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Aims and Scope of the Series

“Genetics,” which has been proud of its tradition since Mendel presented his re-
search results in 1865, initially progressed quite slowly due to simple observational
approaches of individuals and groups. However, the discovery of double-strand-
ed DNA by Watson and Crick about 70 years ago triggered rapid progress in life
sciences, including genetics, which was primarily conducted using Escherichia coli
and bacteriophages infecting E. coli. Subsequently, genetics has achieved remark-
able developments, such as understanding genetic disorders, including cancers,
through research on the biogenesis and differentiation of plants and animals.

The two topics of this book series - Human Genetics, and Genomics - will address
important areas of advancement in genetics.

Human Genetics: After fundamental genetics, initially studied with the main goal
of revealing the functions of individual genes and proteins, genetics expanded
from understanding the genetic system itself to understanding many infectious
diseases caused by bacteria and viruses. Consequently, human beings are now over-
coming infectious diseases by developing medicinal chemicals, including antibiot-
ics and vaccines. However, genetic disorders remain challenging to cure up to now.
Nevertheless, even the cure for them, including various cancers, is coming closer
to reality due to the rapid progress of human genetics. In this way, the welfare of
human life continues to improve, and even longevity, which was once a dream, has
been achieved to some extent in recent years.

Genomics: On the other hand, the understanding of the comprehensive interrela-
tionship of whole genes or whole proteins functioning in one organism has become
possible now, as research has entered the era of genomics, owing to the rapid prog-
ress of base sequence analysis and bioinformatics. The development of genomics
has further made it possible to understand the evolutionary processes of organisms
through comparative studies among the genomes of many organisms.

This book series will discuss the findings obtained during the advancement of
human genetics and genomics. It is also expected that this series will trigger the
formation of a better world composed of human beings and all other organisms on
Earth through discussions of research results obtained under the development of
general genetics.
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Preface

The field of gene expression has witnessed remarkable advancements in recent
years, with a growing understanding of the molecular mechanisms that govern how
genes are regulated, expressed, and contribute to the complexity of life. Beyond the
Blueprint — Decoding the Elegance of Gene Expression brings together contributions
from leading experts, offering a comprehensive exploration of the latest research,
techniques, and discoveries in this dynamic field.

This volume presents an in-depth examination of the various aspects of gene expres-
sion, from transcriptional regulation to posttranslational modifications, and how
these processes impact cellular function, development, and disease. By exploring
both well-established principles and emerging concepts, the book provides a broad
understanding of gene expression’ role in shaping biological systems.

A particular focus is given to the integration of innovative molecular diagnostic
approaches, highlighting how these advancements are being applied in both research
and clinical settings. The insights presented in this volume are expected to contrib-
ute to the ongoing efforts to uncover the mechanisms behind genetic disorders and
develop targeted therapeutic strategies.

This edited volume is a valuable resource for researchers, clinicians, and students in
molecular biology, genetics, and bioinformatics. By presenting a blend of foundational
knowledge and cutting-edge research, the book aims to inspire further exploration
and discovery in the realm of gene expression.

We extend our sincere gratitude to the contributors who have generously shared their
knowledge and expertise. Their contributions have shaped this volume into a valuable
reference for anyone interested in understanding the elegance and complexity of gene
expression. We also wish to thank our colleagues, mentors, and institutions for their
support throughout the editorial process.

We hope this volume will serve as a useful tool for readers seeking to deepen their
understanding of gene expression and its far-reaching implications in science and
medicine.

Morteza Seifi
University of Wisconsin-Madison,
Madison, USA






Chapter1

Characteristics of Various Types of
Plant Breeding

Cristian-Radu Sisea

Abstract

Plants have always been integral to human society and their (genetic) improve-
ment has been carried out ever since humans became farmers. Breeders are seeking
to alter plants in a permanent and heritable manner in order to enhance agricultural
production relying on the scientific and technical advancements in molecular biology
and biotechnology. Plant breeding simultaneously creates and exploits biological
diversity (genetic variation), which are the main activities for plant breeders. Both
plant domestication and traditional (conventional or classical) breeding depended
on the natural processes and genetic potential of the species. However, innovations,
such as mutation breeding, various biotechnological tools (e.g. in vitro techniques),
and speed breeding, have been developed to enhance genetic gain and accelerate
the breeding process. Furthermore, to improve selection, molecular markers were
introduced. Strategies, such as molecular-assisted selection and genomic selection,
are part of molecular (modern or nonconventional) breeding, which also includes two
approaches based on genetic engineering: transgenesis and genome editing. The main
characteristics of all these breeding tools — the essential assets for overcoming the
agricultural challenges of modern civilization — and their relation to one another are
presented in this chapter.

Keywords: traditional breeding, mutation breeding, speed breeding, molecular breeding,
marker-assisted selection, genomic selection, transgenic breeding, genome editing

1. Introduction

Plants have always been, and still are, integral to human society because they
provide food, feed, fiber, fuel, raw materials, medicines and other various bioac-
tive compounds, esthetic pleasure, and solutions to various environmental issues.
However, nearly all the plants that are useful today do not occur naturally but exist
only because of human intervention that began thousands of years ago [1].

Early humans gathered what that they could find in the wild, but as their lifestyle
changed from nomadic to sedentary, thousands of years ago, desirable plant species
started to be selected and cultivated. This was the beginning of plant domestication
[2], which represents the earliest form of plant breeding [3]. About 150 years ago,
science revolutionized selection and breeding processes, facilitating and making
them more efficient [4, 5]. To this day, plant traits and characteristics continue to be
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changed in order to better serve the needs of modern society [6]. The role of science
and technology in plant breeding has increased continuously [4] and modern breed-
ers rely on more and more sophisticated and efficient methods to create variability,
discriminate among variants, and develop varieties (cultivars) for widespread
cultivation [7].

The last five decades have been the most productive period in world agricultural
history, saving billions of people from hunger and starvation [8]. The enhanced
production has been based on overexploitation of natural resources and changing
the natural environment, essentially entailing the modification of growing condi-
tions [5, 8]. This was possible with the implementation of advanced agricultural
technology, especially the application of production inputs such as fertilizers,
irrigation, and pesticides [4, 5, 8]. However, this progress cannot cater to all the
needs of mankind, and it will be even less sufficient in the coming years because
of the increasing demands of human society [9]. So, for the future, the challenge is
to ensure a sustainable rise in global agricultural production for a growing human
population using finite natural resources and a shrinking agricultural land base due
to industrialization, urbanization, and limiting factors, such as climatic or environ-
mental changes [8-11]. In this context, the genetic improvement of crops is more
important than ever.

In contrast to farmers, whose strategy is to enhance certain traits only temporarily —
without tampering with the genetics of the organism — breeders seek to alter plants in
a permanent and heritable manner so that genetic modifications are transmissible from
one generation to the next [12]. The integration of newly developing technologies, such
as molecular markers, OMICS, transgenesis, genome editing, and RNA interference
into plant breeding, will provide the basic principles for developing modern breeding
methodologies [4, 5, 13]. In this way, genetics coupled with other scientific knowledge
(statistics, biometrics, biochemistry, bioinformatics, biotechnology, etc.) have the
potential to overcome the aforementioned threats and challenges [8].

As an educator, I am concerned first and foremost with the students and the unini-
tiated, for whom understanding of all aspects of plant breeding is difficult to grasp,
particularly because they are at the beginning of a challenging journey. As a result,
it should be noted that this chapter is not intended for expert readers or an advanced
audience as it will only offer a brief overview of the fascinating world of plant breed-
ing, in order to provide up-to-date theoretical background and definitions. The main
characteristics of the various types of plant breeding strategies are presented, starting
with the fundamental principles of classical breeding and all the way to the advanced
technologies of modern breeding, emphasizing approaches such as artificial induction
of mutations, rapid generation advancement, the use of molecular markers, transgen-
esis, and genomic editing.

2. Plant breeding

It should be noted that the terms plant breeding and plant improvement are used
synonymously [5]. One of the best-suited definitions for plant breeding is the one
given by [12]: “the art and science of improving the heredity of plants for the benefit
of humankind.” Other definitions emphasize the changing, altering, or manipulation
of genetic patterns, genetic make-up, genetic information, genome, or genetics of
plants in order to produce desired traits or characteristics, to increase their value, or
to make them a better fit for human purposes. Basically, the plant breeding process
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encompasses techniques for producing, selecting, and fixing superior plant pheno-
types in order to develop new, improved cultivars that better meet the requirements
of farmers and consumers [14, 15].

Many authors state that the scientific basis for plant breeding was established by
the ground-breaking work of Gregor Johann Mendel in the middle of the nineteenth
century. However, the principles put forth by Charles Darwin and Alfred Russell
Wallace during the same period are equally important since breeding is nothing less
than a particular form of evolution. At the beginning of the twenty-first century, the
science of crop improvement is being transformed once again by molecular breeding,
which integrates the latest breakthroughs in biological research — namely molecular
biology and biotechnology — with traditional breeding practices [15-19]. As science
and technology advance, modern breeders are able to make their activities more and
more predictable and precise, with plant breeding becoming indispensable to modern
human society [20]. Thus, the development of a new crop variety is an example of
agricultural biotechnology that includes both traditional breeding techniques and
modern methods [1, 21], such as molecular markers and genetic engineering.

As mentioned before, plant breeding is often likened to evolution [5]. Yet, a crucial
distinction between the two is that evolution is a natural and extremely slow process,
whereas plant breeding is a relatively quick artificial one [2]. Moreover, natural evolu-
tion increases the fitness of the populations or species, whereas plant breeders aim
to direct the population toward specific and predetermined goals — often related to
yield, nutritional value or other commercial traits — that are generally not concerned
with fitness because modern farmers can grow plants under artificial conditions [5]. It
should be noted, however, that in recent years, there has been a shift toward improv-
ing adaptability to abiotic or biotic stress factors in order to make better use of land
resources while also taking climate change into consideration [22].

The development of new cultivars entails two basic activities: assembling genetic
variability and discriminating among variants — selection — in order to identify
and advance desirable genotypes (individuals) that meet the breeding objectives [7].
These two stages are followed by the evaluation and release of the cultivar [5].

Depending on the approaches and techniques employed by breeders, which keep
evolving along with science and technology, there are two basic categories of plant
improvement: traditional (conventional) and molecular (nonconventional) [4, 20].
These two categories and their characteristics will be presented in the remainder of
this chapter.

3. Traditional plant breeding based on selective breeding

Traditional plant breeding, also called classical or conventional breeding, is the
development of crop varieties by using natural processes and conservative, older, sim-
pler, and relatively low-tech tools to modify an organism’s genetic information within
the natural boundaries of its species [1, 5]. The absence of modern developments or
lack in sophistication is not implied here as traditional breeding entails both basic and
advanced methods [23]. In fact, practices used in traditional breeding may include
features of biotechnology such as tissue and cell culture, protoplast fusion techniques
for somatic hybridization, techniques for embryo rescue to overcome incompatibility
barriers, advanced pollination procedures and iz vitro fertilization, techniques for
polyploidization a haploidization, and mutation breeding [4, 14, 23]. However, the
fundamental method remains modification through selective breeding [1, 14], also
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called artificial or phenotypic selection, which is based on phenotype evaluation for
identifying individuals with desirable traits [3, 5, 24]. Consequently, the methods
and techniques used by conventional breeders rely heavily on the species’ mode of
reproduction — self-pollination, cross-pollination, or clonal (vegetative) propaga-
tion — and contrast with the newer and more innovative breeding tools of molecular
breeding [5]. This is why, the initial statement is defining the traditional breeding
approach by actually comparing it to the most cutting-edge breeding technologies.

In much the same manner, EU legislation on genetically modified (GM) organisms
(GMOs) — that is. Directive 2001/18/EC — clearly delineated traditional breeding
from what was, at the time, the most innovative methodology for crop improve-
ment — transgenesis or recombinant DNA technology [23]. This idea was rightly
extended to include other genetic engineering tools — that is. genome editing — which
are considered to have revolutionized crop improvement and biological research and
which will be presented in Subchapter 4.2.2. In conclusion, all genetic engineering
methods that enable the creation and introduction of novel variation into genomes
through genetic engineering should be separated from traditional breeding [25]. This
is especially true from a technical point of view, but the legal implications are more
nuanced; these will be discussed further in Subchapter 4.2.2.

Artificial selection can be performed on naturally occurring individuals, but,
more often, on offspring resulted from controlled crosses, also called matings or
hybridizations. Therefore, in conventional breeding, desirable traits are assembled
into a new cultivar from different but very closely related plants — usually belonging
to the same species [4]. As such, the individuals resulting from conventional breeding
only display characteristics already present in the genetic potential of their species
because new genes (and characteristics) are not introduced [5]. Also, when none
of the individuals on which selection is performed possesses a certain gene variant
controlling a particular trait, it is not possible to select that specific trait [1].

It should also be noted that in a controlled mating all of the genetic material
between the two individuals being bred, which could mean tens of thousands of genes
(maize, for example, has approximately 32,000 genes), is shuffled. The results of
such a mix can be very unpredictable because of the large number of combinations —
that is. genotypes or individuals — it can generate and finding the best one could be
very difficult [1].

Artificial selection is the oldest technique for crop improvement and still remains
widely used [20, 26]. This has actually been the main process through which, over the
years, humans have gradually and systematically favored traits that have increased the
utility of plants [1, 5].

3.1 Mutation breeding

Plant breeding relies on genetic variation — “heritable variation is the lifeblood of
plant breeding” [5] — for selecting desired genotypes or traits [27-29].

In nature, mutations — the heritable changes to an individual’s genetic makeup
[14, 30] — represent one of the essential mechanisms for genetic variation and
evolution — individuals with a novel trait may be preferentially selected because of
their superior fitness determined by the novel (mutant) adaptive features [28, 29, 31].
Mutations are in fact the new gene variants (alleles) controlling new traits that are
passed on from parents to offspring [28-30].

Humans have used natural genetic variation since they started cultivating plants
by actually (and also unknowingly) selecting for the alleles that were beneficial and
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suitable to their needs [9]. The natural rate of mutation is nevertheless very low and
insufficient for generating all the variation that breeders would like to have for their
breeding programs [26], which have to run at a much faster pace than natural evolu-
tion. To overcome this limitation, plant breeders can artificially induce additional
mutations by using physical (i.e. different types of high-energy radiation) or chemical
(e.g. ethyl methanesulfonate and dimethyl sulfate) mutation-causing agents — muta-
gens [28-30, 32, 33]. This way of generating new variation to be exploited in the
breeding process is called mutation breeding. Consequently, the genetic variation
used in plant breeding could be: (1) found in the natural, existing gene pool; (2)
obtained through crossings (hybridizations) that shuffle existing variation into new
combinations without creating novel gene variants; and (3) the result of artificial
mutagenesis which actually means generating new alleles.

Usually, mutation breeding is considered part of conventional or traditional
breeding [23, 28-30, 32, 33], but different opinions can be found as well:

* “Genetic transformation and mutation breeding, as nonconventional breeding
tools for plant improvement, are outlined and selection iz vitro against a fungal
toxin isolated from Mycosphaerella fijiensis is presented in more detail.” [34];

* “..nonconventional breeding of banana, more specifically genetic transformation,
protoplast culture, somatic hybridization and EMS-induced mutation ...” [35].

EU legislation on GMOs — that is. Article 3(1), in conjunction with Annex I B of
Directive 2001/18/EC — is very clear on this topic: mutagenesis — introducing varia-
tions in the plant genome using radiation or chemicals — is regarded as traditional
breeding and is explicitly exempt from the scope of the Directive 2001/18/EC, on the
basis that it has a long history of safe use [23, 32, 33, 36].

With more than 3000 mutant crop varieties in more than 200 plant species having
been officially released worldwide [28, 29, 31, 37], mutation breeding continues to
be an important tool for today’s plant improvement efforts together with the more
advanced and precise nonconventional techniques [28, 29, 31].

3.2 Speed breeding

Several years are required for developing cultivars using conventional procedures
for generation advancement (to the next breeding cycle). In order to achieve a rapid
generation advancement (RGA) — that is. the shortening of breeding cycles — with
more than three to four generations per year, a relatively unsophisticated and highly
adaptable platform for plant cultivation was perfected [38-42]. Research on this topic
had been reported as far back as 1880 [39, 41], based on the idea of growing plants
under artificial light that was experimented with by botanists [40, 41]. The RGA
approach was first proposed just before World War 2, then modified in the 1960s, and
its most recent form — speed breeding — was introduced only a few years ago [39, 42].

Just like mutation breeding and molecular breeding (Subchapter 4), speed breed-
ing is aimed at accelerating genetic gain [38-40]. For this, plants are cultivated under
fully enclosed environmental conditions, in growth chambers or greenhouses, where
crop-specific optimal light (quality, intensity, and duration), temperature, and
humidity can be artificially controlled [30, 38-40, 42].

The basic and simple procedures of speed breeding can be easily adopted.
However, this approach is much more effective in enhancing genetic gain when
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integrated with other modern strategies [39]. To produce greatly improved outcomes,
speed breeding can be combined with:

* marker-assisted selection [38]; marker-assisted selection is presented in
Subchapter 4.1.1;

* high-throughput genotyping — that is. genomics-assisted breeding — combina-
tion that represents the most effective strategy for quick variety development
[40]; genomics-assisted breeding is presented in Subchapter 4.1.2;

* genome editing techniques [11, 40], an approach called express edit [40]; genome
editing is presented in Subchapter 4.2.2;

* automated or high-throughput phenotyping [40, 42].

This type of accelerated plant breeding reduces the time, space, and manpower
needed to advance plant generations more rapidly and develop varieties at a quicker
pace, so speed breeding was adopted worldwide, with already well-established proto-
cols in many important staple crops [38-42].

4. Molecular plant breeding

The agricultural challenges of modern society, determined by population growth,
climate change, limited resources, and the constraints of conventional breeding,
require increasingly innovative, modern methodologies to be applied for the genetic
improvement of crops [17, 43, 44]. In the past few decades, due to the progress in
science and technology — that is. the considerable increase of knowledge on genes
and their function at the molecular level — advanced, new tools for plant breeding
have been added to those that have been in use for a long time — that is. traditional
breeding [8, 42]. The various umbrella terms describing these new, advanced breed-
ing methods are nonconventional (or unconventional), modern, and molecular.
Molecular breeding is arguably the most appropriate and commonly used of the
aforementioned terms. The following are some straightforward definitions for
molecular breeding:

* “Application of molecular biology in plant breeding is molecular breeding.” [3].

* “Similarly, the recent integration of advances in biotechnology, genomic
research, and molecular marker applications with conventional plant breeding
practices has created the foundation for molecular plant breeding, an interdisci-
plinary science that is revolutionizing twenty-first century crop improvement.”
[15].

* “Recent progress in biotechnology and genomics has expanded the breeders’
horizon providing a molecular platform on the traditional plant breeding, which
is now known as plant molecular breeding.” [16].

* “Molecular breeding applies molecular biology tools to accelerate the breeding
process.” [17].
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* “Molecular breeding is a modern technique that refers to the combined applica-
tion of plant biotechnology and breeding for crop improvement.” [18].

* “Modern plant breeding techniques came into being when molecular techniques
were integrated along with conventional breeding techniques in order to achieve
higher genetic gains.” [19].

Taking into consideration the primary components of molecular breeding out-
lined in the previous definitions — that is. molecular biology, biotechnology, molecu-
lar markers, and genomics — it can be concluded that its essential tools are molecular
biology techniques. For better understanding what the concept of molecular breeding
entails it is necessary to consider other, more detailed opinions on this topic, which
are quite heterogeneous. This is due in part to the fact that terms such as genetic engi-
neering, biotechnology, and molecular marker, used to describe molecular breeding
are, in their turn, not always agreed upon by all authors.

Most often, molecular breeding encompasses the use of molecular markers and
genetic engineering, as shown by the following definitions:

* “The areas of molecular breeding include QTL [quantitative trait locus] mapping
or gene discovery, marker-assisted selection and genomic selection, genetic engi-
neering, and genetic transformation.” [3]; here, it should be noted that genetic
transformation is not included in genetic engineering.

* “To this end, recent advances in transcriptome profiling, functional genomics,
proteomics, and metabolomics approaches, coupled with molecular marker-
assisted breeding and transgenic technology have made significant contributions
in enhancing the efficiency of cotton breeding; these methods are collectively
referred as molecular breeding.” [45]; here, the authors do omitted genome edit-
ing; this also applies to the next definition.

* “Molecular breeding in cotton includes traditional cotton breeding supple-
mented with marker-assisted breeding using advances in molecular-marker
technology and QTL mapping (which includes marker-assisted backcrossing and
marker-assisted recurrent selection), genomics (known as genomics-assisted
breeding), and transgenics technology.” [45];

* “Therefore, combination of conventional and modern breeding approaches, such as
backcrossing, foreground and background selection, phenotyping, gene pyramid-
ing, marker-assisted selections, identification of quantitative trait loci, and many
more can be used to have new and improved varieties. Further, biotechnological
approaches such as identification of genes by using markers, genetic transforma-
tion, regulating signal transductions, and different omics approaches (genomics,
transcriptomics, proteomics, and metabolomics) are choice of scientists to develop
next generation crops to tackle the challenge of having sustainable agriculture,
adverse effect of climate change, and to feed the looming population.” [46].

* “Molecular breeding may be defined in a broad sense as the use of genetic
manipulation performed at DNA molecular levels to improve characters of inter-
est in plants and animals, including genetic engineering or gene manipulation,
molecular marker-assisted selection, genomic selection, etc.” [47].
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There are instances when the authors reference only one of the elements men-
tioned above, either molecular markers or genetic engineering:

* “Molecular breeding is used to describe several modern breeding strategies,
including marker-assisted selection, marker-assisted backcrossing, marker-
assisted recurrent selection and genome-wide selection or genomic selection.” [3].

* “DNA markers are also called molecular markers in many cases play a major role
in molecular breeding” [47, 48].

* “Marker-assisted or marker-based backcrossing is regarded as the simplest form
of marker-assisted selection, and it is the most widely and successfully used
method in practical molecular breeding.” [47, 48].

* “The use of DNA markers in plant breeding is called marker-assisted selection
and is a component of the new discipline of “molecular breeding.” [49].

* “The classical approach for molecular breeding is heavily dependent on marker-
assisted selection and the trait linked DNA markers as an alternative to support
phenotypic screening.” [50].

* “Molecular breeding uses molecular biology tools in breeding crop plant. It
includes approaches such as marker-assisted selection and qualitative trait loci
mapping.” [51].

* “Single and multigene transgenesis is the current strategy since the past one
decade, which if aptly exercised alongside other molecular breeding strategies,
can yield satisfactorily performing drought tolerant crop plants.” [52].

Other authors present molecular breeding as pertaining either to molecular mark-
ers or genetic engineering:

* “Molecular breeding is the DNA marker-assisted breeding that calls for sophisti-
cated instrumentation and facilities.” [3].

* “Molecular breeding, or MAS, refers to the technique of using DNA markers that
are tightly linked to phenotypic traits to assist in a selection scheme for a particu-
lar breeding objective.” [53]

* “Molecular breeding approaches target on specific regions on the DNA and
therefore are called as marker-assisted breeding. This is often taken from QTL
mapping of the quantitative trait. MAB involves numerous modern plant breed-
ing strategies, comprising marker-assisted selection, marker-assisted backcross-
ing, marker-assisted recurrent selection, and genome-wide selection or genomic
selection. Marker-assisted selection (MAS) is a breeding approach that involves
integration of detection and selection of DNA marker with a conventional breed-
ing program.” [54].

* “Called molecular plant breeding, plant breeders may now access genes from the
animal kingdom for plant improvement, but not without controversy.” [5].
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Sometimes molecular breeding — potentially referring to molecular markers —
and genetic engineering are seen as two different components of modern breeding
methods:

* “The final part has an excellent discussion of advanced techniques of plant
breeding, such as tissue culture, genetic engineering, molecular breeding, and
application of genomics.” [3].

* “Molecular breeding and [genetic engineering] also have benefits over conven-
tional breeding because they make it tranquil to grow crops with many nutri-
tional traits of interest.” [18].

* “Now, new innovative additional plant breeding tools, including molecular
breeding and plant biotechnology, are available to plant breeders, which have
a great potential to be used along with the conventional breeding methods for
sustainable agriculture.” [55]; here, plant biotechnology most probably refers to
genetic engineering.

* “For introduction of desirable traits molecular breeding and transformation
technique have also been used widely.” [56].

Certainly, there are many other particular definitions for molecular breeding, its
components, and the relations between them.

Conventional techniques are time-consuming, so one of the most important
advantages of molecular breeding is the possibility of reducing the duration of the
crop development process by years [18]. However, due to its complexity, the success-
ful application of molecular breeding requires sophisticated, high-tech infrastructure
and deep knowledge and specialization [44].

4.1 Molecular markers in plant breeding

While significant genetic improvements have been achieved using classical
breeding methods — based on phenotypic selection [3, 24] — the employment of
molecular biology and genomics tools — that is, molecular or DNA markers — has
the potential to enhance genetic gains even more by making selection easier, faster,
and more accurate, which will reduce the generation interval and the costs and
will improve the overall speed and efficiency of the breeding process [57-59]. An
important advantage of using molecular markers is that genotypic evaluation can be
done off-season and the influence of the environment is negligible [60]. Therefore, in
recent decades, the focus shifted from phenotype-based to genotype-based selection
[3], making molecular markers one of the main components of modern breeding. The
two primary types of molecular marker-based strategies used in plant breeding are
presented in the following subchapters.

4.1.1 Marker-assisted selection and breeding

Marker-assisted or marker-aided selection (MAS) is the selection of individuals
with desirable traits based on the direct analysis of their genetic makeup (genotype)
and it can be employed alone or in combination with classical methods [57]. Marker-
assisted breeding (MAB) includes several molecular analysis-based applications
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intended to enhance mating designs, genetic testing and screening, deployment
strategies and overall quality control in plant improvement programs [57].

Only a few general aspects are addressed here, while the various types of molecu-
lar markers with their features, advantages and drawbacks will not be discussed.
These general aspects, that specialists have different views on, are related to how the
concept of molecular markers should be perceived. One such issue is the influence of
the molecular marker on the target characteristic. In the following examples MAS is
presented as a form of indirect selection — the assumption that the marker closely
associates with one or more genes of interest, due to genetic linkage, but does not
influence the target characteristic:

» “Marker-assisted selection or marker-aided selection (MAS) is a process
whereby a marker (morphological, biochemical or one based on DNA/RNA
variation) is used for indirect selection of a genetic determinant or determinants
of a trait of interest (i.e. productivity, disease resistance, abiotic stress tolerance

and/or quality).” [3].

* “One of the most important methods of molecular breeding is MAS, the use of
DNA markers that are tightly linked to target loci as a substitute to assist pheno-
typic screening.” [17].

* “MAS is an indirect selection process, where individuals for a particular trait of
interest are selected based on the known markers linked to it.” [24].

* “MAS is the process of using morphological, biochemical, or DNA markers as
indirect selection criteria for selecting agriculturally important traits in crop
breeding.” [61].

* “Marker-assisted selection is a strategy to accelerate genetic gain in conventional
breeding programes by selecting plants with a desirable combination of genes
using tightly linked markers.” [62].

However, indirect selection is only one type of MAS, direct selection being also
possible:

* “All forms of indirect selection involve selection for one trait to make improve-
ment in a different trait, called the target trait. A second and developing, form
of MAS is to select directly on the individual alleles at one or more loci affecting
polygenic traits. This form of marker-assisted selection requires knowledge, at
the molecular level, of some or all of the genes controlling the target trait and can
be viewed as direct selection, rather than indirect selection, since selection is for
specific, favorable alleles at those loci.” [57].

* “Marker-assisted selection is a newly emerging approach due to which various
problems of conventional breeding avoid and enhance the selection criteria of

phenotypes with the selection of genes, either indirectly or directly.” [63].

* “Molecular genetic analyses of quantitative traits lead to the identification
of two broadly different types of genetic loci that can be used to enhance
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genetic improvement programes: causal mutations and presumed non-
functional genetic markers that are linked to QTL (indirect markers). [...]
Whereas causative polymorphisms give direct information about genotype
for the QTL, the use of indirect markers for QTL mapping and for selection
is based on the existence of linkage disequilibrium (LD) between the marker
and the QTL” [64].

* “Secondly, some SNPs [single nucleotide polymorphism] are located in coding
regions and directly affect protein function. These SNPs may be directly respon-
sible for some of the variations among individuals in important traits.” [65].

It is also important to understand that molecular markers represent just one of
the several types of markers that can be used in plant breeding. The classification of
markers can vary, but the concept is rather consistent:

* “Genetic markers used in genetics and plant breeding can be classified into
two categories: classical markers and DNA markers. Classical markers include
morphological markers, cytological markers and biochemical markers.” [47].

* “Such variations occurring at different levels, that is. at the morphological,
chromosomal, biochemical, or DNA level can serve as the genetic markers.” [66].

* “Genetic markers are classified: based on visually evaluated traits (morphologi-
cal and productive traits), based on gene product (biochemical markers), and
founded on DNA analysis (molecular markers).” [67].

Usually, genetic markers encompass all of the other types of markers and can be

defined as:

* “..the biological features that are determined by allelic forms of genes or genetic
loci and can be transmitted from one generation to another, and thus they can be
used as experimental probes or tags to keep track of an individual, a tissue, a cell,
anucleus, a chromosome or a gene.” [47];

* “..any stable and inherited variation that can be measured or detected by a
suitable method, and can be used subsequently to detect the presence of a

specific genotype or phenotype ..” [66]; this definition emphasizes only indirect
selection;

* “..abroad term for any visible or assayable phenotype or the genetic basis for
assessing of the observed phenotypic variability.” [67].

The definition of molecular markers also varies between authors, especially when
considering different fields of study and no attempt will be made here to reconcile
them. Below are some appropriate definitions for molecular markers applicable to
plant breeding:

* “The markers revealing variations at the DNA level are referred to as the molecu-
lar markers.” [66].
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* “Molecular marker is a term used to refer to a specific DNA variation between
individuals that has been found to be associated with certain characteristics.” [67].

