibiotic-resistance genes in the soil and human 
fecal metagenomes. By demonstrating its ability to deliver results 
in both host-associated and environmental microbiomes, this 
study provides a significant indication of the vast strides being 
made in long-read sequencing and the value that long-read 
sequencing  techniques can add to metagenomic analyses of 
the microbiome [13]. 

Written by Tristan Free  
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ABSTRACT
Background: N6-methyladenosine (m6A), a prev alen t mRNA modifica tion, is dynamically regula ted
by meth yltransf erases, including METTL3 and METTL14.
M aterials & metho ds: In the current study, we employed a custom hybrid-seq method to identify
novel METTL3 / 14 transcripts, explore their prot ein-c oding capacities and predict the putative role of
the METTL isoforms.
Results: Demultiplexing of the hybrid-seq barcoded datasets unraveled the expression patterns
of the newly identified mRNAs in major malignancies as well as in non-malignant cells, providing
a deeper understanding of the methyla tion pa thw ays. Open reading frame query r ev ealed nov el
METTL3/14 isoforms, broadening our perspective for the structural diversity within METTL family.
Conclusion: Our findings offer significan t insigh ts in to the in trica te transcriptional landscape of
METTL3 / 14 , shedding light on the regulatory mechanisms underlying methylation in mRNAs.

1. I ntro duction

While epigenetic changes, such as DNA methylation
and histone modification, are widely explored in
molecular biology r esear ch, the study of mRNA
modifications is an emerging field that encompasses
v arious RNA methyla tions, such as the dominan t N6-
methyladenosine (m6A) and additional alterations
including N1-methyladenosine (m1A), 5-methylcytosine
(m5C) and 7-methylguanosine (m7G) [ 1 ]. Among these,
m6A stands out as the most abundant epitranscriptomic
mark, being deposit ed ont o mRNA s by different
meth yltransf erase proteins that act either independently
or form multiprotein complexes [ 2 ]. Meth yltransf erase- 
like 3 (METTL3) introduces m6A individually or by
forming stable complexes with Methyltr ansfer ase-like 14
(METTL14) and additional ligands, including the Wilms
tumor 1-associat ed adapt or prot ein (WTAP), the Zinc- 
finger C C CH-type-containing 13 (Z C3H13), the Vir-like
m6A meth yltransf erase-associated (VIRMA) and the RNA- 
binding motif protein 15/15B (RBM15/15B) [ 3–8 ]. Further
studies suggest that Meth yltransf erase-like 16 (METTL16)
also catalyzes the introduction of m6A at specific mRNA
sites [ 9 , 10 ].

Multiple studies have ext ensively investigat ed
the crystal structure and the function of the
ME TTL3/ME TTL14 heterodimer, supporting the notion
that this complex acts co-transcriptionally at the m6A

consensus motif, DRACH (D = A, G, or U; R = G or A; and
H = A, C or U) [ 11 , 12 ]. Regarding METTL3, the full-length
prot ein c omprises 580 amino acids, has a molecular
weight of 70 kDa, and conserves distinct domains crucial
f or its meth yltransf erase activity. In brief, the N-terminus
harbors the WTAP-binding domain (residues 1–36),
which interacts with the splicing regulator WTAP to
facilita te proper localiza tion. METTL3 engages with
mRNA s c ontaining the DRACH motif thr ough tw o C C CH- 
type zinc finger domains (ZFD), namely ZFD1 (residues
259–298) and ZFD2 (residues 299–336), forming an
anti-parallel β-sheet [ 13 , 14 ]. At the C-terminus, the
METTL3 meth yltransf erase domain (residues 357–580)
is responsible for its enzymatic activity and features two
additional motifs: the DPPW (residues 395–398) and
the S-adenosylmethionine (SAM) binding site (residues
512–535). Both motifs are essential f or transf er r ing the
methyl g roup t o the adenine base. Specifically, the A sp
of the DPPW domain is considered the catalytic residue
for activ a ting the N6 a t the modified base, while the SA M
binding site serves as the methyl donor [ 15 ].

On the other hand, the 53.3 kDa METTL14 includes 456
amino acids and harbors several catalytical domains [ 16 ].
The N-terminal of METTL14 conserves the coiled coil
domain (residues 63–93) that is responsible for pro- 
t ein’s int er actions, while the methyltr ansfer ase domain
(residues 165–378) is the predominant part of the protein.
Mor eov er, the N-terminal α-helical motif that includes
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residues 116–163 and the C-terminal motif formed by
residues 380–402, c onstitut e the reg ions that enclose
the meth yltransf erase domain. The meth yltransf erase
domain (MTD) of METTL14 is similar to METLL3 and
harbors the catalytic EPPL motif (residues 192–195) as
well as the SAM binding site (residues 344–347) to transfer
methyl g roups t o RNA. R GG/R G motif (residues 409–452)
is an arginine-glycine rich domain at the C-terminal of
METTL14 that facilitates the RNA binding process [ 14 ].

Undoubt edly, the prot ein structures and functional- 
ities of both METTL3 and METTL14 have been exten- 
sively characteriz ed [ 17 ]. Ho wever, up to date the tran- 
scriptional profile of both METTL3 and METTL14 has
not undergone thorough investigation. Ac c ording t o
GenBank’s GRCh38 Annotation Release RS_2023_03, a
total of four METTL3 mRNAs have been char acter -
iz ed. T hese include the primary METTL3 mRNA ( METTL3
v.1, ac c ession number: NM_019852.5) and thr ee pr e- 
dicted mRNA models ( METTL3 X1, X2 and X3 acces- 
sion numbers: XM_011536968.3, XM_047431594.1 and
XM_006720206.5, r espectiv ely). All the alternativ e tran- 
scripts are suggested to encode differ ent pr otein iso- 
forms, since their nucleotide sequence differs from
METTL3 v.1 transcript. On the contrary, METTL14 is char- 
acteriz ed b y two mRNA s, the annotat ed METTL14 v.1
( METTL14 v.1, ac c ession number: NM_020961.4) and the
predicted X1 transcript ( METTL14 X1, ac c ession number:
XM_047416029.1). METTL14 mRNAs consist of different
transcript omic reg ions thus enc ode differ ent pr otein
isoforms.

The primary objective of the current study is to delve
into the transcriptional profile of METTL3 and METTL14
genes, aiming to identify novel mRNAs with potential
prot ein-c oding capacity . Additionally , our study seeks to
discern the expression levels of the novel METTL3 and
METTL14 splice v arian ts in multiple human cancers and
non-canc erous c ell lines. To achieve this, we designed
a hybrid-seq approach involving multiplex nanopore
sequencing coupled with short-read NGS sequencing,
t o generat e ‘polished’ full-length nanopor e r eads and
identify novel mRNA transcripts. In this study, we empha- 
size the presence of alternative METTL3 and METTL14
mRNA transcripts and highlight their expression levels
across various human malignancies. Furthermor e, w e
c onduct ed bioinformatics analysis to predict the protein- 
coding capacities of the newly described mRNAs and
compared our findings with results from Translating Ribo- 
some Affinity Purification sequencing (TRAP-Seq) and
Poly -Ribo-Seq applica tions. Finally, our study discusses
the putative biological functions of the predicted METTL3
and METTL14 isoforms, providing v aluable insigh ts in to
the in trica te transcriptional landscape of these major

meth yltransf erase genes and shedding light on m6A
methylation in human mRNAs.

2. Materials & methods

2.1. Human cell line culture & total RNA isolation

The pr esent w or k was car r ied out in a wide panel of
human cancer cell lines originating from breast cancer
(MD A-MB-468, MD A-MB-281, MCF-7, BT-474, SKBR-3 and
BT-20), liver cancer (HepG2 and Huh-7), ovarian cancer
(OVCAR-3 and ES-2), prostate cancer (PC-3 and LNCaP),
gastric cancer (AGS), colorectal cancer (Caco-2, DLD-1, HT-
29, HCT 116, SW 620) and hemat olog ical malig nancies
(HL -60, THL -1, U937, Raji and SUDHL1). Additionally, we
utilized the non-cancerous human embryonic kidney
(HEK-293) and human keratinocyt es (HaCaT) c ells. All c ell
lines w er e cultur ed based on the American Type Cultur e
C ollection guidelines .

Total RNA was isolated from each human cell line
using the TRIzol Reagent (Ambion 

TM , Thermo Fisher
Scientific Inc ., Waltham, M A, USA) and all the RNA
samples w er e appr opriat ely dilut ed in THE RNA St orage
Solution (Ambion 

TM ). The assessment of their purity and
c onc en tra tion w as t est ed spectrophot ometrically at 260
and 280 nm, using BioSpec-nano Micr o-v olume UV–Vis
Spectrophot omet er (Shimadju, Kyoto, Japan).

2.2. mRNA enrichment & first-strand cDNA synthesis

The positive selection of poly(A) RNAs was ac c omplished
using the NEBNext R 

©
Poly(A) mRNA Magnetic Isolation

Module (New England Biolabs, Inc., Ipswich, MA, USA) and
an initial RNA amount of 5 μg. The poly(A) + RNA samples
w er e quantified with the Qubit R 

©
RNA HS Assay Kit

(Invitrogen 
TM , Thermo Fisher Scientific Inc.). Ac c ordingly,

r ev erse transcription assays w er e performed to generate
first strand cDNAs. Briefly, the initial reaction mixtures
included ∼80–100 ng of poly(A) RNA from each human
cell line and 1 μl oligo-dT 20 (10 μM), w er e incuba ted a t
65 ◦C for 5 min in a V eriti 96-W ell Fast Thermal Cycler
(Applied Biosy st ems TM ) and aft erwar d w er e plac ed on ic e
for 2 min. Then each reaction was c omplet ed by adding
1 μl dNTP mix (10 mM each), 0.5 μl (20 U) RNaseOUT
inhibitor and 1 μl (200 U) of the r ev erse transcriptase
Maxima H Minus (Invitrogen 

TM , Thermo Fisher Scientific
Inc.). The cDNA synthesis was car r ied out by incubating
the reac tion mix tures at 50 ◦C for 40 min and subsequently
the enzyme was deactivated by heating the mixtures
at 85 ◦C for 5 min. The human housekeeping GAPDH
(Gly ceraldehy de 3-phosphate dehy dr ogenase) gene was
amplified for the quality assessment of the cDNA. The
cDNA samples w er e then mixed equimolarly t o generat e
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one cDNA pool sample per type of malignancy (breast,
liver, ovarian, hemat olog ical , pr ostate, gastric and col- 
orectal). Finally, one cDNA pool sample was created from
the non-cancerous cell lines HEK-293 and HaCaT.

2.3. Primer design & PCR amplification

For each METTL target gene, a PCR-based assay
using two gene-specific primers (GSPs) was designed
and employed for the specific amplification of their
mRNAs. Specifically, for METTL3 a forward GSP (F:
5 ′ -T CAGGGCT GGGAGACTAGGA-3 ′ ) targeted the first
annotated exon and was used along with a r ev erse GSP
(R: 5 ′ -GGAT TCT TAGCT CT GTAA GGAA GTGC-3 ′ ) tha t w as
desig ned t o anneal close t o the annotat ed st op c odon at
the last exon of the METTL3 . As for METTL14 , the forward
GSP anneals near the ATG site, the r ev erse targets the
11th annotated exon of the gene and their nucleotide
sequences are 5 ′ -T GGAACAT GGATAGC C GCTTG-3 ′ and
5 ′ -A GAA GGTTA GA GGA GGA TGAA TAGG-3 ′ , r espectiv ely.

PCR assays w er e perf ormed f or the amplification of
both METTL3 and METTL14 transcripts using the gener- 
a ted cDNA pools. Each PCR w as car r ied out in reaction
volumes of 25 μL with 0.2 mM dNTPs, 10X KAPA Taq Buffer
A (Kapa Biosy st ems Inc.), which included MgCl 2 at a final
c onc en tra tion of 1.5 mM, 0.4 μM of each primer, and 1 U
of KAPA Taq DNA Polymerase (Kapa Biosy st ems Inc.). The
mix was amplified in a hot-lid Veriti 96-Well Fast Thermal
Cycler under the following thermal conditions: 95 ◦C for
3 min, and 35 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C
for 3 min. A final extension step of 72 ◦C for 5 min was also
applied . Amplified pr oducts w er e electr ophor esed on a
2% Agarose gel with EtBr stain at 100 V for the assessment
of the PCR specificity . Finally , both METTL pr oducts fr om
each cDNA pool w er e purified using the NucleoSpin 

R© Gel
and PCR Clean-up kit (Macherey-Nagel GmbH & Co. KG,
Duren, Germany) and the amplicons were quantified with
the Qubit R

©
dsDNA BR Assay Kit (Invitrogen 

TM , Thermo
Fisher Scientific Inc.).

2.4. Ta rgeted na nop ore sequencing

An initial amount of 1 μg PCR product was used for
the construction of barcoded DNA-seq libraries using
the Ligation Sequencing Kit (SQK-LSK109, ONT) and
the Native Barcoding Expansion Kit 1–12 (EXP-NBD104,
ONT), ac c ording t o the guidelines of the manufacturer.
Briefly, end repair was ac c omplished with NEBNext R

©

Ultra TM II End Repair/dA-Tailing Module (New England
Biolabs, Inc), the adapter ligation step was completed
utilizing the Quick T4 Ligase (New England Biolabs,
Inc), while clean-up workflows were performed with the
Agencourt AMPure XP beads (Beckman Coulter, Brea,
CA, USA). The purified barcoded libraries w er e quantified

with Qubit R 
©

dsDNA BR Assay K it (I nvitrogen 
TM , Thermo

Fisher Scientific Inc.) and the final library mix included
all barcoded libraries, which were mixed equimolarly.
Nanopore sequencing was c onduct ed on a MinION Mk1C
sequencer (Oxfor d Nanopor e Technolog ies Lt d, ONT,
Oxfor d , UK), using a FLO-MIN106D flow cell with R9.4.1
chemistry.

