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I. Abbreviations

5" LT-RMSCV: 5’ long terminal repeat of the murine stem cell virus
AA: Amino acid

ACE2: angiotensin-converting enzyme 2

ADH: antidiuretic hormone

ADH: atypical ductal hyperplasia

AID: activation induced deaminase

Angl/I1l: angiotensin I/l

APC: Adenomatous polyposis coli

AQAMA: absolute quantitative assessment of methylated alleles
ARB: angiotensin Il receptor blocker

ARDS: acute respiratory distress syndrome sepsis

BER: base excision repair

CCG: candidate cancer (driver) genes

cfDNA: cell free DNA

CLL: chronic lymphocytic leukemia

CML: chronic myeloid leukemia

CNV: copy number variations

Cobra: combined bisulphite restriction analysis (COBRA)

CpG: cytosine nucleotide followed by a guanine nucleotide
CRC: colorectal carcinomas

CRISPR: clustered regularly interspaced short palindromic repeats
CRTL: control group

CSR: Class switch recombination

DCIS: ductal carcinoma in situ

DDE motif: Aspartate-97, Aspartate-188 and Glutamate-326
DNMT3a/b: DNA methyltransferases

EFV: efavirenz

EGFR: Epidermal growth factor receptor

EMT: Epithelial-mesenchymal transition

EN: deoxyribonuclease

ENV: envelope protein



ER: endoplasmic reticulum (ER

FEA: flat epithelial atypia

GoF: Gain of Function

H(D)R: homologous directed recombination
IBC: invasive breast cancer

IgG: Immunoglobulin G

IL1-6: interleukins

IRRDRL: inverted repeat sequences left end
IRRDRR: right inverted repeat sequence right end
JGA: juxtaglomerular apparatus

LINE: long interspersed elements

LoF: Loss of Function

LTR: long terminal repeats

MGE: mobile genetic elements

MHC: major histocompatibility complex (
MIRA: methylated-CpG island recovery assay
miRNA: microRNAs

MM: multiple myeloma

MOF: multisystem organ failure

MSP: methylation-specific PCR

N: nucleocapsid

NHEJ: non-homologous end joining (NHEJ)
NVR: nevirapine

ORF: open reading frame

PBS: primer binding site (PBS)

PG: piggyBac

piRNA: PIWI-interacting RNAs

PLE: Penelope-like elements

POL: polypeptide/polyprotein gene

PSA: prostate specific antigen (PSA)

RAAS: renin-angiotensin-aldosterone system
RAG1/ 2: recombination-activating genes

RNase: Ribonuclease



RT: reverse transcriptase

S: spike protein

SA: splice site acceptor

SB: Sleeping Beauty

SCF: synaptic complex

SD: splice site donor

shRNA: short hairpin RNA

SINE: short interspersed elements

siRNA: small interfering RNA

SMT: somatic mutation theory (SMT)
ss-cCDNA: double stranded complementary DNA
T-ALL: T-cell acute lymphoblastic leukemia
TE: transposable elements

Tnp: transposase

TPRT: target primed reverse transcription
TSD: target-site duplication

TST: target-site truncation

UNG: Uracil-N-glycosylase

UTR: Untranslated region

VNTR: variable number tandem repeat
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lll. Zusammenfassung

Das menschliche Genom umfasst im diploiden Zustand uber 6 Millionen
Basenpaare, von denen nur 1,5 % fur die 20.000-25.000 bekannten Gene kodieren
- der Rest, uber 90 % des Genoms, war bisher - und wird immer noch als "Junk”-
DNA bezeichnet. Dies impliziert, dass diese Abschnitte keine (proteinogene)
Funktion haben und fuhrt dazu, dass sie in der Regel nicht in den Fokus der

Forschung geraten.

Bei naherer Betrachtung zeigt sich, dass es sich bei diesen Abschnitten
hauptsachlich um Transposons, also mobile genetische Elemente, auch
"springende Gene" genannt, handelt. Sie wurden bereits in den 1940er Jahren von

Nobelpreistrager Barbara McClintock in der Maispflanze entdeckt.

Die bekanntesten Transposons sind einerseits die Alu-Elemente, die fast eine
Million Mal im Genom kodiert sind, und anderseits die Line-1-Retrotransposons,
die 20 % unseres Genoms ausmachen und von denen noch etwa 100 Kopien
transponierfahig sind, was zum genetischen Polymorphismus bei uns Menschen
fuhrt.

Transposons kodieren und rekrutieren spezielle Enzyme fur die Transposition.
Retrotransposons (Klasse 1) benotigen dazu reverse Transkriptase, wahrend DNA-
Transposons (Klasse IlI) auf eine Transposase angewiesen sind. Wahrend
Transposons in somatischen Zellen durch eine Reihe epigenetischer Mechanismen
unterdruckt werden, insbesondere durch die DNA-Methylierung von CpG-Inseln in
der Promotorregion und die Unterdriickung durch piwiRNA, konnen sie in
bestimmten Geweben und insbesondere in bestimmten Stadien der Embryogenese
aktiv sein und eine wichtige Rolle bei der Regulierung der Expression von Plazenta-

Genen spielen.

Transposons wurden uber verschiedene evolutionare Wege in das menschliche
Genom eingebaut und danach entweder reprimiert oder domestiziert. Eines der
bekanntesten Beispiele fur eine solche erfolgreiche Zahmung ist die modifizierte
Transposase, die fur die somatische Rekombination von Immunglobulingenen

verantwortlich ist (RAG 1 und RAG 2) - ebenso wie die urspriingliche Reverse
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Transkriptase, die als Telomerase fur die chromosomale Integritat umfunktioniert

wurde.

Transposons und ihre Derivate haben also eine wichtige Funktion auf der
genetischen und genomischen Ebene, aber auch auf der Ebene des Transkriptoms
oder Proteoms. lhre Transposonaktivitat sowie Repression durch das Wirtsgenom
befinden sich in einer fragilen Homoostase, die durch exogene, aber auch
endogene Faktoren gestort werden kann. Zu den exogenen Faktoren gehort vor
allem evolutionarer Stress. Endogene Faktoren, die die Beziehung zwischen
Transposon und Wirtsgenom storen, sind in erster Linie genetischer und
epigenetischer Natur und fuhren unweigerlich zu genetisch bedingten bosartigen

Erkrankungen, vor allem zu Tumoren.

In der Tat kann die Retrotransposition der zuvor erwahnten Line-1-
Retroelemente sowohl eine "driver mutation”, d. h. ursachlich fur die
Krebsentstehung, als auch eine “passanger mutation” flur bestimmte
Tumorentitaten sein. Daher eignen sich Line-1-Elemente auch als Tumormarker
fur das gesamte Genom: Alle Tumoren sind durch die Hypomethylierung von
Retroelementen gekennzeichnet. Das Methylierungsmuster, aber auch die
Insertionsmutagene sowie die erzeugten Proteinprodukte, d.h. die Reverse-
Transkriptase-Aktivitat, sind eindeutige Merkmale von Krebs und liefern
diagnostische, prognostische und pradiktive Informationen, die praktikabel uber
Liquid Biopsy uberpruft werden konnen. Gleichzeitig dienen Transposons als
therapeutische Targets in der personalisierten Onkogenetik: Die Inhibition der
Reversen Transkriptase hat in verschiedenen klinischen Studien bei Brustkrebs,
Darmkrebs, Lungenkrebs und Prostatakrebs gezeigt, dass sie das Tumorwachstum

hemmt.

Transposons sind nicht nur ein therapeutisches Ziel, sondern bieten sich auch als
Werkzeug fur eine mogliche Gentherapie an. Besonders vielversprechend ist das
Transposon Sleeping Beauty, das viele Vorteile gegenuber viralen Vektoren hat
und in Kombination mit inaktiven CRISPR/Cas-Systemen zur gezielten

Zellbehandlung eingesetzt werden kann.
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IV. Abstract

The human genome in the diploid mode comprises over 6 million base pairs, of
which only 1.5% encode the 20,000-25,000 known genes - the rest, over 90% of
the genome, were previously - and are still referred to as "junk” DNA. This implies
that these Segments would have no (proteinogenic) function and leads to the fact

that they usually do not get in the focus of research.

A closer look reveals that these regions consist mainly of transposons, videlicet
mobile genetic elements, also known as "jumping genes”. They were already
discovered in the 1940s by Nobel Prize Laureate Barbara McClintock in the maize

plant.

Transposons can be divided into Class | retrotransposons with RNA intermediates
("copy and paste”) and Class Il DNA transposons (“cut and paste”).The best known
transposons are Alu elements, which are encoded almost a million times in the
genome, and Line-1 retrotransposons, which make up 20% of our genome and of
which about 100 copies are still capable of transposition, leading to the genetic

polymorphism of us humans.

Transposons encode and recruit special enzymes for transposition.
Retrotransposons (Class |) require reverse transcriptase for this, while DNA
transposons (Class Il) rely on a transposase. While transposons are repressed in
somatic cells by a number of epigenetic mechanisms, most notably DNA
methylation of CpG islands in the promoter region and repression by piwiRNA,
they can be active in certain tissues and especially at certain stages of
embryogenesis, playing an important role in regulating the expression of placental

genes.

Transposons have been incorporated into the human genome through several
evolutionary pathways, thereafter, either being silenced or domesticated. One of
the best-known examples of such successful taming is the modified transposase
responsible for somatic recombination of immunoglobulin genes- as well as the
original reverse transcriptase, which has been repurposed as a telomerase for
chromosomal integrity.
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Thus, transposons and their derivatives have an important function at the
genetic and genomic level, but also at the level transcriptome or proteome. Their
transposon activity and repression by the host genome are in a fragile homeostasis
that can be disrupted by exogenous but also endogenous factors. Exogenous
factors primarily include evolutionary stress. Endogenous factors that disrupt the
trasposon-host relationship are primarily genetic and epigenetic in nature and

inevitably induce genetic malignancies-most notably tumors.

In fact, retrotransposition of the previously mentioned Line-1 retroelements can
be both "driver mutation”, i.e. causative for carcinogenesis, and "passenger
mutation” of certain cancers. Therefore, Line-1 elements are also suitable as
whole-genome tumor markers: all tumors are characterized by the
hypomethylation of retroelements. The methylation pattern, but also the
insertional mutagens as well as the generated protein products, i.e. the reverse
transcriptase activity are clear characteristics of cancer and provide diagnostic,
prognostic and predictive information. As tumor markers they can feasibly be
monitored via Liquid Biopsy At the same time, transposons serve as therapeutic
targets in personalized oncogenetics: inhibition of reverse transcriptase has been
shown to inhibit tumor growth in various clinical trials of breast cancer, colorectal

carcinoma, lung cancer, and prostate cancer.

In addition to being a therapeutic target, transposons also offer themselves as a
tool for potential gene therapy. Particularly promising is the transposon Sleeping
Beauty, which has many advantages over viral vectors and can be used in

combination with inactive CRISPR/Cas systems to target cells.
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1. Introduction

In the genome of eukaryotes, we find a large number of repetitive sequences
(Waring & Britten, 1966). It is now well established, that most of these repetitive
nucleotide sequences belong to mobile genetic elements, i.e., transposable
elements (TE) (Makalowski, 2001). Although the repetitive portion of a genome
varies significantly between different species, it is quite high in Mammalia and
humans at a percentage of over 50% (Makalowski, 2001). In plants, where Nobel
laureate Barbara McClintock first discovered transposons in 1944, they account
for up to 80% of the genome (McClintock, 1950). Therefore, it is not surprising
that transposons have a significant impact on the organization and evolution of
the genome. However, in the scientific community, this influence is approached
differently: On the one hand, transposons are praised as helpful, even necessary,
engines of evolution, emphasizing their role in the diversification of biological
diversity in fauna and flora (Carroll et al., 2001; Roy-Engel et al., 2002;
Casacuberta & Gonzalez, 2013). On the other hand, there is increasing research
on the relationship between transposable elements and genetic diseases (Reilly
et al., 2013). Biémont (2010) puts this dichotomous perspective on transposons as

follows:

Since the radical suggestion [...] that some genes might move along
chromosomes, our knowledge of transposable elements (TEs) has vastly
increased. TEs are no longer seen as "junk” and "selfish” pieces of DNA-the
predominant view from the 1960s through the 1990s-but as major components
of genomes that have played a significant role in evolution [...]. The history
of these genomic elements provides one of the best examples of how scientific
concepts in biology emerge and then evolve into new concepts. It is a salutary
lesson for researchers, both young and old, to be tolerant of striking new ideas
when they appear and not to dismiss them simply because they conflict with
current theories and knowledge. (Biémont, 2010: 1085)

This rethinking not only challenges axioms or dogmas of genetics, but also opens
up new perspectives on human genetic research desiderata. A deeper
understanding of transposons will help to better elucidate our own evolution and
understand the (epi-) genetic causes of genetic malignancies and establish new

tools for diagnosis and therapy.
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2. Research Questions

As previously stated, transposons make up at least 50% of our human genome.
Interestingly, however, they find no more than a brief mention and classification
in very few textbooks and introductions to human genetics. The preceding quote
from Biémont (2010) emphasizes that the existence of mobile sequences
counteracts the previous operating concept of a static - almost linear- genome
and repeatedly challenges the central dogma of molecular biology. Moreover, the
tentative and belated engagement of genetic research with transposons owes
much to the fact that both constructive and destructive implications accompany
their activity and genetic impact. The aim of this review is, in a first approach,
to collect previous research results on classification, structure and assembly,

transposition mechanisms, and interaction with the genome.

The second approach will use the knowledge gained to address the overarching
question: are transposons "beneficial jumpers of evolution or pathogenic

parasites of a viral past? “

Specifically, we aim to shed light on the constructive and destructive
implications of transposons’ (retro-) transpositional activity in the human genome.
What is the importance of transposable elements (TEs) for phylogenesis? What is
the impact of their presence or absence on gene expression? How is their activity
regulated, and what are the effects of de-regulation of transposon activity? What
is the relationship between transposons and malignant genetic diseases-

preeminently tumor diseases?

In the final part, opportunities for operationalizing TEs for oncogenomic research
are elucidated. The guiding question here is also: What opportunities for better
diagnosis of genetically determined pathogeneses, but also for prevention and

therapy of these mentioned malignancies are opened up by TEs?
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3. Theoretical Foundation

For the theoretical foundation, the introductory volume Basiswissen
Humangenetik by Schaaf and Zschocke (2018) and the study book Concepts of
Genetics by Klug et al. (2015) were used as main references. For the results
section, primary and secondary literature was searched via databases (PubMed,

Ovid, Medline, Embase, Scopus) and cross-referenced.

3.1 Discovery

The history of discovery and research on transposons reveal their dichotomous
perception in diachrony (Ravindran, 2012). When botanist Barbara McClintock
challenged traditional, rigid concepts of genetics in the late 1940s with her
discovery of mobile nucleotide sequences in the genome of the maize plant, her
publications met with minor approval or even disdain. In the 1970s, significant
advances in molecular biology led to the discovery of transposons in other
organisms, beginning with viruses and bacteria. We now know that transposons
make up as much as half of our genome and about 85% of the maize genome
(Ravindran, 2012).

The finding that transposons were equally common among eukaryotes eventually
led to a broader recognition of their original discovery. Barbara McClintock
received a number of prestigious awards, including the 1970 National Medal of

Science, climaxing in 1983 in an unshared Nobel Prize in Physiology or Medicine.

In the press release about the Nobel Prize, McClintock stated: "It might seem
unfair to reward a person for having so much pleasure, over the years, asking
the maize plant to solve specific problems and then watching its responses”
(McGrayne & Byers, 1994).

18



3.2 Evolution

In their review Ten things you should know about transposable elements,
Bourque et al. (2018) bring together all the unique features of transposons. These
include the fact that TEs are conserved in the mammalian genome over long

distances, emphasizing their evolutionary importance (Buckley et al., 2017):

Thus, the success and diversity of TEs in a genome are shaped both by
properties intrinsic to the elements as well as evolutionary forces acting at
the level of the host species. A solid comprehension of how these forces act
together is paramount to understanding the impact of TEs on organismal
biology. (Bourque et al. 2018:1)

3.2.1 Origin of Transposons

After their discovery in the last 50 years, TEs have been detected in all
eukaryotes, occurring in different compositions and classifications (Quesneville et
al., 2005). But also, in prokaryotes, they play a crucial role in the activation and
expression of genes by upstream insertions and in DNA rearrangements (Nagy &
Chandler, 2004).

Their similarity to viruses especially parallels between retrotransposons and
retroviruses in their Ability to integrate into host genomes using an enzymatic
toolkit, suggest a phylogenetic relationship between transposons and viruses
(Mustafin, 2018). Did viruses possibly evolve from primordial transposons? Have
transposons incorporated into prokaryotic and eukaryotic organisms via viral

vectors? Do transposons form a missing link between viral and cellular life forms?

Pourrajab and Hekmatimoghaddam (2021) explore these questions in their
review Article subtitled "from an arms race to a source of raw materials." They
locate the origin of TEs as a linker between “the hypothetical primordial RNA

world” and viral and cellular organisms that emerged after that.
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3.2.2 Role in Evolution and Diversification

Miousse et al. (2015) argue that the transposition activity of mobile genetic
elements is a response to evolutionary stress. Stress is defined by Hoffmann and
Parson (1997) as "any environmental change that drastically reduces the fitness

of an organism." Bijlsma and Loeschcke (1997) also distinguished between:

a. Individual stressors: stressors evoke a physiological response, as in
inflammation, oxidative stress, or ageing processes
b. evolutionary stressors: stressors evoke a change in phenotype or genotype

with genetic implications.

Capy et al. (2000) take up evolutionary stress factors in their considerations and
explain this using the example of antibiotic resistance in bacteria: Resistance
genes are transferred horizontally with the help of flanking insertion sequences.
In this context, the research group speaks of a "domestication of TEs by the host
genome” (Capy et al., 2000). Coevolution of mobile genetic elements and host
genome in the sense of symbiosis is also conceivable. Capy et al. summarize the
relationship between transposition activity MGE and the evolution of host genome
based on the studies of McClintock (1984), Hall (1997;1998; 2000) as follows:

1. Induction of transposition activity of MGE by stressors has been studied only

in a few species.

2. Stress factors mainly affect the transposition activity of Class | transposons,
which replicate in the genome with the help of an RNA mediator and

reverse transcriptase .