* “A molecular or DNA marker is the difference in DNA nucleotide sequence —
between individual organisms or species — that is in proximity or tightly linked
to a target gene that expresses a trait.” [68]; it should be noted that the authors
emphasize only indirect selection.

MAS is probably both the least sophisticated and the most widely used approach
in practical molecular breeding because of its simplicity, especially when compared to
the other molecular breeding strategies.

4.1.2 Genomic selection and genomics-assisted breeding

MAS has demonstrated its practicality and feasibility in the enhancement of
qualitative traits — features associated with one or very few major genes — but its
usefulness in improving quantitative traits — polygenic traits controlled by hundreds
or thousands of minor genes, with small effects — is limited [24, 69]. To address this
issue, a powerful new approach called genomic selection (GS) or genome-wide selec-
tion (GWS) was developed [24]. This new approach became feasible only with the
development of new generations of DNA sequencing technologies that revolutionized
biological research and genomics by drastically reducing the costs and duration of
sequencing [59]. High-throughput genotyping enables the routine implementation of
GS to fully benefit crop improvement [59].

Without prior knowledge of relevant QTLs or other molecular markers [69], GS
uses dense single SNPs distributed across the whole genome to estimate the genetic
merit of individuals of a breeding population and to facilitate the selection of candi-
dates for the next breeding cycle [24, 69, 70]. GS shows great potential for resolving
the issue of selection of traits associated with multiple genes [71] because it can
theoretically account for the effect, no matter how small, of every piece of genetic
information — gene or otherwise — from a genome [72], for which conventional
selection and MAS are difficult and time-consuming to apply [71]. Therefore, GS
ensures high accuracy and allows for a substantial reduction in the duration of the
breeding cycle, while also decreasing the costs associated with extensive phenotyp-
ing, and thus accelerating genetic gains and improving the overall efficiency of the
breeding process [60, 73].

The possibility of analyzing individuals through whole genome sequencing has
turned GS and other genomics-assisted breeding (GAB) tools into powerful assets
[3, 60, 72], which enable the integration of genomics with conventional phenotyp-
ing in order to facilitate the prediction of phenotype from genotype [3, 60]. In this
context, the breeder can make a comprehensive characterization of the genetic
variation in order to find the best alleles — that is. to accumulate beneficial alleles
and purge deleterious ones [11] — and combinations of alleles (haplotypes) for
future crop cultivars [3, 11, 60].

Implementation of GS requires that individuals in a fully phenotyped population
v generally called training population — are genotyped using genome-wide markers
instead of selected molecular markers. Available phenotypic and genotypic informa-
tion is employed to build a statistical predictive model that estimates the breeding val-
ues of the alternative alleles of all the markers. The additive sum of all marker effects
is used to calculate the genetic merit of each individual and the genomic estimated
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breeding value (GEBV) of the training population. GEBV can then be utilized to
estimate the phenotypic value of individuals in a breeding program employing solely
their genotypic data. In this regard, the selection of individuals in subsequent genera-
tions is based purely on GEBVs. This general outline of the genomic selection process
is based on information published by [11, 24, 59, 60, 70, 72, 73].

However, there are certain factors that may influence the accuracy of the genomic
prediction: the size and genetic diversity of the training and breeding populations,
as well as the genetic relationship between the two, the heritability of the target trait,
the influence of the environment on the initial population, the density of markers, the
choice of statistical models used to estimate breeding values, and the accuracy of the
phenotyping [24, 69, 72].

In conclusion, there is great potential in GS and GAB, and overcoming the limita-
tions these technologies are currently facing will make their routine implementation
possible in plant breeding [24, 72, 74], which might lead to replacing phenotypic
selection and MAS, at least in the analysis of complex traits [59].

4.2 Genetic engineering in plant breeding

Due to its most defining attribute — the possibility of direct and highly accurate
manipulation of genetic information — genetic engineering (GE) has transformed
both the way in which biological studies are performed, by becoming an essential
tool for understanding the genetic basis of biological processes and the possibilities
of applying acquired knowledge [9, 75, 76]. The manipulation of genetic material is
intended to induce gene function-level changes — gene inactivation, overexpression
of an already existing (native) gene, or synthesis of a new compound and integration
of a new function after the insertion of a new gene — that will, in turn, alter the phe-
notype. Thus, GE has found numerous applications in all the main sectors of human
activity — industry, medicine, and agriculture — including plant breeding.

GE represents the foremost biotechnological approach that is used in modern
breeding for the genetic improvement of crops, with two basic components: trans-
genesis or transgenic technology and genome or gene editing [77]. Both of them allow
twenty-first-century breeders to alter the genome of an organism and to create new
heritable variability through the direct manipulation of the genes controlling the
traits of interest [16]. There is, however, an essential difference between the two: the
origin of the manipulated genetic material.

In the case of transgenesis, genetic material from two (or more) species is used —
that is. combined. Basically, the transfer of genetic material — that is. a gene, but sev-
eral genes could be transferred as well — from one (or more) species into the genome
of another is carried out. This type of transfer is called horizontal or lateral transfer of
genetic material and cannot take place between the species involved in transgenesis as
they are not capable of sexual reproduction with each other — that is. vertical transfer.
So, in essence, transgenic technology introduces novel genes into an organism in order
to enhance it with new characteristics. On the other hand, most of the gene editing
tools act on the genetic material of a single organism (and species) and their genetic
and phenotypic effects are the same as in the case of naturally, spontaneous occurring
mutations. It should be noted that the transfer of novel genes — just like in the case of
transgenesis — is also possible.

Authors do not always make the same distinction between GE, transgenesis, and
genome editing. Often, GE and transgenesis were used interchangeably, especially
before genome editing became widespread. Today, such an approach can be somewhat
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confusing — “advancements in genetic engineering and genome editing techniques
draw more attention from conventional plant breeding methods” [78] — and there
are many other examples that may hinder even more the understanding of the differ-
ences between the three concepts mentioned earlier:

* “The process of genetic engineering or gene editing in plants starts with isolation
of the desired gene from a living source, which is then incorporated within a
suitable vector to make a recombinant DNA molecule, and finally this recombi-
nant DNA molecule is inserted into the host’s (plant) genome — thus integrating
a new function within the GM plant. One of the main components of gene edit-
ing tools used for production of GM crops that have the most significant impact
upon the overall process of gene editing is selection of a suitable enzyme.” [79].

* “Gene editing can be defined as a process involving advanced techniques in
molecular biology for site-specific, efficient, and precise modifications within
a genome. The resultant plants can be precisely termed as genetically modified
(GM) plants that occur through the transfer of a transgene (gene) of known
function.” [79].

In the following subchapters, general aspects regarding transgenesis and genome
editing will be presented briefly.

4.2.1 Transgenic breeding

During the past four decades, the asexual transfer of genes employing specific
GE methods has added a new dimension to the genetic modification and improve-
ment of plants [57]. It should be noted that genetic modification is often used to refer
specifically to genetic engineering and transgenesis [14, 80]. However, the term has
traditionally been used to describe any heritable (genetic) improvements in plants
(or animals) irrespective of the methodology employed by the breeders [14, 80].
Modifications — insertions, deletions, or substitutions — can range from small-scale
alterations, such as a single nucleotide affecting a single gene to major changes in the
genetic makeup, affecting numerous genes.

The products of GE — called transgenic plants or crops and commonly referred
to as GM or biotech — became the most rapidly spreading agricultural technology in
history [81, 82]. They contain at least one (foreign or exogenous) gene that has been
artificially inserted into their genome to determine a desired characteristic [49, 77].
The inserted gene is known as a transgene [83] and originates from different sexually
incompatible species or can even be completely artificially synthesized.

Consequently, transgenic technology can overcome the reproductive barriers of
transferring genetic material so that breeding resources are extended to unrelated
species, creating additional genetic variation [49, 77, 84] — characteristics not
available in nature in the plants to be modified are introduced from a variety of
other organisms [3, 57]. In this way, transgenesis is fundamentally different from
traditional, mutation-based, or molecular marker-based breeding [57]. Such an
approach also produces plants with desired characteristics faster than classical
breeding [3], enabling the insertion of the foreign DNA directly into elite cultivars
(genotypes) [49, 83]. The two most popular techniques for plant transformation are
Agrobacterium-mediated gene transfer (plant transformation) and particle bom-
bardment [75, 84].
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Two particular types of transgenesis have been developed for transferring DNA
that belongs to the same species or to other closely related and sexually compatible
species: cisgenesis employs natural genetic sequences (i.e. genes with their regula-
tory elements) for genetic modification, while intragenesis refers to the use of new
combinations of coding sequences and regulatory elements [77, 85]. There are differ-
ent goals for these types of transfers — for example. Overexpression of genes that are
already present within the crop itself, avoiding linkage drag that occurs when gene
transfer is obtained by crossing — but a very important aspect is that the gene pool
exploited by these approaches is identical to the gene pool available for traditional
breeding. In this way, objections to transgenesis may be overcome more easily [77].

Gene silencing is another important tool used in plant transgenesis [86],
encompassing a series of mechanisms capable of suppressing or inhibiting gene
expression [83, 86].

4.2.2 Genome editing

Several new (plant) breeding techniques (NPBTs or NBTs) — also termed novel
genomic techniques, new genetic modification techniques, etc. — have been devel-
oped over the past few decades [32, 33, 36, 87]. NBTs is an umbrella term, encompass-
ing different biotechnological approaches employed in research and breeding that
are capable modifying an organism’s genetic makeup and that have emerged or have
been created since 2001 [32, 33, 36]. Of these, genome editing or gene editing (GEd),
is a particularly useful strategy for the genetic improvement of crops, allowing much
faster and more precise results than other breeding techniques [32, 33, 77]. Therefore,
GEd has evolved rapidly in recent years, and it has received increasingly more atten-
tion [77, 88, 89], both from researchers and the general public, not only in plant
breeding but also in many other research areas as well.

There are many different molecular (genome) editors available, such as site-
directed nucleases (SDNs), which include meganucleases (MNs), zinc-finger nucle-
ases (ZFNs), transcription activator-like effector nucleases (TALENs) and CRISPR/
Cas or CRISPR-Cas systems — CRISPR is an acronym for clustered regularly inter-
spaced short palindromic repeat, while Cas stands for CRISPR-associated protein,
prime editing (PE), base editing (BE), oligonucleotide-directed mutagenesis (ODM),
transposases, recombinases, chemical (chemistry-based) DNA cutters, and peptide
nucleic acids (PNAs) [90-92]. Although some editing systems have been introduced
since the 1990s, with the first one even earlier, it was the CRISPR/Cas-based platform
that really “revolutionized this revolutionary field.” Introduced only in 2013, the
CRISPR/Cas technology became, by far, the most popular tool for editing the genetic
blueprint of an organism due to its simplicity and versatility — CRISPR/Cas can be
easily adapted and programmed for many different uses — and continues to drive
major breakthroughs in life sciences [90, 93]. The four main classes of CRISPR/Cas-
derived genome editors are nucleases (i.e. SDNs), base editors (i.e. BE), prime editors
(i.e. PE), and transposases/recombinases [90].

In essence, GEd systems generate targeted DNA mutations (at predefined loca-
tions in the genome) [49, 94], ranging from one or a few nucleotides, just like natu-
rally occurring mutations, to inserting or removing one or more entirely functional
genes [9, 36, 37].

Applications of SDNs-based GEd — mainly CRISPR/Cas — are generally grouped
into different types — SDN-1, SDN-2, and SDN-3 — depending on the presence of
exogenous DNA, the cellular response mechanism, and the resulting change in the
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genetic makeup of the targeted organism [89, 93, 95, 96]. SDN-1 and SDN-2 are some-
what similar, producing plants that contain no exogenous DNA in their genome. The
desired traits result from changes, such as nucleotide substitutions and small dele-
tions and insertions, made exclusively on endogenous DNA and are indistinguish-
able from natural genetic variation or what can be obtained by mutation breeding

[9, 95]. The European Network of GMO Laboratories concluded that without prior
knowledge, it is technically impossible to detect the small DNA changes introduced
by Ged, and thus to distinguish GEd plants from plants selected for certain naturally
occurring mutations or plants that are obtained through mutation breeding [9, 33].
SDN-3, on the other hand, results in the insertion of exogenous DNA into the target
genome at a predefined locus, and such organisms are considered to be GMOs [9, 95].
PE and BE constitute separate categories than any SDN, but the genetic changes they
are producing are similar to SDN-1 and SDN-2 [9].

Breeding has always relied heavily on genetic diversity and modern breeders
have continuously looked for ways to expand it [9]. So, over time, breeding efforts
were augmented by introducing various means — that is. artificial mutagenesis
and trangenesis — for creating new genetic variants in addition to the spontaneous
mutations found in nature [9]. One of the drawbacks of artificially induced mutations
is that it generates many (probably thousands) unknown and uncontrolled muta-
tions in a genome, even deleterious ones, so isolating a desired new trait could still
be time-consuming and, in some cases, virtually impossible [9, 77]. In this context,

a distinction must be made between undirected methods — that is. artificial muta-
tion methods causing random genetic changes — and the more precise site-directed
methods [97] — that is. GEd, also called targeted genome engineering [94]. So, unlike
artificial mutations, the changes produced by GEd are not random, being targeted at
a specific predetermined locus, which gives this technology a high level of precision
while generating new variability [9]. Therefore, GEd increases the efficiency of intro-
ducing single and multiple traits and removing undesirable ones without affecting
genetically linked genes [37].

In many countries, the development, commercialization, and use of GM crops are
severely limited due to the many regulatory, social, and ethical issues and concerns
related to environmental safety and consumer health [9, 77]. As pointed out before,
most GEd technologies work without introducing exogenous DNA fragments in the
targeted genome and their effects on the DNA and phenotype are the same as those of
conventional mutations. It can thus be concluded that “the process is genetic engi-
neering, but the product is not” [97], which should contribute to their acceptance.
Certain authors go as far as calling GEd technology and organisms transgene-free
[76, 98]. In fact, one of the most intriguing aspects related to GEd is its legal status,
especially in relation to transgenesis — whether or not it falls in the same category as
GMOs. Two major rulings applicable GEd were issued in 2018:

1. The US did not regulate “plants that could otherwise have been developed
through traditional breeding techniques” because they are considered “indistin-
guishable from those developed through traditional breeding methods;” so, in
the US, gene editing is not part of the same regulatory oversite as GMOs; a key
point in this regard is the fact that it is nearly impossible to detect whether an
organism’s DNA has been edited [9, 36, 93, 95, 99]. As a result, several countries
worldwide have fully or partially exempted from national biosafety regulations
specific types of GEd organisms [95].
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2.The ruling of the European Court of Justice (Case C-528/16) was interpreted by
the European authorities to mean that organisms developed through so-called
NBT, including GEd crops are not excluded from the scope of the legislation
on GMOs — Directive 2001/18/EC; this opinion is based on the fact that GEd
techniques alter the genome in such a way that would not occur naturally or by
mating, and they do not have a long safety record [9, 36, 37, 93, 95, 99].

The European regulatory approach regarding GEd crops is considered to be
completely out of line with the regulations existing in other countries [9] and may
constitute an important barrier for GEd-based research and the varieties obtained by
GEd [9, 36]. There is a growing consensus that risk assessment should differentiate
between GEd crops that have DNA changes, which can also occur spontaneously in
nature or as a result of conventional breeding, and Ged crops having genome changes,
which cannot occur in nature or as a result of conventional breeding methods — that
is. the insertion of a foreign gene to a predefined location in the genome (SDN-3).

Despite the tremendous potential and the promising results obtained so far, there
are still enough technical hurdles that need to be overcome so that the utility of GEd can
be exploited as best as possible and with as few negative consequences as possible [97].
There are continuous efforts for streamlining the delivery of editing system components
into cells and for preventing off-target effects — improving the specificity or efficiency of
producing only the desired edits [37, 95]. Nevertheless, it should be taken into consider-
ation that, in plants, the off-target modifications are a relative discussion in the context of
mutation breeding methods, which create many more random changes to the genome [9].

GEd arguably represents the most dynamic and rapidly evolving sector of GE and
biotechnology, with new applications being published almost daily [9]. Researchers
have adopted GEd technology at an unprecedented speed because of its high precision,
time and cost efficiency, simplicity, and versatility that accelerated the plant breed-
ing process — genetic variations determining a certain favorable trait are introduced
in one or two generations of plants [37, 49, 77]. There is a broad consensus that GEd
crops will make a critical contribution to agriculture — and to other areas as well — in
the coming years [9]. But the way GEd crops are regulated internationally — whether
they fall under the scope of GMO legislation or not — will have a significant impact on
the development of GEd technologies and their potential to benefit mankind [77].

5. Concluding remarks

Aslong as the human population continues to grow, there will also be a high
demand for agricultural products. Increased production can be achieved by expanding
the cultivated land area, using appropriate agronomic practices (e.g. fertilizers, irriga-
tion, and crop rotation) and cultivating superior plant varieties. However, farmlands
are sometimes converted to other uses because an increasing population comes with
higher needs for residential, commercial, industrial, and recreational land uses. There
are also more and more limitations on available resources and protecting the environ-
ment should be taken very seriously in the coming years. In this context, the challenge
is to improve agricultural yields while decreasing the use of resources. The solution to
this challenge rests with the genotypes being cultivated. Developing varieties superior
to the already existing ones is achieved by plant breeding, which, in its modern form,
is a very systematic and highly technological approach.
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Humans have carried out plant breeding since they first started farming, but its
scientific basis was firmly established only at the beginning of the twentieth century
when Mendel’s work on heredity and variability was rediscovered. Since then, science
and technology have made plant breeding more and more efficient, and spectacular
advances have been made by breeders after the implementation of new molecular and
biotechnological knowledge over the past few decades.

Plant breeding simultaneously enhances and exploits biological diversity — that
is. genetic variation. Therefore, many achievements in plant breeding were based
on phenotypic selection, which is still widely used. However, traditional breeding
is becoming more sophisticated with the addition of modern strategies. The initial
integration of molecular markers in plant breeding — marker-assisted selection
— allowed important progress to be made, and now, due to the availability and
employment of new sequencing technologies, genomic-based approaches are likely to
dramatically change the selection process.

Traditional breeding primarily exploits natural genetic variation, and mutation
breeding and genome editing were designed to extend this type of variation, but
not beyond species limitations. Further expansion of variability beyond the natural
boundaries of sexual reproduction was enabled by other advances in molecular biol-
ogy and biotechnology — transgenesis allows the transfer of genes between sexually
incompatible species. In this way, there is essentially one universal gene pool from
which breeders may obtain variability for crop improvement.

The implementation of the new approaches presented in this chapter has already
made invaluable contributions to overcoming the aforementioned agricultural threats
and challenges. Other possibilities of augmenting breeding methodologies that have
not been discussed here are also available: metabolomics-assisted breeding, high-
throughput or automated phenotyping, RNA and epigenetic editing (i.e. modifica-
tion), etc.

This chapter provided an introduction to plant breeding by presenting the main
types of genetic improvement that were devised to meet the needs of an ever-growing
human civilization. There is a large variety of tools available to breeders, both simple
and complex, with incredible advantages but also drawbacks. The information is,
thus, a vital resource for students interested in this field of agricultural sciences.
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Environmental Stress, Epigenetic
Modifications, Adaptation,
and Disease: A Fine Interplay

Mavria Emileva Krasteva

Abstract

The epigenetic revolution has led to a paradigm shift in our understanding of gene
regulation and function. Epigenetic modifications, including DNA methylation, post-
translational histone modifications, and regulatory noncoding RNAs, display unique
features, such as reversibility and transgenerational inheritance. A great variety of
environmental and lifestyle factors can cause changes in the epigenome. Epigenetic
alterations can contribute to the underlying mechanisms of human diseases includ-
ing cancer, cardiovascular, neurological, psychiatric, autoimmune, metabolic and
inherited. The chapter focuses on the fine interplay between environmental stress,
the epigenetic adaptive responses, and how the inability to adapt may trigger disease
outcomes. A model of the epigenetic disease is postulated, epigenetic disease adapta-
tional model (EDAM), according to which the epigenetic disease develops as a failure
to adapt to environmental stressors. This may occur in at least two possible scenarios:
(1) when the epigenetic adaptational programs are not adequate to stress nature,
duration, intensity and/or stage of action and (2) when the epigenetic adaptational
programs are not adequate to the situation. In the second scenario, the stressful situa-
tion is wrongly considered the most feasible situation, and the stressful conditions are
taken as “norm.” The proposed model highlights important topics for future research
in the field of epigenetics and disease.

Keywords: environmental stress, epigenetic modifications, gene expression, adaptive
plasticity, epigenetic disease, epigenetic disease adaptational model (EDAM)

1. Introduction

The epigenetic revolution that has happened during the last decades has chal-
lenged our understanding of gene regulation and expression and has outlined the
emergence of a new post-genomic era in biology. The long-term dogmatic views on
heredity, exclusively relying on the genetic code inheritance, underwent significant
scrutiny and questioning. The realization that the primary DNA sequence alone
provides incomplete knowledge on the functioning of the genome has shifted the
focus toward understanding the epigenetic processes, which modulate gene function
by modifications in DNA or the associated proteins. This has been driven by advances
in technology and methodologies such as DNA methylation profiling and chromatin
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immunoprecipitation that have allowed for precise mapping of epigenetic marks on a
genome-wide scale. The definition of “epigenetics,” originally introduced by Conrad
Waddington in the early 1940s [1], as “the branch of biology, which studies the causal
interactions between genes and their products, which bring the phenotype into
being,” has been notably evolved over time and now refers to “the study of changes in
gene function that are heritable and that do not entail a change in DNA sequence” [2].
Epigenetic modifications (“epi” standing for “over” and “above”) occur independent
of the genetic sequence and provide an additional level of hereditary information
denoted as “epigenetic code” [3]. The changes in the epigenome include three main
classes: methylation in DNA, posttranslational histone modifications, and noncoding
RNAs. Epigenetic changes, compared to genetic, display several unique characteristics
including higher frequency, occurrence in specific genome regions, and potential
reversibility. Evidence that comes from epigenetic research demonstrated that the
genome is highly dynamic and responsive to environmental shifts. A great variety of
environmental and lifestyle factors were shown to cause changes in the gene expres-
sion patterns mediated by epigenetics. With reference to this, epigenetic changes
could be regarded as sensitive indicators of the interactions between the organism
and the environment. Moreover, early embryogenesis is most vulnerable to epigenetic
stress responses, at least some of which may increase the risk of malfunctioning and
disease pathology in later life. Studies have shown transmission of environmentally
induced epigenetic changes to the offspring in at least several species [4-6]. Though
the evolutionarily significance of transgenerational epigenetics is still debatable, its
significance for the organisms themselves and their near descendants seems quite
feasible. In addition to their impact on various cellular processes, including shaping of
cellular identity, development, and aging, epigenetic modifications were attributed a
role in disease onset as well. Changes in the epigenome were related to many human
disorders, such as cancer, cardiovascular diseases, neurological and psychiatric
disorders, autoimmune diseases, metabolic diseases, and inherited disorders. This
opened up possibilities for development of targeted interventions and therapeutic
approaches, which can modulate gene expression patterns. Overall, the epigenetic
revolution has led to a paradigm shift in our understanding of gene function by
highlighting the dynamic nature and plasticity of how genes are regulated.

In this chapter, we provide an overview of the role of epigenetics in gene regula-
tion, the impact of environmental and lifestyle factors on the epigenome, and the
association between epigenetic modifications and various diseases. We propose the
Epigenetic Disease Adaptational Model (EDAM) as a conceptual framework to eluci-
date how the inability to effectively adapt to environmental stressors may contribute
to the development of epigenetic diseases. This model aims to provide insights into
the complex interplay between the environment and the epigenome highlighting new
possibilities for therapeutic approaches.

2. Types of epigenetic modifications

Three major mechanisms governing epigenetic regulation could be distinguished:
methylation in DNA, posttranslational histone modifications (PTMs), and noncoding
RNAs (ncRNAs). They modulate gene expression by causing changes in DNA-histones
interactions responsible for the rearrangement of chromatin from a more open and
transcriptionally accessible state (euchromatin) to a condensed chromatin structure
that is transcriptionally less active (heterochromatin) and vice versa (Figure1).
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Figure 1.

Types of epigenetic modifications. (a) Methylation in DNA—Covalent attachment of a methyl group to the Cs
position of cytosine residue in CpG dinucleotide sequences, (b) histone modifications—Posttranslational covalent
addition of a chemical group (methylation, phosphorylation, acetylation, ubiquitylation, sumoylation), and (c)
microRNAs (miRNAs)—Small noncoding RNAs which regulate post-transcriptional gene expression by binding
to target mRNASs vesulting in gene silencing. Epigenetic modifications regulate the dynamic transitions between
transcriptionally active (euchromatin) or transcriptionally inactive (heterochromatin) states.

2.1 Methylation in DNA

Methylation in DNA is considered a relatively long term and stable epigenetic
mark and can contribute to maintenance of cellular functions and phenotype. It
refers to covalent attachment of a methyl group to the C5 position of cytosine residue
in CpG dinucleotide sequences preferentially located at the 5’ promoter region of
human genes forming CpG islands. Methylation at cytosines, other than those in
CpGs, occurs in undifferentiated cells and is crucial for gene regulation in embryonic
stem cells [7]. CpG methylation plays an essential role in transcriptional gene silenc-
ing by restricting the expression of tissue-specific genes during development and
differentiation, and is also involved in X chromosome inactivation in females, DNA
imprinting, and transcriptional repression of highly repeated genome sequences. The
donor methyl groups are supplied by S-adenosylmethionine (SAM) to form 5-meth-
yleytosine (m5C). Methylation in CpGs suppresses transcription by either directly
blocking DNA recognition and access at specific transcriptional factor binding sites
or by recruitment of methyl-binding domain proteins (MBDs). For example, methyl-
CpG binding protein 2 (MeCP2), a member of the MBD family, binds to methyl CpG
recruiting histone-modifying proteins, such as histone deacetylases (HDAC). This
leads to histone deacetylation, promoting chromatin condensation, and subsequent
transcription repression [8]. CpG methylation is a post-replicative process and is
mediated by DNA methyltransferase enzymes (DNMTs). DNA methyltransferase 3
alpha (DNMT3A) and DNA methyltransferase 3 beta (DNMT3B) are involved in de
novo methylation during embryogenesis, while DNA methyltransferase 1 (DNMT1)
preferentially methylates hemimethylated DNA during replication and is responsible
for maintaining cellular CpG methylation status. As opposed to DNA methylation,
DNA demethylation can recover transcriptionally repressed genes by the action of
Ten-eleven translocation (TET) methylcytosine dioxygenases. The precise balance
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between methylation and demethylation of genome regulates the dynamic gene
expression in cells and sustains homeostasis.

2.2 Posttranslational histone modifications (PTMs)

Within chromatin, DNA undergoes intricate packaging, forming a highly con-
densed structure wrapped around histone octamers. This arrangement results in the
formation of nucleosomes, which gives the characteristic “beads on a string” appear-
ance and can effectively regulate DNA accessibility. Each histone octamer is com-
posed of a tetramer of two copies of histone 2A (H2A) and two copies of histone 2B
(H2B), flanked by dimers of histone 3 (H3) and histone 4 (H4). The histone proteins
feature a globular C-terminal domain and an extended N-terminal tail, which are
susceptible to various PTMs. These include methylation of lysine or arginine residues,
phosphorylation of serine or threonine, acetylation and deacetylation of lysines, and
ubiquitylation and sumoylation of lysines. Acetylation and methylation of lysine
residues on H3 and H4 are the most extensively studied PTMs. Histone acetylation is
governed by the “charge neutralization model,” wherein the positive charge of lysine
residues on H3/H4 promotes tight DNA packaging with histones. Acetylation disrupts
the tight configuration, allowing access for transcription factors, and thus facilitat-
ing transcription. Enzymes, such as histone acetyltransferases (HATs) and histone
deacetylases (HDACs), regulate the addition and removal of acetyl groups. Unlike
acetylation, histone methylation may have a different effect on targeted residues. For
example, methylation at H3K4/36/79 generally activate transcription, while methyla-
tion at H3K9/27 and H4K?20 is considered repressive [9]. Various histone methyl-
transferases (HMTs) catalyze these modifications, while removal of methyl groups
from those marks is catalyzed by histone demethylases (HDMTs). Variations in the
combinations of histone modifications, referred to as a “histone code,” may regulate
chromatin structure and transcriptional status [10]. The concept of a “histone code”
significantly expands the informational capacity of the genetic code. Different
histone variations can act synergistically or antagonistically in order to modulate the
affinities of chromatin-associated proteins. This, in turn, regulates the dynamic tran-
sitions between transcriptionally active or transcriptionally inactive chromatin states.
Overall, histone modifications play an important regulatory role bringing about
different downstream events through the dynamic regulation of chromatin structure.

2.3 Noncoding RNAs (ncRNAs)

Noncoding RNAs have a regulatory function and are mainly categorized into long
ncRNAs (IncRNAs) and small ncRNAs (sncRNAs). LncRNAs are a diverse family
that consists of long transcripts from different genomic regions and are shown to play
an essential role in X-chromosome inactivation and genomic imprinting. Their gene
silencing effect is partly due to their recruitment of remodeling complexes, which foster
histone methylation [11]. SncRNAs are also implicated in modulation of gene transcrip-
tional silencing. These include microRNAs (miRNAs), small inhibitory RNAs (siRNAs),
and piwi-interacting RNA (piRNA). While all classes mediate epigenetic modifications,
piRNAs notably repress transposon expression through de novo DNA methylation [12].
Recent studies in mammals indicate implication of siRNAs and miRNAs in transcrip-
tional gene silencing through the formation of epigenetic remodeling complexes, which
promote DNA methylation, histone deacetylation, and methylation [13]. miRNAs can
downregulate gene expression via complementary binding to the 3' UTR of target
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mRNA. They play a crucial role as mediators in conferring robustness to biological
processes by buffering small perturbations, thereby warranting homeostasis [14].