2.5. Next-genera tion sequenc ing

To perform polishing of the long sequencing reads, the
same PCR product samples that were sequenced with
nanopor e sequencing w er e also used as t emplat es for
an NGS DNA-seq run using the semic onduct or sequenc- 
ing technology. The DNA-seq library preparation steps
included enzymatic frag mentation, adapt er ligation, nick- 
repair and purification of the ligated DNA according to
the manufactur er’s pr ot oc ol and was c omplet ed with the
Ion Xpress TM Plus Fragment Library Kit (Ion Torrent TM ,
Thermo Fisher Scientific Inc.) To enrich the library for 300–
400 bp fragments, bead-based size selection was car r ied
out using the KAPA Pure Beads (Kapa Biosy st ems Inc.).
Ac c ordingly, the quan tifica tion of the NGS library was
performed on a QuantStudio 

TM 5 Real-Time PCR Sy st em
(Applied Biosy st ems TM ) with the Ion Library TaqMan 

TM

Quan tita tion Kit (Ion Torr ent TM ). The pr e-sequencing tem- 
pla te prepara tion and enrichmen t steps w er e performed
using the Ion PGM 

TM Hi-Q 
TM View OT2 kit (Ion Torrent TM ),

while the Ion PGM 
TM Hi-Q 

TM View Sequencing kit was
used for the sequencing pr ocedur e on the Ion Personal
Genome Machine TM (PGM 

TM ) platform.
Additionally, a typical RNA-seq experiment was car r ied

out to compare the results not only with our designed
nanopor e sequencing appr oach, but also with findings
from publicly available datasets from TRAP-Seq and Poly-
Ribo-Seq applications. Our RNA-seq run was car r ied out
using 10 ng poly(A) + RNA sample from HEK-293 cells,
while the library was pr epar ed following the prot oc ol of
MGIEasy RNA Directional Library Prep Set kit (MGI Tech
Co., Ltd). In the next step, the NGS run was car r ied out at
a DNBSEQ - G50 (MGI Tech Co., L td) pla tform, using a FCL
flow cell and PE100 read length. Finally, for comparison
purposes, w e utilized tw o publicly available sequencing
datasets from Sequence Read Archive database of NCBI,
which included a TRAP-Seq approach on human pluripo- 
t ent st em c ells (Study ID: PRJNA687244) and a Poly-Ribo-
Seq approach on HEK-293T cells (Study ID: PRJNA853906).

2.6. Comput ational analy sis of the sequenc ing da ta

The raw nanopore sequencing data was basecalled and
demultiplexed with Guppy, which categorized sequenc- 
ing reads to pass and fail in terms of quality. Only the
sequencing reads that met the default quality cut-off
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w er e taken into consideration for further analysis, while
failed reads were discarded. Nanopore sequencing reads
w er e then “polished” using specialized hybrid error cor- 
rection algorithms under the recommended parameters.
Polished long-read sequencing reads were then aligned
to the human r efer ence genome (GRCh38) by minimap2
aligner [ 18 ]. The derived BAM files that w er e generated
w er e visualized with Int eg rativ e Genomics View er (IGV)
for an initial assessment of the results. Additionally, the
short sequencing reads produced by NGS were aligned to
GRCh38 with hisat2 aligner under the default parameters.

2.7. Differential expression analysis of the
identified METTL mRNAs

It should be noted that the multiplexing options of
nanopore sequencing enabled the quan tifica tion of
each alternative transcript in the investigated human
cell lines. The in-house developed Alternative Splicing
Detection Tool, namely “ASDT,” was primarily used for
the iden tifica tion of alterna tive MET TL3 and MET TL14
transcripts [ 19 ]. “ASDT” is a specialized algorithm, written
in PERL programming language, developed to identify
and analyze alternative splicing events, including exon
skipping events and intron retentions from massive
parallel sequencing data. ASDT r equir es raw datasets
(fastq files) as well as the r efer ence annotation Genbank R

©

file f or an y gene of interest to perform splicing analysis.
The tool is designed to ex trac t all exon c oordinat es,
generate kmers for every possible alternative splicing
ev ent betw een all annotated exons of the gene, and
then provide the abundance of each splicing event.
Additionally, it offers the user the option t o det ect splicing
sites allowing a number of mismatches, which is defined
by the user. In the present study, only perfect matches
w er e taken into consideration since the raw sequencing
data w er e “polished” long-r ead sequencing r eads. To
estimate the expression levels for each METTL3 and
METTL14 transcript, the reads per million (RPM) method
was employ ed . Heatmaps w er e designed for visualizing
the differ ential expr ession lev els of the newly identified
mRNAs.

2.8. Q uantita tive real-time PCR

The r elativ e mRNA abundance of the described METTL
mRNAs w as investiga ted by RT-qPCR assays, using
v arian t-specific primers, which w er e desig ned t o target
the novel splice junctions of METTL3 and METTL14 genes
( Supplementary Tables S1 & S2 ). The qPCR-based assays
w er e performed using cDNAs from HEK-293, MCF-7,
OVCAR-3 and PC-3 cells as t emplat es. All qPCR reactions
w er e implemented in a QuantStudio 

TM 5 Real-Time PCR
Sy st em (Applied Biosy st ems TM ). Amplification of each

alterna tive mRNA w as carried out in reaction volumes
of 10 μL that included 5 μL of the 2X Kapa SYBR Fast
qPCR Mast er Mix (KapaBiosy st ems, Inc.), 2 μM of each
primer, and 1 μL of the cDNA t emplat e, while the thermal
prot oc ol included an initial dena tura tion step a t 95 ◦C
for 3 min and 40 cycles of 95 ◦C for 3 s and 60 ◦C for
30 s. The human GAPDH housekeeping gene was also
amplified and used as the endogenous r efer enc e c ontrol
for normalization.

2.9. St atistical analy sis

For qPCR data analysis, the statistical analysis software
GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA) was used. All statistical analysis results are presented
with error bars representing mean ± standard deviation
(SD). Detailed statistical tests performed for each METTL
transcr ipt compar ing the results of the three biological
r eplicates pr oduced thr ough qPCR.

2.10. Bioinforma tics investiga tion of the coding
capacities of the METTL3 & METTL14 mRNAs

To predict the coding capacity of novel mRNAs we utilized
the ExPASy translate tool, which is designed to provide
all puta tive initia tion and termina tion c odons of a g iven
nucleotide sequence. To further investigate the putative
role of the coding METTL3 and METTL14 transcripts, the
predicted amino acid sequences w er e tested for the
presence of the METTL conserved motifs. DeepGOWeb
Protein Function prediction webserver provided the Gene
On tology (GO) enrichmen t analy sis including c onfidenc e
scores for the putative proteins [ 20 ]. Finally, AlphaFold3
was utilized to predict and generate 3D structures of the
putativ e METTL isoforms, pr oviding further insigh ts in to
their structural characteristics and potential functional
implica tions [ 21 ]. Additionally, functional insigh ts based
on 3D protein structures were elucidated using PyMOL
softw are, which facilita t ed alig nment and c omparison
of predicted isoforms with annotated METTL structures.
In addition, RMSD (Root Mean Square Deviation) was
calculat ed t o assess structural similarities and differences.
Mor eov er, the DeepFRI tool employ ed to assess high
confident functional predictions of these proteins based
on their 3D structures [ 22 ]. DeepFRI utilizes structural
data from pdb files t o annotat e functional roles based on
the GO terms for C ellular C omponent, Molecular Function
and Biological Process.
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3. Results

3.1. Na nop ore sequencing unveils novel alternative
METTL3 & METTL14 mRNAs

In the present study, we performed multiplexed amplicon
sequencing using as t emplat es cDNA pools originating
fr om sev en human cancers including breast (MDA-MB-
468, MDA-MB-281, MCF-7, BT-474, SKBR-3 and BT-20), liver
(HepG2 and Huh-7), ovarian (OVCAR-3 and ES-2), prostate
(PC-3 and LNCaP), gastric (AGS), colorectal (Caco-2, DLD-
1, HT-29, HCT 116 and SW 620) and hemat olog ical (HL-
60, THL-1, U937, Raji, SUDHL1) malignancies as well as
non-canc erous c ells (HEK-293 and HaCaT). For each cDNA
pool sample, two distinct amplicons were generated,
c orresponding t o amplified mRNA s of METTL3 & 14.
Bioinformatics analysis r ev ealed a plethora of splicing
events including exon skipping and intron retention, gen- 
era ting v ar ious alter nativ e mRNAs, which hav e also been
observed in the full length aligned reads visualized by IGV.
Additionally, the coding capacities of the newly identified
METTL3 and METTL14 transcripts w er e ev alua ted by the
presence of both ORFs in their nucleotide sequence
and conserved motifs in the generated amino acid
sequence. On the contrary, RNAs har bor ing a pr ematur e
t ermination c odon (PTC) r esiding > 50 nt upstr eam of the
last exon junction w er e consider ed non-coding RNAs and
candida tes for nonsense-media ted mRNA decay (NMD)
pa thw ay [ 23 ].

Nanopore sequencing confirmed the exist enc e of the
annotated METTL3 v.1 (NM_019852.5) and the previously
predicted mRNA, METTL3 X.1 (XM_011536968.3) but also
a total of eight novel mRNAs was unraveled ( METTL3 v.2
- v .9). Briefly , sev en mRNAs ar e generat ed by alt ernative
splice junctions between the annotated exons ( METTL3
v.2 - v.8), whereas METTL3 v.9 is characterized by the
r etention of tw o intr onic r egions betw een exons 8 and
9 and exons 9 and 10 ( Figure 1 ). Our analysis confirms
an alternative splice junction between exons 1 and 4,
genera ting the alterna tive transcript v arian t METTL3 v.2,
which is characterized as non-coding RNA. Although
METTL3 v.3 is characterized by the entire absence of exons
6, 7 and 8, its mRNA sequence harbors the annotated
start and stop codons and an ORF of 468 aa, hence is
expect ed t o be prot ein-c oding ( Figure 1 ). On the contrary,
METTL3 v.4 lacks exons 4, 5 and 6, contains a PTC and
ther efor e is most likely a non-coding RNA. Exon skipping
events occur r ing in METTL3 v.5, generate an alternative
splice junction between exon 3 and exon 10. In silico
analysis r ev ealed that although the entire lack of six
annotated exons, METTL3 v.5 is a coding mRNA since
it harbors the annotated initial and termination codons
( Figure 1 ). Exclusion of the annotated exon 6 generates
an additional mRNA, METTL3 v.6, which r epr esents a non- 

coding RNA. Accordingly, METTL3 v.7 displays a different
splice junction of exon 5 with exon 10, while METTL3 v.8
is formed by all the annotated exons except from exon
7. The applied ORF analysis showed that both METTL3 v.7
and METTL3 v.8 are most likely prot ein-c oding sinc e they
possess ORFs from the annotated ATG the termination
codon ( Figure 1 ). Finally, METTL3 v.9, which c onstitut es
the only transcr ipt har bor ing intronic sequences, is a non- 
coding RNA.

Similarly, our long-read sequencing approach unrav- 
eled the presence of eight alternative METTL14 mRNAs
( METTL14 v .2–v .9). Bioinformatics analysis r ev ealed that
the lack of exon 2 in METTL14 v.2, as well as the
absence of exon 7 in METTL14 v.3, generate non-coding
RNA s candidat es for NMD. METTL14 v.4 lacks exon 8,
but includes the annotated start and st op c odons and
possesses an ORF of 425 aa ( Figure 2 ). Additionally, the
alt ernative splic e junction between exons 9 and 11 in
METTL14 v.5 introduces a novel stop codon located on
the last exon, thus the mRNA is likely coding. Mor eov er,
our approach failed t o det ect the predicted METTL14 X1
transcript, which has an alternative exon 10 and lacks the
entire exon 11, due to the specificity of the reverse primer
which anneals at the last annotated exon. How ev er,
METTL14 X1 harbors an additional exon between the
annotated exons 8 and 9, namely C, which is also present
in the newly described METTL14 v.6 and v.7 mRNAs.
Although METTL14 v.7 includes the cryptic exon C, it lacks
exon 10, whereas METTL14 v.6 includes all the known
exons and the C exon as well ( Figure 2 ). Both transcripts
lack ORFs and are highly expected to be non-coding. The
last two mRNAs, harbor a novel cryptic exon between the
exons 8 and 9, namely N. METTL14 v.8 comprises of the 11
annotated exons and the N exon and r epr esents a non- 
coding v arian t, whereas METTL14 v.9, which includes the
exon N but lacks the exon 10 possesses an ORF of 291 aa
and shares the same annotated initiation and stop codons
( Supplementary Figure S1 ).

3.2. Expression profiling of the METTL3 & METTL14
tra nscript va ria nts

To conduct expression profiling of METTL3 and METTL14
mRNAs, long-read sequencing datasets were demulti- 
plexed and RPM method was employed to assess the rela- 
tiv e expr ession lev els of each described METTL transcript
among the investigated human cell lines. As expected,
analysis showed that METTL3 v.1 represents the most
prev alen t mRNA in all the barcoded libraries, whereas
the rest mRNA s demonstrat ed diverse expression levels.
Sur pr isingly, compared with all the alternative METTL3
mRNAs, METTL3 v.9 exhibits significantly higher expres- 
sion lev els acr oss all the sev en human malignancies
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Figure 1. Structur al illustr ation of the novel MET TL3 mRNAs ( MET TL3 v .2–v .9). Ex ons are shown as box es and introns as lines; black
boxes demonstrate the coding regions of the mRNAs that harbor ORFs, while light red boxes represent non-coding regions. Non-coding
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ac c ession number are demonstrated next to each transcript. Finally, blue and red arrows represent relative position of the forward and
r ev erse primers used for mRNA amplification.

and the non-cancerous cell lines, indicating its putative
role int o c ells ( Figure 3 A). In addition, METTL3 X1 is
mainly expressed in breast and gastric cancer, and in
hemat olog ical malig nant c ells, whereas METTL3 v.4 is
det ect ed in higher levels in breast cancer and hemato- 
log ical malig nant c ells but also in non-canc erous c ells.
Notably , METTL3 v .2 and v .6 ar e r epr esented by higher
RPM values in colorectal and gastric cancer, r espectiv ely.
As for the remaining METTL3 mRNAs, they w er e identified
in significantly lower read counts as compared with v.1
and v.9 ( Figure 3 A).