3. The influence of transposition dynamics in somatic cells on the germline
remains the subject of intensive research: "Whether this somatic induction
has effects on the next generation, both on somatic and germlines,
remains uncertain. To find out, the dynamics of TEs within a species will
have to be considered.” This has to do with the fact that the activity of
transposons can be passed on from one generation to the next, e.g., via
the transcription factors involved for TE and the enzymes involved in the
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cytosol of the oocyte: "Therefore, a relationship may exist between the
somatic activity of an element in a given generation and its germline

activity in the following generations." (Capy et al., 2000).

. Stress factors in plants evoke local genetic changes in the respective organs
(for example, on the sector of a leaf blade); in animals, the entire organism

is apparently affected.

. Stressors can cause short-term activity of MGE, but they can also have a

lasting effect and remain active transgenerationally, as mentioned earlier.

. The stress factors do not directly affect the genetic elements, but rather a
stress situation leads to a shift in the activity of transcription factors. Since
TE also have sequence motifs to which transcription factors can dock and
which are similar to those regulatory sequences of genes involved in stress
responses, retro/transposition is activated. In other words, a stress factor,
such as an inflammatory response or oxidative stress, triggers proteolytic
cascade, which results in the hyper- but also hypo-activity of activating or
repressing transcription factors acting on DNA segments with corresponding
signal sequences, including TE. This happens on an individual level for now

but still has implications for population genetics.
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3.3 Classification

The first hierarchical classification of transposons was proposed by Finnegan in
1989 and distinguished two classes of TEs. They are characterized by their
transposition intermediate: RNA (class | or retrotransposons) and DNA (class Il or
DNA transposons). While the retrotransposition mechanism of class | is commonly
referred to as "copy and paste”, class Il transposition is described as as "cut and
paste” (Finnegan, 1989). This classification has been further refined and,
especially to the class of retrotransposons, further subclasses have been
distinguished depending on structure, retrotransposition mechanisms and gene

regulation (Wicker et al., 2007).
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Fig.1: Classification of eukaryotic transposable elements (TE). Schematic and
examples show key features and relationships between TE classes, subclasses,
superfamilies, and families. Blue circles represent TE-encoded enzymes. (Bourque et
al., 2018)

As mentioned above (Fig. 1), class | TEs transpose via an RNA intermediate. The

RNA intermediate is transcribed from the genomic DNA. Afterwards, it is reverse
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transcribed into DNA by a TE-encoded reverse transcriptase (RT); the cDNA is then
reintegrated into the genome. Each replication cycle generates a new copy, and
as a result, class | elements contribute most to the repetitive fraction in large

genomes. These are divided into five orders (Makatowski, 2001: 181):

a. LTR retrotransposons (long terminal repeats),
b. DIRS-like elements,

. Penelope-Like Elements (PLEs),

o 0O

. LINEs (long interspersed elements)

D

. SINEs (short interspersed elements).

This classification is based on the mechanistic features, organization, and
phylogeny of the reverse transcriptase of these retroelements. Inadvertently, the
reverse transcriptase (RT) encoded by an autonomous TE can reverse transcribe
another RNA present in the cell, e.g., mRNA, and generate a retrocopy of it,
resulting in a pseudogene in most cases. LTR retrotransposons are named after
the long terminal repeats (LTRs) ranging from several hundred to several thousand
base pairs; this is reminiscent of (exogenous) retroviruses: "Retroviruses and long
terminal repeat (LTR) retrotransposons shared a common evolutionary ancestry,

and therefore show several structural similarities” (Naville et al., 2016: 313).

Both exogenous retroviruses and LTR retrotransposons include a GAG gene
encoding a viral particle envelope and a POL gene encoding a reverse
transcriptase, ribonuclease H, and an integrase that deliver the enzymatic
machinery for reverse transcription and integration into the host genome (see Fig.
2). In contrast to LTR retrotransposons, exogenous retroviruses contain an ENV
gene that encodes an envelope that facilitates their migration to other cells. Some
LTR retrotransposons may contain rudimentary nonfunctional remnants of an ENV
gene (Kazazian, 2004). This would tend to indicate that they are derived from
exogenous retroviruses by losing the ENV gene. Kazazian (2004) suggest that LTR
retrotransposons target their reinsertion to specific genomic sites, often around

genes, with putative important functional implications for a host gene
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Fig.2: Graphical classification of Transposons: The left panel demonstrates Class 1
retrotransposons, and the right panel Class 2 DNA transposons. The upper panels
summarize three examples of each of these two classes of elements. The lower panels
summarize (retro-) transposition mechanism) of each class. (Serrato-Capuchina &
Matute, 2018)

Lander et al. projected that 450,000 LTR copies make up 8% of our genome
(Lander et al., 2001). LINEs do not have LTRs (Singer, 1982); however, they have
a poly-A tail at the 3' end. They are flanked by target site duplications (TSDs),
which are repetitive sequences (<10bp) at the insertion sites of TEs. They are
thought to occur due to the filling in of sticky ends caused by transposase
displaced editing. They flank transposable elements and can be used to find their
loci in the genome. (Linheiro & Bergman, 2012; Gladyshev & Arkhipova, 2009).
LINEs constitute about 21% of the human genome and among them L1 is the most
abundant and best described LINE family with about 850,000 copies. L1 is the only
LINE retrotransposon still active in the human genome (Mills et al., 2007). The

majority of L1 in the human genome is inactive.
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However, almost 80-100 retrotransposons have retained the ability to
retrotranspose, with considerable variation between individuals (Ostertag &
Kazazian, 2001; Erwin et al., 2014). These active L1s can disrupt the genome
through insertions, deletions, rearrangements, and copy number variations (CNVs)
(Kazazian & Moran, 2017). On the one hand, L1 activity has contributed to the
instability but thus also to the evolution of the human genome. This research will
likewise demonstrate that the transposition competencies of L1 in the germline
are tightly regulated by epigenetic mechanisms for instance DNA methylation,

histone modifications and RNA interference (Wang, 2017).

SINEs evolve from RNA genes such as those for 7SL RNA or t-RNA (Singer, 1982).
By definition, they are short (max. 1kb) and do not encode their own
retrotranscription tools; accordingly, they are considered non-autonomous TEs.
For their transposition, they resort to the L1 machinery (Kajikawa & Okada, 2002).
The most prominent example of this retrotransposon class in the human genome
is definitely the Alu sequences (Schmid & Deininger, 1975), whose name derives
from Arthrobacter luteus, a Gram-positive bacterium in which the Alu restriction
enzyme was first described (Houck et al., 1979). Makalowski (2001) highlights its

importance for evolutionary genetics as follows:

With over a million copies in the human genome, Alu is probably the most
successful transposon in the history of life. Primate-specific Alu and its rodent
relative B1 have limited phylogenetic distribution suggesting their relatively
recent origins. The mammalian-wide interspersed repeats, by contrast, spread
before eutherian radiation, and their copies can be found in different
mammalian groups including marsupials and monotremes. (Makalowski, 2001:
185)
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Of particular note in this context are those TEs in hominids known as SVA
elements, which are unique to the primate order because of their composite
structure. They are named after their major components: SINE, VNTR (variable

number tandem repeat) and Alu (Hancks & Kazazian, 2010):

SINE-VNTR-Alus (SVA) are non-autonomous hominid specific retrotransposons
that are associated with disease in humans. SVAs are evolutionarily young and
presumably mobilized by the LINE-1 reverse transcriptase in trans. SVAs are
currently active and may impact the host through a variety of mechanisms
including insertional mutagenesis, exon shuffling, alternative splicing, and the
generation of differentially methylated regions (DMR). (Hancks & Kazazian,
2010: 234)

Figure 3. summarizes those transposons that are found in mammals:

DNA transposons
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Fig. 3: Types of transposable elements in mammals. (Goodier, 2016)
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3.4 Transposition Mechanisms

In the next sections, the two main catalytic proteins, reverse transcriptase (RT)

and transposase are introduced.

3.4.1 Reverse Transcriptase (RT)

As mentioned earlier, copy-and-paste mechanisms of genomic retroelements
require an RNA intermediate that is transcribed from the original immobile RNA
transposon, then transcribed into DNA and reinserted at another site. This

mechanism is catalyzed by a specific enzyme, reverse transcriptase (RT).

It was first discovered and isolated in viruses by Nobel laureates Howard Temin
and David Baltimore in 1970 (Baltimore, 1970; Temin & Mizutani, 1970).
Subsequently, RT has been particularly well studied in retroviruses (HIV-1, M-MLV,
AMV). This is because both exogenous and endogenous viruses rely precisely on
this molecule, the RT, for the integration and replication of their genetic material
in a host genome (Coffin & Fan, 2016); this is therefore also encoded by RNA

viruses.

However, the discovery of RT in the 1970s have countered the Central Dogma of
biology, which posits a unidirectional hierarchy of DNA — RNA (as an unstable but
functional intermediate) — proteins. A new perspective on the origin of life and
the organizational form of the RNA world was opened. Mustafin and Khusnutdinova
(2019) postulate that retroelements were at the universal beginning of life, whose
activity was catalyzed by RT. The authors highlight the mutational capacity and
insertion capacity of retroelements and take them as the basis for the emergence
of complex DNA structures; according to them, RNA-mediated translation, which
connects the nucleic acid world with that of the protein world, is a modification
of the ribozyme activity of RT. Accordingly, reverse transcription is the link of the
prehistoric RNA world and the present organization of life via DNA. According to
Hughes (2015), RT, except for telomerase, is no longer active as an enzyme in
eukaryotes and is associated exclusively with retroelements (retroviruses and
retrotransposons) and hepadnaviruses. In the coming sections, the molecular

structure of the RT protein and its genetic coding in retroelements will now be
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presented, and the process of reverse transcription will be explained in more
detail.

Molecular structure

The molecular structure of RT is best described using the corresponding enzyme
of HIV-1, as this has been very well studied biochemically, genetically, and
structurally in the context of research for an antiviral therapeutic as a therapy

target.

Fig. 4: Surface representation of the crystal structure of wild-type HIV-1 Reverse
Transcriptase, based on PDB 3KLF. The active sites of polymerase and RNase are
highlighted. (Splettstoesser, 2014)

The RT of HIV-1 consists of two subunits, each 560 AA (66k Das) and 440 AA (51k
Das) long, respectively, also referred to as p66 and p51 according to their
molecular weight. As can be seen in Figure 4, two functional domains in the p66
subunit are important: while RNA-dependent DNA polymerase produces a
complementary cDNA single strand, RNA H-nuclease degrades the RNA template
strand down to a few ribonucleotides, which are used as primers by DNA-

dependent DNAP to complete the cDNA double strand.

The active site of the polymerase is composed of a triad of aspartic acids (D110,
D185 and D186) in the p66 subunit, these three amino acids are associated with
two Mg cations that catalyze the polymerization of nucleotides. The active site of
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ribonuclease consists of another four acidic amino acids (D443, E478, D498 and
D549), these amino acids with negative carboxyl group in the side chain are also

associated with two Mg cations that catalyze the degradation of ribonucleotides.

Thus, while p66 encompasses both catalytic domains, p51 appears to have a
structural function, according to Hughes (2015). On top of that, the author
describes the HIV-1 RT as a "small molecular machine”: with each step of
polymerization, the molecule undergoes a conformational change. In addition, the
synthesized DNA molecule is also actively rotated by the RT polymerase. For a
better overview, researchers use the comparison of the molecular structure of the
polymerase of the HIV-1 RT with a human hand: Fingers, Thumb, Palm and

Connection, as shown in color in Figure 5 below.

Fig 5: HIV-1 RT in complex with dsDNA and an incoming dNTP. The RNase H domain is

shown in pink, and the four subdomains to the polymerase domain are shown in

different colors: Finger, blue; thumb, green; palm, red; and junction, yellow. The

DNA template strand (the strand that is copied) is dark red and the primer strand (the

strand that is extended) is purple. The incoming dNTP is light blue. (Hughes, 2015)

Finally, some remarks on priming: after all, RT also needs a 3'-OH to bind new

nucleotides. Here, DNA polymerase 0 of the host plays a crucial role: this mistakes
the RNA for a primer and constructs a double-stranded DNA similar to primer
removal in the Okazaki fragment.
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Reverse transcriptase in non-viral retroelements.

Also, in the case of non-viral retroelements, the reverse transcriptase is
synthesized from a polyprotein that is post-translationally processed with the help
of proteases. In most cases, the RT complex, together with two other enzymes,
forms an ORF with a start and stop codon, which in the case of LTR transposons is
also summarized as a POL gene (polypeptide/polyprotein). Within this polyprotein

there are three functional sections:

(1) Proteases serve the enzymatic processing of the translated
paraprotein

(2) Reverse transcriptase catalyzes the transcription of RNA into DNA
and requires three motifs: a. RNA-dependent polymerase (which
requires a t-RNA for priming), b. RNA H-nuclease to degrade the RNA
template after the assembly of ss-cDNA, c. DNA-dependent
polymerase to assemble the complementary DNA strand to dsDNA.

(3) integrase to insert the copied retroelement at a new site, it also

catalyzes the double-strand break with sticky ends.

Figures 6 and 7 graphically illustrate the structural differences between LTR and

non-LTR retrotransposons:

(1) LTR Retrotransposons (Fig. 6)

[A;a-w-,,:_, gag pol env-like

Fig. 6: Structure of an LTR retrotransposon. Typically, LTR retrotransposons contain
a gag (group-specific antigen) and a pol gene. The pol gene translates into a protein
that has activity for a reverse transcriptase, for an RNase H, for a protease, and for
an integrase. (Kubiak & Makatowska, 2017)
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(2) Non LTR Retrotransposons (Fig. 7)

[S'UTR ORFOJ_ ORF1 ORF2 U0 polyA |

Fig. 7: Structure of a non LTR rterotransposon, LINE elements: 5UTR, ORF 1 (encodes
RNA binding protein and linker sequence), ORF2 (encodes RT and an endonuclease,
3'UTR, polyadenyl tail. (Kubiak & Makatowska, 2017)

Various representatives of the LTR retrotransposons, such as the gypsy family,
also possess a defective gene for an envelope protein (env for envelop). Thus, LTR
retrotransposons comprise of the same elements as retroviruses, whereby the
envelope proteins are either defective or deleted. They can be regarded as close

related to retroviruses.

Because of the repetitive sequences, LTR elements can be easily excised from
the genome, propagated, and reintegrated at arbitrary locations in the genome.
Thus, the insertion of an LTR element can increase or decrease the activity of
genes in the environment, alter tissue specificity, or generate new gene products
through alternative splicing. Thus, they contribute significantly to genetic
variability and thus to the evolution of organisms. 20 human genes are known to
be controlled by viral LTRs. In total, at least 600,000 LTR elements could be found

in the human genome. (Donner et al., 1999)

For instance, there are five amylase genes in the human genome. Two gens are
active in the pancreas and three genes in the salivary glands. Although many
mammals do not have an active amylase in their saliva, they still have the genes
for amylase - but inactivated in a tissue specific manner- in the cells of the salivary
glands. By integrating an LTR sequence of a retrovirus, it was possible to activate
the amylase genes in humans in the salivary glands of the mouth as well, which

improved the digestion of starchy food.
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Retrotransposition by reverse transcriptase

Now, the process of retrotransposition using RT will be briefly explained,
combining the considerations of Hughes (2015) on HIV-1 reverse transcription with

those of Schorn and Martienssen (2018):

1. Prior to transposition, retroelement is transcribed: for this purpose,
transcription factors bind to the promoter region of the retroelement
(mostly in the 5'LTR) and RNA polymerase Il forms an mRNA that encodes
either both ORFs or only one ORF for a polyprotein that is later cleaved into
the subunits after translation. The mRNA now serves as an RNA template
for reverse transcription, comparable to the viral ssRNA.

2. Initiation: Lysyl-tRNA acts as a primer and hybridizes with the
complementary primer binding site (PBS) downstream to the 5'LTR in the
retroelement. The polymerase now synthesizes upstream from the 3' end
of the t-RNA and forms a complementary cDNA copy of the 5LTR.

3. Transfer: The newly synthesized minus strand of the 5LTR is now
transferred together with the t-RNA to the 3'end - here the two
complementary LTR sequences hybridize, the 5'-section transferred at that
time now offers a free 3'-OH as primer.

4. Minus strand synthesis: the RNA-dependent DNA polymerase now
synthesizes the entire minus strand in the course of reverse transcription.

5. RNA degradation: In parallel, the RNA H-nuclease degrades the original
mRNA (or viral RNA strand) - what remains is a nuclease-resistant
polypurine tract just downstream of the 3'LTR. The PPP tract then serves
as a primer for the assembly of the plus strand.

6. Plus, strand synthesis: the second strand is synthesized similarly with an
intermediate step, in which the DNA-dependent DNA polymerase uses the
PPP tract as a primer and now synthesizes the 3" and LTR region, thereby
also building up the section that is complementary to the PBS. Now the t-
RNA leaves the plus strand, and a transfer occurs again: the recently
synthesized PBS of the plus strand hybridizes with the complementary PBS

of the minus strand.
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7. Bidirectional cDNA synthesis: while the polymerase is now completing the
strand starting from +PBS, another polymerase is building the
complementary LTR or UTR region at the 3' end of the minus strand starting
from -PBS.

8. Transport: At the end of reverse transcription, two polymerases flank a
complete cDNA double strand and transport it into the cell nucleus with
the help of integrase (pre-integration complex). From HIV-1 RT research,
we know that integrase eventually removes a few nucleotides at each of
the 5" and 3’ ends, creating sticky ends (Ellison et al., 1995).

9. Integration: Integration into the genome requires a palindromic signal
sequence with a CA dinucleotide. A double-strand break with sticky ends
catalyzed by the integrase occurs, where the transposon now fits in. If

there is a gap, this is closed with conventional DNA repair mechanisms.
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Fig. 8: Reverse transcription of retroelements: LTR encode promoter termination
signals. The (m)RNA transcript contains a repeated region (R) at both ends and U3’ and
U5’ respectively. The 3' end of cellular tRNAs (red) initiates reverse transcription by
hybridizing to PBS. As this segment is copied into the (-) ssDNA (brown), RNase H
activity of RT degrades the template RNA. The elongated cDNA is transferred to the
3" end of the retrotransposon transcript by hybridization with the R region. The
remaining RNA is partially degraded by RNase H, leaving primers for second-strand
cDNA synthesis. After another transfer event, first and second strand synthesis are
completed to yield a full-length double-stranded cDNA that is integrated into the
genome. (Schorn & Martienssen, 2018)
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3.4.2 Transposase

The transposition mechanism of DNA transposons (“cut and paste”) is catalyzed
by the transposase (Tnp). Reznikoff (2002; 2003; 2008) describes the structure
and function of this molecule using the Tn5 transposon as an example. The
transposase (Tnp) Tn5 is found, for example, in E. coli, in prokaryotes DNA
transposons play a role in antibiotic resistance, as they sometimes (co-)encode
and mobilize resistance genes (Reznikoff, 1998). Reznikoff (2003) describes the
Tn5 transposase, which is 476 amino acids long, as rather inactive; he reasons that
this is due to the folding of the molecule, as the N- and C-termini are close to
each other and tend to inhibit each other. However, mutations such as L372P, in
which a leucine is replaced by a proline at position 372, change the alpha-helix
structure at the C-terminal domain, which is now separated from the N-terminus

enough to increase the activity of the transposase.
Structure of the transposase

The central catalytic motif for a number of transposases is the DDE motif that
catalyzes transposition of the transposon. These Tnp are then grouped together
to form DD[E/D]: Aspartate-97, Aspartate-188 and Glutamate-326 forming a triad
of acidic residues and thus the active site. The DDE motif (blue in Fig. 9) is thought
to coordinate divalent metal ions, mostly magnesium and manganese, which are

important for the catalytic reaction.