3. Environmental and lifestyle factors and the epigenome

The proper function of the organisms is a result of the delicate balance between
the maintenance of the conserved nucleotide sequence, which facilitates the basic
biological functions, and the dynamic changeability in the epigenome, which regu-
lates gene expression, as a response to the constantly changing environment. This
flexibility allows organisms to adapt to environmental shifts, and potentially “learn”
from experience. The environmental impact on the regulation of gene expression
plays a crucial role in reprogramming in early embryogenesis and development.
During these stages, different sets of genes are epigenetically activated or deactivated,
thus facilitating proper functioning of the organism through orchestrated events
responsive to the environmental input. However, environmental factors, which affect
gene expression networks, may disrupt the normal regulatory processes, potentially
leaving long-lasting effects, and may even contribute to diseased outcomes. Many
environmental and lifestyle factors were shown to epigenetically alter gene regulation
and expression (Figure 2), and some of their known effects are discussed below.
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Figure 2.

Environment-epigenome interactions. Environmental and lifestyle factors, including chemical, physical,
biological, and phycological, may cause changes in the epigenome, and thus can affect gene regulation and
function by activating or silencing of genes.
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3.1 Chemical factors
3.1.1 Heavy metals

Heavy metals, such as arsenic [15], cadmium [16], nickel [17], and lead [18], are
common environmental pollutants that are able to impact DNA methylation, histone
acetylation, and miRNA expression. Exposure to heavy metals in humans has been
linked to a number of diseases, such as neurological disorders, cardiovascular condi-
tions, central nervous system neuropathies, autoimmune diseases, and cancer and
was shown to cause genotoxic and immunotoxic effects.

3.1.2 Bisphenol A (BPA)

Adverse consequences to the epigenome have also been demonstrated for
another environmental chemical, bisphenol A (BPA), a common industrial plas-
ticizer [19]. In mice, periconceptional exposure to BPA was shown to decrease the
level of methylation in the IAP retrotransposon located upstream of the Agouti
gene causing a change in the coat color distribution [20]. Mice with hypometh-
ylation in this locus developed obesity, diabetes, and cancer at increased rates.
However, the observed hypomethylating effect of BPA was reversed by maternal
dietary supplementation with methyl donors, such as folic acid and the phytoestro-
gen genistein [21].

3.1.3 Air pollutants

Exposure to ambient air pollutants correlates with global genomic DNA meth-
ylation [22], increased H3K4 demethylation and H3K9 acetylation [23], modified
expression of miR-21 and miR-222 [24], and has been linked to cardiovascular and
respiratory diseases.

3.1.4 Allergens

Allergen exposure was reported to lead to deacetylation of histone proteins,
hypermethylation of DNA, and changes in the levels of miRNA [25]. A genome-wide
analysis demonstrated clear differential DNA methylation patterns in patients with
seasonal allergic rhinitis [26].

3.1.5 Cigarette smoke

Exposure to cigarette smoke is a well-established risk factor for chronic obstruc-
tive pulmonary disease, cardiovascular diseases, and cancer. Alteration in DNA
methylation at multiple CpG sites induced by cigarette smoke was reported in dif-
ferent populations, including Europeans [27], African Americans [28], and Chinese
[29]. Moreover, whole-genome bisulfite sequencing has revealed differential CpGs
methylation in cord blood of newborns exposed to prenatal maternal smoking [30].
Additionally, cigarette smoke exposure causes dose- and time-dependent histone
alterations in vitro, which correlate with decreased DNMT genes expression [31], and
differential expression of a number of miRNAs [32].
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3.2 Physical factors
3.2.1 Temperature and humidity

Temperature extremes increase the risk for heatstroke, hyperthermia, or hypo-
thermia and can worsen chronic conditions such as cardiovascular disease, respiratory
disease, and diabetes. Studies have demonstrated an association between ambient
temperature and relative humidity, LINE-1 and Alu methylation levels, and differen-
tial global DNA methylation in vitro upon heat and cold stress [33].

3.2.2 Sound vibvation

Recently, it became apparent that sound vibration can induce physiological
changes in plants mediated by epigenetic mechanisms as increased H3K27me3 in the
promoter regions of defense-related genes in Arabidopsis thaliana, leading to immune
activation against Ralstonia solanacearum [34].

3.2.3 Low-frequency magnetic fields

A few publications provided evidence that extremely low-frequency magnetic
field exposure is related to increased global DNA methylation and aberrant site-
specific DNA methylation [35], increased H3K9 acetylation [36], and altered miRNA
expression [37].

3.2.4 Ionizing radiation

Ionizing radiation was also shown to cause epigenetic modifications, including
global and gene-specific DNA methylation, histone modifications, and modulation of
miRNA expression [38].

3.3 Biological factors
3.3.1 Nutrition and diet

Nutrition has been attributed epigenetic roles both in physiological and pathologic
processes [39]. Folate deficiency, during conception and periconception, is related
with several birth defects, including neural tube defects and congenital heart defects;
however, application of folic acid periconceptionally can reduce birth defect fre-
quency. The underlying mechanisms involve changes in the methylation of insulin-like
growth factor 2 gene differentially methylation region (IGF2 DMR) [40]. Dietary cho-
line, supplied prenatally or postnatally, leads to long-term enhancement of memory in
rodents while choline deprivation during pregnancy decreases memory capacity in the
offspring. A decrease in global DNA methylation and gene-specific DNA methylation
of Cdkn3, which corresponded to increased expression of the encoded Kap protein,
was reported in fetal brain from mothers fed a choline-deficient diet in mice [41].
Additionally, choline deficiency decreases H3K9mel and H3K9me?2 in murine fetal
hippocampus and in cultured neural progenitor cells [42]. Decreased mean PPAR«a
promoter methylation was found in the offspring of rats fed with a protein-restricted
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diet during pregnancy [43]. Alcohol consumption has been proven to cause global
DNA hypomethylation and increased H3K43me in autopsy brain samples of patients
with alcohol dependence [44]. Exposure to ethanol in utero can affect the epigenome
of the developing mouse embryo causing changes in the phenotype [45].

3.3.2 Physical exercise

In addition to nutrition, physical exercise can significantly influence gene expres-
sion causing changes into the epigenome. A large number of differentially expressed
genes were identified involved in metabolisms and mitochondrial biogenesis in
skeletal muscle during recovery from endurance exercise [46]. The underlying
mechanisms include increase in global leukocyte methylation [47] and global H3K36
acetylation [48] showing that exercise can induce chromatin remodeling associated
with enhanced transcription.

3.3.3 Microbiota

Variations in the gut microbiota are related to many pathological conditions
including intestinal and metabolic disorders, which can be mediated by microbiota-
sensitive epigenetic mechanisms [49].

3.3.4 Aging

A role of epigenetic mechanisms in the process of aging and aging-related dis-
eases was also established. Numerous studies on human and mouse tissues or cell
cultures revealed that global DNA methylation generally decreases with age [50].

In addition, global changes in H3K9me3, H4K20me3, H3K27me3, and H3K%ac, and
up- and downregulation of miRNAs in older individuals were also established [50].
Certain epigenetic modifications accumulate or change predictably with age provid-
ing a molecular signature that can be used to measure the aging process at a cellular
level referred to as epigenetic clocks [51]. Epigenetic clocks are designed to estimate
an individual’s biological age rather than their chronological age. One of the most
well-known epigenetic clocks is the Horvath Clock, which utilizes DNA methylation
patterns at 353 specific CpG sites across the genome.

3.4 Psychological factors
3.4.1 Childhood maltreatment

A hundred of empirical studies explored the relation between childhood maltreat-
ment and DNA methylation of candidate genes both in children and adults [52].
The vast majority of these investigate the methylation status of genes involved in
the regulation of glucocorticoid signaling showing hypermethylation of NR3C1,
hypomethylation of FKBP5, and differentially methylated CpG sites in children with a
history of maltreatment [52].

3.4.2 Trauma

Exposure to trauma can also alter stress response mechanisms. In post-traumatic
stress disorder (PTSD), dysregulation of hypothalamic-pituitary-adrenal (HPA) axis
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has been observed, which alters the response to cortisol feedback via differential
methylation signatures [53].

3.4.3 Maternal stress

Maternal psychosocial stress experiences during pregnancy can permanently
alter the function of the HPA axis causing site-specific CpG methylation in exposed
individuals [54].

3.4.4 Shift-working

Shift-working occupations have been linked to increased risk of age-related
diseases and were associated with epigenetic age [55]. The authors found that working
more than 10 years of night shift work was significantly associated with epigenetic age
acceleration. Additionally, differentially methylated CpG sites were associated with
shift working, including the ZFHX3 gene, which is involved in circadian rhythm [55].

3.4.5 Chronic pain

Chronic pain can induce epigenetic modifications as well, including reduction in
H3K27me3 levels at the Mcp-3 gene promoter [56], decrease in global DNA methyla-
tion [57], and increase in miR-155 and miR-223 expression [58] in prefrontal cortex in
murine models.

3.4.6 Meditation

A few studies indicated that meditation can induce changes in the epigenome such
as decrease in expression levels of HDAC2, HDAC3, and HDACY and alterations in
global modification of H4ac and H3K4me3 predicting a better cortisol recovery after
a test of acute psychosocial stress [59]. In meditators, the epigenetic aging rate was
significantly decreased, which correlated with the number of years of practice [60].

4. Epigenetics and disease

Epigenetics was attributed two primary roles: one in normal development, guiding
major biological processes such as reprogramming in early embryogenesis, and the
other in disease, where epigenetic changes can contribute to certain pathological phe-
notypes. A great variety of epigenetic alterations have been found in a vast number of
human diseases prompting for abnormal transcription activation or repression. Among
these, cancer epigenome is most well-studied. Various epigenetic changes were reported
in cancers of the breast, lungs, prostate, colorectum, ovaries, bladder, pancreas, gastric
cancer, leukemia, and others [61-64]. The epigenetic component in tumorigenesis is
characterized by abnormal patterns both in global DNA methylation and in local CpG
methylation of target genes, disrupted patterns of PTMs, changes in chromatin compo-
sition and remodeling, and altered expression state of chromatin-modifying enzymes.
A growing number of studies have attributed roles of miRNAs in almost all cancer types
as well. Modifications in the epigenome take part in both cancer initiation and progres-
sion via silencing of tumor suppressor genes and activation of oncogenes and can
predispose to genetic alterations through inactivation of DNA-repair genes.
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Epigenetic modifications have also been associated with cardiovascular diseases
such as coronary heart disease, acute myocardial infarction, heart failure, vascular
calcification, and hypertension [65]. Aberrant DNA methylation patterns, histone
modifications, and noncoding RNA regulation were shown to impact the function
of cardiovascular disease-related genes and their expression levels, thus affecting
cardiovascular disease progression.

A growing body of evidence attributes a role of epigenetics in a number of
neurological (Alzheimer’s, Parkinson’s, and Huntington’s diseases) and psychi-
atric disorders (depression, schizophrenia, bipolar disorder, autism spectrum
disorders, and substance use disorders) and their co-occurrence, including
dysregulation in DNA methylation and histone modifications resulting in disease
phenotypes [66, 67].

All three types of epigenetic alterations, DNA methylation, histone modifications,
and noncoding RNAs, are shown to be involved in the etiology of human autoimmune
diseases, including systemic lupus erythematosus, rheumatoid arthritis, systemic
sclerosis, Sjogren’s syndrome, and autoimmune thyroid diseases [68].

A profound epigenetic component is described in the underlying mechanisms of
metabolic diseases, such as obesity, type 2 diabetes, nonalcoholic fatty liver disease,
osteoporosis, gout, and hyper- and hypothyroidism [69].

In a number of human disorders of genomic imprinting, such as Prader-Willi syn-
drome, Angelman syndrome, Beckwith-Wiedemann syndrome (BWS), pseudohypo-
parathyroidism (PHP), and Silver-Russell syndrome (SRS), “epimutations” leading
to loss of gene expression were found, adding to the knowledge of how epigenetic
defects lead to disease phenotypes [70].

The relationship between the genome and epigenome has extended our com-
prehension of the underlying molecular events that lead to human diseases. These
could be either inherited or de novo, both genetic or epigenetic, and most notably,
some might be influenced by the environment. Compared to genetic, epigenetic dis-
eases display higher variability and heterogeneity, which can partially be explained
by the distinctive characteristics of epigenetic modifications, such as potential
reversibility, long-lasting effects, and responsiveness toward endogenous or exog-
enous stimuli. We could anticipate even greater environmental influence and a
more substantial epigenetic contribution in both disease initiation and progression,
considering that no cell repair mechanisms with regard to epimutations are thus far
known. The study of epigenetics will allow us to better understand the relationship
between environment, the changes in the epigenome, gene expression modulation,
and disease.

The recognition of the role of epigenetics in the pathogenesis of diseases may
justify why many therapeutic approaches in the past failed to achieve the anticipated
outcomes. A deeper comprehension of the epigenetic mechanisms underlying human
disorders is needed, and these hold promise for new therapeutic advancements.

A breakthrough in the field of epigenetics and diseases is the approval of several
epigenetic therapies (epidrugs) for cancer treatment [71]. The first approved DNMT
inhibitor (DNMTi) primarily treats myelodysplastic syndrome by inhibiting DNA
methylation, particularly targeting DNMT1 enzymes. The majority of approved
compounds are HDAC inhibitors (HDACi), showing promise in selectivity and toxic-
ity. Emerging therapies include miRNA and multidrug combinations which enhance
cancer treatment and reduce drug resistance. Epigenetic therapies are continually
assessed for cytotoxicity, pharmacological parameters, and mechanism of action in
preclinical studies and in clinical trials.
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5. Adaptation, homeostasis and allostasis

Over the course of millions of years, organisms have evolved characteristics,
which allow them to fit exquisitely and operate optimally in their specific surround-
ings. However, these same traits may not be advantageous or beneficial in a different
environmental context, and in some cases could even be detrimental to fitness. In
view of the fact that no environment remains constant, even the most well-fitted
organisms need be able to adapt to changes in order to survive. As a consequence, they
have developed mechanisms designed to facilitate adaptation to changing environ-
ments. These allow them to cope with environmental challenges fostering resilience
while faced with deviations from their usual operating conditions. In regard to this,
the following types of responses to environmental changes may be undertaken by the
organisms in pursuit of adaptation and survival:

Homeostasis: With homeostasis, the internal stability and balance within an
organism are maintained relatively steady, regardless of external environmental fluc-
tuations [72]. Homeostasis ensures that essential biological processes occur within a
narrow range of optimal conditions.

Allostasis: The term “allostasis” was introduced by Sterling and Eyer [73] and
literally means “maintaining stability through change.” Allostasis refers to the adap-
tive process in response to acute environmental challenges [74]. While allostasis may
appear similar to homeostasis, it emphasizes the flexible adaptation to dynamic envi-
ronments or stressful circumstances. Unlike homeostasis, which seeks to maintain
stability within a narrow range and minimize variability, allostasis recognizes that
the optimal internal state may vary depending on situational demands. In allostasis,
having greater variability is considered advantageous because it signifies the capacity
of the internal settings to meet specific challenges posed by the environment in order
to adapt and support the body’s overall system [75]. When allostatic adaptive systems
are activated and deactivated efficiently, “the body is able to cope effectively with
challenges that it might not otherwise survive” [76].

Allostatic load: There are situations however where allostatic systems may be exces-
sively stimulated or not functioning properly, and this state is referred to as “allostatic
load” or the “cost of adaptation” [77]. “Allostatic load” describes the price that the body
pays when it is compelled to adapt to challenging stressful conditions both physical and
psychosocial. It indicates an excessive amount of stress or the inefficient functioning of
the stress response systems, which should be activated during stress and then deactivated
once the stressor subsides. When individuals experience repeated or chronic stressors,
their bodies continuously activate the stress response. While the stress response is essen-
tial for coping with acute stressors, prolonged or repeated activation lacking adequate
recovery can result in an accumulation of physiological dysregulation. Over extended
periods of time, allostatic load can lead to the development of diseases [78]. McEwen dis-
tinguishes between the following types of allostatic load: repeated activation of allostatic
systems that gradually lead to allostasis over time, failure to shut off allostatic activity
after repeated stress resulting in failure to adapt, and insufficient primary adaptation
mechanisms leading to the activation of compensatory mechanisms [77].

6. Epigenetic disease adaptational model (EDAM)

We will now explore the epigenetic disease in terms of environmental stress,
epigenetic modification, and adaptative efficiency. By epigenetic disease, we will
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consider any pathological phenotype that is due to a change in gene expression in
response to a stressful factor or a situation as a result of an epigenetic modification(s),
which is either ontogenetic (occurring during the lifespan of an individual) or inher-
itable (epimutations), or both. Though genetic disease factors will not be considered
here, in order to achieve simplicity, we will keep in mind that most diseases have a
complex and multifactorial nature, and develop as a result of the interaction between
both genetic and epigenetic determinants, that is. there is hardly a disease that is
purely genetic or epigenetic. Moreover, genetic factors are involved not only in disease
predisposition and progression but also may contribute to resilience, modulation

of disease manifestation, immune response, disease recovery, or chronification. By
epigenetic stress, referred below as “stress,” we will assume any exogenous or endog-
enous, environmental or lifestyle factor of either physical, chemical, biological, or
psychological nature that causes a shift in the homeostatic equilibrium via epigenetic
modulation of gene expression. The roles of epigenetics in health and disease, apart
from its role in cell differentiation and development, will be distinguished on the
basis of the mode of response and the adaptive efficiency toward the stressful factor
or situation as a body’s attempts to maintain stability. Upon stress exposure, the fol-
lowing possible outcomes could be predicted depending on the nature, intensity and
duration of the stress, the developmental period of stress exposure, and the efficiency
of the epigenetic adaptational programs being triggered (Figure 3):

Epigenetic adapta-
tional program

—T1
Epigenetic adapta i
| tional program
o

¥

0 i ¢ Epigenetic adapta- t * ’ Epigenetic adapta- * * _
TEAHISI tional program tional program s
d
Epigenetic adapta- 2 Epigenetic adapta-| ————m— _
tional program tional program e
Figure 3.

Epigenetic disease adaptational model (EDAM). Upon stress exposure, epigenetic adaptational programs are
triggered, which may have the following outcomes: (a) the epigenetic adaptational programs are adequate to the
stressor/situation, and homeostasis is sustained, (b) the epigenetic adaptational programs are adequate to the
stressor/situation and equilibvium is achieved via allostasis, (c) The epigenetic adaptational programs arve not
adequate to the stress nature, duration, intensity and/or period of action. The adaptation is not successful which
is manifested in an epigenetic disease phenotype, and (d) the epigenetic adaptational programs are not adequate
to the situation. Though the stress is switched off, the epigenetic adaptational programs ave still operating. The
stressful situation is wrongly considered the most probable situation and the stressful conditions are taken as
“norm.”. An epigenetic disease phenotype is manifested.
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1. Adaptation to the stress is successful and healthy equilibrium with environment
is maintained or achieved. This outcome will be attained when the epigenetic
adaptational programs initiated during the stress response are adequate to the
stress nature, duration, intensity, and/or period of action. In such a case, when
the stress is turned off, the epigenetic adaptational programs will no longer be
needed and will stop operating. Homeostasis will be sustained or allostasis will

be reached (Figure 3a and b).

2. Adaptation to stress is not successful and epigenetic disease programs ave triggered.
In this case, the epigenetic adaptational programs are not adequate to the stress
nature, duration, intensity, and/or period of action. Upon exposure to highly
intense and continuous or repeated stress, notably in vulnerable developmental
periods, in order to meet the challenges, the epigenetic adaptational programs
triggered will continue operating in an attempt to maintain or achieve equilib-
rium. The failure of the organisms to adapt will be manifested in an epigenetic
disease phenotype (Figure 3c). The epigenetic disease programs will, therefore,
represent either inefficient epigenetic adaptational programs or additionally
activated compensatory mechanisms, or both.

3. Adaptation to stress is not anymore needed. In circumstances such as these, the
epigenetic adaptational program will not be adequate to the situation. This may
occur in case the stress is already “turned off ” but the epigenetic adaptational
programs are still ongoing. The stressful situation is misjudged or the threat is
being overrated. In such a case, the stressful situation is wrongly considered as
the most probable situation, and the stressful conditions are taken as the “normal”
(in the sense of “usual” or “becoming a standard”) conditions. The still ongoing
epigenetic adaptational programs are then outdated and needing a revision. An
epigenetic disease phenotype will be manifested and/or sustained (Figure 3d).

7. Illustrating the EDAM model

Let us take two examples to illustrate the above postulations. Studies on Dutch
Hunger survivors showed that maternal undernutrition has important effects on
birth weights in newborns and health in later life, which are dependent on its timing
during gestation [79]. Upon exposure to famine during the first trimester of preg-
nancy, the newborns were more likely to have normal birth weight though in later life
they tended to display glucose intolerance and higher obesity rates than the general
population, together with other health issues including coronary heart disease [80].
Moreover, all first-born offspring of such mothers (that were exposed to famine intra-
uterine) showed an increase in the average birth weight even though they themselves
were never exposed to malnutrition during early development [81]. Studies on DNA
methylation patterns in Dutch Hunger survivors have revealed alterations in key genes
involved in metabolism [82, 83]. While correlation alone does not directly establish
causation, the observed data are consistent with the assumption that undernutrition
during early developmental stages alters the epigenetic code and expression profiles
of key metabolic genes.

We can speculate that such dramatic metabolic stress, as is the huge reduction in
nutrient supply during early gestation, can induce substantial alterations in the epi-
genetic processes within fetal cells. In response to the decreased nutrient supply, fetal
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cells will undergo metabolic adaptations in an attempt to sustain optimal fetal growth.
The cells will modulate their gene expression patterns in order to counterbalance the
nutritional deficiency. The epigenetic programming of fetal cells will allow optimal
utilization of the limited nutritional resources. These alterations will be imprinted in
the epigenome, setting the stage for future gene expression. Their biological purpose
will be to attempt at adapting the developing organism to the stressful situation by
maintaining optimal equilibrium with an environment that has been dramatically
changed. Importantly, this programming will continue operating even after the ces-
sation of the environmental stressor that prompted it. Moreover, these adaptational
programs may even be passed into the offspring who may never in their lives encounter
a similar stressful situation. Though transgenerational epigenetic inheritance presum-
ably enables the transmission of beneficial survival solutions, it appears that at least
some of these may not be relevant to the environmental context of next generations.

Notably, offspring whose mothers experienced malnutrition during the critical
early stages of pregnancy, when the proper execution of the developmental programs
is most crucial, exhibit an elevated susceptibility to adult obesity. During the initial
stages of development, the fetus is particularly sensitive to stress-related responses
controlled by epigenetic processes. In the early embryogenesis, significant changes
occur in epigenetic markers due to the high level of cell division. It is likely that this
vulnerability to stress responses during the early development may attempt to enable
the most advantageous fitness to a surrounding considered most feasible in later life.

Another example comes from the studies on the long-term effects of early traumatic
experience. Children who have experienced adversity or neglect in childhood are more
likely to develop adult psychopathology, such as mood disorders and schizophrenia
[84]. Individuals exposed to childhood trauma exhibit longstanding modifications of
the HPA axis, a major neuroendocrine axis regulating homeostasis in mammals, and
elevated cortisol metabolism. Upon stress, the HPA axis is activated, and the resultant
increase in cortisol prepares the body to cope with the stressor. Under normal condi-
tions, this system is controlled by a negative feedback loop, which restricts the stress
response activity. This is dependent upon the expression of the glucocorticoid receptor
(GR) gene, NR3C1, which is controlled by the level of promoter DNA methylation.

In case the GR promoter is hypomethylated, the receptor is overexpressed and small
cortisol amounts are needed to restrict stress response. Persons with a history of child-
hood abuse display increased methylation in the GR promoter [85], which prevents the
NGFI-A transcription factor binding and causes low GR expression levels. The negative
feedback loop is then compromised resulting in high stress hormone levels.

The maintenance of high cortisol levels in persons with early traumatic experi-
ence may be viewed as an adaptive mechanism utilized to enable readily available
stress responses. It seems that this is achieved through epigenetic modulation of
stress response genes. Even though these epigenetic adaptational programs have been
triggered far away in time, they are still ongoing regardless of whether the stress is
still present or not. We can assume that the traumatic situation is considered the most

feasible, that is. “normal” situation. Maintaining the program active is then likely to
manifest with different adult psychopathology observed in these cases.

8. Testing the EDAM model

The difficulty to test this model comes from the fact that most diseases are caused
by multiple genetic and environmental factors. Furthermore, their effect is a result
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of factors interaction rather than of an individual influence. Different factors may

act synergistically or antagonistically. Finally, we should take into consideration the
possibility of occurrence of epigenetic changes, other than being adaptive, and

the probable incidence of mutations in genes sequences, which can also contribute to
the disease outcome. Nevertheless, a starting point for exploring the model can be the
screening for epigenetic marks that can be related to a particular environmental or
lifestyle factor, their possible significance for adaptation, and a further follow-up of
how these are changed or sustained during pathology and recovery.

9. Conclusion

Organisms function in a fine balance with the environment, constantly adapt-
ing to changes, in order to maintain homeostasis or achieve allostasis. Upon stress,
significant capacity for lasting adaptive plasticity is accomplished through epigenetic
processes including methylation in DNA, PTMs, and ncRNAs. Cells undergo adapta-
tions in an attempt to sustain optimal cellular functions. They modulate their gene
expression patterns in order to counterbalance the stressor. The proposed EDAM
model relies on the fine interplay between environmental stress, of either chemical,
physical, biological or psychological nature, the response to it mediated through
the epigenome, and how the failure to adapt may lead to epigenetic diseases. This
may occur in at least two possible scenarios: first, when the epigenetic adaptational
programs are not adequate to the stress nature, duration, intensity, and/or stage of
action, and second, when the epigenetic adaptational programs are not adequate to
the situation. In the last scenario, the stressful situation is wrongly considered the
most feasible situation and the stressful conditions are taken as the “normal” condi-
tions. Even though these adaptive programs may have been efficient in a past experi-
ence, their exact reproduction may be dysfunctional if not consistent with the current
circumstances.

At least several questions rise from the proposed perspective: Are these not
anymore advantageous programs editable? Have organisms evolved mechanisms to
update the operating epigenetic adaptational programs with regard to the present
context? In which cases is the stressful situation further considered a “norm” and how
to counteract this? Are there set points at which: the epigenetic adaptational program
turns into a disease program; the disease program can be brought back to health;
and the disease program cannot be anymore reversed? What regulates the balance
between these? How to monitor, and what strategies to use in order to manage the
epigenetic burden that comes from the environment? How to target the modulation of
the epigenome toward healthier states during life span and across generations?

The EDAM model adds a new perspective to understanding how failure to adapt
to environmental stressors may lead to epigenetic diseases. Deeper understanding of
the epigenetic bases of diseases has numerous potential applications. Some of these
include (1) disease diagnosis and prognosis—epigenetic markers can serve as diag-
nostic tools for identifying diseases and predicting the course of the condition, (2)
personalized treatment—allows for the development of targeted therapies based on
an individual’s unique epigenetic profile, (3) therapeutic interventions—develop-
ment of new epidrugs aimed at reversing or modifying specific epigenetic modifica-
tions, and (4) environmental and lifestyle interventions—possibility of modifying
epigenetic marks through changes in lifestyle, diet, or exposure to specific environ-
mental factors.
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Abstract

Small extracellular vesicle (sEV) RNAs, particularly microRNAs (miRNAs), have
emerged as pivotal biomarkers for cancer diagnosis and prognosis. Encapsulated within
sEVs, these miRNAs reflect specific cellular characteristics and disease states, offering
a window into cancers’ molecular underpinnings. Notably, miRNAs, such as miR-7977,
miR-98-3p, miR-620, and miR-17-5p in lung cancer and miR-373, miR-1246, miR-
223-3p, and miR-21 in breast cancer, have been identified in sEVs extracted from vari-
ous bodily fluids, including blood, urine, and saliva. Their remarkable stability and ease
of isolation make them prime targets for non-invasive cancer detection strategies. The
fold change of these miRNAs is intricately linked with cancer progression, metastasis,
and therapeutic responses, underscoring their potential as diagnostic and prognostic
markers. Traditional detection methods like quantitative reverse transcription-poly-
merase chain reaction (QRT-PCR) have been foundational; however, recent biosensing
technologies, such as nanopore sequencing and microfluidic chips, offer enhanced
sensitivity and specificity for detecting miRNAs in clinical samples. These innovative
approaches refine the detection process and pave the way for real-time monitoring of
disease progression and treatment efficacy. Overall, the collective evidence positions
sEV miRNAs as robust indicators for cancer, signalling a shift towards personalised
cancer care that emphasises early detection and tailored treatment strategies.

Keywords: extracellular vesicles, miRNA, mRNA, personalised medicine, RNA
biomarkers

1. Introduction

Cancer remains a significant health challenge, necessitating early and adequate
diagnostic measures. The advent of non-invasive cancer detection techniques heralds
anew era of clinical diagnostics, enabling frequent monitoring of treatment effec-
tiveness and facilitating adjustments to treatment plans for personalised care [1, 2].
Such advancements significantly enhance patient outcomes, allowing for early
screening and diagnosis before the onset of symptoms and improving survival rates
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by treating cancers at stages when they are more responsive to therapy [3]. Despite
progress in biomarker research aimed at alleviating the cancer burden, current
diagnostic methods still grapple with issues of specificity, sensitivity, prolonged
processing times, and invasiveness. The exploration of liquid biopsies marks a
promising direction, yet the quest for cell-specific signatures with high reliability
presents a formidable challenge [4]. Consequently, researchers increasingly focus on
innovative approaches, especially developing biomarkers derived from minimally or
non-invasive bodily fluids such as blood, urine, and saliva [4-6].

sEVs, such as exosomes, have emerged as critical players in this context.
Originating from cellular endosomal compartments, these nanoscale membrane-
bound vesicles (30-200 nm) reflect distinctive molecular signatures based on their
cell of origin, carrying specific cargoes of RNAs, proteins, and lipids into the extracel-
lular space [7, 8]. Contrary to earlier perceptions of sEVs as mere carriers of metabolic
waste, ongoing research underscores their significant role in both physiological
processes and pathological conditions [9]. The ability to non-invasively detect these
vesicles in bodily fluids offers a window into cellular and disease processes, making
sEVs a valuable tool in diagnosing, prognosis, and monitoring various cancers [8, 10].