Similarly, the main METTL14 transcript is r epr esented
by higher RPM values in all the investigated human
cell lines. Among the identified METTL14 v arian ts, the
coding METTL14 v.5 transcript emerged as the most abun- 
dant across all the barcoded libraries, hence it’s highly
promising to possess critical functional roles ( Figure 3 B).
Expression analysis revealed that METTL14 v.7 abundance
displays a wide range of differen tia tion among the panel
of human cell lines, being sufficiently expressed in ovar- 
ian, prostate and colorectal cancer but rarely represented
in the remaining cell lines ( Figure 3 B). In addition, the
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remaining transcripts are significantly underrepresented
as compared with METTL14 v.1 and v.5, as they are
hardly detectable among all the human malignancies
( Figure 3 B). Besides the comparative expression analysis
of the described METTL transcripts among the inves- 
tigat ed barc oded libraries based on their RPM values,
c omplet e clust ering analy sis (bidirectional clust er orien- 
tation) of transcript expression across the investigated
human cells r ev ealed distinct expr ession patterns for each
alternative METTL3 and METTL14 v arian t ( Supplemen tary
Figure S2 ).

In addition to long-read sequencing data, we utilized
RNA-seq to further enrich our analysis of alternative
splicing events in METTL3 and METTL14 genes. Given
the limitations of RNA-seq in capturing full-length mRNA
sequenc es, our analy sis focused on det ecting splic e
junctions. From the RNA-seq data, we suc c essfully iden- 
tified all annotated splice junctions comprising the main
METTL3 transcript, as well as the two intronic sequences
that comprise METTL3 v.9 ( Figure 3 C). It’s worth mention- 
ing that the expr ession lev els of intr on r etentions r epr e- 
senting METTL3 v.9 w er e notably elevated, a finding that
is c onsist ent with the obtained evidenc e fr om nanopor e
sequencing data. This c onc ordanc e undersc ores the
reliability of our observ a tions across different sequencing

platforms and r einfor ces the significance of METTL3 v.9 in
c ellular proc esses ( Figure 3 C). RNA-seq also confirmed the
exist enc e of less abundant splice junctions, such as the
junction between exons 3 and 7, the junctions of exon 5
with exon 7 and 10 as well as the splicing event between
exons 6 and 8, which characterize the alternative METTL3
v .4, v .6, v .7 and v.8 transcripts, ac c or dingly ( Figur e 3 C). In
the case of METTL14 , RNA-seq r ev ealed the detection of
the exon skipping event of exon 10 ( Figure 3 D). Despite
the limited depth of coverage inherent to RNA-seq, the
prevalence of the 9/11 junction that comprises METTL14
v.5, supports the notion that v.5 is the most abundant
previously uncharacterized METTL14 v arian t. Our find- 
ings further underscore the importance of in tegra ting
multiple sequencing approaches to compr ehensiv ely
elucidate the landscape of alternative splicing in mRNA
methylation machinery.

3.3. mRNA expression analysis through
quantitative PCR assays

Quan tita tive PCR-based assays revealed that the
described METTL3 and METTL14 mRNAs can be
suc c essfully quantified in multiple human cell lines,
being det ect ed in all c ell lines that w er e used ( Figur e 4 ).
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Figure 3. Relativ e expr ession of the nov el METTL tr anscript v ariants and the det ect ed splicing ev ents of the pr esent study. (A) Heatmap
showing the expression levels of METTL3 transcripts relative to the abundance of the annotated mRNA ( METTL3 v.1). (B) Heatmap
illustrating the r elativ e abundance of the alternative METTL14 transcripts as compared with the annotated mRNA ( METTL14 v.1). (C)
Read per million values of the annotated and novel splicing events of METTL3 gene from NGS RNA-seq run in HEK-293 cells. (D) Read
per million values of the annotated and novel splicing events of METTL14 gene from NGS RNA-seq run in HEK-293 cells.

Each qPCR assay was c onduct ed in triplicat es t o ensure
r obustness and r eliability of the observ ed r esults.Of note,
METTL3 v.9 demonstrated notable expression levels,
being in ac c ordanc e with our in silico analy sis from the
two distinct sequencing approaches utilized ( Figure 4 A).
Mor eov er, METTL3 X.1 is among the most abundant
mRNA along with v.9 in cancer cells and in HEK-293. As
for METTL14 , most of the mRNAs are detected in the
human cell lines tested; how ev er their expr ession lev els
ar e differ en tia t ed ( Figure 4 B). It should be not ed that
METTL14 v.5, which has been proposed as the most
abundan t alterna tive transcript ac c ording t o nanopore

sequencing reads, demonstrat ed not eworthy expression
levels as compared with the rest identified mRNAs
( Figure 4 B). Additionally, METTL14 v.7 is also det ect ed
in high levels. Although METTL14 v.2 has been hardly
det ect ed thr ough nanopor e sequencing, qPCR assays
r ev ealed its high abundance in the human cell lines
t est ed.

3.4. Translatome profiling supports the existence of
nov el protein-c oding METTL3/14 mRNAs

To further decipher the prot ein-c oding capacities of the
identified METTL transcripts, two available translatome
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Figure 4. Barplots showing the r elativ e abundance of each described transcript variant using qPCR-based assays and variant-specific
primer pairs for (A) METTL3 and (B) METTL14 . The GAPDH housekeeping gene was utilized for normalization. The r elativ e quantity of
the described METTL3/14 mRNAs is exhibited as mRNA copies/10 6 GAPDH copies. All qPCR assays w er e performed using three
biological repeats.

profiling studies (TRAP-Seq and Poly-Ribo-Seq) from
Sequence Read Ar chiv e database w er e inv estigated for
the potential detection of the described METTL tran- 
scripts. Analysis of Poly -Ribo-Seq da taset in HEK-293T
c ells c onfirmed the intr on r etention ev en ts tha t comprise
METTL3 v.9 ( Supplementary Figure S3 ). Additionally, the
exon skipping event between exons 5 and 7, which is
included in v.6, as well as the splice junction between
exon 3 and 10, which characterizes METTL3 v.5 w er e
also det ect ed ( Supplementary Figure S4A ). Furthermore,
TRAP-Seq da ta con tained splicing even ts characteriz- 
ing METTL3 v.9 and v.6, but also the splice junction
between exons 6 and 8 that characterizes METTL3 v.8
( Supplementary Figure S4B ). Additionally, analysis of the
Ribo-seq peaks r ev ealed which exons are translated into
prot eins. Henc e, for the newly identified alternative tran- 
scripts, Ribo-seq peaks showed that the aforementioned
alt ernatively splic ed junctions ar e captur ed by ribosomes,
pr oviding str ong evidenc e for the translation pot ential
of these transcripts. METTL3 v.9 exhibits strong Ribo- 
seq peaks at the intron ret ention reg ion, suggesting
that the transcript is actively translated int o prot ein.
Similarly, Ribo-seq signal intensities for exon skipping
events characterizing METTL3 v .5, v .6, and v .8 indicate
their translation activities ( Figure 5 ).

It should be noted that according to the obtained ORF
query analysis, METTL3 v.6 and v.9 have been classified as
lncRNAs, how ev er, sequencing r eads fr om Poly-Ribo-Seq

experiments suggest that these transcripts may consti- 
tut e mRNA s with translation pot ential . This discr epancy
can be explained since our analysis has been limited
t o det ect c oding mRNA s utilizing the annotat ed ATG
and hence METTL3 v.6 and v.9 might enclose alternative
start codon(s). Additionally, both METTL3 v.6 and v.9
harbor a PTC, which in some cases may be suppressed
during translation. In the same manner, both TRAP-Seq
and Poly-Ribo-Seq confirmed the presence of splicing
ev ent betw een exons 9 and 11, supporting the notion
that METTL14 v .5, v .7 and v.9 encode METTL14 isoforms
( Supplementary Figure S4 ). TRAP-Seq has also r ev ealed
the coding potentials of METTL14 v.3, although our in
silico analysis suggests that v.3 r epr esents a lncRNA. More- 
over, Ribo-seq sig nal int ensities for METTL14 , highlight
that the peaks for both splice junctions 9/11 and 6/8
c orrespond t o ribosome-bound reg ions, indicating active
translation sites ( Figure 5 ).

3.5. In silico analysis of the putative METTL3 &
METTL14 protein isoforms

Both METTL3 and METTL14 possess conserved domains,
significant for their cellular functionality ( Supplementary
Figures S5 & S6 ). To investigate the structural int eg rity
and potential functionality of these domains in the
novel isoforms, in silico ORF query, AlphaFold3 structural
predictions , PyMOL visualizations , and DeepFRI func- 
tional analyses w er e performed . Surprisingly, the highly
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Figure 5. Ribosome profiling peaks as visualized by IGV. Red rectangles are used to highlight the region of the novel splicing event.

expect ed prot ein-c oding mRNA s, MET TL3 X.1 and MET TL3
v.8, conserve all the characteristic METTL3 domains,
but in a per ceiv ed position shift, due to exon skipping
even ts ( Supplemen tary Figure S5 ). AlphaFold3 predic- 
tions r ev ealed that METTL3 X1 and v.8 hav e 3D structur es

highly similar to v.1 ( Figure 6 & Supplementary Table S3 ),
with RMSD values of 44.228 and 36.999, r espectiv ely,
suggesting a strong conserv a tion of structural features
nec essary for mRNA int eraction and adenine methylation.
Thr ee additional putativ e pr ot eins enc oded by METTL3
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METTL3 v.1 METTL3 v.3METTL3 X1

METTL3 v.5 METTL3 v.8METTL3 v.7

Figure 6. Pr otein 3D structur es of the described METTL3 isoforms obtained by AlphaFold3 sof t war e. Differ ent colors ar e used t o indicat e
the per-atom confidence on a 0–100 scale (blue: > 90, cyan: > 70 and < 90, yellow: > 50 and < 70, orange: < 50).

v .3, v .5 and v .7 harbor most of these functional domains.
METTL3 v.3 and v.7 encompass the WTAP binding
domain, the two ZFD domains and the SAM binding site
but lack the DPPW domain, resulting in RMSD values of
15.449 and 23.718, r espectiv ely . Consequently , although
the isoforms are expected to interact with the splicing fac- 
tor WTAP and the DRACH motif found in mRNAs, the lack
of the DPPW hinders the methylation of the adenine base.
As for the isoform encoded by METTL3 v.5, which showed
median structural similarity (RMSD 31.807), it lacks both
the ZFD domains and the DPPW region thus is expected
to possess decreased methylase activity ( Supplementary
Figure S5 ). DeepFRI analysis corroborated these findings,
by analyzing the GO terms of the putative protein
isoforms based on their structure. For METTL3, all putative
pr oteins ar e pr edict ed t o be localized int o the nucleus,
since they exhibit high prediction scores. Additionally,
the molecular functions of the newly descripted METTL3
pr oteins ar e notably r educ ed or lost c ompared with the
canonical isoform. Specifically, except for METTL3 X1 and
v.8 which conserve some of the molecular functions
of METTL3, including the tr ansfer ase and the catalytic
activity, the remaining isoforms do not possess enzymatic
functions ( Supplementary Table S3 ). In the same manner,
sequenc e-based analy sis using the DeepGOWeb server,
r ev ealed that METTL3 X1 and v.8 isoforms exhibit a similar
pattern in all three GO terms as compared with the
annotat ed METTL3 prot ein, whereas the prediction scores
for the function of the putative products of METTL3 v.3

and v.7 are lo wer. T he expected isoform from METTL3
v.5 demonstrates a notably decreased activity in terms
of both molecular function and biological process, sug- 
gesting that it is mainly related to the cellular anatomical
en tity ( Supplemen tary Figures S7A & S8A ).

Regarding METTL14, the putative isoform encoded by
v.4 conserves all six functional regions of the main isoform
( Supplementary Figure S6 ), and struc tural predic tions
show a high degree of similarity to v.1 (RMSD 21.202).
In contrast, METTL14 v.5, v.7, and v.9 exhibit significant
structural deviations (RMSD values of 19.023, 8.881,
and 0.701, r espectiv ely) and lack key functional motifs
such as the SAM binding sit e, C-t erminal motif reg ion,
and R GG/R G motif ( Supplementary Table S4 ). Structure- 
based analysis for the METTL14 isoforms demonstrated
enriched prediction scores for METTL14 v .5, v .7 and v.9
indica ting their significan t roles as functional enzymes
( Figur e 7 ). Mor e specifically, all these isoforms exhibit
similar scores in terms of meth yltransf erase and cat- 
alytic ac tivity, ac ting on RNA, suggesting that METTL14
and its alternative proteins participate in the methyla- 
tion machinery. Mor eov er, METTL14 v .5 and v .7 exhibit
high prediction scores in terms of Biological Process
indica ting tha t these isof orms are in v olv ed in RNA
metabolic processes, methylation and ribosome bio- 
genesis ( Supplementary Table S4 ). The functional pro- 
file of METTL14 v.4 exhibits significantly diminished
meth yltransf erase activity, hence the isoform barely
participat es in biolog ical proc esses such as the RNA



1170 K. ATHANASOPOULOU ET AL.

METTL14 v.1 METTL14 v.4 METTL14 v.5

METTL14 v.7 METTL14 v.9

Figure 7. Protein 3D structures of the described METTL14 isoforms obtained by AlphaFold3 sof t ware. Different colors are used to
indicate the per-atom confidence on a 0–100 scale (blue: > 90, cyan: > 70 and < 90, yellow: > 50 and < 70, orange: < 50).

metabolic process and the RNA processing and modifi- 
ca tion ( Supplemen tary Table S4 ). Ac c ording t o sequenc e- 
based analy sis, GO t erms r ev ealed tha t the puta tive
METTL14 isoforms exhibit a similar profile in all processes
and molecular functions, how ev er their enrichment
scor es ar e notably r educ ed c ompared with METTL14
( Supplementary Figures S7B & S8B ).