Clamp loop (Green)

DoD YSPDL WVPHEL
(Purple) (Red)

Fig 9: Structure of transposase exemplified by Mariner transposase, which has a DDD
motif (blue). (Bouuaert et al., 2014)
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Transposition

According to Reznikoff (2003), transposition (Fig. 10) by transposase proceeds as
follows:

Donor DNA Tn5 Transposon DNA Donor DNA
[ S e, s | 1
v Transposase Binding
' Synaptic Complex
Formation

v Cleavage
+

Target DINA 15—
v Target capture
| Strand transfer

Fig. 10: Transposition (Image credit: © 2000 Science)

1. Transposase binding: formation of the synaptic complex in which two Tnps
bind to the 19bp sequences. Next, amino acids 26-65 form specific contacts
with DNA terminal positions 6-17 (Reznikoff, 2002).

2. Synaptic Complex Formation: Dimerization of the Tnp-end DNA complex
to form the synaptic complex. The two C-terminal a-helices cross and form
a protein-protein contact. Positions 1-9 of the terminal DNA molecule are

inserted into the active site of the partner monomer, forming multiple
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‘trans’ Tnp-DNA contacts with residues near the active site containing the
critical DDE residues (Reznikoff, 2002).

. DNA cleavage (cleavage): three catalytic steps are involved in DNA

cleavage: a. 3'-strand-nicking, b. hairpin formation, and c. Hairpin cleavage
(Reznikoff, 2002). The DDE residues in the active site of Tnp coordinate
two Mg++ ions, these are necessary to cleave oxygen atoms in the P-O bond
between nucleotides, (Reznikoff, 2002). A hairpin structure is then formed,
which is accompanied by terminal denaturation of the base pairs in the

interface.

. Target capture and strand transfer: the synaptic complex is after the, to

bind to the target DNA by target capture. The 3'-hydroxyl group of the
transposon end attacks the phosphodiester backbone of the target DNA
during strand transfer. Due to the staggered strand transfer reactions and

subsequent DNA repair by the host, a 9-bp duplication occurs in the target.

. Disengagement of the strand transfer complex: After strand transfer, the

polymerase of the host sequence fills the two 9 bp gaps at both ends of the
integrated gaps.

Although according to Nesmelova and Hackett (2010) the human genome encodes

over 300,000 DNA transposons, none of the transposase molecules is active.

According to Reznikoff (2003), this is mainly due to cumulative inactivating

mutations that alter the catalytically important centers of the enzyme.

However, four changes to the primary sequence of the inactive transposase could

restore its former activity:

1.

L372P: as earlier mentioned, this amino acid exchange leads to a
conformation change in which the C- and N-termini no longer inhibit each
other. The C-terminal dimerization domain tends to be separated from the

DNA binding domain at the N-terminus.

. E54K: enhances the initial binding of Tnp to the 19 bp DNA. Other mutations

near position 54 also enhance end DNA binding.

. E110K /E345K: The residues E110 and E345 interact strongly with the metal

ions. A change from the rather acidic amino acid GLU (E) to the basic amino
acid LYS (K) improves the catalytic effect of the metal ions on DNA.
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4. P242A/ P242G: Proline 242 has a much stiffer backbone than alanine or
glycine, amino acid replacement at this position increases the flexibility of

the molecule.

These changes to the primary sequence of the transposase can be used to
artificially generate transposable molecules. These can then be used in genetic
engineering, as explained later using the example of library preparation by
transposase tagmentation for next generation sequencing. The study of the
transposase Tn5 is of general importance because of its similarities to HIV-1 and
other retroviruses. By studying Tn5, much can also be learned about other

transposases and their activities.

Finally, it should be noted that DDE transposases are among the most important
catalytic tools for insertion sequences (1S), i.e., prokaryotic TEs (Nagy & Chandler,
2004).
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3.4.3 Effects of (Retro-) Transposition

Zeng et al. (2018) cite several potential effects of transposition or

retrotransposition of mobile genetic elements on the human genome:

10.

. Transposition into coding exonic regions: lead to nonsense mutations or to

truncation or loss of function of the protein.

. Transposition in which parts of coding exonic regions are transposed: Lead

to inactivation or knock-out of the affected gene.

. Transposition into regulatory sequences in the promoter region or UTR:

alteration of gene regulation leads to different gene expression patterns.

. Transpositions in splice sites: Exon skipping or aberrant splicing, or splice

mutations.
Insertion of transposons that transpose exons of other genes: Exon

shuffling and addition of new exons.

. Homologous recombination between sequence similar transposons on

homologous chromosomes: non-equivalent crossing over leads to
duplication of the region between transposons in one chromosome and

deletion of the section on the other chromosome.

. Homologous recombination between two sequence similar transposons of

the same orientation: crossing over between the direct repeats leads to
looping and deletion of the genetic segment between the transposons in

the form of circular DNA.

. Homologous recombination transposons of opposite direction: hairpin

structure and inversion of the region between transposons.

. Excision of transposons with strand breakage and defective DNA repair:

chromosome breakage in which segments of chromosomes may be lost or
translocated to other sites (inversely), i.e., chromosome rearrangement.
Transposition of promoters upstream of the gene or of sequences

upstream of termination signal: emergence of new genes.

Figure 11 provides a representation of the aforementioned effects of

transposition on the genome:
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(C)

Fig. 11: The figures show how transposition and recombination lead to chromosome
rearrangements. (A) shows a chromosome loop resulting from the meeting of two
transposons and subsequent recombination. The recombination results in a deletion.
(B) shows recombination between two inverted transposons and following
recombination, that results into an inversion in the chromosome sequence. (C) shows
a ring chromosome with a transposon and a linear chromosome with a transposon.
Recombination between the transposons results in an insertion within the linear
chromosome. (D) shows two non-homologous chromosomes (abcd and vwyz).
Recombination between the TRN sequences results in a chromosome translocation
where a and b are now linked to y and z, and v and w are now linked to ¢ and d,
respectively. (Herrera et al., 2016)




3.4.4 Epigenetic Regulation of Transposition

The effects of retro/transposition can thus enable diversification under
evolutionary stress, as will be shown later in the example of RAG1/2 activity in
somatic recombination of immunoglobulins. On the other hand,
retro/transposition can also be detrimental to the integrity of the (host) genome,
leading to genetic aberrations and even tumorigenesis. Consequently, the effects
of retro/transposition described above must be well regulated by the organism

and repressed especially in pluripotent stem cells and in the germline.

The central control mechanism is the epigenetic modification of the TE or
possible transcription and translation products. Three mechanisms (Fig. 12) will

be briefly explained in the following:

1. Hypermethylation of the CpG-rich signal sequences of TE.
2. Histone-based repression by modification of the chromatin structure
3. RNAi silencing by piRNA and PIWI proteins.

’:D DA methylation 1

Cytosine DHA

() Histone post-transiational
modifications

Fig. 12: Overview of epigenetic regulatory mechanisms (Matouk & Marsden, 2008).
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(1) DNA methylation of CpG motifs of TE can be explicated at retrotransposons,
respectively LINE-1 elements and Alu sequences. According to Baba et al. (2013),
up to 30 CpG islands can be identified in the 5'-UTR region of LINE-1 elements.
These are not equally hypermethylated in each tissue type. In tumor tissue, LINE-
1 is clearly hypomethylated. Here, the authors compared the different tumor
entities and conclude that although the methylation level of LINE-1 correlates
with tumorigenesis, there is still a great deal of heterogeneity, with the
consequence that the methylation pattern of TE alone is not a meaningful tumor
marker. Baba et al. (2014) describe the implications of hypomethylation using

colorectal cancer as an example:

The relationship between LINE-1 hypomethylation and early-onset colorectal
cancer is intriguing. Early-onset colorectal cancer presents a clinically distinct
colorectal cancer phenotype and is often associated with an unfavorable
prognosis. LINE-1 extreme hypomethylators (methylation < 40 %) appear
significantly more frequently in younger than in older patients. (Baba et al.,
2013: 1809)

In addition to LINE-1 elements, Alu-Sequences are also methylated in the
genome. Malousi and Kouao (2012) conclude that their methylation depends on
their role in gene expression or in the splicing process after transcription. Alujb,
AluSx, and AluJo (Sorek, 2002; 2004) in particular play critical roles in alternative
splicing, so it is not surprising that their CpG motifs are often hypermethylated

and thus prevented from possible retrotransposition by epigenetic silencing.

Changes in the methylation pattern may be indicative of pathological neoplasia.
Cho et al. (2007) explicate the correlation between hypomethylation of CpG
inserts in repetitive noncoding sequences and tumorigenesis. Using methylation-
specific PCR (MSP) and combined bisulphite restriction analysis (COBRA), they
investigate CpG islands at 22 candidate genes for prostate cancer. They focused
LINE-1 and Alu sequences and amplified them specifically. Indeed, they found a
correlation between the methylation level of mobile genetic elements and the
concentration of the prostate specific antigen (PSA) marker: "Alu and LINE-1
methylation levels were significantly lower in the high PSA group than in the low
PSA group” (Cho et al., 2007:272).
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In summary, genome-wide hypomethylation can be considered as one of the
hallmarks of tumorigenesis. Repetitive sequences, such as retrotransposons, are
also affected. Their deregulation leads to increased transposition, resulting in
chromosomal breaks and rearrangements. Hypomethylation of SINE and LINE
results in whole-genome instability. In their conclusion, Ogino et al. (2008)
therefore suggest that the degree of methylation of LINE-1 sequences should also
be used as a prognostic marker in the therapy of carcinomas. Kurkjian, Kummar,
and Murgo (2008) go one step further and recommend CpG motifs of transposons,
similar to methylation of promoters of hyper-expressed oncogenes, also be
investigated as therapeutic targets and with the help of re-methylation their
transposition activity in colorectal carcinomas be suppressed. Baba et al. (2014)

also suggest the same for gastrointestinal cancer:

In contrast to irreversible genetic changes, epigenetic changes may provide
potentially reversible molecular targets for both cancer therapy and
chemoprevention. Further investigations in this field would provide deeper
insights into the pathogenesis of Gl cancer and assist in the development of
new therapeutic strategies against these cancers. (Baba et al., 2013: 1813)

As shown above, the methylation of CpG dinucleotides in repetitive sequences is
one of the epigenetic silencing methods. Under certain conditions, post
replicative methylation of cytosine into a 5methylcytosine by DNA
methyltransferase is followed by deamination of cytosine to deoxyuridine. Upon
repair, the transition to deoxythymidine subsequently occurs. The C-to-T
transition leads to the loss of CpG islands and thus to the loss of signal sequences
in promoter regions necessary for transcription and retrotransposition (Zhou et
al., 2020). At the same time, TEs take over the function as regulatory sequences
for other proteinogenic segments. In the Zhou et al. (2014) model, they act mainly
as enhancers; the authors also argue that methylation and deamination of CpG
motifs in TE "allows for genome expansion and also leads to new opportunities
for gene control by TE-based regulatory sites" (Zhou et al., 2020: 19359). They
also use this to explain the C-value paradox in eukaryotes: after all, the enormous
genome size in humans is also due to the previously intact retro/transposition

activity of MGE, which is repressed with the help of DNA methylation, for example.
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However, not all CpG islands are deaminated in the course of methylation, nor

are all remaining CpG islands silenced by methylation at all times.

The examples of DNA methylation of TE mentioned above primarily affect
somatic cells and, if deregulated, lead to genetic instability that ends in apoptosis
or neoplasia, but which is not passed on to the next generation because germline
cells are not affected. Only changes in germline cells, such as replication and
insertion of retrotransposons, can be passed on to the next generation. The
consequence of DNA demethylation of TE in the germline are more severe: since
there is a genome-wide loss of DNA methylation in early embryonic development,

other mechanisms of epigenetic control of TE have to be taken.

Indeed, loss of the epigenetic methylation pattern occurs during embryogenesis,
but also in stem cells. Studies and experiments by Walter et al. (2016) showed
that as the loss of DNA methylation progresses, transposons are initially
reactivated but later silenced by other mechanisms like the disappearance of DNA
methylation by stimulating histones around transposons to condense, preventing
TEs from transposing. In this context, Walter et al. speak of "histone-based

repression strategies":

This was accompanied by a reconfiguration of the repressive chromatin
landscape: while H3K9me3 was stable, H3K9me2 globally disappeared and
H3K27me3 accumulated at transposons. Interestingly, we observed that
H3K9me3 and H3K27me3 occupy different transposon families or different
territories within the same family, defining three functional categories of
adaptive chromatin responses to DNA methylation loss. Our work highlights
that H3K9me3 and, most importantly, polycomb-mediated H3K27me3
chromatin pathways can secure the control of a large spectrum of transposons
in periods of intense DNA methylation change, ensuring longstanding genome
stability. (Walter et al., 2016: 1)

(2) Thus, histone modification is the second form of epigenetic control of TE.
Histone methyltransferase (SETDB1) suppresses transposons via methylation of
H3K9me3 (Castro-Diaz et al., 2014). In addition to H3K9me3, other modes of
epigenetic suppression of TEs include methylation of H4K20me3, H3K27me3, and
H4R3me2; biotinylation and sumoylation of H2A, H3, and H4 histones; and
deposition of the histone variant H3.3 (Leeb et al., 2010).
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He et al. (2019) show via Western blot studies that TEs can be marked by
chromatin modifications. They found evidence not only for repressive labeling but
also for widespread labeling of TEs by activating labels, including bivalent labeling
of TEs by repressive H3K9me3 and activating H3K27ac modifications. Loss of the
catalytic factors such as SETDB1 mentioned at the beginning of this article led to
changes in the expression of TEs and a corresponding change in chromatin

accessibility.

The methylation pattern of DNA but also the regulatory histone code is
reprogrammed in the germline during gametogenesis as well as in early
embryogenesis. To control the activity of TE in the genome even under these
circumstances, we rely on an RNAi mechanism: the PIWI/piRNA pathway (Russell
& LaMarre, 2018).

(3) RNA interference (RNAI) is the third way to efficiently suppress TE mobility.
RNAi is an RNA-dependent gene silencing process controlled by the RNA-induced
silencing complex (RISC), initiated by short (double-stranded) RNA molecules in
the cytoplasm of a cell, where they form a complex with the catalytic RISC
proteins, the Argonauts, and address the target RNA (Carthew & Sontheimer,
2009). This can then subsequently be enzymatically cleaved, or prevented from
translating, by blocking the UTR regions, making interaction with ribosomes
impossible (Roberts, 2015). The short RNAs involved can be divided into three
classes: small interfering RNAs (siRNAs), microRNAs (miRNAs), and PIWI-
interacting RNAs (piRNAs). While the first two are quite well studied, many

detailed questions about piRNA have only been clarified in recent years (Fig. 13).

Studies of small RNAs in the germline of Drosophila melanogaster were crucial in
the elucidation of this phenomenon. As early as the 1980s, these studies revealed
that mutations in a specific gene segment activate transposons, i.e., make them
"dance": the gene segment was subsequently named Flamenco loci, and the
transposons Gypsy (Guida et al., 2016). Another example of transposon regulation
in Drosophila melanogaster is the P element. Basically, P elements are DNA
transposons (3kb) that encode a transposase (from four exons) in wild type
(Majumdar & Rio, 2015).
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Fig. 13: piwi-interacting RNAs (piRNAs) are a class of RNAs discovered in 2006 that are
slightly longer than miRNAs and siRNAs (26-31 nt). As implied by their name, these
RNAs bind to PIWI proteins and are found mainly in germ cells (germline), where they
are essential for spermatogenesis. Among other things, they are involved in gene
silencing of retrotransposons. (Calcagno et al., 2019)
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4. Methods

This Master thesis is designed as a literature review, summarizing the current
state of understanding, surveying previously published primary and secondary
scientific literature on the topic of mobile genetic elements. Thus, this review
roughly consists of two sections: After the introduction and presentation of the
already mentioned research questions, a localization of these questions in the
most current research on transposons would follow. The focus was on the different
subclasses of TEs (Chapter 3). For this purpose, not only the history of research
was emblematically reviewed, but also findings on questions of transposition
mechanisms, as well as a recent classification and overview of regulatory
mechanisms, especially of epigenetic nature, emanating from retrotransposons to
the genome and vice versa were presented. The main catalytic players of RNA
transposons, reverse transcriptase (3.4.1) and the transposase (3.4.2) of DNA

transposons were expounded.

Chapter 5. will now present the arguments for a constructive but also destructive
implication of transposons on the human genome briefly addressed earlier. In this
chapter, the dichotomous role of transposons is to be rescored in order to be

discussed in more detail in the following sections.

Chapter 6. is devoted to those evolutionary implications of the mobilization of
genetic elements and explains the genetic diversification of immunoglobulins due
to transposon-derived enzyme complexes. Chapter 7 deals with the relationship
between transposons and gene expression, this is mainly discussed in chapter 8 in
relation to tumorigenesis. Chapter 9 gives examples of the utilization of

Transposons in oncogenomic research.
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5. Results

After the classification of transposons, their structure and the different (retro-)
transposition mechanisms have been presented in chapter 3, the overall research
question, which has already been posed in the subtitle of this review, should now
guide the further considerations. Are transposons beneficial jumpers of

evolution or are they junk DNA pathogenic parasites of a viral past?