The focus on cellular RNAs, particularly miRNAs, circRNAs, and IncRNAs, has
intensified, given their roles in cancer pathophysiology [11-13]. The intersection of
sEV cargo with miRNAs has garnered significant attention for its potential in cancer
biomarker research. The transfer of sSEV miRNAs can profoundly influence tumour
progression, highlighting their importance in the disease molecular landscape
[14, 15]. However, the field faces specific challenges, including technical difficulties
in sEV miRNA detection and the need for standardised methodologies to ensure
reliability and reproducibility across studies. Addressing these challenges is crucial
for advancing the clinical application of sSEV miRNAs as biomarkers. Recent studies
exemplify the potential of sEV miRNAs in cancer diagnosis. For instance, research has
demonstrated the efficacy of miR-21 encapsulated in EVs as a prognostic marker for
non-small cell lung cancer, offering insights into tumour aggressiveness and patient
survival outcomes [16]. Another study highlighted the role of sEVs miR-155 in breast
cancer, correlating its levels with disease progression and response to treatment [17].

This chapter discusses the complex process of sEVs formation, selective packaging
of miRNAs and their significance in cancer diagnosis. It provides a comprehensive
overview of the biogenesis of sEVs from the plasma membrane to their release into
the extracellular space, as well as the critical role played by various proteins in this
process. The discussion also covers standard sEV isolation methods, such as ultracen-
trifugation, precipitation, and microfluidics, as well as recent advances in miRNA
detection techniques including digital droplet PCR (ddPCR) and nanoflares. Further,
this chapter also examines the advantages and drawbacks of these techniques and
explores the analysis of sSEV miRNA expression profiles in different types of cancer.
This highlights the potential of sSEV miRNAs as non-invasive biomarkers for early
detection, diagnosis, and prognosis of cancer. Consequently, it provides valuable
insights into tumour development, progression, and response to therapy.

2. sEVs biogenesis and miRNA packaging

sEVs are formed through a complex biogenesis process that unfolds in distinct stages.
This process begins with the formation of endocytic vesicles from the plasma membrane,
which then undergoes inward budding to form multivesicular bodies (MVBs) that house
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intraluminal vesicles (ILVs). Following their formation, MVBs can merge with lysosomes
for degradation or fuse with the plasma membrane, releasing sEVs into the extracellular
space (Figure 1). During these stages, various cytoplasmic biomolecules, including
nucleic acids and proteins, are selectively incorporated into the lumen of EVs [18, 19].

Central to the biogenesis of sEVs is the action of the endosomal sorting complexes
required for transport (ESCRTSs), which are organised into four main complexes:
ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. The process starts with ESCRT-0,
which is responsible for gathering cargo molecules. ESCRT-I and ESCRT-II then con-
tribute to the budding of the membrane, encapsulating the selected cargoes within.
Following this, ESCRT-III is crucial in cutting the membrane to release ILVs packed
with cargo into the MVB [18, 20, 21]. Accessory proteins, notably ALIX and TSG101,
play essential roles in the efficient packaging of cargo and the overall biogenesis of
EVs. ALIX aids in encapsulating cargo and forming vesicles by attracting ESCRT-III
to the site, which is necessary for ILV formation. On the other hand, TSG101 is vital
for forming MVBs triggered by EGF, a step critical for generating sEVs. These mecha-
nisms ensure the selective packaging of molecular contents into sEVs, highlighting the
sophisticated nature of exosome biogenesis and release [20, 22].

The process of sorting microRNAs (miRNAs) into sEVs involves a sophisticated
interplay of RNA-binding and membrane proteins (Figure 1), as detailed in the 2020
review by Michael et al. [23]. Key RNA-binding proteins such as Heterogeneous nuclear
ribonucleoprotein A2B1 (hnRNPA2B1), Argonaute 2, Y-Box Binding Protein 1, Major
Vault Protein (MVP), and La Protein play crucial roles in this process. For instance,
hnRNPA2B1 binds to miRNAs, aiding their incorporation into sEVs. Argonaute 2 trans-
ports miRNAs into sEVs through the KRAS-MEK-ERK signalling pathway. Similarly,
Y-Box Binding Protein 1 facilitates miRNA loading into sEVs, while MVP and La Protein
are responsible for the direct transfer of miR-193a into sEVs.

Membrane cyioplasm
proteins

. Memb indi
Endocytosis |\ et

RNA Binding o
proteins & \
t@\‘ =
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Sl SEVs loaded with Nucleus Golgi network

Late MVB

ILVs @
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Figure 1.

Mgchanism of sEV biogenesis and miRNA sorting. sEV biogenesis starts with formation of endosomes from the
plasma membrane and is followed by development of MVB. Then, target miRNA molecules approach the MVB
membrane for packing into sEV5. The sorting of miRNA into sEVs could be mediated by ESCRTs, RNA-binding
proteins, and some of the membrane proteins. Afterwards, sEVs will be released into extracellular space by
merging with lysosomes or fusing with plasma membrane.
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Membrane proteins also contribute significantly to miRNA sorting. Caveolin-1
(Cav-1), for example, is essential in directing RNA-binding proteins to sEVs, espe-
cially under oxidative stress conditions. In such scenarios, Cav-1 influences the post-
translational modifications of hnRNPA2B1, ensuring the selective incorporation of
miRNAs into budding epithelial MVs [24]. Furthermore, the overexpression of Neural
Sphingomyelinase 2 (nSMase2) has been shown to increase the expression of miRNAs
in sEVs without altering the miRNA levels within cells [25]. Additionally, the overex-
pression of Vacuolar protein sorting-associated protein 4 (Vps4A) boosts the levels
of sEV miR-27b-3p and miR-92a-3p, whereas inhibiting Vps4A decreases the levels
of sEV-derived miR-92a and miR-150, as demonstrated in studies by Jin et al. and
Charles et al., respectively [26, 27]. The complex process of directing miRNAs into
sEVs showcases the synchronised actions of numerous proteins. Each of these pro-
teins plays a specific role in accurately and methodically incorporating miRNAs into
sEVs. This coordinated mechanism ensures that miRNAs can effectively participate in
cellular communication and influence disease-related pathways [19].

In the context of cancer microenvironments, miRNA packaging into sEVs is
influenced by additional, yet not fully understood, mechanisms, especially related
to specific cancer conditions. Research by Diana et al. demonstrated that miR-10b is
predominantly found in sEVs from wild-type cells, whereas miR-100 is more common
in sEVs from cells with KRAS mutations [28]. Moreover, inhibiting NSMase resulted
in an accumulation of miR-100 exclusively in the mutant cells, suggesting that the
export of miRNAs can depend on the KRAS status. Another study by Sonia et al.
showed that cancer-derived sEVs tend to accumulate the Dicer enzyme, facilitated by
CD43, which is crucial for processing precursor miRNAs into their mature forms [29].
These discoveries highlight the intricate nature of miRNA sorting and processing
within sEVs in cancer, pointing to novel diagnostic and therapeutic targets. Despite
these insights, the exact reasons why miRNAs are sorted into sEVs in cancer remain
debatable. The potential roles of this sorting range from simple elimination of cellular
waste to participation in more complex biological processes [19, 30]. This uncertainty
underscores the need for further research in sEV studies to fully understand the
implications of miRNA sorting and its impact on tumour biology.

3. Isolation and characterisation of RNA-containing sEVs

Isolating and analysing RNA-containing sEVs are critical steps in unravelling
their roles in biological processes and assessing their potential in cancer diagnostics.
Researchers use various techniques to extract sEVs enriched with RNA from bodily
fluids such as blood, saliva, and urine. Standard methods include ultracentrifugation,
size exclusion chromatography, precipitation, microfluidics, immunoprecipitation
targeting EV surface markers, and commercial isolation kits. As detailed in our
previous review [31], each method varied with respect to the yield and purity of sEVs
produced. In addition, every technique has advantages and limitations.

Ultracentrifugation is a technique that can handle large sample volumes but
requires costly equipment. Precipitation methods are more cost-effective and
can be used with various biological fluids and sample sizes; however, the risk of
co-precipitating contaminants is a concern. Size exclusion chromatography (SEC)
can be optimised for different sample volumes, but it requires more standardisa-
tion and can produce varying results depending on the material and sample being
used. Immunoaffinity methods can capture sEVs with high purity and potential for
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subtyping, but they are only suitable for small sample volumes. Microfluidics-based
isolation can yield high-purity sEVs, but it has limited sample capacity and the condi-
tions may affect the stability of the vesicles. Commercial kits can be used for simplic-
ity and to preserve the integrity of sEVs, but they are expensive and less suitable for
diluted samples like urine. Therefore, choosing the appropriate method for efficient
sEV isolation is essential based on the sample volume and type [31]. Previous studies
have mainly used commercial kits and ultracentrifugation to isolate sEVs from serum,
plasma, and urine (Table1).

Following isolation, the characterisation of these RNA-containing sEVs employs a
range of techniques. Nanoparticle tracking analysis (NTA) and transmission electron
microscopy (TEM) are utilised to assess the EVs size, concentration, and structural
details. Researchers estimate ratios such as proteins to particles, lipids to particles,
or lipids to proteins for broader quantification. Techniques like Western blotting,
ELISA, and RT-qPCR detect specific proteins and genes associated with EVs, serv-
ing as markers. Mass spectrometry further complements these methods by profiling
the protein content of the EVs, offering more profound insights into their molecular
composition [31]. Together, these characterisation techniques verify the quality and
quantify the isolated RNA-containing sEVs, providing a thorough understanding of
their potential for diagnostic applications.

4, Detection of sEV miRNA

Quantitative real-time PCR (qRT-PCR) is widely used to identify and quantify sEV
miRNA expression (Table 1). Still, ddPCR enhances this quantification with superior
sensitivity, reproducibility, and accuracy [65]. Additionally, innovative methods like
electrochemical sensing and surface-enhanced Raman scattering (SERS) are showing
promising results in terms of consistency and selectivity. For instance, Lipei et al.
crafted a biosensor that combines electrochemical detection, ratiometric readout, and
DNA structural transformation to sensitively detect EV miR-21, achieving a detection
limit as low as 2.3 femtomolar (fM) [66]. This method stands out for its enhanced
stability and reliability. Similarly, Xinyu et al. unveiled an ultra-sensitive electro-
chemical biosensor employing cascade catalytic hairpin assembly (CHA) and multi-
layered enzymes for detecting trace amounts of miRNA-21 in actual samples [67]. Yue
etal. designed a microfluidic SERS sensor capable of detecting EV miRNA as low as
1 pmol/L, employing rolling circle amplification (RCA) and tyramine signal ampli-
fication (TSA) to boost sensitivity significantly [68]. In the realm of colorimetric
detection, Yaokun et al. developed a copper-mediated strategy that uses DNAzyme
signal amplification and visible light-triggered reactions for pinpointing miR-21
presence [69].

On the device front, Takao et al. presented a nanowire-anchored microfluidic
device that efficiently isolates urine sEV-encapsulated miRNAs [70]. This device
promises to enhance cancer diagnostics by facilitating rapid miRNA extraction from
minimal urine volumes and is applicable to a wide range of cancers beyond just
urological ones. Building on this, Xue et al. combined nanoflare technology with CHA
amplification for in situ, extraction-free, and highly sensitive sEV miRNA analysis.
Their clinical tests show potential for accurately distinguishing different cancer types
with 99% accuracy from plasma samples [71]. Furthermore, Xuting et al. introduced
anovel method for detecting sEV miR-1246 with high sensitivity by creating hybrids
between sEVs and cationic liposomes, allowing for precise quantification of sEV
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miR-1246 [72]. Together, these advancements highlight significant progress in the
field of SEV miRNA detection, offering improved sensitivity and potential for clinical
application in disease diagnostics.

5.sEV miRNA as diagnostic tools in cancer

miRNAs are crucial for gene regulation in eukaryotic organisms, affecting a
wide range of developmental and disease processes. These miRNAs can be found
in body fluids like saliva, urine, and blood, maintaining their stability within EVs.
The miRNAs within sEVs, which reflect those of the tumour cells they originate
from, are emerging as valuable biomarkers for cancer due to their durability and
unique expression profiles [18, 19]. Initial research, such as the study conducted by
Guilherme in 2009, found that miRNA profiles from sEVs in peripheral circulation
and those from tumour-derived sEVs were similar, but the average concentration
of miRNAs was significantly different in control groups [73]. This was followed by
studies demonstrating the feasibility of detecting sensitive prostate cancer markers in
sEV RNA from small urine samples [74]. In 2010, Keiichi and colleagues spotlighted
the significance of the let-7 miRNA family in identifying metastatic gastric cancer
through sEVs [75]. These early findings laid the groundwork for using sEV RNA as
a snapshot of the tumour’s genetic landscape, facilitating miRNA analysis without
the need for tissue samples. This approach is promising for screening people without
symptoms and tracking disease recurrence, enhancing cancer diagnostics in recent
years. The streamlined workflow for identifying sEV miRNA-based biomarkers in
cancer diagnosis is illustrated in Figure 2.

In lung adenocarcinoma (LUAD) patients, increased levels of serum sEV miRNA
ExomiR-7977 and reduced miR-98-3p highlight their potential as markers for diagno-
sis and staging accuracy [32]. Min and colleagues discovered elevated sEV miRNAs,
such as ex-miR-21-5p, -126-3p, and -140-5p, suggesting these are precise, sensitive,
and reliable markers for LUAD diagnosis [33]. Additionally, early-stage non-small cell
lung cancer (NSCLC) showed significantly higher levels of serum sEV miR-146a-5p
and miR-486-5p compared to benign conditions and healthy individuals, according
to qRT-PCR results. The combination of serum and sEV miRNAs increased diagnostic
sensitivity and specificity [34]. Recent breakthroughs in technology have brought
about a novel biosensor that leverages nanoflare technology and catalysed hairpin
assembly (CHA) amplification. This tool allows for direct, highly sensitive analysis
of miRNAs within sEVs without the need for sample extraction. In clinical cohort,
this method distinguished between breast, lung, liver, cervical, and colon cancers
in 64 patients with an astonishing 99% accuracy, showcasing its precision in cancer
diagnosis [71].

Research has identified a significant increase in hsa-miR-21-5p levels within breast
cancer (BC) sEVs, making it possible to differentiate BC patients from healthy indi-
viduals with a high degree of accuracy (sensitivity of 86.7% and specificity of 93.3%,
as per ROC analysis) [76]. Pre-therapy miRNA profiling of 435 BC patients revealed
variations in expression across different subtypes, with miR-155 and miR-301 linked
to predicting responses to treatment. Notably, the miRNA profile varied significantly
between the overall BC cohort, those with HER2-positive BC, and patients with
triple-negative BC [17]. A particular study found that elevated levels of SEV miR-373
were associated with triple-negative and more aggressive forms of BC, indicating
its potential for diagnostic use [41]. Continuing research efforts include developing
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Figure 2.

Detection workflow of sSEV miRNA-based biomarkers in cancer diagnosis. This figure presents a streamlined
workflow for identifying miRNA biomarkers within sEVs for cancer diagnostics. The process begins with the
collection of biofluid samples, including blood, urine, and saliva, which are rich sources of sEVs. Following
collection, sEVs are meticulously isolated from these samples to retvieve their miRNA cargo. The extracted
miRNAs are then subjected to qPCR for precise quantification and analysis of specific miRNA expression
patterns associated with various cancer types. The final step involves evaluating the clinical velevance of these
miRNA signatuves by determining their correlation with the presence of cancer, its progression, and its response to
treatment, alongside assessing the diagnostic sensitivity and specificity based on the gathered data.

methods for direct miRNA detection from exosomes in breast cancer cases, such as
the introduction of an Au nanoflare probe by Leu et al. [77]. This probe, designed to
target miR-1246 specifically, enters plasma sEVs and emits a fluorescent signal, offer-
ing a simple, accurate, and sensitive diagnostic approach.

In glioma, analysis of cerebrospinal fluid (CSF) from patients with recurrent
disease revealed higher levels of SEV miR-21, suggesting its utility as a marker for
diagnosis and prognosis [46]. This increase in EV miR-21 was found to correlate
with tumour metastasis and recurrence. Within glioma tissues, miR-21 concentra-
tions were associated with the tumour’s grade and inversely correlated with patient
survival rates. Experiments showing the suppression of miR-21 in glioma cells led
to the upregulation of target genes, implicating its role in the progression of glioma.
Additionally, increases in serum sEV miR-301a and miR-210 were observed in glioma
patients, correlating with the severity and recurrence of the tumour [47, 48]. On the
other hand, a decrease in plasma sEV miR-2276-5p was linked to poorer survival
outcomes in glioma patients, identifying RAB13 as its target [49]. These discoveries
underscore the significant potential of sEV miRNAs as biomarkers for the diagnosis
and prognosis of glioma.

In colorectal cancer (CRC), the discovery of sEV miR-320d as a non-invasive
marker has been pivotal in differentiating metastatic from non-metastatic cases,
offering a clearer path for diagnosis and treatment strategies [78]. Additionally, miR-
125a-3p and miR-122 found in plasma sEVs have been identified to not only aid in the
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early diagnosis of colon cancer but also serve as independent prognostic indicators,
particularly for patients with liver metastasis [79, 80]. On the other hand, a decrease
in sEV miR-139-3p levels in CRC patients, especially those with metastatic and
submucosal involvement, has been noted as a potential marker for prognosis [50].

A group of sEV miRNAs, including miR-100 and miR-92a, has shown potential in
distinguishing between chemotherapy-resistant and -sensitive CRC patients [81].
Bioinformatics analyses have further highlighted an sEV miRNA-mRNA network that
plays a critical role in CRC, underlining the diagnostic importance of these circulating
biomarkers [82].

In the realm of prostate cancer (PCa), serum sEV miR-141 has shown promise as a
diagnostic biomarker, particularly noting its significant increase in cases of metastatic
PCa compared to healthy individuals or those with benign prostatic hyperplasia
(BPH) [53]. A study by Kyosuke et al. demonstrated the superiority of urine sEV sam-
ples in diagnosing PCa, with miR-30b-3p and miR-126-3p showing higher expression
levels than traditional serum prostate-specific antigen (PSA) markers [54]. Further
analysis by Manuel et al., using the International Society of Urological Pathology
(ISUP) grading system, identified differentially expressed miRNAs that could help in
the nuanced management of PCa under active surveillance, showing strong potential
with AUCs ranging from 0.79 to 0.88 [83]. Expanding on this, Zhenquan et al. discov-
ered plasma exosome-derived miRNAs, including hsa-miR-125a-3p, hsa-miR-330-3p,
hsa-miR-339-5p, and has-miR-613, as potential markers for detecting bone metastasis
in PCa patients, marking significant progress in the development of non-invasive
diagnostic and prognostic tools for prostate cancer [84].

Research into sEV miRNAs as tools for diagnosing and prognosticating a wide
array of cancers, including bladder, ovarian, gastric, hepatocellular, thyroid, oral,
and oropharyngeal cancers, underscores their vast potential across a myriad of cancer
types. This wide-ranging investigation highlights the critical role of sEV miRNAs in
enhancing the accuracy of cancer diagnosis and improving patient prognoses. In the
case of bladder cancer, the detection of elevated levels of specific urinary sEV miR-
NAs, such as miR-96-5p, miR-183-5p, miR-93-5p, and miR-516a-5p, has been linked
to significant clinicopathological features, offering a new method for early detection
[63, 85]. A study by Akira et al. revealed that a combination of six miRNAs isolated
from serum sEVs of ovarian cancer patients, when used alongside the CA-125 marker,
greatly improved the sensitivity and specificity of tests for distinguishing ovarian
cancer patients from healthy individuals, and for identifying early-stage ovarian
cancer from benign tumours [57]. Furthermore, Naruyoshi et al. identified plasma
sEV miR-21 and miR-92a as independent markers for the early detection of gastric
cancer [59]. Additionally, Yoshimasa et al. found that sEV miR-23b serves as a reliable
indicator for the recurrence and prognosis of gastric cancer at various stages [86].

In hepatocellular carcinoma (HCC), the enrichment of miR-21 in serum sEVs
offers a more sensitive detection method, as highlighted by Hongwei et al. [61]. The
presence of elevated levels of miR-122, miR-148a, and miR-1246 in serum sEVs,
in combination with alpha-fetoprotein, has been shown to enhance the diagnostic
accuracy for early-stage HCC significantly [87]. Chen et al. reported that lower levels
of serum sEV miR-34a are associated with poorer survival rates in HCC patients [88],
suggesting that its combination with other biomarkers like alpha-fetoprotein could
improve diagnostic effectiveness.

The role of serum sEV miRNAs in diagnosing and prognosticating papillary
thyroid carcinoma (PTC) has also been elucidated in recent studies. For instance,
decreased levels of miR-29a in PTC patients have been shown to differentiate them
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from healthy controls, with this downregulation correlating with more aggressive
disease characteristics and poorer patient outcomes [62]. Moreover, circulating sEV
miR-146b-5p and miR-222-3p have emerged as significant markers for detecting
lymph node metastasis in PTC [89]. In oral squamous cell carcinoma, the diagnostic
and prognostic value of both plasma and saliva sSEV miRNAs, including miR-130a and
miR-486-5p, has been demonstrated, with miR-486-5p showing a robust correlation
with stage II of the disease [64, 90]. These discoveries collectively affirm the crucial
role of SEV miRNAs as biomarkers for the diagnosis and prognosis of various cancers,
offering promising avenues for non-invasive testing and tailored patient care. A
comprehensive table summarising the expression patterns of different sSEV miRNAs

across various cancer types further illustrates their diagnostic and prognostic utility
(Table1).

6. EV RNA databases

In the fast-evolving field of sEV RNA research, several vital databases have
become critical for researchers. These platforms enable the collection, access, and
analysis of data on EV RNA, playing a crucial role in advancing our understanding of
these nano-vesicles. ExoCarta is a standout resource that provides detailed informa-
tion on the molecular contents of EVs, including mRNAs, miRNAs, proteins, and
lipids. It compiles data from 286 studies covering a wide range of organisms, making
it a rich source of information for researchers. This web-based platform also sup-
ports detailed functional analysis and interaction studies, and it actively encourages
the EV community to contribute by identifying publications that might have been
overlooked, thereby continuously expanding its database [91, 92]. EVpedia is another
comprehensive database that offers an integrated view of sEVs, compiling data from
503 high-throughput studies, 1114 datasets, and over 722,551 molecules. It is designed
to enable comparisons across different studies and is particularly useful for exploring
the RNA content of EVs. Since 2010, there has been a notable increase in the volume
of articles, especially those related to eukaryotic organisms, aiding in discovering
biomarkers and potential therapeutic targets [93]. VESICLEpedia consolidates a wide
array of information on sEVs and related particles like microvesicles and apoptotic
bodies. It comprehensively examines EVs’ various cargos, including lipids, metabo-
lites, nucleic acids, and proteins. This repository is invaluable for researchers focused
on the diagnostic and therapeutic applications of EV RNA in various diseases [94].
Together, these databases represent vital tools for the EV RNA research community,
offering extensive data repositories that support the exploration of EV functions,
the identification of disease biomarkers, and the development of novel therapeutic
strategies.

In the focused area of EV RNA research, three specialised databases have been
developed to meet the varied needs of the EV community. These resources are
crucial in advancing our understanding of extracellular RNA (exRNA), providing
data storage, access, and analysis platforms. exRNA Atlas, created by the exRNA
Communication Consortium (ERCC), is a dedicated repository for exRNA data. It
contains a wealth of sequencing and RT-qPCR data from a wide range of human and
mouse biofluids. The database enables users to search and analyse exRNA profiles
based on the type of assay and specific biofluids, aiding in the identification and
study of exRNA related to different health conditions and diseases [95]. exoRBase
offers a focused look at long RNAs within EV, covering messenger RNA (mRNA),
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Database Focus Website link

ExoCarta Exosomal mRNA, miRNAs, proteins, and lipids http://www.exocarta.org/

EVpedia EV mRNA, miRNAs, proteins, and lipids https://evpedia.info/
evpedia2_xe/

VESICLEpedia ~ EV mRNA, miRNAs, proteins, and lipids http://microvesicles.org/

exRNA Atlas Exosomal RNA http://exrna-atlas.org/

exoRBase Exosomal long RNA species: mRNAs circRNAs, and http://www.exorbase.org/

IncRNAs
miRandola Non-coding RNA http://mirandola.iit.cnr.it/
Table 2.

EV RNA databases and their focused molecules.

long non-coding RNA (IncRNA), and circular RNA (circRNA) derived from various
human body fluids. This database integrates and visualises RNA expression profiles,
highlighting changes in functional pathways and the heterogeneity of circulating
EVs. With a primary focus on blood-derived samples, exoRBase is a valuable tool for
in-depth studies and comparative analysis of EV RNA [96]. miRandola is a niche
database that centres on miRNAs band and includes information on IncRNAs and
circRNAs. It features a network visualisation of RNA-disease associations, compiled
from the scientific literature, to illuminate the connections between specific RNAs
and different tumours. This functionality is particularly beneficial for researching
the roles of potential RNA biomarkers in cancer, offering insights into how these
molecules interact with various diseases [97]. These databases (Table 2) collectively
advance EV RNA research by providing centralised data deposition, sharing, and
analysis platforms. Researchers can leverage these resources to delve into the com-
plexities of EV RNA content and its relevance in diverse biological contexts. These
are expected to evolve as the field progresses, accommodating new findings and
technologies in EV RNA research, further catalysing discoveries and innovations in
this rapidly expanding field.

7. Conclusions

In conclusion, studies on sEV RNAs in cancer research have indeed revealed a
wealth of potential diagnostic and prognostic biomarkers. These discoveries offer
profound insights into the underlying mechanisms of various cancers and pave
the way for innovative therapeutic interventions. In particular, SEV miRNAs have
garnered attention for their remarkable stability, specificity, and detectability in a
multitude of bodily fluids, making them excellent candidates for biomarker discovery
in cancer. Researchers have identified numerous sEV miRNA signatures that correlate
with different types of cancer, disease stages, and prognoses, significantly enhancing
our capacity to diagnose, monitor, and potentially predict disease outcomes. However,
it is imperative to recognise that much of the current evidence is derived from stud-
ies with relatively small sample sizes. There is a pressing need for further validation
studies involving larger cohorts to determine the clinical utility of these biomarkers
conclusively. Additionally, there has been limited research into the dynamic changes
of circulating sSEV miRNAs before and after cancer treatment, which could offer
invaluable insights into the effectiveness of therapeutic interventions.
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The potential of combining sEV miRNA profiles with existing cancer markers
to improve diagnostic precision and sensitivity is particularly promising. Moreover,
advancements in sEVs isolation and miRNA detection techniques are crucial for the
application of these particles as novel biomarkers in clinical settings. Although the
field is still developing, improving in situ detection methods for miRNAs represents
a significant step forward. The creation and expansion of comprehensive databases
such as ExoCarta, EVpedia, and exRNA Atlas have played a pivotal role in facilitating
data sharing and analysis, accelerating research progress in this rapidly evolving field.

Overall, sEVs emanating from the tumour microenvironment possess unique
miRNA cargoes that reflect the cellular origins and state of disease progression. The
ability to capture these molecular signatures from biofluids and quantify them offers
a promising avenue towards the realisation of minimally invasive or non-invasive can-
cer diagnostics. As we continue to explore the complexities of sSEV miRNAs and their
interactions within the tumour microenvironment, the prospect of harnessing these
entities for the enhancement of cancer diagnosis and the development of personalised
medicine approaches becomes increasingly tangible.
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Chapter 4

Gene Regulation via RNA Isoform
Variations

Bin Zhang and Chencheng Xu

Abstract

The completion of the draft and complete human genome has revealed that there
are only around 20,000 genes encoding proteins. Nonetheless, these genes can generate
eight times more RNA transcript isoforms, while this number is still growing with the
accumulation of high-throughput RNA sequencing (RNA-seq) data. In general, over
90% of genes generate various RNA isoforms emerging from variations at the 5" and 3’
ends, as well as different exon combinations, known as alternative transcription start
site (TSS), alternative polyadenylation (APA), and alternative splicing (AS). In this
chapter, our focus will be on introducing the significance of these three types of isoform
variations in gene regulation and their underlying molecular mechanisms. Additionally,
we will highlight the historical, current, and prospective technological advancements
in elucidating isoform regulations, from both the computational side such as deep-
learning-based artificial intelligence, and the experimental aspect such as the long-read
third-generation sequencing (TGS).

Keywords: gene regulation, RNA isoform, RNA-seq, next generation sequencing,
third generation sequencing, transcription start site, alternative splicing, alternative
polyadenylation, deep learning

1. Introduction

Since the initial release of the human genome draft in 2001 [1, 2], gaps or
unplaced sequences in the genome have been solved continuously. In 2022, the
telomere-to-telomere (T2T) consortium published the first complete sequence of a
human genome [3]. With these genome sequences as the reference, genes have been
annotated accordingly and now it is well accepted that there are only around 20,000
genes encoding proteins in the human genome. For instance, based on the GENCODE
annotation database [4], the number of protein-coding gene (PCG) has been almost
invariable in the last decade (Figure 1A). However, the number of annotated RNA
transcripts transcribed from these genes gradually increased (Figure 1B). In general,
over 90% of them transcribed multiple RNA transcripts known as isoforms, with
variations at 5’ and 3’ end, as well as different exon combinations (Figure 1C).

The variation at the 5" and 3’ end of isoforms are known as alternative transcrip-
tion start site (TSS) and alternative polyadenylation (APA), respectively, whereas
isoform variations formed by different exon combinations are mediated by alterna-
tive splicing (AS). The three types of variations occur at different stages of RNA
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Figure 1.

The number of annotated genes encoding a protein (A) and transcripts transcribed from these genes (B) in the
GENCODE database since 2011. The X-axis in (A) and (B) is the released versions of GENCODE annotations.
Each dot in (A) represents the number of genes in each release and the segmented colors indicate the released
yeays. Bays in (B) are coloved for different transcript types, in which NMD stands for nonsense mediated

decay. In general, transcripts transcribed from PCGs are classified into four types, including protein_coding,
process_transcript, retained_intron, and NMD. The classification is based on their coding potential (protein_
coding) and other properties, such as whether containing un-spliced introns (vetained_intvon) or premature
termination codons that trigger mRNA degradation (NMD). To be noted, the GENCODE transcript type
‘processed_transcript’ was defined as long noncoding RNA (‘IncRNA’) in v31 and v32, and has been redefined as
‘protein_coding_CDS_not_defined’ since v42.

processing. TSS selection happens when transcription is initiated, and RNA splicing is
a posttranscriptional or co-transcriptional process [5]. During transcription termina-
tion, nascent RNA molecules undergo cleavage and the addition of poly-adenosine
(poly-A) tails, known as polyadenylation [6]. APA involves utilizing varied polyad-
enylation sites (PASs) to generate isoforms with distinct 3’ ends. In Section 2, we will
introduce the molecular mechanisms underlying these three types of variations.