4. Discussion

RNA splicing c onstitut es a key mechanism for increasing
the diversity of prot eins. Prot ein-c oding genes can give
rise to multiple mRNA splice v arian ts, possibly due
to differ ent r egulatory mechanisms or cellular condi- 
tions affecting transcription and mRNA processing [ 24 ].
Especially, studies support that a gene that includes
11 exons can generate an average of 5.4 alternative
transcripts [ 25 , 26 ]. In the same manner, the purpose of
the present study was to investigate the transcriptional
landscape of two crucial components of the m6A methy- 
lation machinery, METTL3 and METTL14. A key novelty of
our r esear ch lies in the discov ery of new mRNA transcripts
associated with these meth yltransf erases, which also
c ontribut e t o the broader field of epitranscriptomics.
By int eg r ating tr anscriptomics data, we can gener ate
hypotheses about the functional implications of m6A
modifications and pr ior itize candidate transcr ipts for
further experimental validation. Undoubtably, further
pr oteomic-based r esear ch is needed to fully elucidate the
functionality and the roles of the described mRNAs.

In the current study, we designed and performed a
hybrid-seq approach by coupling the long-read nanopore
sequencing and the short-read NGS to generate accurate
and full-length sequencing reads that r epr esent nov el
mRNAs of the major meth yltransf erase genes METTL3
and METTL14 . Our approach unveiled eight additional
transcripts of METTL3 ( METTL3 v .2-v .9) and METTL14
( METTL14 v .2–v .9) genes. Both meth yltransf erases par- 
ticipate in the construction of m6A meth yltransf erase
c omplex, which mediat es mRNA stability, RNA splicing,
and transla tion [ 27 ]. Thus, investiga ting the functional
differ ences betw een the METTL3 and METTL14 alternative
transcripts could uncover additional regulatory mecha- 
nisms in gene expression and mRNA metabolism. Inter- 
estingly, our in silico analysis strongly suggests that the
described novel mRNAs are composed of both protein- 
c oding and lncRNA s, sinc e many transcripts are predicted
to harbor PTCs and hence are highly expected to follow
the pa thw ay of NMD. The fact tha t half of the alterna tive
mRNAs r epr esen t lncRNAs suggests a ra ther bifunctional
role of METTL3 and METTL14 pre-mRNAs which serve as
precursors of both types of RNA [ 28 ].

Since RNA-seq studies support the tissue-specific
profiling of splicing events in a plethora of genes that
c ontribut e t o car cinogenesis, w e utilized a multiplexed
nanopore sequencing approach to reveal differential
expression patterns across cell lines from distinct human
malignancies that w er e inv estigated [ 29 , 30 ]. Our anal- 
ysis showed cancer-specific expression signatures and
splicing events, such as novel splice junctions and intron
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ret entions, c ontribut ed t o isof orm diversity, with differ- 
ential expression patterns observed across the investi- 
gat ed canc er types and normal cells. Of note, nanopore
sequencing unveiled that METTL3 v.9 and METTL14 v.5
exhibit ed sig nificantly higher expression levels compared
with other alternative mRNAs across various human
canc ers and non-canc erous c ells, suggesting that they
ma y pla y crucial r oles in cellular pr ocesses, including
m 

6 A modification and epigenetic regulation. This finding
was supported not only by nanopore sequencing data
that enabled the detection and quantification of the
identified full-length mRNAs but also from NGS datasets
that r ev ealed the high abundancy of the intr on r etention
in METTL3 v.9, and in case of METTL14 v.5, the abundancy
of the alternative splice junction between exon 9 and 11
( Figure 3 ). Although NGS fails to detect the full mRNA
sequence of the METTL v arian ts due to the short-read
technology, these findings highlight the complementary
natur e of differ ent sequencing t echnolog ies and under- 
score the necessity of compr ehensiv e appr oaches in
unraveling the complexity of gene expression regulation.

As for qPCR analysis, the consistency of transcript
detection acr oss div erse human cell lines suggests that
these alter native transcr ipts are not cell type-specific
and ma y pla y roles in a variety of c ellular c ont exts.
The suc c essful amplification and det ection of these
transcripts in both normal and cancerous cell lines
highligh t their poten tial relev anc e in both c onditions.
On the contrary, a recent study supports the presence
of 13 alternative METTL3 mRNAs in HepG2 that exhibit
differen tia ted expression levels between normal human
liver and hepat oc ellular carcinoma [ 31 ]. Both METTL3-
D (described in the study of Xu et al.) and METTL3 v.9,
which is described in our study, include the retention of
the intronic regions between exons 8 and 9 and exons 9
and 10, but they differ in their fourth exon. Interestingly,
both transcripts exhibit a high expression level in both
studies, indica ting tha t they are associa ted with human
malignancies.

The detection of splicing events leading to alternative
MET TL3 and MET TL14 mRNA s suggests the presenc e
of previously unidentified protein isoforms that could
possess diverse biological functions. It should be noted
that despite several studies suggest ribosome’s ability
t o rec og nize multiple ATG sit es on mRNA, generating
upstream or downstream ORFs and enabling translation
of alternative in-frame and out-of-frame ORFs [ 32 , 33 ], our
analysis was based on the annotated ATG for both METTL3
and METTL14 , since there is no experimental validation
of alternative functional initiation sites. Our investigation
of two translatome profiling studies provided substantial
evidence supporting the protein-coding potential of the
identified METTL transcr ipts. B oth Poly-Ribo-Seq and

TRAP-seq datasets confirmed several splicing events for
both METTL3 and METTL14 . I mportantly, R ibo-seq analysis
identified peaks corresponding to these splice junctions,
indica ting tha t ribosomes are bound to these regions,
implying translational activity. How ev er, this alone may
not conclusively prove that these transcripts produce
functional proteins. For instance, the classification of
METTL3 v.6 and v.9 as lncRNAs based on ORF query anal- 
ysis raises the possibility that these transcripts may also
have non-coding functions or could be translated into
short, possibly non-functional peptides. The observed
discrepancies might be due to alternative start codons,
or the potential suppression of PTCs during translation.
While the Ribo-seq data provides strong evidence for
the translation potential of these alternatively spliced
transcripts, further v alida tion is necessary to confirm
their prot ein-c oding na ture. These findings highligh t the
in trica te regula tory mechanisms underlying METTL3 and
METTL14 transcript diversity and their translation. The
active translation of these alternatively spliced transcripts
underscores their potential biological significance, war- 
ran ting further investiga tion in to their specific roles and
functions in cellular processes.

One important aspect t o c onsider is how these alter- 
native transcripts may affect the activity or localization
of the ME TTL3/ME TTL14 comple x. A lter native transcr ipts
enc oding prot eins with different subc ellular localization
sig nals c ould pot entially target the meth yltransf erase
c omplex t o different c ellular c ompartments, leading
to spatially regulated m 

6 A methylation of mRNA tran- 
scripts. For METTL3, our in-silico analy sis, inc orporating
AlphaFold3 struc tural predic tions, revealed the exist enc e
of multiple putative protein isoforms resulting from
alternative splicing events. Notably, certain isoforms,
such as the ones deriv ed fr om METTL3 X.1 and v.8,
feature all characteristic domains essential for m 

6 A
meth yltransf erase activity. These findings suggest that
despite the observed v aria tions in splicing patterns,
these isoforms may retain the ability to interact with
mRNAs and promote methylation of adenine residues.
Additionally, isoforms like METTL3 v.3 and v.7 exhibited
partial conserv a tion of functional domains, indica ting
potential roles in mRNA regulation despite differences
in meth yltransf erase activity. How ev er, isoforms such as
the one derived from METTL3 v.5 displayed notable
alterations in functional domains, potentially resulting
in decreased methylase activity ( Figure 5 ). Similarly, our
analysis of METTL14 isoforms identified putative protein
isoforms with varying domain compositions. In detail,
METTL14 v.4 encodes a putative protein that retains all
functional regions of the main isof orm, while isof orms of
METTL14 v.5 and v.9 exhibited alterations in functional
domains ( Figur e 6 ). Furthermor e, the absence of specific
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domains and the alter ed 3D structur e of the isoforms may 
influence their ability to interact with other proteins or 
RNA substrates inv olv ed in m 

6 A modification. 
To further explore the putative roles of the newly 

identified METTL3 and METTL14 protein isofor ms, D eep- 
FRI was utilized to annotate their functional implications 
based on 3D structural data. Our analysis r ev ealed that 
METTL3 isoforms X1 and v.8 exhibit mild enrichment 
in tr ansfer ase ac tivity and catalytic ac tivity ac ting on a 
pr otein r elated to cellular organization, biogenesis and 

RNA metabolism, r einfor cing their role in mRNA modifica- 
tion and processing pa thw ays ( Supplemen tary Table S3 ). 
Notably, the remaining putative proteins demonstrated 

reduced functional predictions, correlating with their 
structural deviations and lack of key functional domains. 
For METTL14, DeepFRI highlight ed c onserved functions 
in METTL14 v .5, v .7 and v .9 isoforms More specifically , 
enrichment analysis r ev ealed incr eased methyltrans- 
ferase and catalytic activities indicating the significant 
role of these prot eins int o the methylation machinery 
isoform. How ev er, although METTL14 v.4 demonstrated 

a pr eserv ed structural int eg rity, structure-based analy sis 
unv eiled r educed functional pr edictions ( Supplementary 
Table S4 ). 

It should be noted that recent studies have shown 

that METTL3 knockout mESC cells express alternative 
mRNA s that enc ode prot ein METTL3 isoforms [ 31 , 34 ]. 
Mor e pr ecisely, b y utilizing the CRISPR/C as9 sy st em 

to target METTL3, Poh et. al. support tha t alterna tive 
spliced METTL3 transcripts can encode functional METTL3 
isoforms, which possess reduced methyltr ansfer ase activ- 
ities [ 34 ]. This study is in ac c ordanc e with our GO 

bioinformatics analysis, in which the enrichment scores 
in terms of molecular function are lower for the putative 
METTL isoforms compared with the METTL proteins. The 
dynamic nature of transcriptional regulation is evidenced 

by the multitude of factors that influence gene expres- 
sion, including transcription factors, epigenetic modifica- 
tions and chromatin remodeling [ 35 ]. Alternative splicing 

enhanc es the c omplexity of the transcript ome and pro- 
teome without the need for additional genes [ 36 ]. This 
proc ess allow s for the generation of multiple mRNA and 

pr otein isoforms fr om a single gene, ther eby contributing 

t o c ellular diversity and functional specialization. In the 
case of METTL3 and METTL14, which are int eg ral c om- 
ponents of the m 

6 A methylation machinery, alternative 
splicing can lead to the production of differ ent pr otein 

v arian ts with potentially distinct biological functions. 
Numerous studies in model organisms, such as Drosophila 
melano gaster , Mus musculus and Caenorhab ditis elegans , 
have illustrated the critical impact of alternative splic- 
ing on dev elopmental pr ocesses, str ess r esponses and 

disease pathogenesis [ 37–39 ]. Indicatively, studies have 

shown that tissue-specific splicing events can regulate 
crucial pa thw ays in developmen t and differen tia tion, 
while aberrant splicing patterns are often associated 

with pathological conditions such as cancer and neu- 
r odegenerativ e diseases [ 40 ]. The regulatory complexity 
observed in METTL3 and METTL14 splicing underscores 
the importance of tightly controlled gene expression 

mechanisms and highlights the potential for therapeutic 
in terven tions targeting splicing v arian ts. 

In conclusion, our study leverages the power of tran- 
script omics t o disc over new mRNA transcripts associat ed 

with METTL3 and METTL14, highlighting the importance 
of compr ehensiv e gene expr ession analyses in unrav eling 

the complexities of RNA modification and its impact 
on gene r egulation. This w ork not only c ontribut es t o 

the growing body of knowledge in epitranscriptomics 
but also sets the stage for future investigations into the 
functional roles of these newly identified transcripts. 

5. Conclusion 

Undoubtedly, the diversity of METTL alternative tran- 
scripts underscores the complexity of splicing events 
in the c ont ext of m 

6 A epigenetic regulation. Our find- 
ings spotlight the intricate regulation of METTL3 and 

METTL14 expr ession thr ough alternativ e splicing, with 

poten tial implica tions for understanding v arious bio- 
log ical proc esses such as m6A epigenetic regulation 

in human cells. Exploring the expression patterns and 

regulation of the identified alternative METTL3 and 

METTL14 transcripts could provide new insights into the 
key factors and signaling pa thw ays tha t con trol m 

6 A 

methylation dynamics. For instance, transcription factors 
or signaling pa thw ays migh t con trol alterna tive transcript 
expr ession in r esponse to differ ent cellular stimuli or 
environmental cues. Although our study strongly sup- 
ports the translating potentials of the prot ein-c oding 

alternative METTL3/14 mRNAs, the iden tifica tion and 

structur al char acterization of the METTL3/14 protein 

isoforms is pivotal for elucidating their functional roles 
and implications in biological processes related to N6- 
adenosine-meth yltransf erase activity. Further functional 
studies are needed to elucidate the specific roles of the 
alt ernative mRNA s and their putative isoforms in gene 
expr ession r egulation, cellular pr ocesses and disease 
pathogenesis. 

Article highlights 

• Nanopore sequencing unveils novel alternative METTL3 and 
METTL14 mRNAs. 

• In total, eight novel METTL3 mRNAs ( METTL3 v .2–v .9) and eight 
novel METTL14 mRNAs ( METTL14 v .2–v .9) w er e identified . 

• Expr ession pr ofiling of the METTL3/14 mRNAs was performed in 
human malignant and non-cancerous cells. 



EPIGENOMICS 1173 

• METTL3 v.9 exhibits significantly higher expression levels across 
the investigated human malignancies. 

• METTL14 v.5 emerged as the most abundant alternative mRNA in 
the t est ed cancer types. 

• METTL3 v .2–v .9 and METTL14 v .2–v .9 w er e suc c essfully quantified 
through varian t -specific qPCR assay s. 

• Ribosome profiling supports that specific METTL3/14 mRNAs are 
highly promising to encode protein isoforms. 

• In silico structural analysis highlights the methyltr ansfer ase activity 
in most of the described putative novel isoforms. 
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ABSTRACT 
In the c ont ext of cancer heterogeneity, the synergistic action of next -gener ation sequencing (NGS) 
and CRISPR/Cas9 plays a promising role in the personalized trea tmen t of cancer. NGS enables 
high-throughput genomic profiling of tumors and pinpoints specific mutations that pr imar ily lead 
t o canc er. Onc olog ists use this information obtained from NGS in the form of DNA profiling or 
RNA analy sis t o tailor precision strat eg ies based on an individual’s unique molecular signature. 
Furthermore, the CRISPR technique enables precise editing of cancer-specific mutations, allowing 
targeted gene modifications. Harnessing the poten tial insigh ts of NGS and CRISPR/Cas9 heralds a 
r emarkable fr ontier in cancer therapeutics with unprec edent ed pr ecision, effectiv eness and minimal 
off-target effects. 