The answer to this question is not simple and impossible for two reasons. First,
these attributions of "beneficial” or "parasitic”, but also the designation "junk DNA"
or "selfish” are primarily normative, i.e., evaluative and moralizing, ascriptions.
They originate from anthropological or anthropomorphic metaphors and are
widely used in biology. There, they cause more harm than supposed benefit -
which would be the illustration of complex interrelationships. For evolution is not
good or bad. Genes are neither sick nor healthy - they are primarily causative for
traits. Second, the opening question is binary - it implies an “either-or”. However,
the examples in the next chapters show that (retro-)transposition and repression
of TEs in the human genome are in a fragile homeostasis and this dynamic

equilibrium is very specific for each differentiation stage and each tissue.

It would be better to ask the question in a more global and open-ended way:
What role did transposons play in the phylogenesis of homo sapiens, what
genetic and proteinic structures derive from mobile genetic elements? How
does their presence or absence affect chromosomal arrangement and gene
expression? What happens when the fragile balance between transposition
and repression is disturbed? What triggers this de-regulation and what are

the implications for the affected tissue?

Having already outlined the possible origins of TEs and their contributions to the
evolution of viral and cellular organisms in the theory section, we will now briefly
review the implications of TEs specifically in the human genome. To do this, it
makes sense to look at different levels of interaction between transposons and
host organisms. For although some TEs, such as Alu elements are no longer
autonomically transposable, LINE-1 Retroelements are still capable of

retrotransposition.
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At the genetic level, transposon activity allowed existing genes to be
overexpressed by the addition of new regulatory elements (such as promoters and
enhancers). Transpositions also result in duplication of genes, which can lead to
the formation of pseudogenes (Pavlicek & Jurka, 2021). They also affect the
internal architecture of the transcribed mRNA of proteins - Ule (2013) suggests
that intronic mutations acting on Alu elements lead to the formation of new exons,

a process called exonization (Sela et al., 2010).

At the genomic level, i.e. at the chromosomal structural level, which
encompasses more than just coding regions, transposons have strongly influenced
the organization of chromosomes, mainly through their repetitive homologous
sequences (Bousios et al., 2020). Especially "topologically associated domains”
(TADs), i.e. three-dimensional chromosome structures that self-interact with each
other, are separated from each other by transposons (Dixon et al., 2006).
Furthermore, other chromosomal structures such as telomeres (Casacuberta,
2017) but also many centromeric regions (Talbert & Henikoff, 2020) arise from
transposons and still carry typical TE features in their interaction with enzymes
or RNAi.

At the transcriptome level, transposons have mainly led to the diversification
of RNAi: Pourrajab and Hekmatimoghaddam (2021) suggest that retrotransposons
have mainly contributed to the creation of IncRNA and mi RNA. DNA transposons,
on the other hand, are the source of dsRNA, siRNA, piRNA.

At the proteome level, certain transposon-derived structures can also be found
in human cells (Koch, 2021). Thus, there are obvious parallels in structure and
function between the reverse transcriptase of retroelements and telomerase:
both can convert and incorporate DNA via an RNA intermediate. But also, from
the transposase new enzymatic structures have emerged in eukaryotes and
prokaryotes- excitingly in some analogy, maybe even homology. In both,
enzymatic catalysts of the adaptive immune system trace back to original
transposases: the CRISPR/Cas system in prokaryotes (Klompe et al., 2019) appears
to have evolved from mobile genetic elements called casposons (Krupovic, Béguin
and Koonin, 2017). In eukaryotes, the RAG (Recombination Activating Genes 1 and
2) enzyme complexes, which are responsible for the diversification of

49



immunoglobulins, trace back to a common transposon ancestor that likely formed

the transib transposon in all deuterostomes (Fugmann, 2010).

However, even their sole presence in the genome, whether or not they are
autonomously transposable, has enormous effects on the expression of other
genes. Hasler and Strub (2006) were able to show that Alu elements, which are
found over a million times in the human genome, can play a crucial role in post-

transcriptional processing of mRNA and thus also play a decisive role in splicing.

Thus, it is clear that transposons have played - and continue to play - a key role
in evolution: TEs are highly active in embryogenesis due to the fact that DNA
methylation is suppressed and also have a crucial function for pluripotent stem
cells. It is becoming increasingly clear that their transposition capacity, which
could threaten genomic stability, is in a fragile balance with the capacity of the
(human) genome to control them. If this equilibrium displaces, it causes genetic
instabilities (Burns, 2020).

Two factors can induce this shifting: environmental, exogenous factors such as
evolutionary stress - but also endogenous genetic factors, they include for
example (somatic) mutations that activate transposons or epigenetic
dysregulations that reawaken transposition capability (Callinan and Batzer, 2006).
The result of this newly awakened activity of transposons can be fatal and almost

always leads to genetic malignancies - respectively cancer.

However, this is where a better understanding of TEs and transposition assists -
TEs can be used as diagnostic, prognostic, pharmacogenetic and predictive
biomarkers. In oncology, they can even be specifically addressed as therapeutic
targets and, for example, their proteins, respectfully reverse transcriptase, can
be inhibited. But transposons can do more than that: they can also be used as
therapeutic tools for non-transposon-derived neoplasms, such as hereditary tumor
syndromes caused by loss-of-function in tumor repressor genes. In combination
with CRISPR/Cas, transposons, especially the Sleeping Beauty transposon, are a

powerful weapon against cancer and an innovative tool in cancer research.
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6. Transposons in Diversification of Immunoglobulins.

Miller et al. (1997) already speak of "molecular domestication” of transposons
and refer on the one hand to cis-regulatory regions that arise from the insertions
of TEs, and on the other hand to trans-acting factors. This domestication process
is particularly impressive in the example of TE-derived proteins (Jangam,
Feschotte & Betran, 2017).

The most vivid example is the molecular diversity of immunoglobulins generated
by B and T cells. Brandt and Roth (2007) refer to this (almost) endless diversity as
"G.0.D.'s Holy Grail,” referring to the "generation of diversity"- because
immunoglobulins are encoded on only three gene loci: the h-chains on
chromosome 14, the k-chain on chromosome 2, and the A-chain on chromosome
22- but each of these gene loci comprises only one to a few megabases (Matsuda
et al., 1998). However, through specialized recombination, these gene segments
can form 10" or more immunoglobulins (Janeway et al., 2014). The extent of the
G.0.D.-question is especially apparent when compared with another protein
system specialized for the recognition of chemical substances: the olfactory
receptors. This is because, unlike the limited three gene loci that together make
up all the myriad immunoglobulins, each olfactory receptor is encoded by its own
gene. In the mammalian genome, with over a thousand genes, they can account
for up to 3% of the genome (in mice, there are over a thousand, and in Ratus
novergicus, there are as many as 1200, according to Niimura (2009)). In humans,
about 400 genes encode olfactory receptors, while 600 are pseudo genes.
However, unlike the immune system, where the fit to antigens must be very
accurate, diversity in olfactory receptors is increased via two additional features:
1. receptors can recognize different odors and are not limited to only one
chemical substance, 2. conversely, odors can stimulate more than one type of
receptor (Araneda et al., 2004). Immunoglobulins, on the other hand, must
respond in a precise matching manner to the antigen in order to provide
appropriate protection: they achieve this via in situ somatic recombination, which

will be explained in more detail in the following chapter.
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But first things first: in 1987, Susumu Tonegawa was awarded the Nobel Prize for
his discovery of "the genetic principle for generation of antibody diversity"
(Hozumi & Tonegawa, 1976). Together with his team, Tonegawa was already able
to prove in the 1970s that rearrangements of the DNA occur during the formation
of antibodies by B cells. The genes for the individual segments are rearranged in
the process of somatic recombination (in T and B cells), similar to a combination
lock. However, it was David Schatz who discovered the enzymatic background of
this somatic recombination a year later, in 1988: the recombination activating
genes encode two proteins RAG 1and RAG2 that catalyze V(D)J recombination in

cells of the immune system (Schatz, Oettinger & Baltimore, 1989).

But the story does not end here, a few years later Gellert and Mizuuchi realized
that the interaction between the RAG enzyme complexes, and the
immunoglobulin gene loci strongly resemble the hydrolysis and transesterification
reactions catalyzed by DNA transposons-but also retroviral integrases (van Gent,
Mizuuchi and Gellert, 1996).

This has been sensational insofar as transposons were considered a few decades
ago - under the collective term endogenous viruses - together with viruses as
parasites. The fact that precisely that organ system, that fights against pathogens,
whether endogenous or exogenous, is derived from a domesticated mobile genetic
element, should not be surprising (Hiom, Melek and Gellert, 1998). The same is
indeed true for prokaryotes - as described in more detail later in Chapter 9, the
Cas protein responsible for the adaptive immune response of bacteria to
bacteriophages, together with CRSIPR RNA, also traces back to domesticated

transposases: Casposons (Koonin & Makarova, 2019) .

In the literature, this host-transposon relationship is often referred to as the

"evolutionary arm race” (Ozata et al., 2018):

Transposable elements (TEs) are mobile DNA sequences that colonize genomes
and threaten genome integrity. [...]the evolutionary success of TEs cannot be
explained solely by evasion from host control mechanisms. Rather, some TEs
have evolved commensal and even mutualistic strategies that mitigate the
cost of their propagation. These coevolutionary processes promote the
emergence of complex cellular activities, which in turn pave the way for
cooption of TE sequences for organismal function.(Cosby, Chang and
Feschotte, 2019)
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6.1 Adaptive immune system

The adaptive immune system includes B and T lymphocytes and the effector
molecules they produce. Two essential properties characterize the adaptive
immune system: The cells possess clonal receptors, and they form the
immunological memory. Congenital or acquired immunodeficiencies in which
essential elements of the adaptive immune system are absent or dysfunctional are

fatal if left untreated.

Our survival depends on our lymphocytes being able to recognize and eliminate
every conceivable pathogen. At the same time, the immune system must not
damage our own organism. The adaptive immune system must therefore fulfill
two contradictory conditions: maximum diversity and avoidance of autoreactivity.
The basic molecular mechanisms for generating diversity of the B and T cell

receptor repertoires are the same.

B- and T-cell receptors are heterodimers consisting of a heavy and a light chain.
The light chains consist of three segments called constant, joining, and variable
regions or abbreviated as C, J and V regions. The heavy chains have one more
segment, diversity region (D), so they consist of the four elements C, J, D and V.

The heavy chains have one more segment, diversity region (D).

B- and T-lymphocyte receptors are formed by random recombination of the large
number of genes that can code for the different regions. Thus, there are 70
different V gene elements, 61J gene elements and one C gene element. To
produce the light chain of the, one V-gene element and one J-gene element are
randomly selected from this construction kit and combined with the C-gene
element. For the heavy chain of the 52 V-, 2 D-, 13 - and 2 C-gene elements are
available for selection; consequently, there are more than 12 million different

combinations.
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6.2 Clonal Expansion and Clonal Selection

All lymphocytes differ from each other in their receptor specificity. Different
receptors can bind to an antigen, but only a limited number. Now, to produce
enough effector cells to fight an infection, the body needs a mechanism to
produce the required lymphocytes. This is done by clonal expansion or clonal
selection. The activated lymphocyte multiplies and differentiates into the
effector cells. This process occurs within the lymph nodes (secondary lymphoid

organs) in a microenvironment called the germinal center (Adams et al., 2020).

Clonal selection occurs for both types of lymphocytes, B and T cells, but in
different ways. In the case of B cells, mutation is added to proliferation, which
also occurs in this phase, whereas in the case of T cells it does not. Accordingly,
they also act differently: the B cells produce antibodies, the T cells act by either
secreting lymphokines or directly as TK cells. Figure 14 illustrates the clonal
selection principle. The body contains antigens, which can be either foreign or

endogenous (Cohn et al., 2007).
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Fig. 14: Clonal selection for the immune system (Hongtao & Fengju, 2016).
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First, a costimulatory signal’ must be present for an antibody to couple to an
antigen on a B cell. This is emitted by helper cells, e.g., TH cells (Fontana and
Vance, 2011). If the costimulatory signal is absent, then the antigen present is
an endogenous one. In this case, negative selection takes place: the B cell dies.
If the signal is present, then the antigen is recognized as foreign and the B cell
that has coupled to an antigen is activated. In the second step, the B cell begins
to proliferate until finally plasma cells are formed, which no longer divide but
secrete antibodies (lIl). B cells can also secrete antibodies, but much less than
plasma cells. The B cells can also develop into memory cells instead of plasma
cells (IV). These no longer divide, nor do they produce antibodies, but they
remain in the blood, lymph, and tissues for a long time. When they later come
into contact with the same or a similar antigen, they very rapidly transform into
plasma cells that secrete antibodies specific for the antigen. This enables a

rapid specific immune response.

According to Starr et al. (2002), a distinction is made between positive and
negative selection: Positive selection is used to increase the concentration of
beneficial mutants in the proliferation of lymphocytes. This is done by preserving
them from cell death, while the others are eliminated by cell death, thus slowing

down their proliferation.

T-cells can only recognize antigens presented in the form of MHC/peptide
complexes. First, therefore, those immature T cells, called thymocytes, whose
receptors can recognize and bind self-MHC molecules must be segregated. Positive
selection, so to speak, allows the immune system to recognize the self.
Consequently, the mature T cells that enter the bloodstream can usually only be
activated by foreign antigens presented by Self-MHC/peptide complexes. Thus,

these T-cells act in a Self-MHC-restricted adaptive immune response. The process

' Co-stimulation or costimulatory signaling refers to molecules that must be activated as a second
receptor in addition to antigen-specific signaling for an adaptive immune response to occur
(Azuma, 2019).

55



occurs in the thymus, but the recognition events lack the level of affinity,

intensity, and efficacy that would be required for clonal expansion.

The receptors of B cells consist of the antigen receptor chain produced during
the formation of the cells, and mature B cells exhibit these receptors. The
receptors are connected to signal-transmitting molecules. If binding to a
corresponding site (epitope) occurs, then cell death is prevented by transfer of
the signaling substances and a further stage of maturation is reached, in which
the rearrangement of the immunoglobulin light chain is suppressed. As a result of
binding to an antigen and in the presence of a costimulatory signal from the T
cells, the B cells proliferate and undergo extensive somatic hypermutation of their
receptor V domain. Many of the mutants lose binding ability and die cell death.
For the cells whose mutant receptors bind best to the antigen, the cell death
mechanism is turned off, as is the mutation process. Some of them remain as long-

living memory cells.

Positive selection is thus quite similar in its basic mechanisms for B and T cells.

They differ only in their binding capacity and in their ability to mutate.

Negative selection, on the other hand, is used to eliminate cells with anti-self-
receptors. Such receptors can arise during the maturation process in T cells and
during mutation in B cells. The interaction between a lymphocyte and a self-
antigen leads to the death of the cell. These processes occur in the lymphoid
organs. In the primary lymphoid organs, foreign antigens are largely kept away,
and endogenous antigens are retained, whereas in the secondary lymphoid organs,
foreign material is filtered out and concentrated, and costimulatory intercellular

immune responses are initiated.

Negative selection of T cells occurs in the thymus or outside the thymus. In the
thymus, it functions as follows: The thymus contains large amounts of MHC |- and
MHC Il-bearing APCs, including macrophages, dendritic cells, and specialized
epithelial cells. Since the thymus is protected by a barrier against the bloodstream
(blood-thymic barrier), these APCs present mainly self-MHC/peptide complexes
to the maturing T cells. The interaction of the immature T cells with these

complexes results in negative selection, and the cells die. T cells that do not show
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significant interaction with the self-MHC/peptide complexes are secreted by
positive selection and enter the bloodstream. How quickly and how extensively
the self-antigen T cells are eliminated depends on their affinity for the antigen;

T cells with higher affinity die more rapidly than those with lower affinity.

However, negative selection is not perfect, some self-reactive T cells escape to
the outside as immunocompetent cells. They can trigger autoimmune disease in
the host organism. However, activation of a T cell outside the thymus requires
more than just contact with an MHC/peptide complex. Several accompanying
processes must occur, such as adhesion of various molecules to the T cell. If these
costimulatory signals are absent, then contact with an MHC/peptide complex can
lead to cell extinction. Signals of this type are mainly sent out by the innate

immune system.

Immature B cells in the bone marrow readily respond to tolerance signals.
However, mature B cells can also become tolerant, namely when they have
contact with an antigen in the absence of a costimulatory signal. The decision for
activation or tolerance in this case depends on the number, strength, and timing
of arrival of the costimulatory signals. Rapid and sudden association of the
receptor with the antigen, as typically occurs with foreign antigens, generally
induces a clonal response. On the other hand, constant and relatively weak
stimulation, as typically occurs with endogenous antigens, leads to tolerance, i.e.,
the clonal response is absent and cell death occurs later. If the antigens occur in

high concentration this can also lead to tolerance.
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6.3 Immunoglobulins (V/C)

Immunoglobulins are heterodimeric immune proteins consisting of two heavy (H)
and two light (L) chains. Functionally, a distinction is made between variable (V)
domains, which bind antigens, and constant (C) domains (Fig 15). While constant
(C) domains are responsible for complement activation or binding to membrane
receptors of myeloid cells of the immune system (Hayes et al., 2014), variable (V)

domains form the antigen formation site (Schroeder & Cavacini, 2010).

Pepsin
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Fig. 15: Structure of 1gG molecule - H= Heavy chain, L) Light Chain, N= Amino Terminus, C=
Carboxy Terminus, s-s= Disulfide bridge, Gm/ Km= Allotypes as genetic markers (Schroeder and
Cavacini, 2010)
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The variable domains arise through a complex series of gene rearrangement
events, which will be explained in detail below. They can then undergo somatic
hypermutation after exposure to antigen and undergo "affinity maturation”
(Schroeder & Cavacini, 2010). Each V-domain can be divided into three regions of
variability and plural mutuality an, referred to as Complementarity Determining
Regions (CDRs), and four regions of relatively constant sequence, referred to as
Framework Regions (FRs). The three H-chain CDRs are paired with the three L-
chain CDRs to form the antigen binding site as classically defined. Five major
classes of heavy chain C domains can be distinguished. Each of those classes

identifies the isotypes IgM, IgG, IgA, IgD, and IgE.

IgG can be split into four subclasses: 1gG1, 1gG2, 1gG3, and IgG4, each with its
own biological properties; and IgA can be similarly divided into IgA1 and IgA2. The
constant domains of the H-chain can be "switched" to allow altered function while

retaining antigen specificity.

Immunoglobulins exhibit high diversity due to genetic mechanisms. Lucas (2003)
postulates that "immunoglobulin gene systems and T-cell receptors appear to
have evolved from a primordial gene encoding a single immunoglobulin-like
domain” (Lucas, 2003:8). Inherent mechanisms such as duplication, retention of
segmentation, and somatic recombination appear to be a legacy of this primordial
gene. Molecules of the major histocompatibility complex and other cell surface
receptor systems appear to have evolved from this primordial immunoglobulin
gene and are classified in a group of related structures called the immunoglobulin

gene superfamily.