The variable RNA isoforms not only enable the limited number of genes to gener-
ate a much larger number of proteins but also greatly increase the complexity of
gene regulation even when variations only impact the noncoding sequences of RNA.
Dysregulated isoform variations contribute significantly to pathogenesis as they
impair the tightly controlled gene regulations. For instance, approximately 15-50%
of human genetic disorders are caused by mutations impairing RNA splicing [7].
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In cancer, mutations impairing splicing are also frequent, resulting in widespread
dysregulated splicing events. Besides, cancer cells expressed isoforms utilizing
distinct PAS. In addition, pervasive regulations of TSS through alternative promoters
have been observed in tumor samples [8]. These dysregulations cover both coding
sequence (CDS) and noncoding sequence of RNA, such as untranslated region (UTR)
and intron. The detailed functional consequence of isoform variations at the molecu-
lar and cellular level will be elucidated in Section 3 and their dysregulations in human
disease will be introduced in Section 4.

In the last two decades, the next generation sequencing (NGS), has revolutionized
RNA profiling for different cell types or cells under different conditions [9]. While the
primary goal of the profiling is to quantify expression at the gene level, there are still
many endeavors focusing on isoform variations, mainly for alternative splicing since
its quantification is easier than that of TSS and APA. Hence, specialized experimental
protocols have been designed to more effectively capture TSS or PAS. Computational
methods have also been developed for detecting them from conventional RNA
sequencing (RNA-seq) data despite the performances remaining far from satisfactory.

In the last section of this chapter, we will list the impactive experimental and
computational methods for identifying and quantifying the three types of isoform
variations. In addition, with the technological advancements of machine learning,
enormous methods and models have been proposed for predicting alternative TSS,
splicing, and polyadenylation using DNA/RNA sequences as inputs. Their perfor-
mance continuously improved and many tools become promising for evaluating
impact of genetic variants in isoform variations and further predicting the disease
risks. However, all these methods are limited to variations at the event level, and over-
look the full-length sequence of isoforms. Consequently, at the end of this chapter,
we will highlight the powerfulness of third-generation sequencing (TGS) in detecting
full-length isoform variations and its potential for training the nature of intact RNA
molecule-centric deep-learning models.

2. Molecular mechanisms underlying RNA isoform variations

Gene regulation usually relies on the binding or recruitment of trans-acting
factors on cis- elements resigning in DNA or RNA. The regulation of TSS, polyadenyl-
ation, and splicing will be introduced separately. At the end of this section, we will
highlight the links among these three types of regulations.

2.1 TSS regulation

TSS is determined by the assembly of a transcriptional initiation complex com-
prising transcriptional machinery such as RNA polymerase and general transcription
factors (GTFs) at core promoters [10]. Promoters share various common sequence
features, as the most well-documented motif is the TATA-box (TATAWAW) first
identified in 1978 [11]. Furthermore, the assembly process is regulated by transcrip-
tion factors (TFs) and their cofactors that bind to enhancers. Recent studies revealed
that these factors form condensates, a liquid-phase-like membrane-less organelle, to
coordinate transcription initiation and elongation [12]. Different TFs have distinct
sequence binding preferences in DNA, thereby shaping the varied landscape of acti-
vated promoters across different cell types and tissues. In addition, whether to utilize
a promoter for transcribing RNA is also controlled by epigenetic information, such as
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nucleosome-free positions, DNA methylation, and posttranslational modifications on
histones. Overall, the availability of different TFs and heterogenous promoter epigen-
etic modifications together regulates alternative TSS utilization (Figure 2A).

2.2 Polyadenylation and alternative polyadenylation (APA)

On the other hand, polyadenylation is mainly regulated by several groups of
RNA-binding proteins (RBPs), including cleavage and polyadenylation specificity
factors (CPSF), cleavage stimulation factors (CstF), and so on (Figure 2B). During
transcription termination, RNA polymerase pauses downstream of the cleavage/
polyadenylation site (PAS), thereafter CPSF and CstF complex are recruited via
recognizing motifs on the nascent RNA [6]. The hexamer sequence AAUAAA, also
called PAS signal or PAS motif, located 15-40 nt upstream of the cleavage site, is the
most important cis-element for polyadenylation [13]. Overall, within 50 nt sequences

A
5 TF TF - ) TATAWAW ' TATAWAW '
:EEEEEEEEEE] ATATXTX : ATATXTX : DNA
3" enhancer promoter promater
TATA-box nucleosome free ]—>
TATAWAW hisotone modification ' N !
0 — >
other cis-elements DNA methylation , | i
- RNA transcripts |~_>_-_>
‘TSS ' TSS
B CPSF
AUUAAA CSTF
5 polyA-polymerase
AUUAAA
5
AAUAAA
PAS motif other cis-element cleavage & polyadenylation
C — . -
. yd ‘“\ //—\ splicing
‘W\ !;;’ \ }V :‘ enhancor/repressor
aT-f--- GT-- AG---AG
. . I 1
: : 1 1
I - Il 1
I ' 1 I
J . I I
| I t ' SE
' I 1 !
) 1 I
------------- - -=-- ABSS
' 1
[l
""""""""""""""" ! A3SS
T - | RI
Figure 2.

The schematics show the regulation of alternative TSS (A), polyadenylation (B), and splicing (C). (A) TSS is
determined by the core promoter, whose activation depends on the binding of transcription factors (TFs) at the
upstream enhancer regions, epigenetic markers, and nucleosome positions. (B) Polyadenylation is regulated by a
protein complex, including cleavage and polyadenylation specificity factors (CPSF), cleavage stimulation factors
(CSTF), polyA polymerase, and so on. (C) The regulation of alternative splicing is very complicated, for which
different splice sites can compete with each other. Moreover, elements within exonic and intronic vegions could also
enhance (splicing enhancer) or vepress (splicing repressor) the splicing. The complex regulations vesult in multiple
types of alternative splicing events, such as skipped exon (SE), alternative 5" and 3' splice site (A5SS and A3SS),
and retained intron (RI).
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upstream of polyadenylation sites (PASs) in human and mouse genomes, more

than half of them contain AATAAA and 80% of the rest harbors its variants such as
ATTAAA [14, 15]. Alternative utilization of PAS (APA) is regulated by trans-factors
enhancing or inhibiting polyadenylation. For instance, RNA binding protein (RBP)
NUDT?21 (also known as CFIm25) can repress proximal PAS usage in 3’ UTR, and its
downregulation results in 3" UTR shortening in glioblastoma [16].

2.3 Splicing and alternative splicing

Nevertheless, splicing regulation is even more sophisticated, in which spli-
ceosome, the largest protein complex in human cells that also consists of small
nuclear RNAs (snRNA), recognizes donor and acceptor splice sites (SSs) in RNA
to define exons [17]. The core component of spliceosome is small nuclear ribo-
nucleoproteins (snRNPs) consisting of snRNA and Sm protein or like Sm (LSm)
proteins. The U1, U2, U4, U5, and U6 snRNPs regulate >99% of splicing events,
while their variant, so-called minor spliceosome formed by the U11, U12, U4atac
and U6atac, and U5 regulate the rest of splicing events [18, 19]. snRNPs difference
of the two spliceosomes result in two types of introns. The major ones or U2-types
start with almost invariable GU dinucleotides at the 5’ splice site (SS) and end
with AG dinucleotides at the 3’ SS, whereas U12-type introns start with GU or AU
and end with AC or AG [20]. Classically, the 9 nt sequence (-3 to +6) around 5’
SS, and the 23 nt sequence (—20 to +3) around 3’ SS are used for calculating splic-
ing strength, respectively [21].

During RNA maturation, introns are removed, and the two flanking exons
are joined together. However, multiple SSs from the same gene can compete with
each other, resulting in variable exon definitions and leading to complicated forms
of alternative splicing, such as skipping single or multiple exons (SE), retain-
ing introns (RI), and utilizing non-canonical 5 SS or 3’ SS (A5SS and A3SS)
(Figure 2C). Even more surprisingly, studies revealed that downstream exons can
be back-spliced to join upstream exons, which generates RNA circles or so-called
circular RNA [22-24]. In addition to the core spliceosome, other trans-factors also
contribute to splicing via enhancing or repressing the definition of exons through
the interaction with the core spliceosome, further increasing the complexity of
splicing choice. Overall, the largest proportion of human isoform variations are
from alternative splicing.

2.4 Crosstalk among the three types of variations

Despite the distinct molecular mechanisms underlying alternative TSS, polyad-
enylation, and splicing, the regulation of these variations is not fully independent.
Intuitively, utilizing alternative TSS is associated with alternative splicing of the first
exon, while alternative splicing of the last exon impacts the choice of polyadenyl-
ation site. In addition, the PAS signal is present in almost every intron in the human
genome, suggesting a balance between removing intron by splicing or termination of
transcription by polyadenylation. Indeed, studies reveal that Ul snRNP protects pre-
mRNA from drastic pre-mature termination at PAS in introns [25], and Ul motifs and
PAS signals together shape the landscape of promoter directions [26]. Interestingly,
arecent study reveals that the choice of 3’ ends for polyadenylation is globally influ-
enced by the selection of TSS [27], suggesting couplings among the regulation for
three types of variations.
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3. Functional consequence of RNA isoform variations

In general, isoform variations have three kinds of consequences, including (a)
altering open reading frame (ORF) including truncation, (b) changing noncoding
sequence of RNA such as untranslated regions (UTR), and (c) triggering mRNA
degradation via introducing pre-mature termination codon (PTC) or frameshift.
Alternative TSS can impact 5" untranslated region (5 UTR) or alter N-terminal or
even the complete ORF (Figure 3A). Similarly, APA can regulate the shortening or
lengthening of 3' UTRs and change C-terminal of the ORF (Figure 3B). Traditionally,
splicing has been investigated predominantly in coding sequence (CDS), which either
leads to OREF alterations or message RNA (mRNA) degradation via introducing PTC.
However, our recent study reveals pervasive splicing within 3’ UTR [28], indicating
AS influences cover all three kinds of consequences (Figure 3C).

While ORF alterations can drastically impact functions of the encoded protein,
noncoding sequences changes mainly regulate the final protein production. For
instance, varied 5" UTR affect mRNA translation efficiency [29], while 3’ UTR varia-
tions regulate mRNA stability and translation efficiency [30]. mRNA degradation via
introducing PTC usually results in loss of function and its eventual effect depends
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Figure 3.

Three kinds of consequences induced by alternative TSS (A), polyadenylation (B), and splicing (C) at the
molecular level. SE: skipped exon; As5SS and A3SS: alternative 5" and 3’ splice site; RI: retained intron. The
narrow green and ved bars indicate the start and end codon, respectively.
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on the proportion of the isoform. For instance, widespread intron retention has a
moderate effect on gene regulation by tuning mammalian tissue RNA expression
[31]. Besides, conserved cassette exons containing PTC in the brain are particularly
enriched in RBPs, such as splicing factors and other RNA metabolic process regula-
tors, which enables potential gene autoregulation [32].

3.1 Isoform variations regulate biological processes at the cellular level

Since isoform variations or switches have broad impacts on gene expression, they
induce diverse functional consequences at the cellular level. An interesting example is
about cell stemness and differentiation, where splicing has been the most extensively
investigated. For instance, a conserved AS event controls the inclusion or exclusion of
a cassette exon in FOXP1 that encodes the protein domain for DNA binding prefer-
ence, further regulating embryonic stem cell pluripotency and reprogramming [33].
Besides, intron retention changes in a group of genes, including Lmnbl, regulate
granulocyte differentiation via degradation of intron-retained RNA isoforms by
nonsense mediated decay (NMD) [34].

In addition to AS, APA also contributes significantly to cell fate commitment, as
evident by the perturbation of NUDT21, an APA regulator controlling 3’ UTR length-
ening or shortening for thousands of transcripts [35]. Beyond differentiation, AS and
APA are both capable of regulating cell proliferation and cell cycle progression. An
interesting phenomenon is that active proliferated cells tend to express isoform with
shortened 3’ UTR via APA [36]. In general, both AS and APA exhibit substantial tis-
sue specificities. Therefore, in addition to transcription-determined gene expression,
isoform variation serves as another layer of regulation, playing critical roles in cellular
functions that shape phenotypic differences across tissues and organs.

4. Dysregulated RNA isoform variations in disease

As RNA isoform variation acts as a critical layer of gene regulation that is tightly
controlled across different cell types and under different conditions, its dysregulation
can disrupt gene functions and lead to diseases. In this section, we will mainly introduce
isoform dysregulations in human genetic disorders and cancers. The aberrant splic-
ing caused genetic disorders, can be classified into two classes, affecting cis-element
responsible for appropriate splicing, and disrupting trans-factors regulating splicing
such as components in spliceosome. The former includes mutations directly disrupting
splice sites, accounting for an estimated 15% of human genetic disorders [37], as well as
mutations that affect other splicing-related cis-elements. In total, it has been proposed
that 50% or even 60% of human diseases are caused by these cis-element mutations [7].
For the mutations impairing trans-factors regulating splicing, an extensively studied
example is spinal muscular atrophy (SMA). SMA is caused by mutations in the SMN1
gene, which affects around 1/4000 to 1/16,000 births worldwide [38]. SMN1 gene
encodes SMN, a protein responsible for snRNP assembly, and thus its mutations should
impair splicing globally. Compared to splicing, diseases caused by dysregulated polyad-
enylation are much less discovered. Still, studies reported several mutations disrupting
PAS signal and causing hematological disorders [39].

Nevertheless, dysregulation for all three types of isoform variations has been
observed in cancer. A study systematically quantifying promoter activities by analyz-
ing 18,468 RNA-seq samples across 42 cancer types reveals widespread utilization of
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alternative promoters [8]. In line with the observation that active proliferated cells
are preferentially expressing isoform with shortened 3’ UTR [36], 3' UTR are glob-
ally shortened in cancer cells via APA compared to normal cells [40, 41]. Moreover,
intronic polyadenylation (IPA), another type of APA that is located within the intron,
is widespread in leukemia, which induces truncation of the encoded protein to
inactivate tumor suppressor [42]. While the mechanism underlying widespread IPA
is still under exploration, one of the main contributors of global 3' UTR shortening
in cancer cells is pointing to NUDT21 (CFIm25). To date, NUDT21 has been reported
to regulate APA and contribute to cancer progression in glioblastoma [16], hepatocel-
lular carcinoma [43], lung cancer [44], bladder cancer [45], and cervical cancer [46].

In addition to alternative TSS and APA, splicing has been much more extensively
studied in cancer at both the DNA level and RNA level. Mutations disrupting
canonical splice sites have been identified in various essential cancer-related genes,
such as TP53 and BRCAL1 [47], and this is a widespread mechanism for inactivating
tumor suppressors [48]. Besides, recurrent somatic mutations in splicing factors
have also been identified with representative studies showing frequent mutations
in genes SF3B1, SRSF2, U2AF1, and ZRSR2 in hematopoietic malignancy, such as
myelodysplastic syndromes (MDS) and leukemia [49-51]. A more recent study
characterizing splicing factor mutations across 33 cancer types demonstrates that
hotspot mutations of SF3B1 and U2AG1 are also frequent in multiple solid tumors
as well [52]. Beyond mutations in splicing factors, MYC, a well-known proto-onco-
gene encoding a transcription factor, indirectly regulates splicing by promoting the
expression of core spliceosome components as an essential step in lymphomagen-
esis [53]. These studies suggest potential high frequent splicing dysregulations in
cancer. Indeed, comprehensive analysis of AS based on RNA-seq samples from 8705
cancer patients reveals more active AS in tumors compared to normal samples, as
well as hundreds of aberrant splicing with novel exon-exon junctions that are not
present in normal samples [54].

Taken together, these studies demonstrate the high frequency of dysregulated
isoform variations in diseases, while aberrant splicing is the most evident. Many of
these dysregulations disrupt gene functions by isoform switching and contribute
significantly to pathogenesis. On the other hand, they may also serve as therapeutic
targets for treatment. For instance, an antisense oligonucleotide drug modulating
AS of gene SMN2 has been approved by the FDA for SMA treatment. Additionally,
dysregulated isoform variations in cancer that induce novel ORFs such as splicing and
IPA may serve as sources of neoantigens [55, 56], which are promising to be utilized
for cancer vaccine development.

5. Technology advancement in quantifying and predicting isoform
variations

The NGS is a technology that is capable of parallelly sequencing massive DNA
fragments, up to hundreds of millions in one experiment. Applying NGS to comple-
mentary DNA (cDNA) libraries reverse transcribed from RNA, known as RNA-seq,
has revolutionized gene expression profiling. In addition, RNA-seq is also efficient
in detecting and quantifying alternative splicing events with reads (short fragment
sequenced by the NGS) supporting splice junctions. An extensively used metric is
the percentage of splicing in (PSI) that is calculated by reads supporting splicing
in divided by the sum of reads supporting both splicing in and out, measuring the
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proportion of isoforms with splicing in. With this, global AS profiling has been
performed across different tissues and species [57-59], as well as organs at different
development stages [60].

As detecting and quantifying AS events from RNA-seq data are relatively
straightforward, the computational methods for AS mainly focus on differential
splicing analysis. rMATs and DEXSeq are two representative methods that have
been widely utilized [61, 62]. However, accurate identification and quantifica-
tion of alternative TSS and APA directly from RNA-seq data is more challenging
compared to AS. To this end, various experimental methods have been developed
based on TSS and PAS properties. We will briefly list these experimental methods
together with the effects of computational approaches for accurate identification
and quantification of TSS and PAS expression in Section 5.1. On the other hand,
distinct cis-elements determine the definition and utilization of TSS, PAS, and
splice site, endeavors have been conducted to predict them iz silico, which involves
both traditional machine learning technologies and more recent advancements
in deep-learning-based artificial intelligence (AI), which will be highlighted in
Section 5.2.

5.11dentifying and quantifying alternative TSS and PAS from NGS data

There are two types of high-throughput experimental approaches for compre-
hensive TSS profiling. As mature transcripts transcribed by RNA polymerase II have
a specific cap-like structure at the 5’ ends, cap analysis gene expression (CAGE) is
a method capable of enriching 5’ ends of RNA. CAGE followed by massive parallel
sequencing (CAGE-seq) is a high-throughput approach for transcriptome-wide TSS
profiling [63]. Additionally, active promoter regions in chromatin are enriched with
several specific histone modification markers, including tri-methylation on histone 3
lysine 4 (H3K4me3), acetylation on histone 3 lysine 9 (H3K9ac), and histone 3 lysine
27 (H3K27ac). The second type of method for inferring TSS utilization is based on
chromatin immunoprecipitation (ChIP) assays with sequencing (ChIP-seq) for these
three markers, even though with relatively lower resolution [64]. With CAGE-seq, the
Functional ANnoTation of the Mammalian Genome (FANTOM) project identified
201,802 putative TSS across dozens of cell lines [65]. Among them, 70% (143,200)
are from genic regions, while only 40% (56,793 out of 143,200) are associated with
annotated transcripts based on GENCODE (Figure 4A and B), suggesting that the
current transcript isoform annotation might be still not comprehensive. On the other
hand, computational methods have also been developed to annotate and quantify TSS
from RNA-seq data utilizing splice junctions across the first and second exons [8], or
RNA-seq coverages together with sequence features [66].

For global PAS identification and APA quantification, dozens of experimental
protocols have been developed. The majority of them are designed by enriching
fragments of transcript 3’ end close to or comprising poly-A tail, such as 3P-seq,

Aseq, PolyA-seq, and 3' READS [67-70]. Accordingly, two widely used datasets have
been constructed using data from these experimental 3’ end sequencing (3’ end-seq)
approaches, including PolyASite and PolyA_DB [71, 72]. 53% of PolyASite (v2) PAS
and 64% of PolyA_DB (v3) PAS are from genic region (Figure 4C). Even though

the two databases are both obtained from 3’ end-seq data, the overlapped ones only
account for 39% of the sites from PolyASite and 66% of the sites from PolyA_DB, sug-
gesting the heterogenous of different 3’ end-seq protocols, for instance PolyA_DB uses
the data from 3’ READS, while PolyASite uses the data from 3P-seq, Aseq, PolyA-seq et
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Statistics of putative TSS and PAS identified by sequencing approaches from three databases. (A) The schematic
shows the definition of four genomic regions based on the GENCODE annotation. (B) The pie chart shows the
proportion of TSS across the four regions and the barplot illustrates the number of TSS associated with annotated
transcript isoforms (distance <50 bp to the transcript start sites). (C) The proportion of PAS across the four
regions. (D) Venn diagram showing the overlapped PAS across the two databases and GENCODE annotation.
To be noted, the numbers in D and C are not consistent because multiple PASs might be merged together when
calculating the overlap (distance <50 bp).

al. Moreover, 86% of PolyASite PAS and 79% of PolyA_DB PAS are not associated with
any annotated transcript in GENCODE, again indicating the isoform annotation is far
from complete (Figure 3D). In addition to experimental approaches, computational
method for directly identifying PAS and quantifying APA from RNA-seq data are also
feasible, while just the efficiency and accuracy are suboptionable. Almost all of them
are designed by detecting drop points in RNA-seq coverages along the gene body,
while many of them are only able to identify and quantify APA within 3’ UTR, such as
TAPAS [73], QAPA [74], GETUTR [75], APAtrap [76], DaPars2 [77], and Aptardi [78].
Besides, IPAFinder is designed specifically for APA within intronic regions from RNA-
seq data [61]. Nevertheless, we recently have developed APAIQ, an accurate method
capable of transcriptome-wide APA identification and quantification from RNA-seq
data, showing much higher precision and recall than previous methods [14].

5.2 Predicting isoform variations with DNA/RNA sequences

Owing to the heterogenous flexibilities of sequence features for TSS, PAS, and
splice site, as well as their distinct pathogenic impacts, predicting the three types
of isoform variations with DNA/RNA sequence are under different developmental
stages and have different focuses. To date, there are many computational methods for
predicting TSS but none of them is capable of predicting utilization of alternative TSS
from the same gene. Hence, in this section, we will only focus on alternative polyad-
enylation and splicing. We will briefly introduce the historic computational methods
and highlight the recent advancements utilizing artificial intelligence (AI) techniques
in predicting these two kinds of variations.
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5.2.1 Predicting PAS and APA

The early methods for PAS prediction mainly aim to discriminate true PAS from
pseudo-ones that also comprises the PAS motif, via utilizing hand-crafted features
from statistic frequency analysis [62, 79-81]. Thereafter, utilizing a set of latent
sequence features extracted by Hidden Markov Models (HMM) trained with a
benchmark dataset further significantly improves the accuracy [82]. These methods
rely on a set of features based on prior knowledge or extracted by machine learn-
ing, which cannot capture the sequence information in full. With the advancement
of deep neuron networks, sequences around PAS without further feature selection
have been directly used as the input for deep learning models, which achieved good
performance in binary classification of true/false PAS in multiple benchmark datasets
[83, 84]. Still, they are not able to quantitatively predict the strength of each PAS,
let alone the alternative usage across multiple PAS. To this end, we have developed
DeeReCT-APA, a deep-learning architecture for predicting the usage of alternative
PAS of a given gene [85]. However, DeeReCT-APA remains not feasible to evaluate
strength of each PAS along the genome and predict mutation outcomes in APA. In
2023, using the large-scale PAS dataset from PolyA_DB, PolyAID achieved nucleotide
resolution prediction of PAS along the genome. By optimizing the local gene structure
of each PAS, PolyAID can predict its strength and usage. More importantly, applying
PolyAID to scan the genome reveals thousands of genetic variants potentially impact-
ing polyadenylation activity [86].

5.2.2 Predicting alternative splicing

Traditional computational methods for predicting splice events typically rely on
motifs [87-89]. These methods assume the existence of characteristic sequences, or
motifs, near splice acceptor and donor sites. Any mutations disrupting these motifs
can consequently impact splicing events. While motif-based approaches offer intu-
itiveness and interpretability, they suffer from limitations in coverage and fail to fully
capture the intricate regulatory mechanisms governing splicing. To overcome these
limitations, some studies have integrated machine learning techniques, such as support
vector machines and random forests, with splice event prediction [90-92]. While these
traditional machine learning algorithms perform better than motif-based methods,
they heavily rely on feature engineering, limiting their applicability and generalization.

SpliceAl pioneered the prediction of alternative splicing events through end-to-end
deep learning models, utilizing gene sequences directly as inputs to estimate the prob-
abilities of each position being an acceptor or donor site [93]. In comparison to prede-
cessors such as MMSplice [94] and HAL [95], SpliceAl substantially extends the input
sequence length to over 10,000 bases, facilitating the consideration of a broader range
of information surrounding splice sites, especially regulatory elements around splice
sites. To effectively process such extensive sequences, a residue-connected dilated con-
volutional neural network is employed. SpliceAI has exhibited remarkable performance
in both splice site identification and the prediction of mutation impacts on alternative
splicing events. However, SpliceAl lacks the capacity to differentiate between variations
across different tissues and organisms, hindering its generalizability.

Several subsequent studies have endeavored to enhance performance based on
SpliceAl, particularly in predicting the effects of mutations on alternative splicing.
These efforts involve the integration of data from multiple species and multiple
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tissues [96], curated alternative splice sites [97], the scaling law [98, 99], and pre-
dictions from other tools [100]. Another approach to predicting splice events using
deep learning models involves analogizing gene sequences to natural language text
and training large language models on existing sequencing data to forecast splic-
ing and mutation effects, as demonstrated by Enformer [101], DNABERT [102],
and Hyenadna [103]. These methods rely on transformer-based architectures and
large-scale sequencing data, which enable significant extension of the model’s
receptive field. For instance, Enformer achieves a receptive field of 100 kb and has
demonstrated state-of-the-art performance on multiple gene expression prediction
tasks. It is important to note that while these methods are designed for general gene
sequence prediction tasks, they may not always perform optimally in predicting
splice events.

Despite great progress in methods for identifying and quantifying alternative
TSS, splicing, and polyadenylation from RNA-seq data, as well as deep-learning-
based methods for predicting isoform variations with DNA/RNA sequence, they
are all designed for detecting variations at the event level, rather than variations
across different intact RNA isoforms. The TGS, from Pacific Bioscience (PacBio)
and Oxford Nanopore Technology (ONT), which enable high-throughput sequenc-
ing of DNA or RNA with long read up to 25 kb and 300 kb, respectively, emerge
as a powerful tool for full-length RNA isoform profiling. In 2022, a study imple-
mented ONT to 88 samples from the genotype-tissue expression (GTEx) tissues
and cell lines, revealing significant couplings between multiple alternative splicing
events across isoforms and identified allelically specific utilization of isoforms
[104]. This highlights the significance of utilizing full-length isoforms in assessing
the outcome of genetic variants. Moreover, ~60% of TSSs captured by CAGE-seq
and over 80% of PAS identified by 3’ end-seq data are not associated with any
transcripts in GENCODE, suggesting the current isoform annotation is far from
complete, raising the unmet needs for isoform identification with TGS data. With
the accumulation of full-length isoform profiling data and the advancement of
Al techniques, it is anticipated to see isoform centric deep-learning models that
encompass all types of variation events and predict the outcome at the nature
intact RNA molecular level.
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Abstract

RNA interference (RNAi), a mechanism for post-transcriptional gene silencing
using small interfering RNA (siRNA) or microRNA (miRNA), has emerged asa
promising approach for managing numerous genetic disorders by selectively target-
ing and degrading the mRNA of implicated genes. However, the clinical application
of these therapeutics is hindered by significant challenges that limit their delivery
to target sites. RNAi therapeutics face multiple extracellular and intracellular bar-
riers post-administration, including rapid glomerular excretion, recognition, and
opsonization by the reticuloendothelial system (RES), and catalytic degradation
by nucleases, leading to poor cellular and tissue penetration. To address these chal-
lenges, various delivery strategies have been explored to efficiently transport these
RNAi therapeutics to their intended tissues. These strategies encompass chemical
modification, bioconjugation with specific ligands, and carrier-mediated approaches.
Nanotechnology-based delivery systems have demonstrated remarkable capabilities in
encapsulating and delivering these molecules to their specific cells. Therefore, there is
an urgent need to develop innovative delivery systems that can effectively encapsulate
and target RNAI therapeutics. By targeting key genes, RNA interference holds the
potential to address numerous genetic, viral, and cancer diseases at an early stage.
This book chapter explores several studies detailing diverse design strategies aimed at
overcoming the hurdles encountered in RNAi delivery.