1. Background 

Cancer is a clonal cell-based disease characteriz ed b y an 

abnormal neoplastic condition that results in tumor mass 
formation in the body tissues. It is the leading cause of 
mortality in populations worldwide owing to the dys- 
regulation of cell cycle checkpoints and disruption of cell 
signaling pa thw ays pr imar ily associated with the cellu- 
lar prolifera tion, metasta tic inv asion, ev asion to apoptotic 
resistanc e, induction of ang iogenesis, genomic instabil- 
ity, mutagenesis, abnormal telomerase activity, deregu- 
lation of the growth suppressors, destabilization of cellu- 
lar energetics, and evading immune responses [ 1 ]. Vari- 
ous genetic mutations and epigenetic factors act differ- 
en tially in differen t pa tien ts f orming different combina- 
tions and hence are considered to be the foremost cause 
of disease complexity and heterogeneity of tumors [ 2 ]. 
As the disease pr ogr esses, cancer heter ogeneity ev entu- 
ally increases multiple folds and makes the diagnosis and 

trea tmen t highly c omplicat ed and challenging. 
Conv entional tr eatment strat eg ies are typically based 

on biopsy and laboratory testing involving histological 
analysis and morphological examination of the tumor tis- 
sue, follo wed b y any one, or a combination of therapies–
such as chemotherapy , surgery , and radiotherapy –
depending upon the type, location, and nature of the 
tumor [ 3 ]. The cancer trea tmen t does not follow a ‘one- 
size-fits-all’ approach so it cannot be optimized as each 

case varies from patient to patient. The underlying mech- 
anism of tumor production and progression is highly 
complex, as each type of tumor is caused as a result of 

entir ely differ ent genomic mutation and ther efor e some 
pa tien ts respond efficiently to the therapy while others 
r emain totally unr esponsiv e. A v ery low pr og nosis rat e has 
been observed in pa tien ts who do not respond to the con- 
ventionally chosen therapies, due to which they develop 

highly metastatic and aggr essiv e canc ers leading t o high 

risk of morbidity and relapse [ 4 ]. These challenging lim- 
itations have highlighted the significance of alternative 
appr oaches ov er conv entional (r efractory) tr ea tmen t. 

The c onvergenc e of next -gener ation Sequenc- 
ing (NGS) and CRISPR/Cas9 technology r epr esents a 
paradigm shift in the landscape of personalized cancer 
trea tmen t. This synergy harnesses the power of high- 
throughput genomic analysis and precise gene editing, 
offering unprec edent ed insights int o the molecular 
intricacies of cancer. This introduction sets the stage for 
explor ing the transfor ma tive poten tial of in t eg rating NGS 
and CRISPR/Cas9 in tailoring cancer therapies to individ- 
ual pa tien ts, r ev olutionizing the field and pr oviding new 

avenues for effective trea tmen ts. 
Inter estingly, the r ecen t adv ances in high-throughput 

NGS and bioinformatics have made available the massive 
amount of significant data related to cancer genomics 
tha t has ultima tely spurr ed the rapid dev elopment of 
immune therapy and targeted therapy in specifically 
those pa tien ts who are highly prone to metastatic inva- 
sion and aggr essiv e cancers. A curr ent study has shown 

the c omplet e disappearanc e of tumor in a breast can- 
cer pa tien t when subject ed t o immunotherapy g iving 

the high suc c ess rat e, which otherwise was c omplet ely 
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unr esponsiv e to prior chemotherapy [ 5 ]. In addition to 

NGS, genome editing techniques such as CRISPR/Cas9 
hav e r emarkably emerged as therapeutic tools for such 

complex diseases, particularly breast cancer, myelomas, 
non-small-cell lung carcinoma, leukemia, and glioblas- 
t oma [ 6 ]. Int eg rating CRISPR/Cas9 with NGS has raised the 
pot ential t o identify, validat e, and speed up the targeting 

of high-value targets leading to successful adv ancemen ts 
in cancer trea tmen t [ 7 ]. 

NGS technology has provided massive amounts 
of data from patients suffering from acute myeloid 

leukemia; later on, these data w er e extensiv ely used 

in T he C ancer Genome A tlas pr oject designed for the 
analysis of solid tumors [ 8 , 9 ]. The data c ollect ed from 

this huge project led the foundation of a molecular 
classification sy st em for canc er diag nosis, prog ression, 
and trea tmen t – particularly for glioblastoma and lung 

cancers – as compared with the prior conventional his- 
t olog ical classifica tion [ 10 ]. Da ta obtained fr om differ ent 
cancers have been compiled to create an NGS profile 
leading to the development of targeted therapy mainly 
involving detection of mutations in cell signaling path- 
ways, and then using existing or highly specific novel 
drugs to block them. The muta tions iden tified w er e 
either classified as ‘driver or druggable’ mutations if they 
w er e inevitable for canc er prog ression or ‘passenger or 
nondruggable’ mutations if they w er e not dir ectly linked 

to the maintenance of cancer. This targeted approach 

led to the production of the constitutiv ely activ e tyr osine 
kinase inhibitor imatinib, acting as paradigm of targeted 

cancer therapy and tested recently for the treatment of 
leukemia [ 11 ]. 

In the age of genomics, the advent of NGS has ushered 

in an era of unprec edent ed data acquisition, enabling us 
to decipher the in trica te genetic tapestry w ov en within 

each cancerous lesion. Simultaneously, CRISPR/Cas9, with 

its precision and versatility in gene editing, has emerged 

as a powerful t ool t o dissect the genetic underpinnings 
of diseases, offering avenues for targeted in terven tions 
previously deemed unlikely. The amalgamation of these 
t echnolog ies sig nifies not just a c onvergenc e of method- 
ologies but a paradigm shift in our approach to cancer 
therapy. 

CRISPR-based genome editing creates double- 
stranded breaks in particular genomic sequences, 
follo wed b y DNA repair mechanisms. T her e ar e tw o 

basic DNA repair mechanisms chosen on the basis of 
c ell stat e and the availability of repair t emplat e: homol- 
ogous recombination (specifically called homology- 
dir ected r epair) and nonhomologous end joining [ 12 ]. 
CRIPSR/Cas9 is highly specific due to the presence of 
gRNAs that specifically interact with targeted sequences 
via the Watson–Crick base pairing rule [ 13 ]. Although 

the CRISPR technique has remarkable benefits and great 
potential , deliv ery of CRISPR/Cas9 editing machinery 
int o the c ells in viv o and a voiding off-tar get binding is 
still a key hurdle when using in therapeutics [ 14 ]. Hence, 
alt ernative high-ac cur acy str at eg ies principally based on 

CRISPR ha ve rapidly emer ged, such as cytosine base edi- 
tors, prime editing, and CRISPRon. These have surpassed 

conventional CRISPR-based editing as they have high 

efficacy and reduced off-target effects [ 15 ]. 
T he o v erar ching aim of this explora tion is to naviga te 

the complexities of personalized cancer trea tmen t, spot- 
lighting the fusion of NGS and CRISPR/Cas9 as a cata- 
lyst for gr oundbr eaking adv ancemen ts. Bey ond mer ely 
decoding the genetic sequences of tumors, this integra- 
tion allows us to v entur e into the realm of targeted ther- 
apies tailored to the unique genetic signatures of individ- 
ual pa tien ts. It unravels the my st ery of why c ertain can- 
c ers resist c onven tional trea tmen ts and paves the way for 
in terven tions tha t are not only more efficacious but also 

possess the pot ential t o r ev olutionize the v ery fabric of 
cancer care. 

2. Precision medicine p ersp ective & cancer 

Precision medicine aims to develop a specialized treat- 
ment plan precisely tailored to an individual’s genetic 
makeup keeping in view the int eg rat ed information of 
a person’s overall health record, lifestyle, whole genome 
sta tus, and associa ted genetic factors [ 16 ]. It negates the 
one -size -fits-all approach and revolutionizes trea tmen t 
strat eg ies by desig ning therapy for a specific pa tien t [ 17 ]. 
Precision medicine is a highly targeted approach that not 
only spares the pa tien t from going through a period of 
detailed therapeutic pr ocedur es that have limited treat- 
ment effect on the patient but also pr ov es to be highly 
cost-effective as it minimizes the excessive use of health- 
car e pr ovisions and medical services [ 18 , 19 ]. 

The primary goal to personalize molecular medicine is 
to target highly specific mutations directly while reduc- 
ing the nonspecific off-target effects [ 20 ]. NGS provides 
the pivotal milestone to personalized medicine by aiding 

the development of targeted cancer therapy. Using the 
NGS single-nucleotide resolution ability, tumor-specific 
mutations are identified through target analysis as shown 

in Table 1 [ 21 ]. NGS firstly analyzes a person’s genetic 
makeup, and the mutations found therein aid in the 
detection of therapeutic targets that are then subjected 

to genome editing via CRISPR [ 22 ]. The liquid biopsy 
biomarkers are identified and used to monitor or track 
the details of tumor pr ogr ession. Pr ecision medicine 
mainly determines trea tmen t stra t eg ies on the basis of 
liquid biopsy samples (containing circulating DNA) from 

pa tien ts , immunological markers , and relat ed biolog i- 
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Table 1. Comparison of various ne xt -generation sequencing platforms and their applications. 

Sequencing 
technologies 

Read 
capacity/length 

(base pair) 

Efficiency (%) Advantages Applications Ref. 

Ilumina 35–300 0.1–1 Highly automatic, 
appropriate for 
high-throughput 
homopolymer sequencing 

Epigenetic analysis, sequencing of sncRNAs and 
transcriptome, profiling of expressed genes 

[ 31 ] 

454 100–700 1–1.5 Less interference and 
negligible deviation in 
sequencing 

Metagenomic studies, structural analysis of 
genome, advanced sequencing of transcriptome 

[ 32 ] 

Ion PGM 200–400 0.05–0.12 Low c ost , efficient , rapid, 
convenient to use, 
undevia ting c overage 

De novo gene sequencing, SNP detection, 
analysis of short tandem repeats, sequencing of 
mitochondrial DNA 

[ 33 ] 

SOLiD 50–85 0.05–0.01 High accuracy, precise, 
suitable for sequences with 
high Guanine-Cytosine 
con ten t 

Detection of SNPs, epigenome analysis, 
sequencing of genome and observing 
transcriptome 

[ 34 ] 

cal aspects to measure the trea tmen t efficacy. In addi- 
tion to these, DNA profiling based on proteomes, RNA, 
tumor, and cell-free DNA provides a potential diagnostic 
option t o det ermine the precise molecular medicine [ 22 ]. 

3. NGS & cancer 

The emergence of NGS has significantly benefited in the 
targeted trea tmen t of cancer and precision medicine by 
utilizing immunotherapy as shown in Figure 1 . The mod- 
ifications in the expression of genes of cancer aid in tar- 
geted therap y. T his therap y can be used in medications 
that can directly c ombat canc er c ells, with the target ed 

genes identified through genomic profiling in oncology. 
Drugs designed by immunotherapy do not attack cancer 
directly but instead work by stimulating the immune sys- 
t em. Ext ensive studies have been done on drug develop- 
men t after iden tifying a connection betw een the pr ogr es- 
sion of cancer and evading of immunological defense by 
canc er c ells. Precision medicine has bec ome a vital c om- 
ponent in cancer therapy due t o rec en t developmen ts in 

immunogenomics and high-throughput profiling. 

3.1. Genetic profiling & t ar get identification by NGS 

A v ast amoun t of data r egar ding t o canc er genomics 
has been made ac c essible because of advanc es in NGS 
t echniques and t ools of bioinformatics. This has led t o 

the development of novel therapies for pa tien ts dealing 

with aggr essiv e cancer ous tumors that cannot be tr eated 

by conventional methods. Recent r esear ch r ev ealed that 
immunotherapy resulted in the complete elimination of 
tumor in a breast cancer pa tien t who could not be treated 

by many chemotherapies or radiotherapies [ 23 ]. 
NGS is also known as high-throughput parallel 

sequencing, as described in Table 2 , because it is a 
modern technique that can enable a r esear cher to gather 

a huge amount of genetic data in a short period of 
time. Sequencing of 33 types of different cancers was 
performed in order to identify mutations and variations 
present in the tumors. The data w er e compiled and access 
was provided to the public after completion of the Inter- 
national Cancer Genome Consortium and The Cancer 
Genome A tlas pr oject [ 24 , 25 ]. NGS techniques and RNA 

sequences r ev ealing the gene expr ession mechanism 

in cancer and the transcription factors inv olv ed w er e 
combined in a detailed database in a compr ehensiv e 
project known as the Cistrome Cancer [ 26 ]. 

Whole-genome sequencing has been impr ov ed sig- 
nificantly by lowering the costs and increasing the effi- 
ciency of sequencing. It can help to identify mutations in 

cancer which aids in the ca tegoriza tion of molecular sub- 
types of cancer and eventually leads to development of 
medicines [ 27 ]. For instance, a common practice to assess 
a person’s risk of developing breast cancer can be done by 
identifying BRCA1 and BRCA2 mutations through genetic 
testing [ 28 ]. Large and compr ehensiv e databases with a 
collection of genetic v arian ts in cancer and related data 
ar e pr esen t in the Ca talogue of Soma tic Muta tions in Can- 
cer [ 29 , 30 ]. The main purpose of these cancer databases 
is to provide an investigation and thorough research for 
the iden tifica tion and v alida tion of muta tions for diagno- 
sis and therapy of cancer. 