59



6.3.1 Class Switch Recombination (CSR)

In immunology, class switch recombination or isotype switching (CSR) refers to
an isotype switch in the B cells of the immune system. In the course of an immune
response, various isotypes of immunoglobulins are needed on the B cells. Class
switching allows B cells to change their antibody isotype. In the VDJ heavy chain
sequence, there is a switch from one C region to another, downstream. Class
switching occurs primarily in the germinal centers of lymph nodes (Xu et al.,
2012). At the immunoglobulin heavy chain gene locus, there are constant sections
for IgM (Cp), IgD (C9), 1gG (Cy), IgE (Ce), and IgA (Ca). At the 5" end of these genes
is an intron, the so-called switch region. An exception is IgD, which does not have
a switch region. At the 3' end of these genes is the I-exon (initiator-of-
transcription exon). The germline transcripts containing the sequences from the
I-exon, the switch region and the C-region of the selected isotype start from the
I-exon. Transcription of the germline transcript permits enzymes of recombination
to interact with DNA. Now, the open single-stranded loop is called the R-loop (Fig.
16).
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Fig.16: In CSR, double-strand breaks, and subsequent repairs occur - leading to
rearrangement of re-arranged VHDJH DNA segments (Xu et al., 2012).
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The switch regions of the isotype and the isotype to be formed are brought into
proximity. The enzyme AID (activation induced deaminase) deaminates cytidine
to uracil, which is an interfering factor in the DNA. Uracil-N-glycosylase (UNG)
from the repair mechanism BER (base excision repair) removes the resulting U
residues. The endonuclease Ape1 cuts at the resulting abasic sites. A double-
strand break is formed. The part of the germline transcript that lies between the
switch regions of the isotype used so far and the switch region of the isotype to
be formed is deleted and the two strand ends are joined by non-homologous end

joining.

6.3.2 V(D)J Recombination

In immunology, V(D)J recombination is a genetic rearrangement process at the
DNA that enables the formation of a very large number of different antibodies and
lymphocyte receptors that would never occur by coding in the human genome
alone (Roth, 2014).

V(D)J recombination is a key mechanism of the adaptive immune system. It
enables the recognition of a variety of different antigens from bacteria, viruses,
and parasites (Chi, Li & Qiu, 2020).

Rather, complex rearrangement mechanisms occur within the receptors, which
give rise to this almost unlimited number of receptors (Nguyen et al., 2016). In
the following, the mechanism is explained for B cells and immunoglobulins,
respectively; apart from a few details, the process also corresponds to the

formation in T cell receptors (Aribi, 2020).

The antibodies, as secreted B-cell receptors, consist of a heavy and a light chain.
These chains have both variable regions (V) and constant regions (C). The variable
regions, as shown in Fig.17, are further subdivided into a V-gene segment and a
J-gene segment, which lies between the V- and the C-region. In the heavy chain,

there is also a D-gene segment.
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In the light chain as well as in the heavy chain, the different segments
accumulate on the DNA level. For the sake of clarity, the segments are first

considered as a whole here (Fig. 17):
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Fig.17: Organization of Immunoglobulin Genes.

At the light chain, the VL region forms by combining a larger V segment and a
smaller J segment. This occurs by DNA restructuring during B cell maturation,
where a random V segment is joined with a random J segment. This newly formed
VJ exon is spliced together with an exon for the C region during gene expression,

eventually resulting in a complete polypeptide chain (Fig- 18).
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Fig. 18: Overview of V(D)J recombination. (a) RAG pairs recombination signal
sequence (RSS) according to the 12/13 principle. A hairpin structure is formed,
released, and rejoined by non-homologous end joining (NHEJ). (b) B cell maturation
process (Chi, Li & Qiu, 2020).
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The mechanism is analogous to the light chain, with the only difference that
between the V-region and the J-region lies the D-region. A D-segment unites first
with a J-segment, the DJ-segment formed in this way then with a V-segment. This
alone cannot yet lead to this high number of different receptors. For this, a look

at the gene segments themselves is necessary (Fig. 19).
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Fig. 19: Steps of the V(D)J Recombination in germline DNA (Aribi, 2020)

The rearrangement of the V, D and J segments is controlled by the so-called
recombination signal sequences (RSS for short), which regulate the
rearrangements via the 12/23 rule. Additional variability arises from the cutting
and joining of the different segments, as this biochemical process is not precisely
predetermined. In addition, random nucleotides can be incorporated. This

fuzziness leads to what is known as junctional diversification.

To further increase diversification, point mutations occur in the rearranged
genes, more precisely in the variable regions, which further increase the number
of different receptors and ultimately ensure that a specific receptor arises in the

human immune system for virtually every antigen. At the same time, somatic
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hypermutation increases the affinity of the receptors for their antigens, which is

also referred to as affinity maturation

6.4 Recombinases and Recombination-Activating Genes

The Recombination-Activating Genes (RAGs) encode components of a protein
complex that plays an important role in the rearrangement of those genes
encoding immunoglobulin and T cell receptor molecules. Among other active
enzymes, V(D)J recombinase consists of two lymphoid-specific proteins, RAG1
(1040 AS) and RAG2 (527). Both cleave DNA adjacent to gene segments to be
recombined; the segments are then joined by DNA repair factors. Cellular
expression of the two recombination-activating genes, RAG1 and RAG2, is
restricted to lymphocytes during their developmental stages. RAG-1 and RAG-2
are essential for the maturation of B and T cells and, accordingly, are important

components of the adaptive immune system (Zhang et al., 2019).

To reiterate: In the vertebrate immune system, each antibody is tailored for use
against a specific antigen. The human genome, however, has a maximum of 25,000
genes, and yet can generate hundreds of millions of different antibodies, enabling
it to respond to the invasion of millions of different antigens. As discussed earlier,
the immune system generates this diversity of antibodies by recombining the V(D)J
genes. This shuffling occurs within B cells and T cells during their maturation and
is catalyzed by the RAG proteins, which will be briefly introduced in the sequel
(Carmona & Schatz, 2017).

6.4.1 Genomic Structure of RAG Genes

The RAGs are translation products of the RAG genes. For example, the RAG1 gene
(Gene ID: 5896) is located on chromosome 11p12 (36,510,353-36,579,762) and is
70 kb long. It is transcribed in a tissue-specific manner, primarily in bone marrow
where it plays a critical role in lymphocyte maturation. It is equally often

expressed in thyroid tissues.

The ClinVar database contains 345 variations of RAG1 (303 germline mutations),

half of which are due to missense mutations, of which about 100 are (likely)
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pathogenic. Missense variants that are pathogenic lead to Severe combined
immunodeficiency. For example, in the OMIM database, Omenn syndrome
(MIM:603554) is associated with mutations in the RAG1 and RAG2 genes. According
to Ege (2005), Omenn syndrome (OS) is "characterized by severe combined
immunodeficiency (SCID) associated with erythroderma, hepatosplenomegaly,
lymphadenopathy, and alopecia. In patients with OS, B cells are mostly absent,
T-cell counts are normal to elevated, and T cells are frequently activated and
express a restricted T-cell receptor (TCR) repertoire. Thus far, inherited
hypomorphic mutations of the recombination activating genes 1 and 2 (RAG1/2)
have been described in 0S." (Ege, 2005: 4179).

6.4.2 Molecular Structure of the RAG Proteins

Both RAG proteins are large multidomain proteins consisting of core and non-
core regions. The catalytic center and DNA-binding motifs are largely contained
in RAG-1. The core region of RAG1 is required for nonameric binding (nonameric-
binding domain, NBD) as well as catalysis of cleavage (Yin et al., 2009). The non-
core domains of RAG proteins provide important regulatory functions. Less clear
is the role of RAG2, which may function to activate RAG1 for sequence-specific
binding and cleavage and provide additional DNA-binding capabilities. That is,
RAG-1 and RAG-2 must work synergistically to activate VDJ recombination. It has
been shown in vitro that RAG-1 has limited ability to induce VDJ gene
recombination activity when isolated and transfected into fibroblast samples.
When RAG-1 is co-transfected with RAG-2, the recombination frequency increased
1000-fold in vitro.

RAG enzymes work as a complex with multiple subunits to induce cleavage of a
single double-stranded DNA molecule (dsDNA) between the coding segment of the
antigen receptor and a flanking recombination signal sequence (RSS). Efficient
cleavage of a DNA substrate requires RAG1, RAG2, a divalent metal ion, and
proteins of the highly mobile group (HMGB1 or HMGB2). They do this in two steps.
The first step of V(D)J recombination is the binding of RAG, probably together
with HMGB1 or HMGB2. This RAG complex catalyzes two reactions, nicking and

hairpin formation.
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First, the RAG complex binds either a 12-RSS or a 23-RSS, resulting in a 12- or
23-signal complex. They first introduce a nick into the 5 end (upstream) of the
conserved RSS heptamer adjacent to the coding sequence, leaving a specific
biochemical structure on this region of DNA: a 3" hydroxyl (OH) group at the coding
end and a 5" phosphate group at the RSS end. In vitro, HMGB1 or HMGB2 have been
shown to stimulate the activity of RAG in DNA binding, nicking, and hairpin
formation, presumably by inducing RSS bending (Chi, Li & Qiu, 2020).

In the next step, these chemical groups are coupled by binding the OH group (at
the coding end) to the PO4 group (which sits between the RSS and the gene
segment on the opposite strand). This creates a 5'-phosphorylated double-strand
break at the RSS and a hairpin structure at the coding end. The RAG proteins stay

at these junctions until further enzymes (mainly TDT) repair the DNA breaks.

Notarangelo et al. (2016) also investigate the role of RAG in the maturation of
pre-B and pre-T cells, for which V(D)J recombination is essential. The researchers
showed that mature B cells possess two other remarkable RAG-independent
phenomena of diversification of their VDJ DNA: so-called class-switch

recombination and somatic hypermutation.

As with many enzymes, RAG proteins are quite large. RAG-1 in mice contains
1040 amino acids and mouse RAG-2 contains 527 amino acids. As shown in the
figure: RAG-1 residues 384-1008 and RAG-2 residues 1-387 maintain most of the
DNA cleavage activity. The RAG-1 core contains three key amino acids (D600,
D708, and E962) in the so-called DDE motif - the major catalytic site for DNA
cleavage. These residues are crucial for the nicking of the DNA strand and for the
formation of the DNA hairpin. AS 384-454 of RAG-1 comprise a nonameric-binding
region (NBR) that specifically binds the conserved nonomer (9 nucleotides) of the
RSS, and the core domain (amino acids 528-760) of RAG-1 specifically binds to the
RSS heptamer. Afterwards, the core region of RAG-2 forms a six-bladed beta-
propeller structure that appears to be less specific for its target than RAG-1.
Figures 20 and 21 illustrate the domains and the subdomains of RAG1 and RAG2

and show the active motifs in gene and protein.
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Fig. 20: Schematic representation of domains and subdomains in RAG proteins. (A) Full-length
RAG1. Non-core region in RAG1 include an N-terminal region (residues 1388) and a short C-terminal
region (residues 10091040). Topologically independent domains are shown as blue boxes. For RAG1
without core, these are the central non-core domain (CND) and the zinc dimerization domain
(ZDD). A crystal structure of the ZDD showed two subdomains, the RING finger and the zinc finger
A (ZFA). Domains in the core region of RAG1 include the nonameric binding domain (NBD), the
central domain, and the C-terminal domain. The core region contains several modules, which are
highlighted in the lower bar. The three DDE active site residues (D600, D708, and E962), a putative
fourth active site residue (E662), and zinc-coordinating ligands (C727, C730, H937, and H942) are
marked in the RAG1 bar graphs. (B) Full-length mouse RAG2. The core region is a six-leaf propeller
domain. The non-core region of RAG2 contains an acidic region labeled as D/E-rich and a plant
homology domain (PHD) that specifically binds the trimethylated lysine-4 residue of histone H3
(H3K4me3). The positions of residue T490 and the C-terminal localization signal (NLS) are
indicated. (C) Cartoon showing the core of the RAG12RAG22 complex. The RAG1 (R1) subunits are
colored in light and dark blue, and the RAG2 (R2) subunits are colored in pink. The domains (NBD
and DDBD) that form the RAG1 dimer interface are highlighted. The remaining subdomains (PreR
to CTD) form the catalytically active region of core RAG1. (Rodgers, 2017)
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Fig. 21: Core RAG2 topology and interface with RAG1. (A) Murine core RAG2 sequence. Arrows
are shown above the residues that form the beta strands in the beta propeller structure. The first
number in each arrow corresponds to the leaf number (one to six). The second number refers to
the strand (one through four) in each blade, with strands one and four located on the inside and
outside of the blade, respectively, according to the orientation of the structure shown in (B). The
residues marked in green are located in the crystal structure of RAG12RAG22 at the interface with
RAG1. (B) Ribbon diagram of the murine core of RAG2 (from PDB ID: 4WWX). The N and C termini
are shown as white and red spheres, respectively. Each propeller blade is color-coded according
to the arrows in (A), where blades one to six are light green, orange, yellow, light blue, dark blue,
and pink, respectively. (C) The core structure of RAG2 rotated 900 relative to (B). The residues at
the interface with RAG1 are shown in green and correspond to the residues shown in green in (A).
The murine Core RAG1 loops (residues 537 553 and 750782) that form the bulk of the interface
with Core RAG2 are shown as magenta bands. (Rodgers, 2017)
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6.4.3 RAG Complexes

Cryoelectronic microscopy structures of the synaptic RAG complexes appears to
form a closed dimer conformation with new intermolecular interactions between
two RAG1 and RAG2 monomers upon DNA binding, compared with the apo-RAG
complex, which exists as a relatively open conformation. TH two RAG1 molecules
in the closed dimer are involved in cooperative binding of the 12-RSS and 23-RSS
intermediates with base-specific interactions in the heptamer of the signaling
end. To avoid collision in the active site, the first base of the heptamer in the
signal end is folded out. Each coding end of the nicked RSS intermediate is
exclusively stabilized by a RAG1-RAG2Z monomer with nonspecific protein-DNA
interactions (Ru, Zhang & Wu, 2018). To facilitated hairpin formation through a
potential two-metal ion catalytic mechanism, the coding end is highly distorted
with one base flipped out of the active site DNA duplex. The 12-RSS as well as the
23-RSS intermediates are highly bent and asymmetrically bound to the synaptic
RAG complex, with the dimer of the nonamer binding domain tilted toward the
nonamer of the 12-RSS but tilting away from the nonamer of the 23-RSS,
emphasizing the 12/23 rule (Fig. 22). Two HMGB1 molecules bind on either side
of the 12-RSS as well as 23-RSS to stabilize the highly bent RSSs. These structures
are necessary for the molecular mechanisms for DNA recognition, catalysis, and
the unique synapsis underlying the 12/23 rule. They also provide new insights into
RAG-associated human diseases and represent the most complete set of
complexes in the catalytic pathways of any recombinase, transposase, or
integrase in the DDE family (Ru et al., 2015).

Fig. 22: Overall structure of the RAG dimer in complex with nicked 12- and 23-RSS
intermediates (Ru, Zhang & Wu, 2018)
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6.4.4 RAGs Homologies to DNA-Transposons

Kapitonov and Jurka (2005) postulated, after comparing those homologous
sequences in the core region, that RAG1 evolved from a transposase of the Transib
superfamily. Transib is a superfamily of interspersed repeats (TIR) DNA
transposons. It was named after the Trans-Siberian Express (Kapitonov & Jurka,
2003). It normally encodes a single protein, the DDE transcriptase. TIRs are
structurally similar to recombination signal sequences (RSS). The heptamer carries

the consensus CACWRTG, whereas the nonamer is more divergent.

In this context, Jonas and Gellert (2004) even speak of the "taming" of
transposons: although the transposon origins of these genes are well established,
there is still no consensus on when the ancestral RAG1/2 locus appeared in the
vertebrate genome. Kasahara, Suzuki, and Pasquier (2004) hypothesize that RAG1
invaded between 1001 and 590 million years ago. Kapitonov and Koonin (2015)
postulate that both proteins, RAG and RAG2. originated from the same transib
transposon that invaded non-vertebrate species multiple times and invaded the
ancestral vertebrate genome about 500 MYA ago. It is currently believed that the
invasion of RAG1/2 is the most important evolutionary event in terms of shaping
the adaptive immune system of gnathostomes against the variable lymphocyte

receptor system of agnates (Huang et al., 2016).

According to the NCBI dataset, 5 transcripts exist for the RAG1 gene, all of which
are c2 after splicing. 6.5 - 7kb in length. These transcripts can now be used in the
question of RAG protein evolution. Here, Fugmann et al. (2006) compare the
vertebrate RAG1 (from mouse) with the RAG gene from the invertebrate model
organism of the sea urchin Strongylocentrotus purpuratus (SpRag1L Like genes).
Alignment of SpRag1L with mouse Rag1 shows matches in both core and non-core
regions. The nonamer binding domain is highlighted in yellow in the graphic
below, the conserved amino acids of the DDE are shown in red boxes, and a zinc

finger mediating interaction with Rag2 (ZFB) is shaded in gray:
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Fig. 23: Homology comparison between SpRAG1L and RAG1 of invertebrates and vertebrates
indicate a common origin in Deuterostomia, although they had a different function in sea urchins.
This suggests that operationalization for V(D)J recombination occurred later in vertebrates.
(Fugmann et al., 2006)

Fugman et al. (2006) can confirm homology by sequence comparisons as shown
in Figure 23, especially by identification of the DDE motif (RAG1: D600, D708 and
E962/ SpRAG1L: D548, D658 and E914) as well as functional domains (zinc finger

domain and nanomer).
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7. Transposons and Polymorphism in Gene Expression

In the following section, the preceding considerations on transposons are related
to the currently all-dominating question of the COVID-19 pandemic caused by the
SARS-CoV-2. Once again, the ambivalent role of transposable elements becomes
apparent, which on the one hand can decisively shape gene expression patterns,
but on the other hand can also influence the balance to the detriment of a disease.

The focus of these considerations is the Alu element of the ACE1 gene.

7.1 Excursus: SARS-CoV-2

SARS-CoV-2 belongs to the (human) coronaviruses that have Mammalia and Aves
as (intermediate) hosts in addition to humans. With SARS-CoV, MERS-CoV and
finally SARS-CoV-2, highly pathogenic variants of the coronaviruses have spread in
the last two decades. The three mentioned have in common bronchial epithelial
cells, pneumocytes and other cells of the upper respiratory tract. The
pathophysiology of COVID-19 virus is described in the next chapter. In these
introductory considerations, the virus will be briefly introduced in a genetic
context. The excellent review by V'kovski and colleagues (October 2020) will be
used to describe the (genetic) blueprint and replicative mechanism of SARS-CoV-
2.