Keywords: active drug-targeting, nanotechnology, RNA interference, gene silencing,
liposomes

1. Introduction

Andrew Fire and Craig Mello received the Nobel Prize for their groundbreaking
work on RNA interference (RNA1), a technique that holds immense promise for
gene therapy in addressing various genetic disorders [1]. The identification of RNAi
achieved a critical advancement in gene therapy, enabling scientists to elucidate
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the gene silencing mechanism and harness this new technology for gene function
studies. Additionally, the progress in high-throughput screening and bioinformatics
has enabled the targeting of several disease-causing genes, facilitating therapeutic
applications and designing more effective personalized treatments. RNAi utilizes
small siRNAs and miRNAs for post-transcriptional gene silencing by degrading the
messenger RNA (mRNA) of targeted genes. Gene silencing through RNA interfer-
ence (RNAI) takes place in the cytoplasm. Initially, a double-stranded RNA (dsRNA)
is processed into smaller dsRNA fragments, called siRNAs and miRNAs by a Dicer
enzyme. These RNAi molecules then bind to the Argonaute-2 (AGO2) protein,
forming part of the RNA-Induced Silencing Complex (RISC). Within this complex,
the RNAIi duplex separates into two single strands: the guide and passenger strand.
The passenger strand is degraded, leaving the guide strand to bind to complementary
mRNA molecules. This binding leads to the destruction of the mRNA, preventing the
translation of the target protein [2-4]. While siRNAs target specific nRNAs, miRNAs
can affect multiple targets [5]. Few siRNA therapies have gained FDA approval for
rare genetic disorders, such as hereditary variant transthyretin amyloidosis, acute
hepatic porphyria, primary hyperoxaluria type 1, and hypercholesterolemia [6].
Despite RNAi’s promising therapeutic efficacy, its clinical application faces hurdles,
mainly due to challenges in delivering RNAi molecules to their intended sites. The
delivery of siRNA therapies faces significant challenges due to barriers both inside
and outside cells. These barriers include rapid clearance from circulation, susceptibil-
ity to degradation, limited cellular uptake, and rapid excretion through glomerular
filtration. Researchers have explored various strategies to overcome these obstacles
[3, 7, 8]. Chemical modifications enhance the stability and uptake of RNAi molecules,
while bioconjugation with specific ligands enables targeted delivery to tissues of
interest, reducing off-target effects. Nanotechnology offers promising solutions, with
several proposed nanocarriers, facilitating the delivery of RNAi therapies to target
cells, thereby improving their circulation time and reducing the need for frequent
administration [4, 9]. These advancements aim to enhance the pharmacokinetics

and efficacy of RNAi therapies. The current book chapter explores several RNAi
delivery strategies aimed at improving the delivery of RNAI therapeutics for various
gene-related disorders, demonstrating the potential of these approaches in advancing
precision medicine.

2. Mechanism of action of RNAi therapeutics

Briefly, the process of gene silencing begins with the cleavage of long double-
stranded RNA (dsRNA) by an endonuclease Dicer protein, resulting in the formation
of small dsRNA fragments known as siRNAs or miRNAs. These small molecules then
interact with the Argonaute-2 (AGO2) protein, a crucial component located at the
center of a complex protein assembly called the RNA-induced silencing Complex
(RISC). RISC identifies a group of diverse molecular complexes that can be directed
to silence any gene. Typically, RISC activation occurs upon the detection of dsRNA
within the cytoplasm of a eukaryotic cell [10]. This interaction leads to the separa-
tion of these duplexes into two strands: the passenger strand and the guiding strand.
The complex formed by the guide strand and the RISC then recognizes and binds the
complementary mRNA sequence of the target gene. This binding triggers the degra-
dation of the targeted mRNA to small non-functional fragments, effectively silencing
the translation process of the target protein as shown in Figure 1.
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Figure 1.
Hllustrative diagram showing the mechanism of action of RNAi therapies along with the challenges of their
delivery to tavget sites. This figure was adapted from Abosalha et al. with permission [4].

3. Delivery barriers and limitations

RNAI is a regulatory mechanism found in most eukaryotic cells, serving as an
efficient tool for post-transcriptional gene silencing. Their high specificity, selectivity,
and potency give rise to promising targeted gene-specific inhibition. Its biochemical
mechanism of action has rendered its clinical relevance across a wide spectrum of dis-
eases such as infections, cancer, cardiovascular, and neurodegenerative disorders [11].
Yet, many intracellular and extracellular barriers disrupt the in vivo pharmacodynam-
ics and pharmacokinetic profiles of naked unmodified RNAi molecules attributed to
their poor absorption, unsatisfactory stability and distribution, rapid systemic clear-
ance, and increased off-target effects [12]. Firstly, their anionic nature which is attrib-
uted to their phosphate backbone as well as their hydrophilic nature challenge their
ability to be absorbed and to diffuse through the negative lipid bilayer membranes.
Moreover, as soon as RNAi therapeutics are administered, they are susceptible to deg-
radation by endonucleases, which cleave the phosphodiester bonds destabilizing these
nucleic acids. Moreover, they can induce the secretion of inflammatory cytokines
type I interferons (IFNs) since specific sequence motifs are recognized by pattern
recognition receptors (PRRs) like toll-like receptors (TLRs) [7]. Interfering RNA are
also subjected to phagocytosis through the reticuloendothelial system (RES) and to
renal clearance due to their anionic surface charge and their small size and molecular
weight. This poses an obstacle for this therapeutic RNAI to reach its target cells as its
biodistribution and circulation time have been restricted. If not excreted by the kid-
neys or even the liver, the phagocyted RNAi up taken by non-targeted cells can lead
to off-target effects and toxicity. Furthermore, following a successful uptake of RNAi
into the targeted cell, it can also encounter intracellular challenges. While enclosed in
endosomes, they face entrapment or experience a change of pH affecting the stability
and half-life of these RNAI, reducing their effectiveness in gene silencing. Finally,
among many intracellular components, RNAi must interact with the RNA-induced
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silencing complex (RISC) [13]. Some limitations may occur in this process depending
on RNAI’s delivery/loading pathway onto RISC, its structure’s thermodynamic proper-
ties, and competition with endogenous RNA. These delivery barriers may interfere
with the successful application of RNAI therapeutics and should be addressed effi-
ciently to optimize the pharmacological efficiency of these therapies. For example,
although 2’-OH modifications do not directly impact the RNAi machinery and
potency, 2’-F modifications enhance the stability and half-life of siRNA. Chiu et al.
demonstrated that the degradation of unmodified single-stranded antisense siRNAs
is almost instantaneously, and the majority of these silencing RNA was undetectable
within 30 mins. While duplex-siRNAs face a more sustained degradation, only 7%

of siRNA remained after an hour. Conversely, 2’fluorinated double-stranded siRNA
exhibited higher stability with around 68%-81% undegraded siRNA by the end of the
experiment extending the persistence of RNA interference effects [14]. Another study
showed that aptamer-conjugated siRNA enabled tumor-targeted siRNA delivery.
STAT3 siRNA was specifically delivered to glioblastoma cells with the specific binding
of the antagonist Gint4.T aptamer to the oncogenic receptor tyrosine kinase PDGFRp.
Enhanced specificity leads to increased cellular uptake of the bioconjugated siRNAs
reaching 73% internalization in a glioblastoma cell line after an hour as reported by
Esposito et al. [15]. Long et al. pursued another approach to combat breast cancer by
loading siRNA-vascular endothelial growth factor (siVEGF) onto PAMPAM grafted
halloysite nanotubes (PAMAM-g-HNTs). In vivo imaging showed the rapid excretion
of freely intratumorally administered cys5-siVEGF by the mice. This obstacle was sur-
mounted by the encapsulation of the cys5-siVEGF into the PAMAM-g-HNTs delivery
system, where the majority of accumulation was seen in tumor sites. The observed
enhanced permeability and retention (EPR) effect enables controlled gene release in
the targeted tumor [16]. The above-mentioned examples highlight the integral role of
the adopted strategies in effectively enhancing the biological activity of RNAi thera-
peutics. The reported delivery barriers are presented in Figure 1.

4. Strategies to overcome delivery barriers of RNAi therapies

The abovementioned barriers reveal that the design of a suitable delivery mecha-
nism is essential for the effective clinical application of RNAI therapies. These delivery
strategies should ensure the precise delivery of RNAi molecules to their intended target.
Additionally, there is an essential demand for ongoing improvement of these strategies
aimed at enhancing their targeting accuracy. Generally, three delivery strategies have
been adopted to optimize the delivery of these therapeutics. The adopted techniques
are chemical modification of naked RNAi molecules, bioconjugation with specific
targeting ligands, and nanotechnology-based drug delivery systems (Figure 2).

4.1 Chemical modifications

The delivery of freely administered candidate RNAI is made feasible after undergo-
ing chemical modifications. This strategy aims to mitigate the challenges arising from
the original RNAi physicochemical properties. Mainly, the polyanionic phosphodiester
skeleton of these molecules impinges the cell permeability and its cellular uptake as well
as activates the RES leading to their opsonization followed by their rapid clearance [17].
Therefore, the masking of the negative charges along with the alterations of other char-
acteristics such as hydrophilicity, its short structure, and sensitivity to ribonucleases
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Figure 2.
Schematic diagram illustrating the adopted strategies to overcome the delivery barriers of RNAi therapeutics.

through chemical modifications may enable the oligonucleotide therapy to reach its
target with an improved serum stability and biological half-life. Moreover, pattern
recognition receptors (PRRs) recognize unmodified and unprotected RNAi molecules
as foreign RNA, initiating the release of inflammatory cytokines and type I interferon
(IFNs), which induces off-target interactions and toxicity [18]. Thus, for siRNA or
miRNA to effectively exhibit their silencing effects, non-specific gene targeting must
be reduced along with their immune-stimulatory activities, which are also further
triggered by the RNAi nuclease-degradation byproducts. The main types of chemical
modifications optimizing the chemical architecture of RNAI for clinical productivity
are ribose modifications, phosphate modifications, and nucleobase modifications.

4.1.1 Ribose modification

A common and established approach of chemical modification is the addition of
ribose moiety. Particularly, ribose modifications at the 2’ position have been widely
explored as the 2°-OH group contributes, through hydrolysis, to the mechanism of
endoribonucleases, hence RNAIi cleavage [12]. Additionally, the 2’-OH group is not
essential in RNAi silencing activity as it is not involved in the RISC, making this site
a candidate target to be substituted with 2’-fluorine or 2’-0-methyl for enhancing
properties of the oligonucleotide [11, 19]. Although 2’-OMe modification might
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decrease the activity of the sense strand by sterically blocking interactions, the
conjugation of a fluorine group to the ribose moiety may compensate for this adverse
effect by mimicking the 2’-OH group in size and charge [20, 21]. Overall, the alternat-
ing 2'F/2'OMe-RNA pattern offers increased thermodynamic stability, resembling
that of a highly functional RNAI, as well as a higher binding affinity and half-life with
areduced immunogenicity [22, 23]. Alternatively, bicyclic and acyclic ribonucleoside
substitutions may be used known as locked nucleic acids (LNA) and unlocked nucleic
acids (UNA), respectively [12]. They introduce a chemical asymmetry into the RNAi
duplex causing a conformation change promoting RISC loading of the guide strand,
thus an increase of the RNAi activity and affinity [24].

4.1.2 Phosphate modification

Phosphate modifications are also used to enhance RNAi efficacy. Modifications with
several phosphonate analogs at the 5'- end of the guide strand improve siRNA activity
as it is essential for RISC recognition. Specifically, since following a 5'- ribose modifica-
tion of the guide strand, mentioned above, the intracellular phosphorylation may be
impacted, the chemical addition of a 5'-phosphate can rectify the activity of the RNA
strand [25]. Furthermore, Lima et al. developed a phosphate analog more resistant de
dephosphorylation in cells named 5’-(E) -vinylphosphonate (5'-E-VP), compelling for in
vivo efficacy of RNAi on account of its suitable conformation and stereoelectronic prop-
erties [26]. Other phosphate modifications used in oligonucleotides include 5'-C-methyl
analog, phosphorothioate (PS), and peptide nucleic acids (PNA) [23]. Particularly,
phosphorothioate (PS) linkage primarily provides hydrophobicity reinforcing plasma
protein binding tendencies, granting stability and an improved biodistribution, cellular
uptake, and half-life circulation. However, it is important to note that high PS amounts
may provoke chemical-related toxicities [12]. Hence, adequate numbers, positioning,
and PS isomer, where the desired chirality for each strand ends is dictated by either the
Sp or Rp configurations, are crucial for enhanced RNAi performance [27].

4.1.3 Base modification

Base modification has also been reported using nucleic acid analogs. While their
use is limited, they contribute to a better understanding of gene silencing mechanism
as well as prevent off-target effects [11, 23]. For example, according to Zhang et al.
the activity of the passenger strand can be reduced with a 5'-nitroindole modification
of the siRNA at position 15 of the passenger strand as a strategy to mitigate off-target
effects without affecting the guide strand [28]. To enhance therapeutic effects,
5'-fluoro-2’-deoxyuridine substitution not only silences the targeted gene but also
triggers cell death making it a candidate application for cancer therapy [29]. On the
other hand, siRNA can be conjugated with fluorescent nucleobases such as 6’-phenyl-
pyrrolocytosine to be used as in vivo monitors allowing for the visualization of siRNA
internalization and other mechanisms [30].

4.2 Bioconjugation

The bioconjugation of RNAI therapies acts as an effective and promising approach
for mitigating the shortcomings associated with delivering these molecules. Some of
the commonly reported challenges such as vulnerability to endonucleases, limited
cellular permeability, and inconsistent pharmacokinetic parameters may be addressed
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through their bioconjugation to specific ligands [31]. Literature reported a notable
improvement in RNAi therapy’s bioavailability, ability to target specific sites, stability
in circulation, gene-silencing capability, and biological effectiveness because of their
bioconjugation [3]. It is known that careful consideration of the conjugation site is
crucial for determining the iz vivo performance of the RNAi conjugates. Generally,
the 5" end of the guide strand, responsible for initiating RNA interference, and the

3’ end of the same strand are unsuitable for conjugation. Hence, the 3’ and 5" ends of
the passenger strand are preferred sites for bioconjugation. Moreover, bioconjugation
to other sites like the 2’-OH group of ribose or nucleobases has also been explored

[31, 32]. Several ligands have been investigated for their potential to overcome the
delivery challenges of RNAi therapeutics as presented below:

4.2.1 Aptamers-RNAi bioconjugates

Artificial nucleic acid ligands, commonly referred to as aptamers, have risen as
potent ligands for targeting numerous RNAIi therapeutics. An aptamer stands as an
artificially engineered, single-stranded RNA or DNA oligonucleotide, emerging as
one of the most promising ligands for delivering RNAi therapeutics. These small
three-dimensional oligonucleotide molecules exhibit remarkable specificity and
high affinity toward a wide range of targets while remaining stable and adaptable to
various chemical modifications. Aptamers pose additional advantages over other fre-
quently used ligands for bioconjugation due to their low immunogenicity, high safety
profile, cost-effectiveness, ease of synthesis, and extended shelf life. Based on these
characteristics, aptamers serve as ideal delivery vehicles, imparting specificity, and
selectivity to their conjugated molecules. Moreover, aptamers can efficiently enter
cells via cell-mediated endocytosis, thereby overcoming poor cellular internalization
of the delivered RNAi therapies and enhancing their cellular accumulation [33, 34].

4.2.2 Antibodies-RNAi bioconjugates

Generally, the antibody-drug conjugate approach holds considerable promise for
targeted delivery of several drugs, peptides, nucleic acids, and genes. This technique
of active drug targeting has got approval from regulatory authorities such as the FDA
and EU for various cancer treatments [35, 36]. A variety of membrane receptors have
emerged as crucial targets for therapeutic intervention in medical and pharmaceuti-
cal research. For example, antibodies designed to target overexpressed receptors on
cancer cells, aim to disrupt the interaction between tumor and stromal cells, thereby
impeding tumor progression and metastasis. Monoclonal antibodies targeting PD-1,
PD-L1, and EGFR receptors have received approval for the treatment of various
cancer types. Due to the high affinity and specificity of these ligands to their antigens,
they are presently considered the conventional choice for bioconjugation for active
targeting of RNAI therapies. Mostly, this conjugation method relies on the straight-
forward ionic attraction between positively charged antibodies and the anionic
phosphate groups of RNAi molecules [3, 37].

4.2.3 Peptides-RNAi bioconjugates

Among various ligands of bioconjugation, cationic peptides have emerged as a prom-
ising strategy for the delivery of RNAi molecules owing to their facile synthesis, control-
lable dimensions, and adaptable structure for customizing physicochemical properties
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and specific targetability of conjugated therapeutics. Additionally, peptides can promote
the cellular internalization of RNAi molecules due to shielding of their negative charge.
Additionally, peptides can uphold a high degree of specificity and binding affinity to
targeted receptors the same as antibodies. Moreover, their capacity to selectively bind
specific proteins on cell surfaces, owing to their distinct tertiary structures, may be
employed for the targeted delivery of siRNAs and miRNAs. The cyclic RGD (cRGD)
peptide stands out as one of the most utilized peptides for this purpose [38, 39].

4.2.4 Lipids-RNAi bioconjugates

The incorporation of lipids into drug delivery systems has introduced sig-
nificant advancements in delivery and targeting strategies. Unmodified RNAi
molecules often face challenges due to their negative charge and hydrophilicity,
hindering their optimal delivery to the desired tissue. Moreover, the hydrophilicity
of RNAi therapeutics reduces their tendency to bind plasma proteins, making them
suitable candidates for rapid glomerular excretion, resulting in a short half-life in
circulation. Cationic lipids offer a potential solution by neutralizing the surface
charge of these molecules, thereby enhancing their cellular permeability. The
chemical composition of lipids significantly influences the effectiveness of RNAi
delivery in vivo. For example, siRNAs conjugated with lipids such as cholesterol
preferentially bind with LDL and predominantly accumulate in the liver. On the
contrary, bioconjugation with lipids such as lithocholic acid exhibits a greater
affinity for HDL and albumin, leading to deposition in various tissues including
the liver, kidney, ovary, intestine, and others [40, 41].

4.2.5 Miscellaneous RNAi bioconjugates

Several studies reported the bioconjugation of siRNAs or miRNAs with other
carbohydrate ligands such as glucose, galactose, lactose, and their derivatives. This
bioconjugation showed an enhancement in the targeting, bioavailability, half-life,
distribution, and pharmacological efficacy of encapsulated RNAi molecules [42, 43].
Additionally, small molecules can serve as highly specific and potent ligands for siRNA
or miRNA delivery. The bioconjugation of RNAi to ligands such as folic acid and
2-[3-(1,3-dicarboxypropyl) ureido] pentanedioic acid (DUPA) could effectively target
it to malignant cells overexpressing the respective folic acid receptor and Prostate-
specific membrane antigen (PSMA) receptor, respectively. Table 1 shows examples of
RNAi therapies-bioconjugates for the management of different gene-related disorders.

4.3 Nanotechnologies

Nanocarrier systems have revolutionized drug delivery by offering innovative strate-
gies aiming to harness the principles of nanotechnology to encapsulate RNAi. This allows
these molecules to reach a wide range of applications with enhanced drug efficiency and
minimal side effects. These nanoplatforms exhibit diverse characteristics based on their
type, size, shape, and physical/chemical properties. Advanced nanocarriers like lipid
nanoparticles and their derivatives including liposomes, lipid nanoemulsions, solid lipid
nanoparticles, nanostructured lipid carriers, and lipid-polymer hybrid nanoparticles
exhibit high biocompatibility when delivering encapsulated nucleic acids into the body.
Other organic nanocarriers can be polymer-based such as PLGA and chitosan nanopar-
ticles offering tunable sustained release of RNAi [53].
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4.3.1 Solid lipid nanoparticles (SLNs)

Concurrent advancements in drug delivery involve lipid nanoparticles. They are
the most commonly used carrier systems for RNAi encapsulation and delivery. SLNs
are characterized by their amphiphilic properties encompassing hydrophilic head
groups and hydrophobic tails [54]. These polar interactions enable the formation
of alipid monolayer or bilayer surrounding an aqueous core serving as a protecting
environment for encapsulated payloads. Additionally, SLNs may be surface-modified
with targeting ligands or PEGylation to enhance target-specific delivery and circula-
tion time with the inhibition of RES uptake as well as inhibit SLNs aggregation [55].
Particularly, cationic SLNs, composed of ionizable cationic lipids or PEGylated lipids,
are commonly used for nucleic acid delivery. 1,2-dioleoyl-3-trimethylammonium
propane, also known as DOTAP, is one of the two most common cationic lipids [54].
When combined with DOPE in a 1:1 ratio, a reduction in toxicity is reported [56].
These nanoparticles are synthesized through high-frequency sonication between
the lipid phase and the aqueous phase containing PEGylated surfactant [54]. The
entrapment of the therapeutic RNAi is based on electrostatic interactions, which are
also responsible for the controlled release kinetics of RNAi via endocytosis triggered
by the contact of the positively charged cationic lipid and the negatively charged cell
membrane [57]. Yang et al. have formulated a cationic lipid—polymer hybrid nanopar-
ticle delivering siRNA toward breast tumor tissue for cancer therapy [58]. The
cationic lipid monolayer, in which the siRNA was efficiently loaded via electrostatic
forces, facilitated the carriage and escape of loaded siPlk1 into BT474 cells, inducing
downregulation of the Plk1 oncogene and thereby cancer cell apoptosis. This hybrid
nanoparticle shield with the cationic lipid is an attractive siRNA-delivering platform
with significant potential in suppressing tumor growth and cancer therapies [58].

4.3.2 Liposomes

Liposomes are self-assembled amphiphilic lipid bilayers surrounding an aqueous
core that may contain hydrophilic cargoes, including RNAi molecules. Its applica-
tion range is further broadened with its ability to also encapsulate lipophilic and
amphiphilic biologically active therapeutics. These lipid-based vesicles can be found
as unilamellar, multilamellar, or multivesicular vesicles [59]. A common method
of preparation involves oil-in-water emulsion where the lipids dissolved in organic
solvent constitute the dispersion phase [59]. Their bilayer structure grants these carri-
ers high biocompatibility and non-immunogenicity as well as stability and controlled
release. Additionally, their ease of fabrication and customizable physicochemical
properties promote cellular uptake and pharmacokinetics. Furthermore, optimized
versions of traditional liposomes are being developed such as elastic liposomes (ELs)
[60]. With the addition of surfactants, namely edge activators, ELs offer increased
deformability and stress-dependent adaptability, enabling enhanced transdermal
penetration for topical delivery targeting the efficient delivery of siRNA for the treat-
ment of psoriasis and cervical carcinoma [61, 62].

4.3.3 Transferosomes

Transferosomes are a derivative of liposomes that are composed of edge activa-
tors. These vesicles are designed to particularly enhance the delivery of the payloads,
including nucleic acid-based agents, across biological barriers such as skin or cell
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membranes [63]. These nanocarriers belong to the group of ultra-deformable
hydrophilic vesicles characterized by their high malleability giving them the abil-

ity to deform and penetrate through narrow pores. In addition, the edge activators,
which contain both lipophilic and hydrophilic moieties, enhance the diffusion of
transferosomes through the skin via osmotic gradient activating via water evaporation
[64]. Similar to liposomes, transferosomes are composed of lipid biomimetic bilayer,
which supports their biocompatible and biodegradable properties. Moreover, anionic
transferosomes could be employed as a strategy for mitigating foreign body reactions
in vivo through the prevention of protein adsorption and immune system activation.
Dorrani et al. reported that DOTAP/NaChol (6:1) transferosomes can penetrate the
skin layer and effectively deposit BRAF-siRNA for the management of melanoma [65].

4.3.4 Ethosomes

Ethosomes are also ultra-deformable hydrophilic vesicles. They are composed of phos-
pholipids, water, and a high content of ethanol ranging between 20 and 45%. Particularly,
ethanol contributes to the formation of a highly elastic nanovesicle with improved
deformability and fluidity enhancing skin absorption. Ethanol also increases the solubil-
ity of encapsulated drugs and imparts higher stability and smaller-sized non-aggregated
vesicles attributed to the negative charge on the surface of ethosomes conferred by
ethanol [66]. According to Chen et al. penetration enhancer such as SPACE-peptide can
decorate the surface of cationic ethosomes optimizing the internalization of the DOTAP-
SPACE-ethosomal system into epidermal keratinocytes [67]. The two conventional
methods of preparation of ethosomes are the cold method and the hot method. The latter
consists of heating the organic phase containing the phospholipids and the water phase
to 40°C [66]. The final vesicles are obtained by either sonification or extrusion for both
methods. Furthermore, additional alcohols such as propylene glycol (PG) and isopropyl
alcohol can be included in ethanol-based vesicles forming binary ethosomes. These
enhancers provide higher penetration and drug retention while penetrating the dermis
layers. Also, as a humectant, PG aids with the hydration of the stratum corneum making
it less susceptible to causing skin irritation or inflammatory [66].

4.3.5 Niosomes

Niosomes are non-ionic surfactant self-assembled vesicles. The amphiphilic sur-
factant consists of a polar and a non-polar group which allow for a specific orientation
of the hydrophilic head toward the aqueous phase and hydrophobic tail shielded from
water molecules. This configuration reduces the free energy at the interface, which effec-
tively lowers the surface tension and facilitates the self-assembly of the niosomes [68].
Also, as an alternative to phospholipid-based carriers, niosomes present an enhanced
in vivo stability against oxidation and degradation than phospholipids [69]. Additional
advantages including high biocompatibility, permeability, encapsulation efficiency,
and low production cost make niosomes potential candidates for commercialization
[70]. The surface of these nanocarriers may also be decorated with hydrophilic polymer
(e.g., PEG), cationic lipids (e.g., DOTAP), or conjugated with active targeting ligands/
antibodies, among other modifications. For instance, Yang et al. developed a theranostic
cationic niosome using a nonionic surfactant sorbitan monooleate (Span 80). This
system efficiently mediated the intracellular delivery of siRNAs and miRNAs to human
mesenchymal stem cells (hMSCs). A successful specific inhibition of miR-138 promoted
osteogenic differentiation of hMSCs. In addition to RNAi delivery, this platform allows
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for cell labeling capabilities with the encapsulation of an amphiphilic dye, indocyanine
green [68]. Alternatively, following the encapsulation of RNAI inside the hydrophilic
core of niosomes, inorganic nanoparticles, such as superparamagnetic iron-oxide
nanoparticles, can be entrapped within the niosomal barrier. Thereby, a targeted deliv-
ery via an external magnetic manipulation is achievable leading to an improved cellular
uptake, as demonstrated by Maurer et al. on BT-474 cells for a breast cancer therapy [70].

4.3.6 Polymersomes

Polymerosomes are vesicular carriers formed by the self-assembly of amphiphilic
copolymer blocks. The formed polymeric bilayer offers this nanoparticle distinctive
properties for the delivery of encapsulated cargoes. The covalent crosslinking of the
copolymer blocks leads to greater stability of the vesicle with the ability to modulate
the membrane properties such as permeability, flexibility, and surface charge [71].
Also, the modification of the membrane surface is feasible for the conjugation of
targeting ligands that present high binding affinity to proteins or receptors expressed
on the surface of targeted cells. This active targeting enables selective drug delivery
improving cellular uptake and minimizing off-target effects. Zheng et al. constructed a
polymersome delivery system for the co-delivery of temozolomide (TMZ) and siRNA
for the synergistic therapy of glioblastoma (GBM) [72]. The brain-targeted polymero-
some is decorated with angiopep-2, a peptide that binds to the lipoprotein receptor-
related protein-1 (LRP-1) receptor. As the latter is overexpressed on the surface of
endothelial cells of blood-brain-barrier and GBM cells, this actively targeted nanocar-
rier showed an increased circulation time of siRNA/TMZ in the blood as well as an
improved crossing of the blood-brain-barrier [72]. Alternatively, the polymersome
membrane can be modified with stimuli-responsive moieties enabling the drug release
rate to be programmable by external stimuli such as temperature, pH, and light [71].

4.3.7 Dendrimers

The term “dendrimer” originates from the Greek word “dendron,” signifying tree
or branch. Dendrimers represent specially designed structured polymers character-
ized by their three-dimensional, extensively branched architecture, and uniformity
in size and composition. Comprising a central core, branching arms, and functional
groups at their terminals, dendrimers offer an ideal platform for drug delivery.
Additionally, their internal structure provides a reservoir for drug encapsulation,
while their surface can be decorated with diverse chemical groups, enhancing their
targeting for specific clinical applications. Notably, dendrimers exhibit superior prop-
erties compared to conventional polymer-based delivery systems, including enhanced
water solubility, excellent biocompatibility, and precise control over molecular
weight. The utilization of dendrimers as a drug delivery system began to gain attrac-
tion in the late 1990s. They are typically synthesized via two methods: divergent and
convergent synthesis. Divergent synthesis involves outward growth from the core,
while convergent synthesis starts from the outer surface toward the core. Dendrimers
offer advantages such as precise control over size and properties during synthesis,
as well as the ability to attach various functional groups for specific targeting. They
also exhibit prolonged circulation in the body, making them promising for delivering
therapeutic molecules like RNAi therapeutics [73-75]. For instance, one study utilized
a PAMAM dendrimer with a triethanolamine core to deliver Hsp27 siRNA to prostate
cancer cells, demonstrating significant gene-silencing activity [76].
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4.3.8 Polymeric nanoparticles

Polymeric nanoparticles have gained a special concern among all drug delivery
techniques. These polymer-based nanocarriers showed interesting features as drug
delivery vehicles. The ability to control the physicochemical characteristics of the
formulated nanoparticles by controlling the selection and characteristics of utilized
polymers has changed the landscape of drug delivery. Polymeric nanoparticles
represent a class of polymer-based nanoscale structures that exhibit a uniform size
distribution pattern. These nanoparticles show excellent biocompatibility and biode-
gradability, employing materials such as Poly-lactide co-glycolide (PLGA), Poly-lactic
acid (PLA), Polycaprolactone (PCL), and chitosan. Their morphology, either nano-
capsules or nanospheres exhibits heightened stability [77, 78]. Some of the commonly
applied polymeric nanoparticles in drug delivery are discussed below.

4.3.8.1 PLGA nanoparticles

PLGA acts as a highly successful polymer in the encapsulation of several phar-
macologically active molecules for medical applications. Its approval by the FDA for
human administration underscores its exceptional biocompatibility and biodegrad-
ability. PLGA nanoparticles have gained significant interest in recent years owing to
their versatility in transporting various types of drugs. Additionally, the capability to
tailor their surface characteristics enhances their targeting and cellular internaliza-
tion. PLGA nanoparticles were investigated across diverse therapeutic conditions,
including vaccinations, chemotherapies, neurological disorders, inflammation, and
other disorders. PLGA represents a meticulously studied biodegradable copoly-
mer that undergoes degradation into non-toxic byproducts (H,0 and CO,). PLGA
nanoparticles degrade iz vivo via hydrolysis of ester bonds to form monomeric anions
(lactate and glycolate). PLGA is well-known for its ability to sustain the encapsulated
drugs through a prolonged period. This sustained release profile extends the dura-
tion of action and decreases the frequency of administration of loaded drugs. Several
methods were adopted to fabricate PLGA nanoparticles, including emulsion-solvent
evaporation, double emulsion solvent evaporation, nanoprecipitation, salting-out,
and supercritical fluid [79-81]. According to Cun et al. the encapsulation of small
interfering RNA into PLGA nanoparticles, prepared by the double emulsion solvent
evaporation method, may be optimized with the adjustment of the concentration of
PLGA, the w/o phase ratio, the sonication time, quantity of loaded siRNA, and the
acetylated bovine serum albumin (Ac-BSA) content in the inner water phase [82]. This
strategy allows the obtention of high encapsulation efficiency of siRNA while preserv-
ing the negative particle zeta potential and small size. With a mean size of 220 nm and
zeta potential of —7.3 mV, a hyaluronic acid-PLGA nanoparticle developed by Byeon
et al. encapsulated paclitaxel (PTX) and focal adhesion kinase (FAK) siRNA with a
77-85% entrapment efficiency. The co-delivery of siRNAs permitted for the targeted
delivery against chemoresistant ovarian cancer causing their apoptosis [83].