3.2. Immunother ap y & precision medicine for 
treatment of cancer 

A trea tmen t stra tegy which is specific to each pa tien t is 
known as precision medicine. This therapy plan is cre- 
at ed aft er analyzing da ta on the pa tien t’s genetic makeup, 
socioec onomic backg r ound , family history, and health 

r ecor d . This strategy has the potential to enhance the 
impact of therapeutic methods by avoiding any conven- 
tional trea tmen ts tha t have less effect on the pa tien t’s out- 
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THERAPY (A)
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Figure 1. Comparison between the conventional versus precision therapy of cancer. 
(A) Combination or sole (lone) conventional therapies including chemotherapy, surgery, and r adiother apy w er e applied to all cancer 
patients, to which some patients responded while others remained unresponsive. (B) Precision therapy on the basis of the individual’s 
genetic profile obtained via NGS, immunotherapy, and CRISPR/Cas9 resulted in high treatment efficacy. 
NGS: Ne xt -generation sequencing. 

Table 2. The key aspects of ne xt -generation sequencing and CRISPR/Cas9 technologies in the con te xt of personalized cancer treatment. 

Aspect Ne xt -generation sequencing CRISPR/Cas9 Ref. 

Principle High-throughput DNA sequencing for genomic analysis Genome editing tool using RNA-guided Cas9 
endonuclease 

[ 26 , 27 ] 

Advantages Compr ehensiv e genomic analysis Precise gene editing at the DNA level [ 15 ] 
Detection of genetic variations, mutations, and SNPs Targeted modification of specific genes [ 15 , 16 ] 
Enables personalized medicine through genomic profiling Potential for therapeutic applications in genetic diseases [ 12 ] 
Ac c elera tes genetic and biomedical research Versatile tool for functional genomics and drug discovery [ 7 ] 

Disadvantages High cost associated with sequencing technology Off-tar get effects may lead to unintended genetic changes [ 26 ] 
Requires sophisticated bioinformatics for data analysis Ethical c onc erns r egar ding germline editing in humans [ 7 , 8 ] 
Data storage and management challenges Limited efficiency in certain cell types [ 68 ] 
Longer turnaround time for data interpretation Delivery methods for CRISPR components can be 

challenging 
[ 69 ] 

Applications Cancer genomics, molecular diagnostics Gene therapy, functional genomics, disease modeling [ 73 ] 
Infectious disease detection Ag ricultur al and biotechnological applications [ 72 , 73 ] 
Prenatal genetic testing Targeted cancer therapies [ 72 ] 

comes [ 31 ]. Precision medicine is also known as personal- 
ized medicine, and it aims to provide an effective cure to 

diseases like cancer at a reasonable cost [ 32 ]. 
NGS aims to assist drug design against cancer by tar- 

geted ther apy. Sever al da tasets tha t assess the genomic 
sequences, genetic v arian ts, gene expression, and epi- 
genetics related to cancer biology can help oncologists 
to develop a therapy against cancerous tumors . C onven- 
tional trea tmen ts for cancer include chemother apy, r adio- 
therapy , and surgery , while a more recent approach is 
immunotherapy guided by NGS [ 33 ]. Immunotherapy can 

be utilized either by itself or along with traditional can- 
cer trea tmen t methods to incr ease its effectiv eness. The 
immune response can be enhanced and triggered against 

the cells by including immunotherapy in the trea tmen t 
strategy [ 34 , 35 ]. 

Immunogenomics is considered a r elativ ely nov el 
field in the r esear ch of cancer biology. The collection 

of genomic profiles of immune cells and cancer cells 
has been made possible by the advanced technique of 
NGS [ 36 ] as illustrated in Figure 2 . Adv ancemen ts have 
been dev eloped r ec ently in single-c ell RNA sequencing 

and chromatin immunoprecipitation sequencing tech- 
nologies that play a vital role in revealing the heterogene- 
ity of transcriptome in cancer cells. High v aria tion levels of 
expression in genes related to proliferation and hypoxia 
w er e det ect ed in glioblast oma by performing single-c ell 
RNA sequencing [ 37 ]. The effectiveness and efficiency of 



PERSONALIZED MEDICINE 179 

(A) Liquid biopsy sample

Cancer cells
PERSONALIZED ONCOLOGY

Circulating cell-free DNA and cancer stem
cells could be used as biomarkers

(B) Next 
generation
sequencing
facilitates the
indentification of all
mutated genes

(C) CRISPR / Cas9 Genome editing helps in repairing the
mutated genes through double-strand break which is repaired
by Non-homologous end joining or homology-direct repair

Figure 2. A brief summary of the steps inv olv ed in personalized oncology utilizing NGS and CRISPR genome editing technologies. 
NGS: Ne xt -generation sequencing. 

immunotherapy can also be impr ov ed by a better under- 
standing of cells’ genetic profiles. 

3.3. NGS & chimeric antigen receptor T-cell ther ap y 

Chimeric antigen rec ept or (CAR) T-c ell therapy is a 
r ecently dev eloped type of adoptiv e T-cell therapy in 

which the immune response of T cells is increased by 
genetically altering them with CARs [ 38 ]. Ex vivo modifi- 
cation of T cells (i.e., outside the body) is performed and 

a new protein or CAR is expressed which targets the anti- 
gen present on the surface of cancer cells. The recognition 

and binding of antigen to T cell is enhanced because of 
the fusion between an intracellular T-cell receptor (TCR)- 
derived domain and an external variable fragment of 
monoclonal antibody, by the CAR protein [ 39 ]. These 
alt ered T c ells ar e again intr oduced in the pa tien t’s body 
t o stimulat e an effectiv e immune r esponse. 

Several clinical studies have revealed that CAR T-cell 
therapy is highly suc c essful in pa tien ts suffering from 

leukemia and it has recently been t est ed for treating 

other types of cancers [ 40 , 41 ]. More than 90% individu- 
als having acute lymphoblastic leukemia obtained remis- 
sion after undergoing CAR T-cell therapy . CD19 is exclu- 
sively targeted by CAR T cells, which is expressed at signifi- 
cant levels only in B cells [ 42 ]. However, lack of knowledge 
about neoantigens or target antigens that are cancer spe- 
cific is a major obstacle for utilizing CAR T-cell therapy in 

personalized medicine. 

3.4. Vac cine dev elopment by NGS: guided 

immunother ap y 

For eign antigens ar e eliminated fr om the body by the 
attack of the immune sy st em. Vac cines are made effec- 
tive because immune cells have the ability to rec og nize 
an y f oreign pathogen and develop antibodies against the 
an tigen. Muta t ed prot eins are expressed on the surface 
of cancer cells called neoantigens [ 43 ]. MHC molecules 
pr esent these pr oc essed mutat ed neoantigens which are 
then rec og niz ed b y T cells [ 44 ]. T his approach is applied 

in the development of vaccines by utilizing immunother- 
apy in which antigens secreted by cancer cells are used. 
Antibodies are produced against these antigens because 
the adaptive immunity is stimulated by the defense sys- 
tem [ 45 ]. 

Mutations in cancer cells are mapped and orga- 
nized in the cancer genomic profile by employing 

NGS technology, which can help to predict and iden- 
tify antigens from cancer cells. Recombinant proteins 
can be modulated to synthetically produce antigens, 
which can be introduced through v accina tion and 

even tually activ a t e the immune sy st em [ 46 ]. There- 
fore, vaccines can be customized against cancer and 

precision medicine can be developed by utilizing the 
neoantigens. 
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4. Genome editing redefined: the CRISPR/Cas9 

revolution 

Due to its pr ecision, effectiv eness, and simplicity, the 
CRISPR/Cas9 sy st em has pr ov ed to be a very beneficial 
tool for gene editing with better process timing. Cas9 in 

this sy st em is an endonuclease enzyme tha t can in tro- 
duce a double stranded cut at any site in the DNA when 

properly guided by a ssRNA, as shown in Figure 3 . This 
RNA is called an sgRNA: it is approximately 20 bases 
in length and is complementary to the targeted DNA 

sequence. There is another marker present downstream 

of the targeted cut site called a prot ospac er adjac ent 
motif; this is essential for guidance of the CRISPR com- 
plex and catalysis of cleavage at desired target site [ 47 ]. 
T he C as9 nuclease has two catalytic domains, HNH and 

RuvC, each responsible for cleaving a part of the DNA [ 48 ]. 
Aft er the c omplementary base pairing of gRNA with 

target DNA, Cas9 nuclease cuts at the sit e adjac ent t o 

the prot ospac er adjac ent motif sequenc e result in a 
double-stranded break. 

T he cell’s o wn DNA r epair mechanism r epairs the intr o- 
duced break. One of the ways this occurs is through non- 
homologous end joining, an err or-pr one mechanism that 
can introduce deletions or insertions at the cut site caus- 
ing changes in the frame shift; hence the expression of 
the gene via transcription or translation will be disturbed 

and the function of that gene will be turned off/knocked 

out from cell [ 49 ]. Another method is homology directed; 
it is a less err or-pr one method that r equir es the pr esence 
of a DNA t emplat e for repair. On the basis of the provided 

DNA t emplat e ( trans DNA), highly specific insertions or 
DNA modifications can be made in ac c ordanc e with the 
nicked DNA end homologous to the trans DNA [ 50 ]. That 
trans gene can carry a reporter , marker , or other element 
t o c ontr ol gene expr ession [ 51 ]. The in vivo expr ession 

of Cas9 nuclease can be made by delivering mRNA or 
DNA using an appropriate delivery sy st em such as adeno- 
associated viral vectors [ 52 ]. 

Three components – Cas9, gRNA, and trans -acting 

RNA – form the CRISPR complex. gRNA and trans RNA 

exist in the form of a duplex. For easier and more effi- 
cient editing, this duplex can be replaced with single- 
stranded synthetic guided RNA [ 51 ]. This sy st em was first 
discov er ed in bacteria as their natural defense mecha- 
nism; since then scientists have exploited this sy st em t o 

perform gene editing in humans [ 53 ]. There are many 
studies that have used CRISPR to elucidate tumor growth, 
het erogenicity, and etiology t o c ome up with a therapeu- 
tic strategy, targeting only cancerous cells. For example, 
utilization of the CRISPR sy st em for deletion of the GLO1 
gene in prostate cancer has helped to study disease etiol- 
ogy [ 54 ]. 

4.1. CRISPR in t ar geted gene ther ap y 

Genetic information of the tumor cells provided by NGS 
helps us better comprehend the complexity and het- 
erogeneity of tumor cell genomes, their etiology, and 

micr oenvir onmen t. This informa tion can further help us 
t o desig n efficient, precise, and targeted therapy using 

the CRISPR/Cas9 sy st em. Canc er is one of the leading 

causes of death in the w orld . Study of cancer has r ev ealed 

the inv olv emen t of v arious genetic and epigenetic factors 
in tumor pr ogr ession. Conv entionally used techniques 
for treating cancer such as chemotherapy and even tar- 
geted molecular drugs have limitations and side effects 
like the effect on nontumor c ells. Henc e, c onsidering the 
high demand for an effective and specific cancer therapy, 
r esear chers ar e now using CRISPR to make targeted mod- 
ifications in cancerous cells [ 55 ]. 

CRISPR can be used in a variety of ways depending 

on the strategy planned and needs of the situation. The 
simplest approach is gene knockout, which has great 
potential in clinically targeting genes as in the case of 
HIV gene editing of rec ept or CCR5 enables helper T cells 
t o bett er rec og nize the pathogen t o help c ombat the 
infection [ 56 ]. Insertion of a DNA fragment can help to 

r estor e the normal sequence in the cells, as in the correc- 
tion of IL2RA mutation by targeted insertion, which can 

treat autoimmune disease [ 57 ]. Tumors can be due to 

translocation of a fragment of a chromosome, so model- 
ing this chromosomal translocation via CRISPR in an ani- 
mal model can help r esear chers to better understand the 
mechanism of tumorigenesis [ 58 ]. The leading cause of 
many pa thogenic muta tion is a base/poin t muta tion [ 59 ]. 
CRISPR base editing has made it possible to treat these 
poin t muta tions by using adenine or cytosine deaminases 
in their complexes [ 60 ]. Sever al str ategies to target cancer 
cells using CRISPR are explained below. 

4.2. Canc er c ell-specific promoters 

Canc er c ells hav e specific types of pr omoters on their 
surfac e that c ontrol the overexpression of genes inside 
the cell for tumor growth, such as MCM5, hTERT, and 

RAN [ 61 ]. They can be used in CRISPR for the expres- 
sion of Cas enzyme or targeting of genes specifically 
in cancerous cells. How ev er, ther e is a problem related 

to the less expression of these promoters but they show 

expression in considerable amount in healthy cells that 
can cause CRISPR to act efficiently in healthy cells as 
w ell . This issue can be r esolv ed by using a combination 

of tw o pr omoters for the expr ession of a single resul- 
tant gene [ 62 ]. One promoter that can be organ spe- 
cific will express the Cas9 enzyme, but it cannot function 

unless another promoter that will be cancer specific will 
express gRNA [ 63 ]. In this way CRISPR will act in a specific 
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Figure 3. The mechanism of genome editing by CRISPR/Cas9 tool. 

organ particularly in canc erous c ells. Similarly, a sec ond 

promot er-c oded CRISPR sy st em can target the Lac1 gene 
in bladder cancer. This system codes for the inhibitor, thus 
CRISPR will activ a t e effect or genes like p21 and hBAX that 
will cause growth halt, apoptosis, and decreased mobility 
in the cancer cells of bladder [ 64 ]. 

4.3. Telomerase & cancer: thera p eutic insights 

The telomerase enzyme is responsible for adding a telom- 
ere sequence at the end of DNA sequences to pr ev ent the 
loss of a functional gene after each replication cycle [ 65 ]. 
This enzyme is expressed in highly dividing cells and, 
except for tumors, it is expressed in only stem cells or 
germline cells. CRISPR can target telomerase in cancerous 
cells; this inv olv es utilization of two gene sets, one coding 

for gRNA and dCas9-VP64 protein and the other coding 

for catalytically active Cas9 attached to the DNA sequence 
that is rec og niz ed b y t elomerase and ext ended by t elom- 
eres in highly dividing canc er c ells [ 66 ]. This extended 

sequenc e is rec og niz ed b y gRNA and it then promotes the 
expression of nuclease Cas9 gene via dCas9-VP64. This 
Cas enzyme uses the same gRNA complementary to the 
t elomere sequenc e t o target t elomeres and cause their 
degradation and shortening [ 67 ]. Eventually the cancer 
cells will lose some vital genetic information and die. This 
strategy has pr ov ed t o be useful in c ell cultures and in 

a mouse model with no effect in healthy living cells [ 68 ]. 