7.1.1 Structure of the SARS-CoV-2

S (Spike) consisting of two subunits

M (membrane) Main component of the envelope
E (envelope) integrated in the double lipid layer
S/M/N anchored in double bilipid layer.

N (nucleocapsid) arginine/lysine-rich phosphoprotein.

+sSRNA positive-sense single-stranded 30 kb RNA
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7.1.2 Genetics of SARS-CoV-2

At 30kb, the +ssRNA is one of the largest compared to other RNA viruses. The

genome is organized as follows (Fig.24/ Fig.25):

5'-leader/cap- UTR- ORF 1a -ORF 1b-S-E-M-16 non-structural proteins- UTR-PolyA-3'

SARS-CoV (~29.7kb)

5’UTR

7a 8a
Ema"l { N}aurr

3b 7a 8b 9b

SARS-CoV S protein

le———— S1 subunit - S2 subunit ——|
RBD 1195 1255
RBM | BR1 | [HR2|TM|CP|

1 13 318 424 494 510 679 770 788 892 1,013 1,145 1,215

Fig. 24: Viral genome of Sars-CoV Virus and the translated protein.

266 13,468 21,563 29.6/4
5 SARS-CoV 2 genome structure 3
ORF1a
el e ——
- Helicase i
L — : Rinosomel (28,274-20,533) |
Papain-lke  3CL-protease ; Frameshift ! i
protease (1005510.977) l (26,523-27,191)
{4,955-5,900) — :
L | :
i (26,24526472)
RNA-dependent :
RNA polymerase - *
Spike () (13,442-16.236)
L1 EM N
Hucleocapsid (N} Spike (S)
(21,563-25,384)
Membrane (M) L ]
Accessory proteins
Envelape (€) 3a 67b9b
RMA wiral gerome U u | ﬂ
B [ (00 o
SARS-CoV 2 virion structure
3b 7aB89c

Fig. 25: Coding sequences of SARS-CoV-2.
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7.1.3 Life cycle of the SARS-CoV-2

After the S-glycoproteins of the virion bind to the cellular receptor angiotensin-
converting enzyme 2 (ACE2), the virion enters the cell via endosomal or non-
endosomal pathways. After the virus enter the host cell, viral RNA is released into
the cytoplasm. ORF1a and ORF1ab are translated to produce the polyproteins pp1a
and pp1ab, which are cleaved by the proteases of the RTC.

ORF1a and ORF 1b encode two polyproteins (ppla, pplab). Different
combinations of the translation products result in four important proteins: Two
proteases, one helicase and one RNA-dependent RNA polymerase. Together they

form the replicase-transcriptase unit.

The latter now reads viral RNA from the antisense direction and has three

functions:

e Replication of viral RNA- replication with proofreading function by
exoribonuclease.

e Transcription of the 16 non-structural protein genes (accessory proteins)
as well as the sub genomic structural genes (N, M, E, S), which can now
be translated

e Recombination

SARS-CoV-2 structural proteins are assembled into a nucleocapsid in the
cytoplasm, followed by budding into the lumen of the endoplasmic reticulum (ER)-
Golgi apparatus. The virions are then released from the infected cell by

exocytosis.
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7.1.4 Pathophysiology of SARS-CoV-2 infection

To understand the interaction between ACE2- receptors and the genetic
polymorphism of ACE1 in the context of COVID-19 infection, it is necessary to

study the pathophysiology of SARS-CoV-2 infection in more detail.

The SARS-CoV-2 virus can enter the human body via different transmission
routes. For successful replication of the genetic material and the proteinogenic
components, the virus must enter the corresponding cells via an ACE2 receptor
and occupy the translation machinery there. ACE2 receptors are found, among

other places, on the surface of epithelial cells in the alveoli.

Alveoli, as blind ends of the respiratory tract, are a structural element of the
lung; their primary function is gas exchange between the inhaled alveolar air and
the blood in the alveolar capillaries. The following three cell types can be

distinguished:

1. Alveolar macrophages, specialized immune cells
2. Type | pneumocytes, flat epithelial cells for gas exchange

3. Type Il pneumocytes, cubic epithelial cells produce surfactant

The ACE2- receptor, which is important for the virus, is located on the surface
of the type Il cells. The basic function of these cells is to secrete surfactant, i.e.,
surface-active surfactants, in order to reduce the surface tension between humid

alveolar air and alveolar epithelium and thus prevent collapse of the alveoli.

The spike protein (S protein) mediates the entry of SARS-CoV-2 into type Il cells
by binding to ACE2. According to Hofmann and Pohlmann (2004), this can happen

via two pathways:

(1) Non-endosomal: Binding of a viral S2 subunit glycoprotein to the ACE2
receptor can induce conformational changes that facilitate viral and
plasma membrane fusion. This requires prior enzymatic separation of the S

protein: After binding of virus to ACE2, the S protein is proteolytically
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cleaved into a 1 and an S2 subunits by TMPRSS2 serine protease.? Only this
leads to a fusion of the viral membrane with the cell membrane and hence
releasing the viral nucleocapsid into the cytoplasm of the host cell.

(2) Endosomal: Alternatively, binding to the receptor can be followed by
uptake of the virion into an endosomal compartment. This requires the
absence of other enzymes and an acidic ph. Proton influx into the
endosome can then trigger membrane fusion activity in glycoproteins. The

decisive factor here is the enzyme cathepsin L.

Entry (Fig. 26) via the non-endosomal pathway is more efficient than the
endosomal pathway, indicating the greater relevance of protease-dependent
cleavage. In addition to proteolysis by TMPRSS2, the sheddase ADAM17, an
enzyme belonging to the ADAM family of proteins, i.e., a disintegrin, also plays a
crucial role (Heurich et al., 2013). This enzyme has a proteolytic effect on ACE2.

This process is called shedding, hence the nhame sheddase.

Lung Pathogenesis

SHEDDING,
...................................

ADAMI7

Fig. 26: Entry of SARS-CoV into the host cell. (left) If no SARS-S-activating proteases
are expressed at the cell surface, then virions are taken up into endosomes. SARS-
CoV is cleaved and activated by the pH-dependent cysteine protease cathepsin L.
(right) When the SARS-S-activating protease TMPRSS2 is expressed together with ACE2
on the surface of target cells, proteolysis by TMPRSS2 allows fusion at the cell surface.
(Heurich et al, 2013)

2The S protein consists of two subunits: S1 unit is the outer segment that contains the receptor-
binding domain and S2, which is the transmembrane segment associated with functional
components such as glycoproteins for fusion.
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After entry, the viral positive single stranded RNA (+ssRNA) is released. This is
now translated from 5' to 3' by cellular ribosomes. The result is an RNA polymerase
(viral RNA-dependent RNA polymerase), which has two tasks: First, it replicates
the viral RNA; second, it transcribes it, but this time from 3' to 5' to smaller
mMRNAs. These sub genomic RNAs code for other proteinogenic viral particles,
including the S protein. The individual components are assembled and leave the

type Il pneumocytes by exocytosis (Fig. 27)
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Fig. 27: Pathophysiology of SARS-CoV-19 (Ueffing et al., 2020).
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The resulting virions are returned to the alveolar lumen and can now be exhaled.
In the course of the takeover of the protein biosynthesis apparatus of the host
cell, the latter perishes and is affected by necrosis. As a result, pro-inflammatory
signal substances, cytokines, are released into the environment. Among other
things, they activate alveolar macrophages, which now initiate an inflammatory
response via interleukins (IL1, IL6). The following can be observed (Bohn et al.,
2020):

(1) Increased permeability due to vasodilation of the walls of the alveolar
capillaries favor the leakage of plasma into the interstitium. In some cases,
plasma also enters the alveolar lumen via the epithelium. The resulting
edema impedes gas exchange.

(2) The severely throttled gas exchange leads to hypoxia and the deficient
supply of oxygen. The body reacts with shortness of breath.

(3) Due to the transfer of cytokines into the blood, there is a risk that the
initially local inflammation develops into a systemic inflammation, which
can also lead to sepsis with the risk of multi-organ failure.

(4) Interleukins also activate further neutrophils, which flood into the focus of
inflammation and attempt to destroy the pathogens. This is also referred
to as a cytokine storm. In the alveoli the gas exchange becomes more and
more difficult. This can also lead to an autoimmune reaction. In addition,
fibrosis by fibroblasts can now occur, a type of scarring in the epithelial
tissue.

(5) Due to the death of the type Il pneumocytes, their function, i.e. the
secretion of surfactant, is now also missing. In addition, the accumulated
plasma in the interstitial space now exerts pressure on the alveoli. The
increased surface tension now leads to the collapse of alveoli.

(6) IL1 and IL6 now reach the hypothalamus via the bloodstream. Here, the
body temperature is regulated, which is increased in the course of the

inflammatory reaction and results in fever (Fig. 28).
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Fig. 28: Pathophysiology of COVID-19 infection: Blue shows the physiological
response. Red shows the pathogenic hyperinflammatory immune response. (Bohn et
al., 2020)

Necrosis of the alveoli eventually leads to acute respiratory distress syndrome
(ARDS). In summary, Bohn et al. (2020) state:

[...]The large majority of confirmed SARS-CoV-2 cases are mild (81%), with ~14%
progressing to severe pneumonia and 5% developing acute respiratory distress

syndrome (ARDS), sepsis, and/or multisystem organ failure (MOF).
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7.1.5 Renin-angiotensin-aldosterone system

SARS-CoV can enter cells via the ACE2 receptor. The transmural metalloprotein
ACE2, angiotensin converting enzyme-2, is an element of the renin-angiotensin-
aldosterone system (RAAS) and is found on the surface of cells in the lungs,
digestive tract, kidneys, and vasculature of the blood. Accordingly, the
concentration of ACE2 and its expression pattern also determines the course and
severity of infection. The function of ACE2 can be clearly illustrated by the
functioning of RAAS (Fig. 29). RAAS is a tight-knit hormonal feedback system that
regulates renal blood flow (Ghazi and Drawz, 2017; Moon, 2011):

Angiotensinogen
= el L i
? (_Renin D
Angiatensin 1 4<- ACE2 )—D Angiotensin 1-%
) Al I
+ e ACE_ i &

Y r—— L

Angiotensin I1 4<r ACE2 q}‘—* Angiotensin 1-7

Angiotensin receptors L4
ATL1, ATZ Mas

w

Aldosterone

Fig. 29: Renin-angiotensin-aldosterone system. ACE2: angiotensin-converting enzyme-
related carboxypeptidase 2; ACE, angiotensin-converting enzyme; AT1, angiotensin Il
type 1; AT2, angiotensin Il type 2. (Moon, 2011).

e The first step of the RAAS is the production of the enzyme renin in the
kidneys, which require a constant blood flow for the filtration and
excretion of nitrogen metabolites. Renin is thus released from granular
cells of the renal juxtaglomerular apparatus (JGA) in response to one of
three factors: (1) Reduced sodium delivery to the distal convoluted tubule,

detected by macula densa- cells. (2) Reduced perfusion pressure in the
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kidney, demonstrated by baroreceptors in the afferent arteriole. (3)
Sympathetic stimulation of the JGA via B 1 -adrenoreceptors.
Angiotensinogen is a precursor protein that is produced in the liver and that
is cleaved by reninin order to produce angiotensin | (Angl).

Angiotensin | is converted to angiotensin Il (Angll) by angiotensin-converting
enzyme (ACE). This conversion occurs mainly in the lung, where ACE is
produced by vascular endothelial cells, although ACE is also produced in
smaller amounts in the renal endothelium.

Angiotensin Il exerts its effects by binding to various receptors throughout
the body. It binds to one of two G-protein-coupled receptors, the AT1 and
AT2 receptors. Most actions occur through the AT1 receptor: in the
arterioles, Angll causes vasoconstriction; in the kidneys, it stimulates
sodium reabsorption; in the adrenal gland, it stimulates the release of
aldosterone; in the hypothalamus, it stimulates the secretion of
antidiuretic hormone (ADH) and increases the feeling of thirst; finally, it
causes the release of norepinephrine by the sympathetic nervous system.
Aldosterone is a mineralocorticoid steroid hormone that acts on the cells
of the collecting ducts in the nephron. It enhances the expression of apical
epithelial Na* channels (ENaC) to reabsorb sodium in urine. Furthermore,
the activity of basolateral Na + / K + / ATPase is increased. This increases
blood pressure and blood volume.

The antagonist of ACE is the ACE-2 angiotensin 1-7 axis. ACE-2 catalyzes
the hydrolysis of Angll.

Angiotensin 1-7 (Ang1-7) is on the one hand anti-inflammatory and
antioxidant; on the other hand, it acts as a vasodilator reciprocally to Ang

Il by binding and activating the MAS receptor.
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7.1.6 ACE1 polymorphism

The angiotensin system plays a key role in the pathogenesis of COVID-19. First,
ACE2 is the cellular receptor for SARS-CoV-2, and the expression of the ACE2 gene
may regulate the individual's susceptibility to the infection. In addition, the
balance between ACE1 and ACE2 activity may be involved in the pathogenesis of
respiratory disease and have significance in the severity of COVID-19. Functional
ACE1/ACE2 gene polymorphisms have been associated with the risk of
cardiovascular and pulmonary disease and thus could also contribute to the
outcome of COVID-19.

Angiotensin-converting enzyme (ACE) is an endopeptidase consisting of two
catalytic domains and is normally expressed by endothelial, epithelial, and
neuronal cells. It can be found in both membrane-bound (ACE) and soluble (sACE)
forms, the latter formed by the action of an as yet unidentified zinc
metalloprotease ("ACE secretase”) that cleaves mature, membrane-bound ACE at
a juxtamembranous extracellular domain and releases the large extracellular
portion of the enzyme. The function of ACE is closely associated with the renin-
angiotensin system (RAAS) pathway, within which ACE catalyzes the formation of
the vasoconstrictor octapeptide angiotensin Il (Ang Il) from its nonvasoactive
precursor angiotensin | (Ang I) and is also responsible for cleavage and inactivation
of the vasodilator bradykinin. The end result is vasopressor activity that can be

blocked by ACE blockers - a standard treatment for hypertension.

The ACE gene, ACE, encodes two isoenzymes. The somatic isoenzyme is
expressed in many tissues, mainly in the lung, including vascular endothelial cells,
epithelial kidney cells, and testicular Leydig cells, while the germinal one is

expressed only in sperm.

The angiotensin converting enzyme gene is located on chromosome 17 (17q23.3)
and has more than 160 described polymorphisms. A polymorphism in the gene
encoding angiotensin |-converting enzyme (ACE) was identified in 1990 by Rigat
et al. The polymorphism is due to a 287 bp fragment in the ACE gene in intron 16
of the gene (rs1799752) on chromosome 17. Homozygote Il and DD and

heterozygote DI Genotype accounts for approximately half of the variance in
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circulating ACE levels, and from the Il genotype to the DD genotype, the presence
of each D allele is associated with an additive effect on ACE activity (50% higher

in the DD genotype compared with the Il genotype).

The DD genotype is associated with high plasma levels of the protein (Fig. 30),
the DI genotype with intermediate levels, and the Il genotype with low plasma
protein levels, suggesting that this polymorphism may affect the renin-angiotensin
system and its abnormal function may be associated with various diseases. (Cintra
et al., 2018)

Lane— 1 2 3 4 5 6 7 M

Insertion
Deletion

Lane:1, 3, 5, 6-heterozygous I/D;
2, 7-homozygous I/I;

4-homozygous D/D allele;
M-pUC19 DNA/Mspl (Hpall) marker

Fig. 30: Polymorphism Representative band patterns of the ACE I/D polymorphism
were analyzed by agarose gel electrophoresis. The amplification products of the two
alleles D and | were identified at 319-bp and 597-bp amplicons, respectively.
(Prabhakar et al., 2014)
The intronic sequence is an ALU element whose insertion appears to reduce ACE
expression. It was also found that DD (homozygotes) and ID (heterozygotes) have

more circulating ACE than Il (homozygotes).

Alu elements are short DNA sequences (300bp) originally characterized by the
action of the restriction endonuclease of Arthrobacter luteus (Alu) (Schmid &
Deininger, 1975). Alu elements are the most abundant TE with over one million

copies distributed throughout the human genome, accounting for up to 10% of it.
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They are particularly abundant in the higher-than-average gene rich R bands. Alu
sequences are transcribed by RNA polymerase lll, but not translated; RNAs are
also formed, but these are not translated into proteins. They are replicated like
any other DNA sequence, but rely on LINE retrotransposons to generate new

elements. They are originally derived from the small cytoplasmic 7SL RNA.

Alu elements belong to the SINE (Short Interspersed Nuclear Elements) family.
They were formed 55 million years ago in primates by fusion of the 5 and 3’ ends
of the 7SL RNA gene. Latter encodes the RNA unit of the signal recognition particle
(SRP). This fusion gave rise to the first fossil Alu monomers (FAMs). They were
about 160 bp long and rather rare to find in the human genome. According to the
current model, modern Alu- elements arose from a head-tail fusion of two
different FAMs, resulting in a dimeric structure consisting of two similar but
distinct monomers (left and right arms) joined by an A-rich linker. Modern Alu-
elements have a length of 300 bp and are classified into subfamilies according to
their relative age. Alu elements in the form of dimers are unique to primates.
They replicated throughout the primate genome via RNA intermediates by a
mechanism of retrotransposition, but their amplification was dependent on the
transposition machinery of other retrotransposons because they do not encode
protein. Dewannieux, Esnault and Heidmann (2003) confirmed in their research

that Alu elements can use LINE-1 elements for this purpose.