4.3.8.2 Glycogen nanoparticles

Glycogen is a natural hyperbranched polymer. It belongs to the polysaccharide
class and is composed of glucose-repeating units connected by linear a-d -(1-4) gly-
cosidic bonds and a-d -(1-6) branched chains [84, 85]. Glycogen-based nanoparticles
are emerging as promising biocompatible and biodegradable delivery platforms. With
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a hydrodynamic diameter of 50 nm, these nanocarriers successfully accumulated in
solid tumors via an enhanced permeability and retention (EPR) effect [85]. This cost-
effective polymer is highly available since it is a renewable resource isolated from ani-
mals or plants. Similarly to other nanoparticles, glycogen’s surface may be modified
to confer anionic and hydrophobic properties using octenyl succinate (OS) groups
for the delivery of antigens to dendritic cells [86]. Wojnilowicz et al. synthesized
lactosylated glycogen-siRNA nanoparticles that demonstrated efficient targeting and
penetration into 3D multicellular human prostate cancer spheroids which overexpress
lectins [84]. A further optimization includes the engineering of the construct with
pH-sensitive moieties using ethylenediamine (EDA). As the escape of RNAi from
endosomes post-endocytosis is a limiting step in nucleic acid delivery, EDA enhances
the proton sponge effect, promoting a more efficient endosomal escape of encapsu-
lated RNAi and improving gene silencing effects [84].

4.3.8.3 Chitosan nanoparticles

Chitosan has gained attention as a promising natural biopolymer-based carrier in
drug delivery owing to its biocompatibility, ability to adhere to biological surfaces, and
capacity to enhance drug absorption. Nanoparticles formulated from chitosan and its
derivatives typically exhibit a positively charged surface charge and possess mucoad-
hesive characteristics, enabling adhesion to mucous membranes and facilitating the
sustained release of the encapsulated payload. Chitosan nanoparticles are characterized
by their biodegradability, biocompatibility, low toxicity, and ease of preparation, intro-
ducing them as highly effective and promising in clinical applications. Moreover, chi-
tosan nanoparticles can be readily functionalized to achieve targeted delivery and have
received Generally Recognized as Safe (GRAS) status from the FDA. Unlike PLGA, The
preparation of chitosan nanoparticles is conducted under mild conditions facilitated by
chitosan’s solubility in acidic aqueous solutions, eliminating the need for toxic organic
solvents. These nanoparticles offer advantageous features in drug delivery for oral,
ophthalmic, nasal, pulmonary, and transdermal delivery. Multiple methods are adopted
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Figure 3.

The analysis of biodistribution of siRNA-loaded chitosan nanoparticles in various tissues 4 hrs after the
administration of various formulations. Figure 3A shows histopathological staining of the heart, lungs, kidney,
liver, and spleen, administered at a dose of 0.5 mg/kg) CS-P-CP15-NT siRNA: chitosan-PEG-CP15, CS-NT
siRNA: unmodified chitosan nanoparticles, NT-siRNA: non-targeting biotin-siRNA alone, and control as
untreated. Figure 3B illustrates an image analysis of the mean percent avea stained in the tumor tissues. This
figure was adapted from Prakash et al. (US patent US 11,766,486 B2) with permission [90].
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for the fabrication of chitosan nanoparticles same as mentioned in PLGA nanoparticles
preparation [87-89]. Prakash et al. prepared siRNA-loaded chitosan nanoparticles for
the management of several types of cancer. The surface of the prepared nanoparticles
was functionalized with TAT protein which enhances internalization and cellular
uptake of the formulated siRNA nanoparticles. The results revealed the potential of the
prepared siRNA-chitosan-TAT nanoparticles in targeting the encapsulated siRNA with a
high concentration in different tissues [90] as shown in Figure 3.

5. Conclusion

The discovery of small interfering RNAi as therapeutic agents for gene silenc-
ing has generated considerable interest in the scientific community. RNAi shows
significant promise for treating a wide range of diseases, including cancer, hepatic
disorders, viral infections, and neurological conditions. Its efficacy in downregulating
disease-associated genes and proteins has been demonstrated in various global health
challenges. Few RNAi therapies have already been approved for clinical use, yielding
remarkable outcomes. For instance, lumasiran has shown effectiveness in managing
primary hyperoxaluria type 1 (PH1). However, delivering RNAI therapeutics to target
tissues remains a significant challenge, limiting its effective application. Various
strategies have been developed to address this issue, including chemical modifications
to enhance RNAi molecules stability and biodistribution, bioconjugation with various
ligands such as peptides and antibodies to improve cellular uptake and minimize
adverse effects, and the use of nanotechnology-based carrier systems like liposomes,
niosomes, dendrimers, solid lipid nanoparticles, and polymer-based nanoparticles
to encapsulate RNAi and facilitate targeted delivery. The continuous optimization of
appropriate strategies for RNAi therapeutics targeting is imperative to fully realize the
therapeutic potential of this exciting therapeutic modality across various diseases.

6. Future of RNAi therapy

RNAI therapeutics may offer a novel approach to target numerous progressive
genetic diseases by silencing their defective genes. They can also inhibit growth-
promoting proteins in cancers, such as glioblastoma multiforme. Additionally, they
may slow neurodegenerative diseases by targeting degenerative mediators, and treat
viral infections by targeting virus mRNA. The COVID-19 pandemic has highlighted
the potential of siRNA, particularly against the SARS-CoV-2 virus. Despite vaccine
development, the emergence of viral variants always poses challenges. RNAi thera-
peutics can be potentially forwarded to silence viral gene expression and replication
in various viral infections. Thus, advancing the delivery techniques of RNAI thera-
peutics is crucial for future therapeutic and vaccine development.
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Chapter 6

The 2A Story: The End of the
Beginning

Garry A. Luke and Martin D. Ryan

Abstract

Translational control of viral gene expression is a fundamental process essential
for the vitality of all viruses. In special cases, signals encoded in the mRNA reprogram
the ribosome to read the message in a different way, a process termed “translational
recoding” The 2A region of the foot-and-mouth disease virus (FMDV) encodes a
short sequence, only 18 amino acids, that mediates self-processing by a novel trans-
lational effect “ribosome skipping” rather than proteolysis. Briefly, 2A interacts with
the ribosome exit tunnel to inhibit peptide bond formation at the C terminus of the
2A sequence. Translation terminates at this point, but then resumes elongation, creat-
ing a second independent protein product. Thus, discrete proteins can be produced
from a single transcript. The 2A sequence is particularly useful in vector strategies
(AAV and retroviral vectors) where the capacity to incorporate foreign DNA is lim-
ited. Use of 2A and “2A-like” peptides to link the sequences encoding several proteins
in the same open reading frame has led to their increasing use as important tools
in biotechnology and biomedicine. This technology has been crucial for the visual
tracking of expressed proteins, human gene therapies targeting cancer, production of
induced human pluripotent stem cells for regenerative medicine, creation of trans-
genic animals and plants and the improvement of CRISPR-Cas9 and TALEN genome
editing methods.

Keywords: 2A peptide, mRNA translation, ribosome, ribosome skipping, recoding

1. Introduction

As obligate intracellular parasites with relatively limited coding capacity, viral
strategies to sequester the host translation machinery target the initiation, elongation,
and termination steps of protein synthesis. Although most translational control strate-
gies operate at the rate-limiting initiation step, different regulatory mechanisms target
elongation and termination. Commonly these involve translational control or “transla-
tional recoding” defined as instances in which “the rules for decoding are temporarily
altered through the action of specific signals built into the mRNA sequences” [1, 2].
The two most common types of recoding elements program ribosomes to either shift
the reading frame of an mRNA, typically by one base in either the 5'(—1) or the 3'(+1)
direction (programmed ribosomal frameshifting) or reassign the “sense” of stop codons
(UAA, UAG or UGA) leading to stop codon “Read-Through”. Less common are recod-
ing elements that cause ribosomes to bypass defined segments of mRNAs (ribosomal
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“hopping”) or those that skip the synthesis of a specific peptide bond (ribosomal
“skipping”). Ribosomal skipping, mediated by a “self-cleaving” 2A oligopeptide that
manipulates the ribosome to “skip” the synthesis of the glycyl-prolyl peptide bond at
its own carboxyl terminus leading to release of the nascent protein and translation of
the downstream sequence. In this chapter we outline the development of this efficient
methodology for the co-expression of multiple proteins from a single gene using a small
2A peptide originally identified in viruses.

2. Ribosome “skipping”

Among the five distinct types of picornavirus 2A proteins, a group of oligopep-
tide sequences collectively known as Aphthovirus-like 2A mediate a translational
recoding event iz cis known as “ribosome skipping”, “StopGo” or “Stop Carry-on”
translation [3-6]. Here a termination event occurs at a sense codon, followed by
release of the nascent polypeptide and ribosomal translocation to the next in-
frame codon. The function of the 2A sequence was first characterised from the
positive-stranded RNA picornavirus Foot-and-Mouth Disease Virus (FMDV). The
2A oligopeptide is only 18 amino acids (aa) long (-LLNFDLLKLAGDVESNPG-),
delineated by 3CP™ post-translational cleavage at its N-terminus and co-trans-
lational “cleavage” at its C-terminus [7-9]. The core sequence at the C-terminus
of 2A is strongly conserved and contains the canonical motif D™(V/I)E(S/T)
NPG,, " PY,5 (where P refers to the completely conserved first residue of the
downstream FMDV protein 2B). The less conserved part of the 2A sequence,
located upstream of the motif, appears to be essential for 2A function [9, 10].
During this period the number of genome sequences was limited, but it was
apparent that a similar motif was also present at the C-terminus of the longer
cardiovirus 2A protein [11]. Analysis of recombinant FMDV polyproteins indicated
FMDV 2A, together with the N-terminal proline of protein 2B, appeared sufficient
for a co-translational “cleavage” between the upstream (capsid proteins) and
downstream (RNA replication protein) domains of the polyprotein (-NPGP-)

[7, 12]. Following cleavage, the 2A “tag” remains as a C-terminal extension of the
upstream protein. The single proline at the N-terminus of the downstream protein
confers a long half-life (>20 h) which should help increase protein stability [13].
Early studies showed the FMDV 2A region was not simply a substrate for a virus
proteinase (LP™, 3CP™), nor a substrate for a host-cell proteinase—“self-cleavage”
was a novel translational effect [3, 7, 12]. Due to its mode of action within the
ribosome the acronym CHYSEL (cis-acting hydrolase element) was proposed as
an alternative name for 2A and 2A-like sequences to avoid confusion with protease
mediated cleavage [14].

To monitor gene expression, artificial “self-processing” polyproteins were
constructed with these 18 codons, plus the first aa (proline) of 2B (referred to
as “2A”), separating green fluorescent protein (GFP—stop codon deleted) and
p-glucuronidase (GUS) reporter-encoding sequences in a single open reading frame
(ORF) encoding [GFP2AGUS] (Figure 1, pSTA1) [3, 15, 16]. In the absence of all
other FMDV proteins, such artificial polyproteins comprised well-characterised,
metabolically stable “reporter” proteins and used to program iz vitro translation
systems. These produced a simple translation profile that could be readily inter-
preted—and the accumulation of the processing products quantified. A control
construct encoding [GFPGUS] produced only the fusion protein [GFPGUS], whereas
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Figure 1.

Analysis of 2A-mediated “cleavage”. Artificial reporter polyproteins (boxed areas) used to programme in vitro
translation systems ave shown together with translation profiles obtained from rabbit reticulocyte lysates (right).
The control pGFPGUS and pGUSGFP constructs produce only a single translation product—the [GFPGUS]
and [GUSGFP] fusion proteins respectively. The translation profile from the pGFP2AGUS construct shows three
magjor products: uncleaved [GFP2AGUS] and the cleavage products [GFP2A] and [GUS]. The profile from
pGUS2AGFP also shows three major products: uncleaved [GUS2AGFP] and the cleavage products [GUS2A] and
[GFP].

the (GFP2AGUS) was shown to be highly active in mediating cleavage, producing the
uncleaved polyprotein product (GFP2AGUS) (~5% of radiolabel incorporated) and
the cleavage products (GFP2A) and [GUS], together accounting for ~95% incorpora-
tion of radiolabel. This approach gave the surprising result that the GFP reporter
protein upstream of 2A accumulated to a higher level than that downstream of 2A
(GUS) (Figure1). Reversing the gene order (GUS2AGFP) produced the same type
of imbalance. Having eliminated “trivial” causes for this imbalance (e.g. protein/
RNA degradation, premature termination of transcription/translation) [3], these
data were at variance with a proteolytic mechanism which predicts a unitary stoichi-
ometry of the products. Inhibition of protein synthesis by the antibiotic puromycin
produced a distinct product with a size corresponding to the upstream protein,
indicating a pause on the mRNA at the site where the nascent chain is released [3].
The ribosome pause seen by ribosome toeprinting occurred at the end of the 2A cod-
ing sequence (-NPGYP-), with glycine and proline in the P- and A- sites, respectively
[17]. This imbalance was due to different levels of biosynthesis of each portion of the
ORF and represents a novel type of recoding [5, 18].

3. Breaking the code

Owing to the degeneracy of the genetic code, a protein sequence can be encoded
by many different synonymous mRNA coding sequences in protein biogenesis.
Furthermore, many organisms, including viruses, tend to have biases towards
certain synonymous codons (the “codon bias”) in their genes. As described by
Gao et al. [19] a marked codon bias within the FMDV genome is evident—the
amino acids E, S, N, P, G, P tend to use GAG, TCC, AAC, CCT, GGG and CCC
respectively. However, in the context of a synthetic reporter polyprotein, syn-
onymous codon usage of this conserved motif does not affect apparent cleavage
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efficiencies whereas introducing non-synonymous changes impairs cleavage
activity. Frameshifting the 2A oligopeptide with respect to the reporter proteins
completely abolishes cleavage activity [3, 10, 15, 20]. Further, synonymous codon
usage patterns for Gy, at the 2A/2B cleavage site (GGG, GGC, GGA, GGT) have no
effect on the cleavage efficiency [19]. This supports the view that it is the amino
acid residue rather than the nucleotide sequence which is critical for the activity of
2A. In contrast to these studies, Kjar and Belsham found that in FMDV genomes
codon bias operates in encoding the NPGP motif, raising the possibility that the
RNA sequence could also contribute to the recoding event [21]. It’s noteworthy
that conservative mutation of all potential nucleophilic amino acids within the
highly conserved D2(V/1)E(S/T)NPG,4 ¥ P, motif are active—further proof that
2A-mediated cleavage is not a proteolytic mechanism [15]. The take home message
from mutagenesis experiments is that 2A is largely intolerant to sequence alteration
over most of its length—2A peptides are fine tuned to function as a whole [5, 9,
10, 15, 22]. Our own extensive mutagenesis indicates that several variations of the
conserved motif still display some level of activity [10, 15]. However, certain 2A
sequences have not evolved to produce a simple binary outcome. “Sub-optimal”
2A sequences usually result in either “standard” translation (generating a fusion
protein), or, a molar excess of products upstream of 2A—due to dissociation of
ribosomes after peptide release, rather than recommencing elongation. It is not
difficult to imagine clear advantages associated with incomplete StopGo activity
(e.g. dual protein targeting, described in Roulston et al. [23]), but also the pos-
sibility of “regulating” the ratio of up- to down-stream products (e.g. “sensor” of
translational stress, described in [24]).

Various studies have demonstrated that synonymous codon usage bias plays
an important role in the translation of certain mRNAs [25, 26]. While codon
optimisation is routinely used to increase translational efficiency, with regard to
2A peptides, wild type sequences may be evolutionary optimised to enhance the
StopGo mechanism. The length of the FMDV 2A used is also important for cleav-
age in vitro/in vivo—N-terminally truncated forms of 2A in our reporter system
showed that the minimal length required for activity was 12aa (12 N-terminal and
1 C-terminal to the G¥P site) [9, 15]. In the case of shorter 2As, cleavage efficiency
has been improved by insertion of various spacer sequences immediately upstream
of the 2A sequence such as a glycine-serine linker (e.g. -GSG- or -SGSG-, [27-29]; a
3XFLAG epitope tag -DYKDHDG-DYKDHDI-DYKDDDDK-, [30]; or a V5 epitope
tag -GKPUPNPLLGLDST- [31]. These “flexible” linkers create a space between
the N-terminal protein and the 2A peptide, favouring a conformation which
facilitates efficient cleavage [32]. By contrast, an optimised Kozak sequence from
the silkworm (Bombyx mori) placed immediately downstream of the 2A peptide,
improved the expression of the sequence downstream of 2A [33]. Longer versions
with extra sequences (>5aa) derived from the FMDV capsid protein (“1D”) imme-
diately upstream of 2A produce higher levels of cleavage [12, 15, 16]. After “tweak-
ing” of the FMDV 2A sequence, 2A (+11aa 1D) proved to be the most favourable
in terms of both length and cleavage efficiency [34, 35]. GSG linkers and longer
versions of 2A sequences to improve “skipping” efficiencies are not fail-safe solu-
tions and should be assessed empirically for every protein in context. Previously
described position effects have also shown that expression of genes flanking 2A
is highly dependent on their arrangement [33, 36-38]. For example, the yield
of p-carotene by engineered yeasts could be altered by exchanging the order of
codon-optimised carotenogenic genes GGPPS, CARB and CARRP [39].
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4. A translational model of 2A
4.1 Reprogramming the ribosome

Based on dynamic molecular modelling and results from experiments with in vitro
translation systems, the model of 2A-mediated translational recoding [3, 20, 40]
proposes the nascent 2A peptide (~25aa) interacts with the exit tunnel of the ribo-
some such that the C-terminal portion is sterically constrained within a region
of the peptidyl transferase centre (PTC) of the ribosome that cannot be accessed
by prolyl-tRNA"®. The ribosomal PTC resides in the large ribosomal subunit and
catalyses the two principle chemical reactions of protein synthesis: peptide bond
formation and peptide release. It should be noted that the unique case of proline the
nucleophile (nitrogen) is also sterically constrained since it is part of a ring structure.
It has been shown that prolyl-tRNA"™ is the poorest nucleophile among all aminoacyl
tRNAs—polypeptide elongation is paused at this specific site. Our StopGo model
predicts that (i) prolyl-tRNA" dissociates from the A-site, (ii) the nascent polypep-
tide is released at this site by termination factors eRF1/3 and (iii) prolyl-tRNAPro (re)
enters the ribosome a the A-site and must by translocated to the P-site to allow the
next aminoacyl-tRNA to enter for resumption of translation and the synthesis of the
downstream product (Figure 2) [17, 41]. Machida and colleagues showed however
that processing of encephalomyocarditis virus proteins 2A and 2B in a reconstituted
in vitro translation system requires neither eukaryotic initiation or termination
(release) factors [42].

Our proposed model of this StopGo translational recoding event predicts that
three alternative outcomes arise; having synthesised sequences upstream of 2A,
ribosomes either (i) release the nascent peptide and then resume translation of the
downstream sequences, (ii) release the nascent peptide and translation is termi-
nated at that point, or, (iii) that no translational recoding occurs: the glycyl-prolyl
peptide bond is formed and the protein is synthesised in the normal manner. The
ratio of these translation products is dependent upon the specific 2A-like sequence in
question—a view supported by the observations from many of the laboratories that
have used StopGo protein co-expression applications. Initially studied in mammalian
cell cultures (HeLa, [14]; HEK293, [43]; CHO, [44]) 2A-mediated ribosome skipping

Nascent Polypeptide l____"-...,‘ 2A

Polypeptide
Released

StopGo /
Stop Carry-On /
Ribosome ‘Skipping’

=

+3 Translocation

E-site  Psite A-site E-site  P-site A-site

Figure 2.

M%del of 2A translational “recoding” activity. In ribosome “skipping”, the 2A sequence is thought to interact
with the ribosome exit such that the stereochemistry in the peptidyl transferase centre is alteved: the peptide bond
is not formed. The model proposes that prolyl-tRNA exits the A-site, eRF1/3 enters the A-site (at a sense codon)
and terminates translation. After exit of eRF1, prolyl-tRNA then re-enters the A-site and is then (pseudo)
translocated such that the A-site is now vacant and elongation can resume.
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functions in all eukaryotic expression systems tested to date: amoeba [45], fungi [38,
46-49], algae [50, 51], plants [52, 53] and animals [33, 54-56] but not prokaryotic
systems: the structure of the ribosome and the exit tunnel is highly conserved among
eukaryotes but differs between eu-and prokaryotes.

4.2 Targeted expression of recombinant proteins

Our model of the 2A mechanism predicted this “cleavage” would occur within
the ribosome: that any protein downstream of 2A would emerge from the ribosome
with a nascent N-terminus. Therefore, if one included a co-translational signal
sequence immediately downstream of 2A, then this would be recognised by the signal
recognition particle (SRP) as if it were generated during “normal” translation. Ina
proof-of-concept study this was the case: polyproteins were constructed compris-
ing internal signal sequences and we were able to show that such proteins could be
both co-expressed and independently targeted to sub-cellular sites (or secreted),
greatly increasing the utility of the 2A co-expression system [57, 58]. To verify the
applicability of this method to developmental studies, Trichas et al. designed a 2A
bicistronic reporter that correctly processed a membrane-localised TdTomato gene
(Myr-TdTomato) and nuclear-localised enhanced green fluorescent protein (EGFP)
gene (H2B-GFP) in cell culture and transgenic mice [59]. Additionally, this approach
produced functional expression of Myr-mCherry and H2B-GFP in the branchipod
crustacean Daphnia magna [60]. Meanwhile, we demonstrated the (partially) active
2A-like sequences present at the N-terminus of a number of NOD-like receptor
proteins (NLRs) within the purple sea urchin (Strongylocentrotus purpuratus) also play
a dual role as exocytic pathway signal peptides. If 2A mediates translational recoding,
the 2A signal sequence is synthesised as a discrete translation product separate from
the downstream product which is localised to the cytoplasm. If 2A does not mediate
translational recoding, the 2A signal sequence is fused to the downstream translation
product, functions as a signal sequence and targets the fusion protein to the exocytic
pathway—a novel form of dual protein targeting (Figure 3) [23].

4.3 The unwanted “tags”

The addition of partial 2A peptide sequences to the C-terminus of proteins may
interfere with enzymatic activity [61]. For secreted proteins, inclusion of a furin recog-
nition sequence (e.g. *-RRR-, ¥-RKRR-, *-RRKR-) between the first gene and 2A results
in efficient removal of 2A residues—furin is a ubiquitous serine protease localised on
the trans-Golgi networks of virtually all cell types [62]. Proteins expressed in plants/
fungi could have this tag removed by endogenous proteinases acting on similar hybrid
linker peptides, LP4-2A in plants (SN¥ AADEVAT) [63], TEV-2A in fungi (ENLYFQ'S)
[49]. Although not a full-proof solution, a GSG linker used in conjunction with a furin
recognition site (e.g -furin-GSG-2A-, -GSG-furin-GSG-2A-) reportedly enhanced cleav-
age efficiency via increased exposure of the -RRKR- site [32, 44, 64]. The “unwanted”
tag may remain—recognised by monoclonal antibodies, peptide epitopes can charac-
terise, purify, and localise proteins of interest i vitro and in vivo [65, 66]. Commercial
antibodies have been raised against the consensus 2A sequence, which thus serves as
a useful target for identifying 2A-tagged proteins in biochemical assays—validated
research applications include ICC, immunofluorescence, IP, and Western Blot [67, 68].
The presence of a proline amino acid residue (or often several additional amino acids,
derived from restriction site sequences introduced during cloning) at the N-terminus

120



The 2A Story: The End of the Beginning
DOI: http://dx.doi.org/10.5772/intechopen.1004928

MV /17
PSpNLR-2A construct
SpNLR2A T2A
/ Translation %
(recoded) (not recoded)
u++m +-
SpNLR2A SpNLRZA
mCherry & DAPI GFP & DAPI Merge mCherry & DAP| GFP & DAPI Merge

Figure 3.

Cl%avuge and signal sequence functions of 2A. The wild-type and point mutant version was cloned upstream
of sequences encoding cherry FP and GFP linked via Thosea asigna virus (TaV) 2A into a single ORF. Image
analysis shows the wild-type 2A produces a high proportion of cherry localised in the cytoplasm (and diffuses into
the nucleus). The mutant inactive 2A acts as a signal targeting cherry to the exocytic pathway (bars ~5um. Nuclei
stained with DAPI are shown in blue).

of co-expressed proteins may affect protein stability within polycistronic constructs
[69-71]. In this case, proteins that require authentic termini can be introduced at the
first gene position.

5.2A and 2A-like sequences
5.1 Viral and cellular 2As

The presence of 2A-like sequences has been reported in a number of viral genomes
within different genera of the Picornaviridae, other positive strand viruses such as the
Dicistroviridae and Iflaviridae [16, 72], double-strand RNA viruses belonging to the
Totiviridae/Reoviridae families [73], and surprisingly in a tentatively assigned nega-
tive-sense single-stranded RNA virus of the Bunyaviridae family [72]. The positive-
strand RNA viruses typically possess one 2A/2A-like sequence, but some viruses
have two, three or more motifs—the picornavirus duck egg-reducing syndrome virus
(DERSV) was shown to have a total of seven 2A proteins, the first six separated by the
“DXExNPGP” sequence motif (Table1) [74]. Translation iz vitro with our pSTA1 dual
reporter system [GFP-2A-GUS] shows some of these multiple 2AN"“" sequences per-
form just as well as the commonly used FMDV 2A peptide: IMNV 2A1 and 2A2 [16];
Aalivirus A1/B1 2A1-2A4; Grusopivirus A1/C 2A1-2A3; Limnipivirus Al 2A1, B1 2A2,
C12A1, D1 2A1-3; Mosavirus Bl 2A1 and 2A2 (unpublished data). The advantage of
releasing more than one protein from the same ORF suggests that host infection mech-
anisms in viruses with multiple 2A peptides in their genomes may be more complex
[6]. Probing databases with this conserved motif revealed cellular 2A-like sequences
within non-LTR retrotransposons (non-LTRs) of Trypanosoma brucei, T. cruzi, T vivax
and T. congolense, and, a range of simple aquatic species: Xenopus tropicalis (African
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Genus Species 2ANPCP Amino acid sequence Accession no
Positive-stranded RNA viruses: Picornaviridae
Aalivirus AalV-A1 2A1 LLTSEGATNSSLLKLAGDVEENPGP KJ000606
2A2 FEMPYDDPEWDRLLQAGDIEQNPGP
2A3 PIPARPDPQWNNLQQAGDVEMNPGP
2A4 EHFNQTGGWVPDLTQCGDVESNPGP
AalV-B1 2A1 ATTLQVSEYLKDLTIDGDVESNPGP MH453803
2A2 LKVKKLEGDYVRDLTQEGVEPNPGP
2A3 SVRVTDAGWVRDLTVDGDVESNPGP
2A4 VFKCHDKCWVDDLTNCGDVESNPGP
2A5 IFKCHEGCWVEDLTVDGDVESNPGP
DERSV 2A1 TSTAQATSYVKDLTIDGDVESNPGP UYL81882
2A2 KTCREVEGSYVKDLTEEGIEPNPGP
2A3 LLKIGNAAWVRDLTEDGDVEENPGP
2A4 VYNCHESCWNRDLTIDGDVELNPGP
2A5 VFKCHEKCWQKDPTQDGDVEQNPGP
2A6 EFKCHEHCWVRDLTMDGDVEENPGP
Avisivirus AsV-Al 2A1 EVGAYDEVDHRDILMGGDIEENPGP KC465954
2A2 EMGVFDETDHRDILLGGDIEENPGP
AsV-B1 2A1 PQFEKERSAHEDVLLGGDVESNPGP KF979333
2A2 SESVQYLEPQIDICVCGDVERNPGP
Grusopivirus GrV-Al 2A1 FEKHVKPWRSQEDLSKEGIEPNPGP KY312544
2A2 ITDNRYKETDAKWLSRYGVEMNPGP
2A3 VTQDLYAATNQDQLSNQGIESNPGP
GrV-C 2A1 YFEERSPHPTQKELGQFGVETNPGP MK443503
2A2 ENNSNYDERDAKHLSRYGIEMNPGP
2A3 CVCTRWSPTMQSELGKYGIEKNPGP
Kunsagivirus KuV-C1 2A1 TAAASAQGWQRDLTQDGDVESNPGP KY670597
2A2 LGIVISDSVWQRDLPREGVEENPGP
2A3 SYDPLAPSQWCRDLTCEGIEPNPGP
Limnipivirus Al 2A1 CKEFVRESDNQELLKCGDVESNPGP JX134222
2A2 WDLSTGWFHFFRLLRSGDVEQNPGP
B1 2A1 MDVVDDYPFKRDLTRDGDVESNPGP KF306267
2A2 IDLVQAAYSRMRLLLSGDVEQNPGP
Cc1 2A1 KLLEQILAYKRDLTACGDVESNPGP KF874490
2A2 SRWIHARFARLRLLLSGDVEQNPGP
D1 2A1 EEEVDWGVGRMRLKMSGDVEENPGP MG600094
2A2 AVHLLVTWMRRRLTLSGDIESNPGP
2A3 DLRAVKSFIESQLMRAGDVERNPGP
Mosavirus Bl 2A1 ESRGTGNCDATTISQCGDVETNPGP KY855435
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Genus Species 2ANPCP Amino acid sequence Accession no
2A2 YVRRSANRTAADISQDGDVETNPGP
Parechovirus E 2A1 WFDARTGFKTPLMNPCGDVEENPGP KY645497
2A2 QIEKRYGYRFWLLMLCGDVELNPGP
RtPV 2A1 MLDRRMGYRSRILCQCGDVEENPGP MF352429
2A2 WFNKRSGYRSRLLSQCGDVEENPGP
Potamipivirus Bl 2A1 LMEKTEEAGWLRDLTREGVEENPGP MK189163
2A2 FDDYHQEGGWIRDLTAEGVEPNPGP
Unassigned WCP 2A1 MKEDEAGGWKEDLTEDGDVESNPGP MG00066
2A2 EQAIPETTWRRDLTQSGDVESNPGP
2A3 PGAIPASVWVHDLTTDGDVESNPGP
Unassigned WP-LV 48 2A1 GPSCYDRNNHCNILLSGDIEENPGP NC_032820
2A2 VFNASYLDCFISLLSCGDIESNPGP
2A3 PIQGLTQRFESTLLLGGDIEENPGP

Positive-stranded RNA viruses: [flaviridae

Iflavirus EoPV 2A1 EQIVTAQGWAPDLTQDGDVESNPGP  NC_005092.1
2A2 QRQNIIGGGQRDLTQDGDIESNPGP

PnPV 2A1 EQIVTAQGWVPDLTVDGDVESPNPG NC_003113.1
242 RRQNIIGGGQKDLTQDGDIESNPGP

DBMIV 2A1 EQIVTAQGWVADLTQDGDVESNPGP NC_034384.1
2A2 LRQNKILGGERDLTRDGDVESNPGP

Non-segmented double-stranded RNA viruses: Totiviridae

Unassigned IMNV 2A1 IEISDCMLPPPDLTSCGDVESNPGP

2A2 IEKPFDKEEHTDILLSGDVESNPGP

Table1.
Multiple 2A/2A-like sequences in viruses.

claw-toed frog, vertebrate), Branchiostoma floridae (Amphioxus, Florida lancelet,
cephalochordate), Aplysia californica (California sea slug, mollusc), Crassostrea gigas
(Pacific oyster, mollusc), Lottia gigantean (Owl limpet, mollusc), Nematostella vectensis
(sea anemone, cnidarian) and S. purpuratus (echinoderm) [75-77]. To allay public
fears and bypass the use of animal-virus sequences, non-viral 2A variants (e.g. those
found in the California sea slug and purple sea urchin) have been used just as effec-
tively for coordinated multi-protein co-expression [78].