4.4. Ca ncer-sp ecific miRNA 

Different canc er c ells have unique miRNA s, which can 

halt the expression of certain genes by binding to and 

degrading their mRNAs [ 69 ]. A study was performed using 

on ‘OFF swit ch’ desig n by introducing a miRNA spe- 
cific sequence at one end of the Cas enzyme, RNA such 

that cells expressing specific miRNA would break the Cas 
messenger RNA. The r esear chers also dev eloped an ‘ON 

swit ch’ desig n that was suitable for targeted gene edit- 
ing [ 70 ]. For example , L7A e prot ein in c ells blocks the 
expression of Cas protein if the RNA of the Cas enzyme is 
attached to the L7Ae binding domain. As miRNA control- 
ling the expression of L7Ae protein will block the expres- 
sion of that protein, the Cas protein will be expressed eas- 
ily in the cells having that specific miRNA and not in non- 
canc erous c ells [ 71 ]. 

4.5. CRISPR/Cas9 for oncol y tic viruses 

Ther e ar e some viruses tha t in t eg rat e their genome in the 
host and induce consistent expression and cell prolifera- 
tion. Such tumor cells express viral genes that can be a 
suitable target for anticancer therapy by CRISPR, as in the 
case of human papillomavirus gene E6 and E7, which are 
responsible for malignant cervical cancer [ 72 ]. The CRISPR 

sy st em targeting these genes has pr ov ed to be effective 
by tr igger ing apoptosis in canc er c ells while healthy cells 
remain unaffected [ 73 ]. There are many viruses inv olv ed 

in different cancers in humans, such as hepatitis C and B 

causing liver cancer [ 74 ], Epstein–Bar virus causing pha- 
ryngeal cancer [ 75 ], and Merkel cell polyomavirus causing 

skin cancer [ 76 ]. Work on these cancers is still going on to 

look for a more effective target for CRISPR to act for a can- 
cer cure. 

4.6. Different Cas9 delivery methods & enzyme 
va ria nts ca n limit ta rget editing 

Double-stranded break introduced by 
CRISPR/C as9 allo ws disruption of the gene function 

or introduction of the trans gene at a targeted location. 
How ev er, ther e is a high risk associated with the intro- 
duction of this break at the off-target site, thus disrupting 

the function of unintended genes. To avoid off-target 
deletions , insertions , or translocations , the CRISPR/Cas9 
sy st em needs t o be highly specific [ 77 ]; one of the sim- 
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plest ways is to introduce a preformed ribonucleoprotein, 
Cas9/gRNA c omplex int o the body so that the CRISPR 

sy st em is ready to work and ribonucleoprotein particles 
degrade quickly in the body, so the time period for CRISPR 

and its components to stay in the body decreases so it is 
less likely to cause any unin tended modifica tions but it 
is stable enough to offer the desired targeted editing in 

genome. 
Other ways of dealing with the disadvantage of off- 

site targeting include Cas9 enzyme v arian ts like nickase 
C as9 (nC as9). It has a muta tion in one of the ca talytic 
domains, HNH or RuvC, and as a result a cut will be intro- 
duced in only one strand of DNA at a time. Utilization 

of two CRISPR/nCas9 complexes to target a specific site 
will provide g reat er precision as it requires both the com- 
plexes to be at the same site for a double-stranded break 
in the DNA [ 78 ]. 

4.6.1. CRISPR base editors for single base pair 
transitions 

CRISPR/Cas9 complex for targeting specific DNA and an 

enzyme targeting a single strand of DNA to introduce 
modification in the nucleotides make up the base edi- 
tor [ 79 ]. Base editing can change splice site, and may 
in troduce poin t muta tion or modify the sequence of 
amino acids. P yr imidine can be substituted with pyr im- 
idine base and purine can be substituted with purine 
bases. Enzymes that are commonly used are cytosine 
deaminase and adenosine deaminase. During the pro- 
c ess, cyt osine deaminase c onverts cyt osine t o uracil that 
is the read by the DNA replication machinery as thymine 
and the new nucleotide is added ac c ordingly in nasc ent 
DNA. Similarly, adenosine deaminase converts adenine 
to inosine that is read by DNA machinery as guanine. 
Base editing works in a small specified gene window pro- 
vided and guided by gRNA of CRISPR sy st em [ 80 ]. Cyt o- 
sine deaminase along with inactive Cas9 were t est ed in 

the Escherichia coli and human cells for off-target effects 
and r esults w er e quite pr omising with efficient targeted 

transitions [ 81 ]. Combination of both enzymes can also 

be used to have all four types of transitions at the desired 

site. 

4.6.2. CRISPR prime editing for deletions, 
transversions & insertions 

CRISPR prime editing can introduce any sort of base mod- 
ification such as deletion, insertions, and even tr ansver - 
sion without having to introduce a double-stranded 

br eak. It cov ers the limitation of base editing as it can 

even exchange a pyrimidine with purine and vice versa . In 

this, nCas9 is attached with r ev erse transcriptase enzyme, 
and this complex is guided to the target side by a 
prime gRNA [ 82 ]. This gRNA binds to the specific site 

of the nicked DNA that will behave as a primer and 

RNA attached to gRNA will encode the DNA t emplat e by 
using r ev erse transcriptase enzyme. As a r esult, a new 

nucleotide sequence will be added into the DNA: this 
crea ted misma tch can be corrected by using another 
nCas9/CRISPR complex that will target an unedited strand 

of DNA. Eventually the DNA repair mechanism will repair 
the nick by adding nucleotides complementary to the 
pr eviously edited strand . Prime editing allows deletion 

and substitution up to 80 and 44 base pairs respec- 
tively [ 83 ]. Thus, this modified version of CRISPR gives 
more a specific and precise approach for genome editing. 

4.7. Regulating gene expression by CRISPR/Cas9 

inactivation 

Ca talytically inactiv a t ed Cas9/CRISPR sy st em can locat e 
the specific DNA by using gRNA and can activ a te or sup- 
press the expression of that gene by associating with 

it [ 84 ]. This sy st em works by recruiting suppressor or 
enhanc ers t o the target sit e. A s in case of CRISPR activa- 
tion, the CRISPR complex is bound to the activ a tor like 
VP64 for enhanced gene expression [ 85 ]. Similarly, for 
suppression the CRISPR complex is bound to interfering 

molecules like KRAB that downregulate gene expression 

by interacting with its start site [ 86 ]. 
In addition, binding of CRISPR with DNA methyltrans- 

ferase or histone modifier can permit specific epigenetic 
modifica tion tha t opens a new w ay to trea t cancer as 
ther e ar e many tumors that ar e r elat ed t o epigenetic 
changes, lymphoblastic leukemia being one of the exam- 
ples [ 87 ]. The role of methylation in the MCF10A of breast 
cancer and HCT116 of colon tumor cells has been studied. 
Inactiv a ted Cas9 has been used to target tumor suppres- 
sor genes by specifically acting on their h ypermeth ylated 

promoter element [ 88 ]. Hence, different molecules can be 
associated with CRISPR to regulate the gene expression 

that has a role in cancer progression. 

4.8. CRISP R ha rb oring oncol y tic virus 

Cas9 can produce a virus with genetic modification that 
can cause lysis in the cells without causing virulence [ 89 ]. 
Herpes simplex oncolytic virus is produced by removing 

virulent genes from its genome, such as ICP34.5. We can 

even make the virus specific to target and cause lysis in 

canc er c ells by modification such as deletion of the ICP6 
gene (ribonucleotide reductase). Now the virus will per- 
form onc oly sis only in c ells where the p16INK4A tumor 
suppressor gene is inactive, which is a common trait of 
canc er [ 90 ]. Likewise, onc olytic adenovirus produc es E2F 
transcription fact or enc oded by the E1A prot ein t o st op 

the cell cycle. 
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4.9. Thera p eutic a pplications of CRISP R/Cas9 

The prime reason for any tumor is abnormal growth 

of cells that can be due to inactiv a tion of a tumor- 
suppressing gene or activ a tion of oncogenes. So, the abil- 
ity t o manipulat e genes using efficient and easy gene 
editing tools like CRISPR has developed a hope to 

desig n strat eg ies t o cur e tumors [ 91 ]. Curr ently, CRISPR- 
based anticancer therapy is under study on cancers like 
breast canc er, c olorectal canc er, hepat oc ellular carcinoma 
etc., targeting various genes including TERT , BRAF , and 

p53 [ 92 ]. In 2016, the first ever clinical trial for tumor treat- 
ment using CRISPR/Cas9 was performed by a Chinese sci- 
entist. He knocked out the PD-1 gene for the trea tmen t 
of lung cancer. Both PD-1 and PDL-1 hav e gr eat impor- 
tanc e in anticanc er therapy because PDL-1 is expressed 

on many cancer cells. Furthermore, binding of this lig- 
and with PD-1, expressed on our immune cells, sup- 
press antitumor activity of immune cells and they easily 
bypass the defense sy st em in the body. Since 2016, many 
other anticancer therapies have specifically targeted PDL- 
1 for diseases such as prostate cancer, liver cancer, and 

esophageal cancer [ 93 ]. 
As CRISPR can target any part of the gene for editing 

we can associate that capability of CRISPR with CAR T- 
cell therapy for successful CRISPR anticancer therapy [ 94 ]. 
The eye-catching ability of CRISPR has put forward 

thr ee differ en t types of immunotherapies, namely v ac- 
cine immunotherapy, checkpoint inhibition, and CAR T- 
cell therapy [ 95 ]. Conventionally used autologous CAR T 
cells have some drawbacks, such as their high cost, time- 
consuming nature, and difficulty to obtain the desired 

amount and quality of CAR T cells for patients with sev er e 
diseases. These short c omings make the use of this ther- 
apy limited to only few pa tien ts [ 96 ]. This problem has 
been addressed by the CRISPR sy st em that provides us 
with specifically modified allogenic or universal CAR T 
cells that has been derived from healthy individuals in less 
time with better quality [ 97 ]. 

CAR cells have an intracellular signaling domain that 
signals the activ a tion of T cells, and their extracellular 
domain edited by CRISPR has the capability to specifically 
rec og nize the tumor antigen. It has been shown to be 
effective against multiple malignancies simultaneously, 
such as leukemia and lymphoma, by engineering the cells 
with tumor-specific rec ept ors [ 98 ]. CAR c ells also activ a te 
the release of cytokines whose level varies from person to 

person: an excess of the cytokines can cause neurotoxic- 
ity [ 99 ]. To deal with this drawback, T-c ell rec ept ors (TCRs) 
have been modified in T cells to serve the same purpose. 
In phase I clinical trial T cells w er e edited by CRISPR to 

r emov e TCR α and TCR β , to r emov e their specificity, and 

PDL-1. Along with this phase, knockout TCRs w er e engi- 

neered for tumor specificity [ 100 ]. So far, this strategy has 
shown pr omising r esults with no neur otoxicity, as TCR 

does not cause release of cytokines. 
CAR T-cell immunotherapy has been performed on 

canc ers like leukemia, glioblast oma, and myeloma with 

suc c essful results in animal models. Decrease in lympho- 
cyte viability, genome instability following genome edit- 
ing, and electroporation make it difficult to obtain target 
doses of CAR T cells using CRISPR. Mor eov er, the ability of 
CRISPR/Cas9 to act on the DNA sequences similar to the 
target region is another problem in manufacturing CAR 

T cells, as it can cause undesirable mutations in the DNA. 
These are the few limita tions tha t need to be addressed 

for more effective control of cancer using CRISPR [ 101 ]. 

5. Challenges & limitations of NGS & CRISPR in 

precision oncology 

Revolutionary t echnolog ies like NGS and CRISPR have 
played a significant role in precision oncology. However, 
in addition to their remarkable impact on science, they 
also have some setbacks or limitations. 

5.1. Restriction of NGS in precision ther ap y of 
cancer 

5.1.1. Limit of detection 

In analyzing genetic mutations or changes that corre- 
spond to clinical pathology, NGS is a great tool. Yet, 
it has certain challenges that make it difficult to use, 
such as analytical sensitivity in the detection of mutation 

where it becomes challenging to detect mutations or a 
low er per centage of tumor cells because of its hetero- 
geneity, (tumors are a form of diverse types of cell pop- 
ulations having different genetic makeups) [ 102 ]. Potent 
changes in the composition of the tumor that form of dif- 
ferent subclonal cell types are missed over time, as this 
technique only analyzes the bulk type of mutations [ 103 ]. 
To combat this challenge, techniques like single-cell 
sequencing are emerging, allowing the detailed study of 
in tra tumoral heterogeneity. 

5.1.2. The complexity of data analysis 
This sequencing tool creates a large amount of data 
having all kinds of information from sources relating 

to genomics , epigenomics , transcriptomics , etc. The inter- 
pretation and analysis of such a massive volume of data 
ther efor e becomes laborious and challenging and it may 
not be ac curat e at all times. In NGS, errors in sequenc- 
ing and sy st ems are c ommon. Analy sis of data should be 
ac curat e, fast, and capable of det ecting alt eration in the 
genome related to cancer [ 104 ]. 
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5.1.3. Interpretation of variants & structural variation 

The major challenge that is faced in NGS is the detection 

of the v arian ts tha t ar e clinically r elev an t. Extensive use 
of bioinformatics t ools, analy sis of various databases, and 

functional annotation is r equir ed to distinguish between 

driver and passenger mutations linked t o canc er [ 105 ]. 
Variations such as single nucleotide and point muta- 
tion could be detected by this technique. How ev er, 
large structural changes including translocation, inser- 
tion, duplication, or deletion are hard to detect. Hence, to 

study structural and copy number v aria tion, considerable 
knowledge of bioinformatic tools is r equir ed [ 95 ]. 

6. Challenges of CRISPR in precision oncology 

Ther e ar e a number of factors that need to be considered 

for the best out c ome of CRISPR in clinical applications. 
They include the delivery challenges faced by Cas9 pro- 
t eins, pot en tial threa ts of off-target cleavage sites, speci- 
ficity of editing, multigenic diseases, and ethical consid- 
erations r egar ding this gene editing tool . 