Alu elements (Fig. 31) are responsible for the regulation of tissue-specific genes
and are involved in the transcription of neighboring genes and can sometimes alter
the way a gene is expressed. Alu elements are a common source of mutations in
humans; however, such mutations are often restricted to noncoding regions of
pre-mRNA (introns), which is why Alu elements have been proposed to affect gene
expression and have been found to contain functional promoter regions for steroid
hormone receptors. Because of the high content of CpG dinucleotides found in Alu
elements, these regions serve as sites of methylation and contribute to up to 30%

of the methylation sites in the human genome. (Schmid, 1998)
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TSD X B 'AAA(n) Alu - 280bp (human)

ieft monomer Right monomer

Fig. 31: Structure of an Alu element consisting of a left and right monomer, a
polyadenylate tail, and two promoter boxes for RNA polymerase Il (5 A box with the
consensus TGGCTCACGCC/3' B box with the consensus GWTCGAGAC) and a tandem
site duplication at both ends.
To investigate the sequence of this polymorphism and the associated phenotypes
as well as the classification, interpretation and allele frequency distribution,

databases are used:

1. HGNC (Gene ID 1636): Provides a summary and refers to the Alu element
and the connection with various diseases. Attention is also drawn to the
relationship to SARS-CoV: Regulation of the homologous ACE2 gene may
be involved in progression of disease caused by several human
coronaviruses, including SARS-CoV and SARS-CoV-2. Alternative splicing
results in multiple transcript variants encoding both somatic (SACE) and

male-specific testicular (tACE) isoforms.

2. UCSC Browser: If one enters the ACE gen in the Genome Browser in the
Human Assembly GRCh38/hg38, one can now click on the intron 16/25 and
display the sequence - the intron 16 would therefore be
ENST00000290866.10_32, with the position chr17:63488792-63488940.
Here it can be seen that this is the allele that deleted the Aku sequence,

as it is only 149 bp:

gtgagtccctgctgccaacatcactggcacttgggtcceccttcattttectcea
aagaggtgctgtgaaaccccaagcctaggaaaaggtagatccctggaggagg
caggtaatgtgagagcctggctgtcccecctctgtag

Neither the ClinVar (Phenotype and Literature) nor dbSNP 153 (Variation)

tracks show polymorphism.
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https://www.ncbi.nlm.nih.gov/gene/1636

3. dbSNP (rs1799752): intron variant is reported as insertion of 50
nucleotides at position 17:63,488,530: GRCh38.p12 chr
17NC_000017.11:2.63488543_63488544
insSTTTTTTTTTTTGAGACGGAGTCTCGCTCTGTCGCCCATACAGTCACTTTT.

You can see the polyadenylate tail here (reverse, compliment), but

50 base pairs are too short for an Alu element.

4. ClinVar (ID: 18061): 228 variations of the ACE gene appear in ClinVar, when
limiting the variation type to insertion, 6 variants now appear, including
the variant of the Ins/Del polymorphism last clinically evaluated in 2009.
Nomenclature is NM_000789.3(ACE):c.2306-117_2306-116
insAF118569.1:9.14094_14382. This shows that an insertion occurs at cDNA
position 2.306.116. If one continues to follow the addition AF118569.1, one
arrives at the gene bank. Both here and in dbSNP an allele frequency is

missing.

5. gene bank (ID: AF118569): As already evident in the nomenclature from
ClinVar, this is an insertion on genomic level: g.14094_14382, i.e. 288 bp:

14041 ctgctggaga ccactcccat cctttctccc atttctctag acctgetgec tatacagtca
14101 cttttttt ttttttgaga cggagtctcg ctctgtcgec caggetggag tgcagtggeg
14161 ggatctcggc tcactgcaag ctccgectce cgggttcacg ccattctect gectcagect
14221 cccaagtagc tgggaccaca ggcgeccgec actacgeccg getaattttt tgtattttta
14281 gtagagacgg ggtttcaccg ttttagccgg gatggtctcg atctcctgac ctegtgatec
14341 gcccgecteg gectcccaaa gtgetgggat tacaggegtg atacagtcac

14401 tttcgccaat tttattccag ctctgaaatt ctctgagectc cccttacaag cagaggtgag
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https://www.ncbi.nlm.nih.gov/snp/rs1799752
https://www.ncbi.nlm.nih.gov/clinvar/?term=ACE%5Bgene%5D
https://www.ncbi.nlm.nih.gov/nuccore/AF118569

The poly adenyl tail can be assumed, to verify the sequence the 288 bp are now
complementary directed and reverse set up using the
http://arep.med.harvard.edu tool, as the Alu element on the opposite strand is

mirror coded:

ATCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACGA
GGTCAGGAGATCGAGACCATCCCGGCTAAAACGGTGAAACCCCGTCTCTACT
TTAGCCGGGCGTAGTGGCGGGCGCCTGTGGTCCCAGCT
ACTTGGGAGGCTGAGGCAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGC
AGTGAGCCGAGATCCCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACT
CCGTCTCAAAAAAAAAAAAAAAGTGACTGT

For the evaluation of this sequence, we refer to the Figure 32 of (Cantarella et
al., 2019):

Transcription
A Box B Box A-rich region 31 bp insertion poly(A) tail terminator

C | | | |
|

Direct repeat Direct repeat (3’ trailer)

Left arm Right arm

Alu element

Fig. 32: Structure of Alu Element as reference. (Cantarella et al., 2019)

Now all important components of the transposon are recognizable. At the 3'-end
is the poly(A)-tail, also the linker sequence (ASATACA®6) is clearly recognizable
and separates the 288 bp long Alu-element into a right and left monomer (arm).
In the left monomer, both conserved boxes, which are actually intended for RNA

polymerase lll, are also recognizable.

In this context, the possible hairpin or cloverleaf structure of transcribed Alu
elements is also exciting, since they are formed from two building blocks 7SL RNA
(Ullu & Tschudi, 1984). Hasler and Strub (2006) therefore propose the following
secondary structure for AlLURNA by transcription of RNA Pol. Ill: Using the Emboss
Needle tool of EMBL-EBI Hinxton (https://www.ebi.ac.uk/), this secondary
structure can also be detected by mirroring the individual monomers with
themselves. In addition, the insertion of an additional 31 bp in the right monomer

is clearly visible, resulting in a longer monomer (Fig. 33).
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Fig. 33: AlURNA secondary structure (Hasler & Strub, 2006).



The B-box from base 60 to 68 also corresponds to the descriptions in the
literature. The A-box, however, does not completely correspond to the
information in the literature. In fact, some bases seem to be missing. To complete
this for the sake of completeness, reference was made to known studies in which
the Alu element that is part of intron 16 of the ACE gene has already been
detected by PCR.

For this purpose, the study by Bolli et al. (2010) "Improvement in ACE |/D
polymorphism detection” is recapitulated. To address typing issues and enable
rapid and accurate analysis, they performed a stepdown PCR reaction followed by
detection using Nanogen technology. We compared these results with those
obtained using conventional genotyping methods such as classical and
confirmatory PCR. In the process, they designed new primers: "[...] We designed
two novel primers, different from those reported by Rigat (Figure 1) and also
used in the stepdown protocol from Chiang (Table 1). Additionally, the insertion
sequence (Alu) was 289 bp long, following Villar,7 and not 287 bp, as Rigat

described. “

Table 1. Traditional and new primers,

Traditional Primers ~ Sequence Primersize~~ CGeontent ~ Amplicon size
Forward §-CTGGAGACCACTCCCATCCTTTCTY i 540 0

Reverse 9-GATGTGGCCATCACATTCGTCAGATY )i 48%

New Primers Sequence Primersize -~ CGeontent ~ Amplicon size
Forward §-CTGGAGAGCCACTCCCATCCTTTCIY 15 56% 0

Reverse 9-GAYGTGGCCATCACATTCGTCAGATY 15 483
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CTGGAGAGCCACTCCCATOCTT T TCCCATTTCTCTAGACCTGUTGUCTATACAG
TCACTTTTITTTTITTTTTTTGAGACGGAGTCTCGCTCTGTCGOCCAGE
CTGGAGTGCAGTGGCGGGATCTCGGCTCACTGCAAGCTCCGCCTC
CCGGGTTCACGCCATTCTCCTGCCTCAGUCTCCCAAGTAGUTGGGA
CCACAGGUGUCCGOCACTACGUCCGGUTAATTTTITTGTATTTTTAG
TAGAGACGGGGTTTCACCGTTTITAGCCGGGATGGTCTCGATCTCCT
GACCTCGTGATCCGCCCGCCTCGGCCTCCCAAAGTGUTGGGATTA
CAGGCGTGATACAGTCACTTTTIATGTGOTITCGCCAATTTTATTCCAGCT
CTGAAATTCTCTGAGCTCCCCTTACAAGCAGAGGTGAGC TAAGGGCTGGAGC
TCAAGSCATTCAAMCCCCTACCAGATC NGACGAATCTGATGGCCACRTC

Figure |. Corrected ACE gene sequence (in bold insertion
sequence (Alu), in italics and underlined primer sequence).

With the help of this information, the ALU element could now be completed:
AN TG I [Tl TGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATC
ACGAGGTCAGGANIEeINe/NeCATCCCGGCTAAAACGGTGAAACCCCGTCTCTACTIVYA
NSV YYY N TAGCCGGGCGTAGTGGCGGGCGCCTGTGGTCCCAGCTACTTGGGAG
GCTGAGGCAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGCAGTGAGCCGAGATCC
CGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTCIYYYYYYYYYYYYYY)

GTGACLEL
Tandem Repeats A [} 4B A= i@ GulLeft [ERI@eulPoly-A Tandem Repeats
D ] — - | | [T

Now the sequence could be entered with the reverse/complement sequence in
the Blast Alignment (BLAST®), indeed the whole chromosome 17 appeared, under
Alignments you get to the Sequence ID: AP023477.1 and then to this evaluation:
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Homo sapiens DNA, chromosome 17,
GenBank: AP023477.1

Go to:

LOCUS AP023477 301 bpDNA linear PRI 26-SEP-2020
DEFINITION Homo sapiens DNA, chromosome 17, nearly complete genome.
ACCESSION AP023477 REGION: 60940689..60940989

nearly complete genome

VERSION AP023477.1
DBLINK BioProject: PRJDB10452
BioSample: SAMD00243993
KEYWORDS
SOURCE Homo sapiens (human)
ORGANISM Homo sapiens
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata;
Euteleostomi;
Mammalia; Eutheria; Euarchontoglires; Primates;
Haplorrhini;
Catarrhini; Hominidae; Homo.

REFERENCE 1
AUTHORS Takayama,J. , Kinoshita,K., Yamamoto,M. and Tamiya,G.
TITLE Construction and Integration of Three De Novo
Japanese Human Genomes.
Assemblies toward a Population-Specific Reference
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 301)
AUTHORS Tamiya,G. and Takayama,dJ.

TITLE Direct Submission
JOURNAL Submitted (25-SEP-2020) Contact:Jun Takayama Tohoku
University,
Tohoku Medical Megabank Organization; 2-1 Seiryo-machi
Aoba-ku,
Sendai, Miyagi 980-8573, Japan
COMMENT Please visit our website, jMorp
https://jmorp.megabank.tohoku.ac. jp/
##Genome-Assembly-Data-START##
Assembly Method Falcon v. 2017.11.02-16.04-py2.7-
ucs2.tar.gz; BionanoSolve v. 3.1,
v. 3.2
Genome Coverage 1167x
Sequencing Technology PacBio RSII; Bionano; Illumina
HiSeq
##genome-assembly-data-END##
FEATURES Location/Qualifiers
source 1.. 301
/organism="Homo sapiens"
/mol type="genomic DNA"
/db xref="taxon:9606"
/chromosome="17"
ORIGIN
1 acagtcactt tttttttt tttgagacgg agtctcgctc tgtcgcccag gctggagtge
61 agtggcggga tctcggctca ctgcaagctc cgcctcccgg gttcacgcca ttctcecctgcece
121 tcagcctccc aagtagctgg gaccacaggc gcccgccact acgcccggcect aattttttgt
181 atttttagta gagacggggt ttcaccgttt tagccgggat ggtctcgatc tcctgacctc
241 gtgatccgcc cgcctcggcecce tcccaaagtg ctgggattac aggcgtgata cagtcacttt
301 t
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7.1.7 ACE2 as entry point for SARS-CoV-2

As a transmembrane protein, ACE2 serves as a major entry site into cells for
some coronaviruses, including SARS-CoV. Binding of the spike S1 protein of SARS-
CoV-2 to the catalytic domain of ACE2 on the cell surface results in endocytosis
and translocation of both the virus and the enzyme into the endosomes of the
cell; this entry process also requires priming of the S protein by the host serine
protease TMPRSS2, inhibition of which is currently being investigated as a
potential therapeutic. The disruption of S protein glycosylation significantly
impairs viral entry, indicating the importance of glycan-protein interactions in

this process (Fig. 34).
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Fig. 34: ACE2 converts Ang Il to Ang 1-7 as well as Ang | to Ang 1-9, which is then cleaved by NEP
to give Ang 1-7. ACE2, that is membrane bound, can be cleaved by the metalloproteinase ADAM17
to form a soluble form of ACE2.. (Jiang et al., 2014)
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In summary, it has the task of catalyzing the active angiotensin Il (Angll) and
converting it into the vasoactive angiotensin1-7. This has the reciprocal effect.
Primarily, blood pressure is lowered by vasodilation. Another important
characteristic of Ang (1-7) is its antioxidant, anti-inflammatory (and
antiarrhyhtmogenic) effect on the organism. ACE2 is a single pass type | protein |
the membrane whose enzymatically active domain is exposed on the surface of

cells in the lung and other tissues (Fig. 35).

angiotensin II H,O angiotensin-{1-7) L-phenyl

H

Fig 35: Catalytic activity of Angiotensin-converting enzyme 2
(https://www.uniprot.org/uniprot/Q9BYF1)

The extracellular domain of ACE2 is separated

from the transmembrane domain by another enzyme, called sheddase, and the
resulting soluble protein is discharged into the bloodstream and eventually

excreted in the urine.

This has led some to hypothesize that lowering ACE2 levels in cells may help fight
infection. On the other hand, ACE2 has a protective effect against virus-induced
lung injury by increasing the production of the vasodilator angiotensin 1-7.
Moreover, interaction of coronavirus spike protein with ACE2 induces a decrease
in ACE2 levels in cells through internalization but also through degradation of the

protein and thus may contribute to lung injury.

Since the gene for ACE2 is located on the reverse strand of the X chromosome
(X: 15,494,566-15,607,236), Gagliardi et al. (2020) assume that this explains the
different mortality rates of women and men (with the same infection rate). The

intersexual differences in lifestyle (smoking, diet) should not be neglected.
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Moreover, the authors emphasize that other hormonal factors, such as the
presence of estrogens, which enhance the immune response and inhibit viral
replication more, should be included. Nevertheless, the location on the X

chromosome could be of crucial importance:

Furthermore, the gene encoding ACE2 is located on the X chromosome, in sites
commonly escaping the inactivation of one X chromosome in mammalian XX
cells (XCl), a mechanism that determines the X chromosome transcriptional
silencing and avoids redundant gene expression in female cells. However, the
silencing is not complete but about 10% of the genes escape the inactivation;
as a consequence XX, cells over-express genes located in XCl sites, like ACE2.
(Gagliardi et al., 2020)

Consequently, there might be an overexpression of ACE2 in women. However,
other studies, such as that of Sama et al. (2020), assume that the concentration
of soluble ACE2 receptors in the blood is much higher in men, which probably has
to do with the fact that ACE2 is expressed just as strongly in the testis. These
studies seem to contradict each other only at first sight, because while Gagliardi
et al. investigate membrane-bound ACE2 receptors, Sama et al. focus on ACE2
concentration in blood, i.e., soluble ACE2 receptors that have been "shed” from
the membrane. Key role plays hereafter the Sheddase ADAM17, Sama and Voors

(2020) explain this contradiction as follows:

The ACE2 gene is located on the X chromosome and is expressed in various
tissues, including the heart, kidneys, and testes.1 Endogenous soluble ACE2
(found in the circulation) is shed from the cell membrane-bound form and the
enzyme responsible for this shedding is ADAM17, which is also membrane
anchored. We recently postulated that the co-expression of ACE2 and ADAM17
in the testes might partially explain why plasma ACE2 concentrations are
higher in men than in women. (Sama & Voors, 2020)

Both ACE blockers and angiotensin Il receptor blockers (ARBs) used to treat
hypertension have been shown to upregulate ACE2 expression, potentially
affecting the severity of coronavirus infections. Despite the lack of conclusive
evidence, some have argued for and against discontinuing ACE blocker or ARB

treatment in COVID-19 patients with hypertension. However, several professional
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societies and regulatory agencies have recommended continuation of standard
therapy with ACE inhibitors and ARBs.

7.2 Alu elements

Alu elements, with more than one million copies, are the most abundant
repetitive sequences that could be counted as transposons, accounting for 10% of
the total genomic mass. As already vividly explained in the ACE1 gene, their
presence, even in non-proteinogenic intronic sequences, is not without
significance for the regulation gene expression. Hasler and Strub (2006) explicate

three levels of regulation of Alu elements:

1. They influence the splicing process
2. They are involved in RNA editing

3. They act at the post-transcriptional level in translational regulation.

7.2.1 Role of Alu Elements in alternative splicing

Alternative splicing allows the creation of a variety of translational isoforms
after transcription of a pre-mRNA. This also explains the proteome diversity, since
30-60% of all human genes produce alternative exons. Exonication is what Hasler
and Strub (2006) call the process by which intronic sequences become coding
regions. This is also how thousands of Alu elements end up in the coding regions
of mature mRNAs. Due to the fact that several 5'/3" splice sites are found in the
Alu consensus sequence (especially in antisense orientation like in intron 16 of the
ACE1 gene), the whole Alu element does not have to be taken over during
exonication. This can also lead to diseases, as in the example of the CTDP1 gene,
where an alternatively spliced Alu exon in intron 6 is exonified: in this case to
the, CCFDN syndrome (Congenital Cataracts Facial Dysmorphism Neuropathy)
(Varon et al., 2003).

For our considerations, exonication possibilities in the ACE1 gene are of
particular interest. Here, antisense orientation in particular plays a decisive role,

as this reinforces exonication (Lei, 2005).
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7.2.2 Role of Alu Elements in RNA Editing

RNA editing involves co- or post-transcriptional manipulation of RNA molecules.
"The best-characterized base conversions are hydrolytic deamination reactions by
which cytosines are converted to uracil and adenosine (A) to inosine (I)." (Hasler
& Strub, 2006). Therefore, the researchers also speak of A-l editing and emphasize
the role of Alu elements, since adenosines 27, 28, 136 and 162 of the Alu consensus
sequence are converted into iosines by hydrolytic deamination reactions by
adenosine deaminases (ADAR). The preferential editing of Alu- sequences within
mRNAs could initially be due to the secondary structure of Alu- RNA, which
contains long double-stranded regions. RNA editing affects gene expression in
several steps: on the one hand, inosines do not pair with uracil but with cytosine,
which affects the stability of the RNA molecules; on top of that, if
splicing/translation occurs, the Alu inosines are recognized as guanosines, which

results in alternative splicing or amino acid substitution.