5.2 Comparison of active 2A sequences

Of the many 2A peptides identified to date, four viral 2As have been widely used
in biotechnology and biomedicine: FMDV (“F2A”), equine rhinitis A virus (ERAV,
“E2A”), porcine teschovirus-1 (PTV-1, “P2A”), and Thosea asigna virus (TaV, “T2A”)
(see Table 2) [27, 54, 59, 79]. Comparing the in vitro activity of different 2As inserted
between GFP and GUS, T2A,, has the highest cleavage efficiency followed by E2A,,
P2A,o and F2A,, [15]. In human cell lines, mice and zebrafish, cleavage and targeting
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Virus 2A/2A-like sequence Recodingactivity ~ References

Picornaviridae

FMDV (F2A) _QLLNFDLLKLAGDVESNEG'P- e [15, 34, 35]
FMDV (F2A3) -HKQKIVAPVKQLLNFDLLKLAGDVESNPG " P- o [15, 34, 35]
ERAV (E2A) -QCTNYALLKLAGDVESNEG Y P- o [27, 43, 45]
PTV-1 (P2A) -ATNFSLLKQAGDVEENPG ¥ P- e [27, 43, 45, 64]
Tetraviridae

TaV (T2A) -EGRGSLLTCGDVESNPG ¥ - X [45, 65, 66]

The -DxExNPGP motif conserved among 2A/2A-like sequences is shown in red.

Table 2.
2A/2A-like sequences most commonly used for protein co-expression.

of NLS-EGFP-2A-mCherry-CAAX was most efficient in P2A;4 linked constructs
followed by T2A;s, E2A;, and F2A,, [43]. To test the performance of selected 2A
peptides in insect cell cultures (B.mori) the cleavage efficiency of six types of 2A with
a GSG linker were analysed: P2A, T2A, E2A, F2A, BmCPV2A and BmIFV2A. For the
most used sequences P2A,, exhibited the highest cleavage efficiency in all insect cell
lines tested followed by E2A,3, F2A,5 and T2A,, [32]. Interestingly, P2A;o and T2A;g
functions in Drosophila are approximately equivalent both in cultured cells and in vivo
[80]—given their poor efficiency at polypeptide separation, E2A and F2A may not

be useful in Drosophila [80, 81]. A study to characterise the 2A system for metabolic
engineering applications in Saccharomyces cerevisiae showed that the F2A;9, T2A4g, and
P2A;9 sequences are functional in S. cerevisiae cells [82] —earlier analysis in S. cere-
visiae indicated that ERBV-1 (Equine rhinitis B virus 1) 2A had the highest cleaving
efficiency among 22 viral 2A sequences tested [48]. For potential upcoming amoeba-
based bioprocesses codon optimised P2A;q, T2A1g, E2A0 and F2A,, were screened

for activity in Dictyostelium discoideum [45]. In this work P2A and T2A performed the
best with cleavage rates of 99.6% and 97.4% respectively, followed by E2A (95.5%),
and F2A (66.9%). The availability of a range of 2A sequences can be useful—to
minimise the risk of homologous recombination, it is wise to use different 2A peptide
sequences if more than two genes are being linked.

6.IRES-dependent translation

Current strategies for multi-gene co-expression include: (i) pre-mRNA splic-
ing; (ii) proteolytic cleavage sites; (iii) fusion proteins; (iv) IRESs (internal ribo-
somal entry sites); (v) self-cleaving 2A peptides and (vi) a new-kid-on-the-block
termed HACKing (Highly efficient and Accessible system by CracKing genes into
the genome) [83]. Among the six systems listed, the most popular strategies are
2A/2A-like sequences and viral IRES elements. Like the 2A peptide, the IRES was
identified first among picornaviruses but in a different group, the Enteroviruses,
typified by poliovirus (PV) [84]. Since then, IRES elements have been identified in
other positive-sense RNA viruses such as encephalomyocarditis virus (EMCV) [85],
DNA viruses [86, 87] and a growing number of cellular mRNAs involved in growth
control, cell cycle progression and apoptosis [88]. In the majority of eukaryotic cells
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the mRNA 5’ 7meG “cap” is a signal for eukaryotic initiation factors (eIFs) to recruit
ribosomes and initiate translation [89]. IRES elements allow the initiation of transla-
tion in a cap-independent manner, i.e., ribosomes bind internally without scanning
the 5" UTR of the transcript ensuring co-expression of genes before and after the
IRES [90]. Most IRESs require IRES trans-acting factors (ITAFs) to function in addi-
tion to several canonical IFs [91]. These cis-acting RNA regulatory elements “hijack”
ribosomes of the host cell, redirecting them towards the production of viral proteins
[92, 93]. Viral IRESs have been classified into four different types based on their sec-
ondary structure and, in turn, their mechanism of initiation: Type I (enteroviruses/
rhinoviruses), Type II (cardio-/aphthoviruses), Type III (flaviviruses e.g. HCV) and
Type IV (dicistroviruses e.g. CrPV) [94, 95]. It has been shown that the efficiency of
translation initiated from different IRES elements differs significantly [96-98].

Most IRES-based vectors developed up to now use picornavirus IRESs (e.g. EMCV
and PV), based on the strong efficiency of such IRESs in transient transfection,
compared to cellular IRESs [99, 100]. In mRNAs transcribed from bicistronic con-
structs, the first cistron is translated by a cap-dependent scanning mechanism while
translation of the second cistron depends on the presence of IRES in the intercis-
tronic space. The advantages of IRES-mediated systems include: complete separation
of the coupled genes; lack of fusion proteins which may adversely affect the activity
of the proteins; the relative expression of different genes can be “fine-tuned” by
varying the strength of the IRES applied to each gene. IRES sequences, however, have
limitations: (i) the large size (~500 bp) can reduce the packaging capacity in viral
vectors [101], (ii) expression of the downstream gene can be as much as 10 fold lower
than the upstream gene [102-104], (iii) recognition of different IRES elements varies
with cell type, species, and even cell stress state [91, 97] and lastly (iv) the risk of
homologous recombination and competition among different IRESs for translation
factors [105].

Nevertheless, different IRES-based vectors including plasmids, adeno-associated
virus (AAV)-derived and lentiviral vectors have been used successfully in pre-clinical
as well as in clinical gene therapy protocols (reviewed in [106]). In plants, IRES-based
constructs have been used to engineer pest resistance in tobacco [107], enhance salt
and/or drought tolerance in potato [108] and produce carotenoids in rice endosperm
[104]. However, compactness in length and their ability to allow the concatenated
genes to be translated at equivalent levels both in vive and in vitro has seen 2A pep-
tides gain popularity over traditional IRES elements. Adenovirus [109], AAV [110],
retrovirus [111], lentivirus [112] and plasmid [64] expression vectors incorporating
2A peptide sequences have been used in a variety of biotechnology and biomedical
applications (reviewed in [113-115]).

7. Biotechnology/biomedical applications
7.1 Heterologous expression of multi-gene biosynthetic pathways in yeast

A particular advantage of using 2A co-expression technology is the ability to con-
sistently express all the required genes in the same cell. For example, in biosynthetic
pathways involving a number of separate enzymes it is critical they are all expressed
in the same cell. If this is not the case, instead of progressing from reactants to prod-
ucts a breakdown in the pathway could lead to a build-up of volatile intermediates.
Enzymatic systems requiring several cofactors have been reconstructed, by means

125



Beyond the Blueprint — Decoding the Elegance of Gene Expression

of 2A peptides, both in Pichia pastoris and S. cerevisiae [48, 116, 117]. Significant
advantages of the P, pastoris expression system include post-translational modifica-
tions such as glycosylation, proper protein folding and secretion (by Kex2 as signal
peptidase) of recombinant proteins [118]. In the early days, environmental stress
conditions imposed on the host presented a potential bottleneck in terms of recombi-
nant protein production and secretion. Particular attention has been paid to the role
of glycine betaine (GB) synthesis in abiotic stress resistance [119]. The GB pathway is
a two-step oxidation from choline and betaine aldehyde, catalysed by choline mono-
oxygenase (CMO) and betaine aldehyde dehydrogenase (BADH), respectively. The
genes encoding the two enzymes of GB synthesis in the halophyte Suaeda salsa were
cloned and fused with the F2A in a single ORF. The fused genes “CMO-2A-BADH”
transformed in P. pastoris were expressed successfully and the polyprotein was
cleaved to each functional protein [CMO-2A] and [BADH]. The recombinant yeasts
were more tolerant to salt, methanol and high temperature stresses [120].

Biobased manufacturing for the production of fuels has become increasingly pop-
ular as the serious effects of global climate change become apparent. Using a viral 2A
sequence, P. pastoris was engineered to produce the biofuels isobutanol and 3-methyl-
1-butanol (3M1B, isoamyl alcohol). Upregulation of the endogenous L-valine bio-
synthetic pathway (PpIlv5, Ppllv3, Ppllv6, PpIlv2) and heterologous expression of the
keto-acid degradation pathway (LlkivD, ScCADH7) led to an engineered strain capable
of producing isobutanol [121]. Specifically, the strain overexpressing all six genes pro-
duced a 100-fold improvement over the levels observed in the strains overexpressing
only the two keto acid degradation pathway genes. In a follow on study, engineered
strains overexpressing the keto-acid degradation pathway as well as the upper portion
of the amino acid L-valine and L-leucine (PpLeul, PpLeu2, PpLeu6) biosynthetic
pathways were able to produce the platform chemical 3M1B [122]. Compared to
the predominant biofuel ethanol, the advantages of 3M1B can be summarised as
higher energy density, better miscibility with fossil fuels, lower water solubility, and
greater applicability to conventional engines. The potential of this system is vividly
demonstrated by the expression of nine genes from a single polycistronic transcript
based on T2A peptides—presently, the construct with the highest number of genes
expressed in a coordinated fashion. This expression strategy resulted in P. pastoris
strains producing the target products of both the carotenoid (CrtE, CrtB, CrtI,CrtY)
and violacein (vioC, vioB, vioE, vioD, vioA) biosynthesis pathways [47].

To date, a variety of studies have examined the use of multicomponent enzy-
matic systems based on the 2A approach in the baker’s yeast S. cerevisiae [123-128].
The utility of 2A peptides has been demonstrated in several metabolic engineering
applications, such as the production of C-glucosylflavones or p-carotene. Flavonoids
are important phytochemical compounds with a range of medical benefits including
powerful activities as antioxidants. In rice plants, two enzymes are responsible for the
biosynthesis of flavone-C-glycosides, the cytochrome P450 flavanone 2-hydroxylase
(F2H) and C-glucosyltransferase (CGT). While pathway engineering in tobacco
resulted in minor C-glycoside formation, yeast transformed with the [F2H-F2A-CGT]
polyprotein produced high concentrations of 2-hydroxynaringenin which could be
converted chemically to the “nature-identical” plant product [129]. “Carotenoids”
is a generic term used to designate a diverse group of pigments widely distributed in
nature. Chemical synthesis of the flavour and fragrance (apo-) carotenoid f-ionone
is economically impractical. For de novo production of apocarotenoids in yeast,
three p-carotene biosynthesis genes from the carotenoid-producing ascomycete
Xanthophyllomyces dendrorhous (crtl, crtE and crtYB) were co-expressed in S. cerevisiae
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from a single T2A polycistronic construct. To enable p-ionone production, a
carotenoid-cleavage dioxygenase from raspberry (RiCCD1) was co-expressed in the
p-carotene producing strain - a novel microbial production system for a fruit flavour
compound [130].

7.2 Engineering carotenoid biosynthesis in plants

Conventional methods to “stack” transgenes in plants include sexual crossing,
sequential re-transformation and single/multiple plasmid co-transformation [131].
These strategies, however suffer from the inherent weakness that co-expression of the
heterologous proteins is unreliable. 2A/2A-like constructs have been successfully used
to co-express p- and 8-zein proteins to improve the nutritional value of tobacco plants
[132]; mpi (maize proteinase inhibitor) and pci (potato carboxypeptidase inhibitor)
for insect and pathogen resistance in rice [133] and Baccillus thuringiensis (Bt) crystal
proteins, CrylAb and Cry2Ab to delay insect resistance to Bt toxins in rice [134]. Ina
recent study, 11 genes were successfully introduced into transgenic maize to rebuild
the anthocyanin biosynthesis pathway (ZmBz1, ZmBz2, ZmC1 and ZmR2) by combin-
ing the advantages of a bidirectional promoter (BDP) and 2A linker peptides [135].
Carotenoids have attracted interest not only as a source of pigmentation but also for
their beneficial effects on human health—since most animals are unable to synthesise
carotenoids, they need to obtain them from food and dietary supplements. To allevi-
ate vitamin A deficiency (VAD) through food intake, biofortified “Golden Rice”
(Oryza sativa, GR) was engineered via two gene cassettes for the expression of the
phytoene synthase (Psy) and carotene desaturase (CrtI) genes to produce f-carotene
(provitamin A) (GR1 [136], GR2 [137]). Among GR varieties, “Korean Golden Rice”
was developed using the recombinant PAC gene that linked the Capsicum Psy and
Pantoea CrtI genes (PAC, Psy-F2A-CrtI) [104]. To increase the levels of carotenoids,
the DNA sequences of these two carotenoid biosynthetic genes originating from
heterologous sources, Capsicum annum for Psy and Pantoea ananatis for Crtl, were
codon optimised for rice plants (pstPAC) [138]. In a separate study, Kim et al. geneti-
cally manipulated the carotenoid biosynthetic pathway in Korean soybean using an
efficient Agrobacterium-mediated transformation method and the PAC recombinant
gene to produce transformants whose f-carotene levels exceeded those reported in
transgenic rice plants [139].

Zeaxanthin, capsanthin, canthaxanthin and astaxanthin are high-value carotenoids
used industrially as colourants and feed supplements. Their antioxidant properties
orchestrate important pathways in animals, including immuno/photo protection and
oxidative stress modulation [140]. In both prokaryotes and eukaryotes, Astaxanthin
is derived from p-carotene by hydroxylation and ketolation reactions catalysed by
p-carotene hydroxylase (BCH) and p-carotene ketolase (BKT), respectively. In early
studies of ketocarotenoid production, both genes from a marine bacterium (Paracoccus
sp) were expressed simultaneously as a F2A polyprotein in both tobacco and tomato
plants [141]. p-Carotene can typically be increased by the introduction of one or two
transgenes, however producing diverse carotenoids beyond p-carotene (e.g. zeaxanthin
and ketocarotenoids) typically requires the simultaneous engineering of a greater
number of transgenes [142]. To produce downstream carotenoids, Ha and colleagues
adopted three steps of the pathway to produce Zeaxanthin—a BCH expression cassette,
under the control of the rice globulin promoter, combined with a PAC gene giving rise
to a single T-DNA vector (pB-PAC; Bch and Psy-2A-CrtI). Astaxanthin was produced by
the introduction of four steps (PSY, CRTI, BCH and BKT) using a single T-DNA vector
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(pBAK-PAC) with two cassettes for two bicistronic genes (BAK, Bch-F2A-Bkt and PAC,
Psy-F2A-CrtI). The single T-DNA vectors resulted in the accumulation of zeaxanthin and
astaxanthin in the endosperm of the transgenic rice seeds [143]. In a later study, bi-, tri
and quadcistronic 2A systems for co-expression of these four genes were tested in trans-
genic rice seeds. To appease public concerns, three highly active 2A variants not found in
mammalian viruses, T2A,,, IMNV2A1;, and IMNV2A2;, were used for the coordinated
expression of multiple transgenes. This study demonstrated successful expression of
two, three and four genes resulting in stepwise biosynthesis of p-carotene, zeaxanthin,
adonixanthin and astaxanthin [144].

7.3 The broad utility of 2A and 2A-like sequences

Previous and more recent works employed the 2A approach to assemble biosyn-
thetic pathways for heterologous expression in filamentous fungi. For bioproduct
synthesis, the P2A peptide was employed to reconstitute synthesis of p-lactam
antibiotics by moving the genes for the complete penicillin biosynthesis pathway
from Penicillium chrysogenum (pchAB, pcbC, and penDE) to the fungal host Aspergillus
nidulans [145]. A similar approach was also used by Hoefgen and colleagues to
produce the psychotropic mushroom alkaloid psilocybin by heterologous expression
of the entire biosynthetic gene cluster (psiH-psiD-psiK-psiM) in A. nidulans [49].

A 2A peptide-based bicistronic protein expressing platform was used to monitor
transgene expression (Cel7A, cellobiohydrolase) in the cellulase producing fungus
Trichoderma reesei using eGFP as a marker (Cel7A-F2A-eGFP or eGFP-F2A-Cel7A)
[38]. To date, 2A peptides have been used in various artificial reporter polyprotein
systems comprising chloramphenicol acetyl-transferase (CAT), GUS and fluorescent
proteins (FPs, e.g. GFP, RFP, YFP) in various cell types, as well as targeting to vari-
ous subcellular localisations in plant [52, 146] and animal cells [56, 59]. Targeted
endonucleases including zinc finger nucleases (ZFN), transcription activator-like
effector nucleases (TALENSs) and clustered regularly interspaced short palindromic
repeats (CRISPRs) are increasingly being used for genome editing (GE) in numerous
cell types and species. GE by using 2A peptide coupled co-expression of nuclease and
fluorescent proteins combined with fluorescence-activated cell sorting (FACS) can
aid selective enrichment of transfected cells. This approach to achieve higher genome
editing efficiencies works well for these three major nucleases [147, 148]. To expand
the experimental toolkit, antibiotic (hygromycin) and magnetic H-2K" cell selection
methods have been developed to enrich transfected cells with ZFN/TALEN-induced
mutations (2A-Hygr0R-eGFP and eGFP-2A-H-2K") [149]. In GE, the two colour
“Traffic Light Reporter” (TLR; eGFP-T2A-mCherry) developed by Scharenberg and
colleagues has proved invaluable for evaluating the two major DNA repair pathways,
nonhomologous end-joining (NHE]) and homologous recombination (HDR) [150].
Developing new methodologies governing CRISPR-Cas activity using 2A sequences
include genetic switches [151], logic gates [152], and gene regulation circuits [153].

New types of cancer treatment via gene therapy promise to revolutionise man-
agement of the disease. Here, 2A is used to co-express the T-cell receptor TCRa and
TCRp chains (in transformed patient T-cells: ex vivo gene therapy) targeted against
cancer antigens. Use of 2A sequences ensures both subunits of the receptor can be
co-expressed at similar levels, minimising side effects. A second major impact in
human health has been in the rapidly expanding field of regenerative medicine and
transplantation. 2A has played a pivotal role in the co-expression of the multiple
transcription factors required to produce induced pluripotent stem cells (iPSCs)—one
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can now make patient-specific stem cells relatively simply to avoid immune response
problems and/or organ rejection (reviewed in [115]). Many other biotechnological
applications that depend on the co-expression of genes use 2A/2A-like sequences e.g.
the production of antibodies and antigens that can be used in vaccine production
[64, 154, 155]. Bovine ephemeral fever virus (BEFV) is an economically important
pathogen that causes an acute febrile illness of cattle and water buffalo in many parts
of the world (Africa, the Middle East, Australia and Asia). Various studies have been
conducted to develop an efficient vaccine for BEFV, including live attenuated, subunit
and recombinant vaccines [156]. Although experimental and commercial BEFV vac-
cines have been developed, these suffer from either genetic instability, low efficacy,
the need for multiple doses, or, are simply too expensive under field conditions. The
14.9 kb (—ve) ssRNA genome of BEFV contains 10 genes in the order 3'-N-P-M-G-
Gys-al-a2-B-y-L-5" (Figure 4) [157]. G protein, as a class I transmembrane surface
glycoprotein, is the target of neutralising antibodies and a prime candidate for
subunit vaccine design [158]. In a recent study, we developed an antigen expression
system to express recombinant G/Gys glycoproteins with the transmembrane anchor
domain deleted, enabling truncated proteins to be secreted into tissue culture media
after mammalian cell transfection [65]. The V5 epitope tag was genetically fused

to the C-termini of the proteins for protein detection and purification of expressed
proteins from the cell media (Figure 4). Furthermore, a genetic fusion of each of the
virus glycoproteins with GFP via T2A was used for live-cell fluorescence microscopy.
In this “proof-of-principle” study, truncated G glycoprotein was detected throughout
the exocytic pathway and secreted efficiently from BHK cells into the cell media. Ina
follow-on study we evaluated the immunogenicity of a secreted, C-terminally trun-
cated form of bovine viral diarrhoea virus (BVDV) E2 glycoprotein in mice [66]. BVDV
is the causative agent of one of the most widespread and economically important

ala2 By
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Figure 4.

anome structure of BEFV and synthesis of the regions encoding the G and GNS glycoproteins. Structural
organisation of the BEFV genome shown as arranged in negative sense. The BEFV genome encodes five structural
proteins including a nucleoprotein (N), a polymerase-associated protein (P), a matrix protein (M), a large
RNA-dependent RNA polymerase (L) and a glycoprotein (G) spanning the vival envelope and a non-structural
glycoprotein (Gys) followed by a series of “accessory” proteins. Regions encoding the full-length G and Gys
proteins (boxed areas) are shown, together with the signal peptide (grey shaded aveas) and the transmembrane
anchoring domains (blue shaded areas). Regions encoding the C-terminally truncated (transmembrane anchoring
domains deleted) forms of G and GNS proteins (boxed aveas) arve shown, together with the signal peptide (grey
shaded areas) and the C-terminal V5 epitope tag (white boxes).
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virus infections in cattle [159]. Glycoprotein E2 plays a key role in host cell immune
responses to viral infection [160]. Here, truncated E2 glycoprotein purified from cell
media was found to induce both humoral and cellular immune responses in BALB/c
mice. This antigen expression system provides both a simple purification protocol
along with a feasible strategy for further, large-scale, production of vaccines.

A particularly useful aspect of the ribosome skipping mechanism is the possibility
of differentially targeting the proteins produced from a single gene. For example, Park
and colleagues used three 2A peptides (F2A, T2A and E2A) to simultaneously express
four distinct fluorescent protein variants targeted to subcellular compartments such as
mitochondria, nuclei, endosomes, and membranes for real-time monitoring of cel-
lular dynamics in HeLa cells [161]. To facilitate studies of subcellular Ca** signalling
in insulin-secreting pancreatic beta cells, particularly, signalling between the ER and
mitochondria, Jeyarajan et al. [162] designed a plasmid that contained the sequences
of two different Ca®* reporter molecules, G-CEPIA-er and R-CEPIA3-mt, separated
by T2A. Successful segregation of the two probes to their respective organelles allowed
simultaneous measurement of changes in free Ca®* to be made using live cell imaging in
real time. 2A peptides were also used for the co-expression and differential subcellular
targeting of two fluorescent marker proteins in insect cell culture systems (Drosophila
melanogaster S2 cells) and Drosophila suzukii cell lines [163]. All four 2A peptides tested
(F2A3, F2A;,, T2A, DCV2A) showed comparable activity in cell lines, leading to the
production of independent upstream and downstream proteins that were directed to the
nucleus or membrane by a C-terminal nuclear localisation signal (NLS) on the upstream
protein and a poly-lysine/CAAX membrane anchor on the downstream protein.

8. Conclusions

In prokaryotes proteins with linked functions (e.g. the formation of macromo-
lecular structures, biochemical pathways) can be expressed in a co-ordinated manner
by encoding multiple proteins as polycistronic mRNAs: a single RNA is transcribed
from different genes organised—concatenated—into operons. This is only possible
since prokaryotic ribosomes initiate translation by binding individual coding regions
within the (polycistronic) mRNA. In contrast, eukaryotes initiate translation only at
a single site—the 7meG “cap” structure at the 5'end of mRNA. Here, expression of
proteins is achieved by the co-ordinated transcription of the individual genes located
at different sites throughout the genome. The model of one gene one enzyme/one
gene one polypeptide developed in the 1940s was substantially modified in the late
1960s from studies on the biogenesis of poliovirus proteins and insulin. In both these
cases it was proposed proteins were formed by post-translational processing of a
single precursor (poly)protein [164-167]. Encoding multiple proteins in the form of a
polyprotein is a common, if not ubiquitous, strategy of viruses with positive stranded
(mRNA sense) genomes. Such polyproteins are proteolytically “processed” by virus-
encoded proteinases, although host-cell proteinases may also be utilised in processing
virus polyproteins.

Viruses have evolved many different mechanisms to both maximise the coding
capacity of their genomes and to generate multiple, different, proteins from a single
ORF—many involving manipulating or modifying the host-cell translational appa-
ratus [2]. In the case of 2A-mediated ribosome skipping, the strategy has been very
widely used in biotechnology and biomedicine in the generation of transgenic cell
lines/organisms as outlined above. Being able to concatenate genes in this manner
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has simplified and accelerated the whole process of producing transgenics: reducing,
or even eliminating, the need for re-iterative rounds of transformation/selection
required to introduce “traits” based upon multiple gene expression. The range of
applications is immense, spanning humans, animals, plants and fungi. To conclude,
the study of FMDV polyprotein processing has provided a valuable tool that has
allowed researchers to create “artificial” polyproteins such that multiple, differ-

ent, proteins can be generated from a single (poly)cistronic construct—driven by a
single promoter. Furthermore, since 2A-mediated recoding occurs co-translationally,
products can be targeted to different combinations of sub-cellular sites or secreted
from the cell. Over 1500 research publications (https://www.st-andrews.ac.uk/ryan-
lab/Index.html) and many patent/patent applications (https://www.freepatentonline.
com/login.html) stand testament to the influence 2As have had on co-expression
technology—this is not the end, this is not even the beginning of the end, this is just
perhaps the end of the beginning.
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Abbreviations

AAV adeno-associated virus

BDP bidirectional promoter

BEFV bovine ephemeral fever virus

BHK baby hamster kidney

BmNPV bombyx mori nuclear polyhedrosis virus

BmCPV bombyx mori cytoplasmic polyhedrosis virus

Bt Baccillus thuringiensis

CAT chloramphenicol acetyl-transferase

CHYSEL cis-acting hydrolase element

CRISPR-Cas9  clustered regularly interspaced palindromic repeats — associated
protein 9

CrPV cricket paralysis virus

DBM diamond back moth

DBMIV diamondback moth iflavirus

DCV Drosophila C virus

DERSV duck egg-reducing syndrome virus

DNA deoxyribonucleic acid

EoPV ectropis oblique picorna-like virus

EMCV encephalomyocarditis virus

elFs eukaryotic initiation factors

ER endoplasmic reticulum

ERAV equine rhinitis A virus

ERBV-1 equine rhinitis B virus 1

FACS fluorescence-activated cell sorting

FMDV foot-and-mouth disease virus
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FPs fluorescent proteins

GE genome editing

GFP green fluorescent protein

GR golden rice

GUS glucuronidase

HACKing highly efficient and accessible system by cracking genes into the
genome

HCV hepatitis C virus

ICC immunocytochemistry

IMNV infectious myonecrosis virus

IP immunoprecipitation

iPSCs induced pluripotent stem cells

IRES internal ribosome entry site

ITAFs IRES trans-acting factors

mRNA messenger RNA

NLS nuclear localisation signal

OMRV Omono River virus

ORF open reading frame

OpbuCPV18  Operophtera brumata cypovirus-18

PnPV Perina nuda picorna-like virus

PTV-1 porcine teschovirus-1

4% poliovirus

RFP red fluorescent protein

RtPV Rattus tanegumi parechovirus

RNA ribonucleic acid

SRP signal recognition particle

TALEN transcription activator-like effector nucleases

TaV Thosea asigna virus

TCR T-cell receptor

TEV tobacco etch virus

TLR Traffic Light Reporter

ToV-T] Tianjin totivirus

tRNA transfer RNA

VAD vitamin A deficiency

WP-LV Wenzhou picorna-like virus

WCP Wuhan carp picornavirus

YFP yellow fluorescent protein

ZFN zinc finger nucleases
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