6.1. Off-t ar get effect & delivery challenges 

Con tinuous modifica tion of the genome can generate 
unexpect ed alt erations and off-tar get clea vage in the 
genome at nontarget ed sit es [ 106 ]. These unintended 

modifications on nonspecific sites can lead to unusual 
mutations or toxicity in cells that are being treated and 

reduce the specificity and selectivity of editing. Insertion 

and deletion at the undesired site of a gene can affect 
the viability of cells and may promote cancer. Thus, off- 
tar get clea vage induced by the endonuclease should be 
reduced while using CRISPR in vivo [ 107 ]. 

These off-target sites from gRNA endonuclease RNP 

w er e the first found in vitro and isolated from the genome 
of an animal model. The produc ed gRNA s are very unlikely 
to ha ve off-tar get effects, ac c ording t o the in vivo veri- 
fication technique. How ev er, since bioinformatic routes 
and v arious annota tion algorithms are now ac c essible for 
CRISPR/Cas sy st ems, as elaborat ed in Table 3 , it is prefer- 
able to use them before in vivo and in vitro experiments 
to pr ovide r ecommendations for the best gRNA design 

and r educe pr edic table off-target ac tivities [ 108 ]. Thus, 
t o reduc e the off-target effect of CRISPR, specific or effi- 
cien t w ays of delivering gRNA and Cas9 pr oteins ar e to be 
dev eloped . 

6.2. Complex multigenic disorders & ethical 
consideration 

Multiple pa thw ays or genes ar e inv olv ed in cancer. 
Although CRISPR can be used to modify multiple genes 
or loci simultaneously, it may be necessary to use more 

sophisticated gene editing techniques or combinatorial 
methods to modify complex pa thw ays inv olv ed in the 
pr ogr ession of cancer utilizing CRISPR [ 109 ]. Prolonged 

survival and rapid g rowth rat e distinguish cancer cells 
from normal cells which will indirectly help CRISPR in 

identifying them. There is a chance that altered cells will 
spontaneously undergo p53 mutation due to the abil- 
ity of CRISPR/Cas9 to do so, and Cas9 can cause a p53- 
mediated DNA damage response. 

Germline editing in precision oncology has raised eth- 
ical considerations r egar ding the use of this tool [ 110 ]. 
Proper guidelines and a check balance r egar ding CRISPR 

are nec essary t o ensur e its r esponsible use. Technol- 
ogy adv ancemen t, ongoing r esear ch, and collaboration 

betw een differ ent r esponsible bodies ar e r equir ed to 

combat these challenges in NGS and CRISPR. 
The int eg r ation of NGS gener ates vast amounts of 

genomic data, posing challenges in data management, 
st orage, and analy sis. CRISPR/Cas9 raises ethical ques- 
tions r egar ding gene editing in humans, necessitat- 
ing careful consideration of its application in personal- 
ized cancer trea tmen t. Transla ting genomic findings in to 

effectiv e personalized tr ea tmen ts r equir es ov er coming 

hurdles in clinical implemen ta tion, including regula tory 
appr ovals and standar dization. The high costs associ- 
ated with NGS and CRISPR t echnolog ies may limit their 
ac c essibility for widespread use, especially in resource- 
constrained healthcare settings. 

7. Future of precision cancer therapy by CRISPR 

& NGS 

On the basis of biomarker analysis, precision oncology 
can be defined as a branch of oncology that focuses on 

tissue -specific, gene -directed trea tmen ts tailored ac c ord- 
ing to the pa tien t. RNA analysis, proteome, and NGS anal- 
ysis are being used for DNA profiling of tumor or cell- 
free ex trac t for a better understanding of immunology 
and to impr ov e the ways of treating cancer [ 111 ]. The 
major bar r ier in editing techniques such as CRISPR is 
the presence of off-target sequences which reduce its 
efficacy. 

Compr ehensiv e genetic informa tion rela t ed t o spe- 
cific regions of cancer or the whole genome sequence 
can be c ollect ed with the help of NGS [ 112 ]. The cancer- 
specific mutations can then be identified with the help of 
data analysis which serves to identify therapeutic targets. 
These specific genetic alterations can then be altered 

or modified by using CRISPR-mediated editing strate- 
gies [ 113 ]. 

Based on the genetic profile of different individu- 
als, various methods of personalized treatment can be 
employed using techniques involving both NGS and 
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Table 3. An overview of how ne xt -generation sequencing and CRISPR/Cas9 technologies contribute to various aspects of cancer treat- 
ment, from genomic profiling to drug development. 

Applications Ne xt -generation sequencing CRISPR/Cas9 Ref. 

Genomic profiling Identifies genetic mutations, variations and 
signatures in cancer cells 

Enables precise identification of target genes for 
editing in cancer genomes 

[ 16 ] 

Clinical diagnostics Facilitates molecular diagnosis, guiding treatment 
decisions based on genomic information 

Aids in identifying specific genetic targets for 
personalized cancer therapies 

[ 32 ] 

Targeted therapies Tailors cancer treatments based on the molecular 
profile of individual tumors 

Offers the potential to develop targeted therapies 
by editing specific canc er-rela ted genes 

[ 68 ] 

Drug discovery and 
development 

Ac c elera tes the discovery of novel cancer drugs by 
understanding genomic drivers 

Facilitates the development of new therapeutic 
str ateg ies through gene editing 

[ 68 , 69 ] 

Resistance mechanisms Identifies mechanisms leading to treatment 
resistance, guiding adjustments in therapy 

Offers insights into ov er coming r esistance by 
modifying genes inv olv ed in resistance pathways 

[ 78 ] 

Early detection and screening Enhances early cancer detection by detecting 
genetic alterations at an early stage 

May contribute to developing gene editing 
approaches for cancer prevention and early 
in terven tion 

[ 79 ] 

Treatment monitoring Allows real-time monitoring of genetic changes 
during treatment for adaptive therapies 

Holds potential for monitoring the effectiveness of 
gene-edited therapies in real-time 

[ 79 , 80 ] 

Limitations in hematological 
cancers 

Challenges in detecting mutations due to the 
heterogeneity of hematological cancers 

Application limited by the efficiency of delivery 
methods and off-target effects 

[ 72 ] 

Ethical c onsidera tions Privacy c onc erns rela t ed t o the handling and 
sharing of sensitive genomic information 

Ethical c onsidera tions surrounding germline editing 
and unintended c onsequenc es 

[ 78 ] 

Cost implications High costs associated with genomic sequencing 
technologies 

Costs related to CRISPR-based therapies and 
potential affordability issues 

[ 79 ] 

CRISPR. NGS analysis can detect muta tions tha t show 

resistance and sensitivity to particular therapies. CRISPR 

can then follow these findings by forming various models 
with the same kinds of mutations, enabling r esear chers to 

detect the effectiveness of different trea tmen ts tha t are 
specific to the person [ 114 ]. 

Genetic muta tions tha t ar e r esponsible for cancer can 

be identified, with the help of NGS, as therapeutic targets. 
Against these specific sit es, CRISPR employ s different edit- 
ing techniques to treat areas of mutations by disrupting 

the functions of genes responsible for the growth or pro- 
gression of cancer [ 115 ]. Genetic alteration responsible 
for the growth of cancer and resistance to trea tmen t can 

be identified through NGS. CRISPR can then be used to 

develop therapies against multiple pa thw ays . Thus , effec- 
tiveness of trea tmen t is increased. 

Techniques like chromatin immunoprecipitation 

sequencing and single-cell RNA sequencing have 
impr ov ed the field , such as epigenetic heter ogeneity 
and transcript ome analy sis for the study of cancerous 
and immune cells at the cell lev el . Further studies could 

bring light on these sequencing techniques. 

8. Opportunities in personalized medicine for 
ther apeutic str ategies 

NGS allows for precise iden tifica tion of genetic muta- 
tions, enabling target ed canc er therapies tailored t o indi- 
vidual pa tien ts. The in t eg ration of CRISPR/Cas9 in drug 

disc overy facilitat es the development of novel therapies, 
ac c elerating the pace of personalized cancer trea tmen t 
adv ancemen ts. Genomic profiling through NGS can aid 

in early cancer detection, offering opportunities for pre- 

v entiv e interv entions and impr ov ed pa tien t out c omes. 
CRISPR/Cas9 enables the customization of therapeutic 
strat eg ies by editing specific genes, paving the way for 
mor e effectiv e and personalized cancer tr ea tmen ts. 

9. Conclusion 

T he po werful combination of NGS and CRISPR technolo- 
gies opens up a wide range of r ev olutionizing appli- 
cations for the personalized treatment of cancer. With 

increasing adv ancemen t and knowledge, it is crucial to 

acknowledge that both of these techniques are still in 

their early stages for the trea tmen t of cancer and r esear ch. 
Many challenges have to be met before proceeding fur- 
ther in its implemen ta tion for humans. The gene editing 

ability of Cas9 has been ensured with its application in 

various human carcinomas , melanomas , lymphoma, etc., 
hence, this CRISPR/Cas9 tool can be used to edit or alter 
genes with the aid of NGS for identifying specific muta- 
tions which could not be found by other ways and make 
it feasible to understand the structural analysis of a tumor 
and the molecular phenomenon behind it . Yet , the eco- 
nomic point of view should be kept in mind, as it is one of 
the main hindrances in NGS. The r ev olutionary c onc ept 
of personalized trea tmen t f or cancer is a lif e-changing 

c onc ept t o work on if t echnical or ec onomic resistanc e 
can be ov er come in the near futur e. In conclusion, while 
challenges e xist , the synergy of NGS and CRISPR/Cas9 
pr esents pr omising opportunities for r ev olutionizing per- 
sonalized cancer trea tmen t, ushering in a new era of pre- 
cision medicine. 
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10. Future p ersp ective 

In the future, the combination of modern research tech- 
nologies including CRISPR/Cas9 and next -gener ation 

sequencing (NGS) can have a pivotal role in transform- 
ing the therapeutic strat eg ies for canc er. These advanc ed 

techniques show a significant potential for accurately 
diagnosing diseases like cancer by identifying muta- 
tions in the genes, which will help in designing per- 
sonalized trea tmen t plans. Moreo ver, CRISPR/C as9 can 

present multiple opportunities to create precise therapies 
by direct modification of canc er-relat ed genes, enhanc- 
ing the efficacy of immunotherapy and combating drug 

r esistance. How ev er, various challenges such as unin- 
tended genetic alterations, delivery mechanisms, hurdles 
in the regulatory process and off-target impacts must be 
r esolv ed for ensuring the efficient and safe applications 
of these clinical innov a tions. Furthermore, the in terpreta- 
tion and extensive analysis of genomic details and clini- 
cal information will play a significant role in revealing full 
potential and several benefits of personalized medicine 
for trea tmen t of cancer and other diseases. 

Executive summary 

• This review article highlights the transformative potential of 
combining ne xt -generation sequencing (NGS) with CRISPR/Cas9 
technology in cancer therapy. By lever ag ing NGS for 
compr ehensiv e tumor genome profiling and CRISPR/Cas9 for 
precise gene editing, this integ r ated approach enables 
personalized treatment str ateg ies tailored to the unique genetic 
makeup of individual tumors. This synergy holds promise for 
enhancing the efficacy of cancer therapy and ov er coming 
challenges associated with tumor heterogeneity and drug 
resistance, marking a significant advancement in personalized 
oncology. 

• Precision oncology aims to tailor cancer treatment to the genetic 
makeup of individual tumors, enhancing therapeutic efficacy and 
r educing adv erse effects. 

• NGS enables compr ehensiv e pr ofiling of the cancer genome, 
facilitating the identification of driver mutations and molecular 
pathways underpinning tumor development. 

• NGS allows for the identification of actionable genetic alterations 
in cancer, guiding targeted therapy selection and personalized 
trea tment stra tegies. 

• Immunotherapy harnesses the immune system to target and 
elimina te canc er c ells, offering promising therapeutic options f or 
patients with advanced or refractory disease. 

• NGS-guided identification of tumor-specific antigens enhances the 
development of CAR T-cell therapies, enabling precise targeting of 
canc er c ells while sparing normal tissues. 

• NGS-guided immunotherapy facilitates the development of cancer 
vaccines targeting tumor-specific antigens, stimulating the 
immune system to recognize and eliminate cancer cells. 

• CRISPR/Cas9 technology allows for precise genome editing, 
enabling r esear chers t o manipulat e specific genes implicat ed in 
cancer development and progression. 

• CRISPR-mediated gene editing holds promise for targeted gene 
therapy approaches, correcting disease-causing mutations and 
modula ting canc er-rela ted pa th ways . 

• Canc er c ell-specific pr omoters enable selectiv e targeting of 
therapeutic genes to cancer cells, minimizing off-target effects and 
enhancing treatment specificity. 

• Targeting telomerase activity in cancer cells using CRISPR-based 
appr oaches r epr esents a pr omising strategy for inhibiting tumor 
growth and proliferation. 

• CRISPR-media ted modula tion of canc er -specific miRNA e xpression 
offers potential therapeutic avenues for regulating oncogenic 
pathways and suppressing tumor progression. 

• Oncolytic viruses engineered using CRISPR technology exhibit 
enhanced tumor specificity and oncolytic activity, providing novel 
therapeutic options for cancer treatment. 

• Various delivery methods and Cas9 enzyme variants offer flexibility 
and specificity in target editing, ov er c oming limita tions associa ted 
with off-target effects and delivery efficiency. 

• CRISPR/Cas9 holds promise for a wide range of therapeutic 
applications in oncology, including gene therapy, cancer 
immunotherapy, and targeted molecular in terven tions. 

• Despite their potential, NGS and CRISPR technologies face 
challenges such as data interpretation complexity, off-target 
effects, and delivery efficiency, nec essita ting ongoing research and 
optimization for clinical translation in precision oncology. 

• In conclusion, the convergence of NGS and CRISPR/Cas9 
technologies presents a transformative opportunity to advance 
personalized cancer treatment. Through collaborative efforts 
between clinicians and researchers, the integ r ation of these 
innovativ e appr oaches has the pot ential t o r ev olutionize cancer 
care, paving the way for more effective and precise therapies. 
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