7.2.3 Role of Alu elements in protein biosynthesis

Alu elements are translated in the pre-transcript of the mRNA and can also enter
the cytosol in small amounts after the splicing process. Hasler & Strub (2006)
assume 10,000-100,000 molecules per cell. Interestingly, this concentration is not
constant: if there is a stress response (viral infection, heat shock...) the
expression of Alu elements is abruptly stimulated. The researchers therefore
assume a physiological function in stress management. One possible explanation
is that Alu RNA transcripts interact with RNA-dependent protein kinases (PKR). On
the one hand, they inhibit their autophosphorylation and thus their inhibitory
effect on the initiation of translation of proteins. However, they can also have a
direct activating or repressive effect on translation. Yulug and Fisher (1995) prove
already in the 90 years that Alu elements can be detected in the UTR sequences
of genes. Accordingly, they are located between the promoter region and the
translation start and are transcribed by RNA Pol. Il. Smith et al. (1996) describe
this vividly using the BRCA1 gene: this exists in two isoforms that differ in their
expression pattern. In fact, they differed in the length of the 3'-UTR region. In the

longer UTR region, there is actually an insertion of an Alu sequence, this affects
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expression as the gene with longer UTR is less efficiently translated. This is
because the Alu element that is not fully inserted (60 bases of the left monomer
are missing), or the right monomer, forms a stable secondary structure through
double bonds that partially inhibits translation initiation. Consequently, the
concentration of BRCA1 proteins decreases, their function as repair molecules is
less pronounced, accumulation of defects in DNA occurs. The high mutation
burden eventually leads to the onset of tumor disease (in the sense of the two-hit
hypothesis).  This example clearly shows that in such a case a whole-exome
analysis of BRCA1 alleles would not have detected trait-related variants. De

Brakeleer, De Greve and Teugels (2020) therefore require:

Moreover, the analysis of a near exonic Alu insertion in PTPN14 (a mediator of
P53 tumor suppressor activity) revealed that this gene was imprinted and that
the presence of an intronic Alu element can lead to loss of imprinting. Our
data underline the relevance of incorporating the search for uncommon
retrotransposition events in Next Generation Sequencing pipelines when
analyzing patients with a suspected genetic disease.(De Brakeleer, De Greve
and Teugels, 2020).
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7.3 ACE (I/D) polymorphism and COVID-19

Two recent studies in 2020 address the ACE1 (I/D) polymorphism and COVID-19
infection incidence in regional populations. Delanghe, Speeckaert and De Buyzere
(2020) conduct a meta-study using published results from the Johns Hopkins Institute
(March 2020) and conclude that in the 33 countries studied, including Austria, the
prevalence of COVID-19 correlated negatively with the allele frequency of the D
polymorphism of the ACE1 gene. "Our findings suggest that the ACE1 D/l polymorphism
may be regarded as a confounder in the spread of COVID19 and the outcome of the

infection."

The researchers observe a global east-west gradient, which also applies regionally to

Europe:
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Figure 1: Prevalence of COVID-19 in 33 countries (on April 1, 2020)
vs. ACE1 D-allele frequency (%): log (prevalence; no. of cases/10°
inhabitants) =6.074 — 0.064 (D-allele frequency, %), r’=0.410;
p=0.0001.
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Deletion of the Alu element from intron 16 of the ACE1 gene seems to have a direct
effect on the expression of the ACE2 gene, which is reduced in ACE1-D alleles. On the
one hand, this would reduce the entry possibilities of SARS-CoV - which inhibits the
replication of the virus, on the other hand, a deficiency of ACE2 enzymes at the surface
of epithelial cells leads to an overactivity of Angll, thus repeatedly demonstrating the

ambiguous role of gene expression patterns of involved proteins of different pathways.

The study by Hatami et al. (June 2020) is somewhat more recent. Again, the
researchers collected data from over 50,000 female subjects in over 30 countries and
evaluated them in a meta-analysis for the correlation of two variables: Association
between ACE1 allele frequency (I/D) and recovery rate after COVID-19 infection. For this
purpose, they analyze 116 studies (out of a total of 1400), among them also case

numbers from Austria.

In your conclusion, a specific geographical distribution of ACE1 (I/D) alleles is
repeatedly shown. While in Europe (except Denmark) the D alleles without Alu element
are predominant, in Asia (especially in China and Japan) significantly more alleles with
insertions are found. Especially homozygote Il, which are a minority in Europe, are
widespread in China. This is lowest throughout Europe in Italy, which the researchers

associate with the dramatic escalations in the spring of 2020.

European countries like Italy, Spain, and the UK have been widely
affected by COVID-19. It is well known that ACE | allele frequency in
Europe is lower than in East Asia as seen in our study, which
indicated the average ACE I/D allele ratio in Europe as 0.55, while it
was 0.93 in the whole of Asia. (Hatami et al., 2020)

These results are not only interesting in the light of the COVID-19 pandemic but play a
crucial role in the analysis of any disease in which the RAAS is affected. However, the
researchers also clearly point out that other known and unknown factors play a role
(demographic characteristics such as gender, age, underlying diseases), as well as the

collection, accessibility, and presentation of COVID-19 data in each country.

Allele frequency data are also available for Austria from 2007, collected by Ay et al.
(2007) at the Medical University of Vienna. They collected ACE1 (I/D) polymorphism by
genotyping and ACE serum levels by enzymatic assays in 100 high-risk patients with

100



confirmed recurrent venous thromboembolism. Excitingly in this context, data on
pulmonary embolism patients were also collected. 125 Age- and sex-matched healthy
subjects served as controls. ACE genotype frequencies differed between the patients
(DD: 26.0%, ID: 52.0%, II: 22.0%) and the control group (DD: 29.6%, ID: 44.8%, II: 25.6%; p =
0.56). Although the distribution is basically similar (ID>DD>II), more people in the
control group are homozygous Il. Serum ACE levels (U/ ) did not differ between the
patients (median = 25.25, 25th-75th percentile: 20.20-33.70) and the control group
(24.20, 17.85-34.50, p = 0.49). In the overall population involved in the study, the ACE-
DD genotype (n = 63:36.00[26.40-43.00]) was linked to a hiher ACE levels than the ACE-
ID genotype (n = 108: 24.10 [19.80-31.48], p <0.001)) and the ACE Il genotype (n = 54:
19.35 [15.00-22.95], p <0.001). In this context, the significant correlation between
polymorphism and serum ACE level is interesting. The association with thrombosis or
embolism could be neglected. Studies relating the ACE1 polymorphism with
simultaneous consideration of other factors in the sense of a correlation analysis to the
incidence of infection in Austria are pending. However, it is already possible to predict
the ambiguous role of ACE1 and ACE2. Especially ACE2 has an ambivalent function here,
because as a portal of entry for the virus it could be a target for therapeutic approaches,
but as an anti-inflammatory, antioxidant antagonist in the RAAS it cannot be a primary
target of inhibitory therapy. More promising might be the manipulation of TMPRSS2 as
well as of sheddase ADAM17.
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8. Transposons in tumorigenesis

The development of malignant tumors is currently regarded as a kind of "genetic
accident”, whereby direct DNA damage occurs as a result of external influences.
Mutations thus created lead to activation of oncogenes and inactivation of tumor
suppressor genes (Weinberg, 1994). The resulting disruption of gene expression
leads to multiple changes such as abnormal cell proliferation, resistance of cells
to apoptotic stimuli, induction of neovascularization and metastasis. This model
is also known as somatic mutation theory "According to the somatic mutation
theory (SMT), cancer begins with a genetic change in a single cell that passes it

on to its progeny, thereby generating a clone of malignant cells" (Vaux, 2011).

However, there are a number of criticisms of this theory (Brucher &Jamall,
2016). For example, one would expect a mutation to have an immediate
phenotypic effect. However, tumorigenesis is a long process both experimentally
and in a person’s life. Furthermore, multiple mutations are thought to be required

for tumor induction.

The hysteron proteron of the somatic mutation theory (SMT)
appeadrs because the first event (mutations), in fact, occur later in
the process, i.e., only after the cell has been transformed from a
normal cell to a cancer cell via a process termed carcinogenesis.
Mutations have increasingly been perceived as the causal event in
the origin of the vast majority of cancers even as clinical data show
little support for this theory when compared against the metrics of
patient outcomes. (Briicher and Jamall, 2016)

However, the spontaneous mutation rate of a normal cell is relatively low, and
the same cell being hit many times by mutations is extremely unlikely. Therefore,
the existence of a mutator phenotype for cells hit by a mutation has been
hypothesized. Such mutator phenotypes are described to arise from defects in the
DNA repair system and the cell cycle control system, such as the p53 gene, which
inhibits proliferation of cells with abnormal DNA content. But neither does the
loss of p53 necessarily lead to the development of cancer, nor does a functional

p53 safely protect against it.
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Another criticism of the somatic mutation hypothesis is that no clear correlation
between mutagenicity and carcinogenicity of specific agents has been
demonstrated. Also, there are no tumor-specific mutations. Genomic instability is
common in malignant neoplasms and is thought to be an early step in
carcinogenesis. The complex phenotype of a cancer cell's genome cannot be
explained by mutations alone. Another conception of the origin of malignancies

views carcinogenesis as an evolutionary process in terms of aberrant adaptation.

Activation of transposable elements as part of adaptive responses to cellular
stress has been described for various organisms. Shapiro (2014) paraphrases the
genomic changes resulting from this activation as active DNA engineering. In the
human genome, the L1 retrotransposons are of particular importance in this
context, as they are the only independently active mobile genetic elements here.
Activation of the L1 elements in the context of carcinogenesis would thus be
assumed. This could also explain the development of the unstable karyotype of
tumor cells. In the following section, the interrelationship between L1 transposons

and tumorigenesis will therefore be discussed in more detail.

8.1 Structure of the LINE-1 retrotransposons

As indicated in several places, all autonomous and active retrotransposons
belong to the group of LINEs (long interspaced nuclear elements), which can be
divided into LINE-1, LINE-2, and LINE-3. Of the named, LINE-1, which account for
17% of the human genome, are the most abundant and effective mobile elements
(Hancks and Kazazian, 2016). They replicate in the genome via the "copy-and-
paste” retrotranscription mechanism explained previously. Of the 500,00 copies
still in our genome according to Kazazian and Moran (2017), only 100 L1 copies
are still capable of transposition in the human genome (Brouha et al., 2003).
These retrotransposons, which are still intact, are approximately 6kb long and are
transcribed starting from an internal promoter and later translated into two large
protein complexes: ORF1p and ORF2p (Sultana et al., 2019). The
ribonucleoprotein particle (RNP) from the protein products in combination with
the L1 RNA in the cytoplasm also contains two important catalytic centers: on the

one hand, as an endonuclease, it catalyzes the cleavage of DNA at the sequence-
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specific target site; on the other hand, the reverse transcriptase is responsible for
the transcription of L1 mRNA into DNA to be integrated (Viollet, Monot and
Cristofari, 2014). Accordingly, ORF2p combines an endonuclease (EN) and a
reverse transcriptase (RT). Figure 36 shows the structure of the individual building

blocks of the L1 element:
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Fig. 36: Structure of the individual building blocks of the L1 element, (Zhang, Zhang
and Yu, 2020).

At the 5 end there is an untranslated region (5UTR). The promoter of the
element is located here. This is followed by two open reading frames: ORF1 and
ORF2. The untranslated region at the 3' end (3'UTR) ends with a polyadenylation
signal. Flanking an L1 element are sequence duplications, so-called target site
duplications (TSD). In the figure, one can also see the life cycle of an L1 element.
(Zhang, Zhang & Yu, 2020).

In addition to ORF1 and ORF2, Figure X also shows primate specific ORFO, which
is still found in the 5'UTR region and is oriented in the antisense direction. Denli
et al. (2015) found ORFO transcripts in primate induced pluripotent stem (iPS)
cells and concluded that ORFO forces L1 mobility and thus also plays an important

role in retrotransposon-associated genome instability or diversity.

104



The "life cycle" of an L1 element, as described by Rodi¢ and Burns (2013),
includes the following steps:

The L1 life cycle entails three steps. The first step is the transcription of a
genomic L1 into RNA, which is mediated by RNA polymerase Il from an internal
L1 promoter. Transcription from an internal antisense L1 promoter may occur
concurrently. In the second step, the RNA is translated into two L1-encoded
proteins: ORF1p, an RNA-binding protein, and ORF2p, a protein with reverse
transcriptase and endonuclease activities. These proteins associate with the
L1 transcript and the resulting ribonucleoprotein (RNP) complexes are then
transferred to the nucleus. The third step is termed target-primed reverse
transcription (TPRT). In the course of TPRT, ORF2p cleaves the target DNA
(often at a 5-TTTTAA-3" consensus sequence) and uses the 3" hydroxyl group to
prime the reverse transcription reaction. Synthesis of the second strand and
resolution of the structure is poorly understood. Because the L1 life cycle
generates DNA breaks, cell host proteins that mediate DNA repair are likely
involved." (Rodic¢ and Burns, 2013:1)
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Fig 37: Summary of the life cycle of an L1 retrotransposon according to Viollet, Monot
and Cristofari (2014).
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Viollet, Monot and Cristofari (2014) identify a total of seven steps (Fig. 37)in the
life cycle of an inactivated L1 retro transposon, although precisely "The
mechanisms involved in the final steps of this process and the resolution of the
integration are unresolved yet.":

Transcription: The individual factors required for transcription and which RNA

polymerase is used have not yet been fully clarified for human cells. Polymerase
II-mediated transcription has been shown for the retrotransposon "jockey” in
Drosophila melanogaster. It is considered certain that the YY1 and RUNX3
transcription factors in the human genome are involved. The promoter region is
located in the 5'UTR. The transcription ends at the poly-A sequence, sometimes
only at a stronger polyadenylation signal located further downstream. This can
lead to the entrainment of neighboring sequences (transduction) during
retrotransposition. Evolutionarily important sequences may have been shifted by
this mechanism (Yang, 2003). After transcription, the L1 RNA is exported from the

nucleus. Since no introns are contained, splicing is omitted,

Translation: The first open reading frame (ORF1) encodes a 40 kD protein (p40
protein). It is a nucleic acid binding protein that has a chaperone function for L1
RNA and is essential for retrotransposition. ORF2 encodes a 150 kD protein that
contains an endonuclease domain, a reverse transcriptase domain, and a zinc
finger domain. The ORF2 protein is responsible for reverse transcription and for
insertion of the transposed element into the genome. In the cytoplasm, the
protein products of the two ORFs are assembled and together with L1 RNA now
form the RNP (Wang and Jordan, 2018).

Entry into the nucleus: How the ORF2 proteins, or the ribonucleoprotein

particles, enter the nucleus is also still a matter of debate since proteins heavier
than about 60 kD cannot enter the nucleus by passive diffusion through nuclear
pores. One explanatory model is that the ORF2 protein, or the entire RNP

complex, enters the nucleus only during mitosis or meiosis, i.e., when the
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integrity of the nuclear membrane is lost. Mita et al. (2018) tested this hypothesis
using functional and biochemical imaging, respectively, and were able to prove
that L1 is start mobile, especially in the S phase of mitosis. However, these results
mainly refer to ORF1, which could be detected using antibodies; whether this also

applies to ORF2 to the same extent is the subject of research.

Endonuclease-meditated DNA nick: According to current thinking, after a DNA

strand is cut by the endonuclease, the 3'-OH end of the genomic DNA is used as a
primer for reverse transcription. The process is therefore also referred to as target
primed reverse transcription (TPRT). In this process, ORF2-endonuclase detects
the consensus sequence 3-'AA/TTTT-5" and cleaves the DNA at this site. The free
3'-OH end resulting from the cleavage can now be used as a template for reverse
transcription in the next step. Viollet, Monot and Cristofari (2014) have found in

vitro that ORFsp dimerizes and thus catalyzes DNA cleavage.

Reverse transcription: reverse transcription exposes a 3'-OH overhang as

initiation. In research, this step is often compared to that in which telomerase:
the reverse transcriptase enzyme is primed by the L1-poly adenyl tail, which now
hybridizes to the 5-TTTTA-3" at the "sticky end" (Richardson et al., 2014). After

reverse transcription of the strand, the DNA RNA is interrupted, and now the

complimentary DNA strand can be replicated.

Integration: TPRT results in sequence duplication at the site of integration of
the element (target site duplication, TSD) (Gilbert et al., 2005).

Truncation: Most L1 elements are truncated at the 5" end. This can be explained
by premature dissociation of reverse transcriptase from RNA. Partial degradation
of L1 RNA by RNAses before reverse transcription is complete is also conceivable.
Furthermore, a process known as twin priming is discussed. Here, the second DNA
strand is also cleaved during integration and the 3'-OH end functions as a second

primer for reverse transcription.

107



8.2 Life cycle of an L1 element

Ichiyanagi and Okada (2006) use the target analysis of nested transposons (TANT)
to further investigate the pathway of target-primed reverse transcription (TRPT)

in the vertebrate model organism zebrafish.

Figure 38 explains the L1 retrotransposition in more detail:
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Fig. 38: The life cycle of an L1 retrotransposon. Target DNA (black), L1 RNA (brown),
newly synthesized L1 cDNA (red), additional Nt (green). DSB (double-strand break);
EN (endodeoxyribonuclease); MH (microhomology); RT (reverse transcriptase); TANT
(target analysis ofnested transposons); TPRT(target-primed reverse transcription);
TSD (target-site duplication); TST(target-site truncation). Adapted from Ichiyanagi
and Okada (2006).
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Single stranded break of target DNA by an L1-encoded endonuclease on
the antisense strand (3'—5’).

Reverse transcription of L1 RNA, reverse transcriptase now adds one
deoxyribonucleotide complementary to the RNA at each 3'-OH, which is
now read from 3' to 5'.

DNA sense strand (5'—3') is now also cleaved.

Fully synthesized L1 cDNA hybridized with target DNA

Addition of new nucleotides at the 3' end of the DNA sense strand.
Synthesis of the sense strand (see 4) after annealing of the L1 cDNA and
ligation to form target-site duplications (TSDs) that are approximately
11-19 bp long.

Truncations, on the other hand, are the result of a double-strand break
(DSB) at the target DNA.

This leads to digestion of nucleotides by exonucleases.

Nucleotides are now added at the 3' ends, which on the one hand serve
as primers for the reverse transcriptase at the antisense strand and on
the other hand form an overhang at the sense strand. Not all of the L1
RNA is transcribed into DNA by RT, but there is a truncation of about 11
to 666 bp at the 5" end. This is referred to as target-site truncation (TST).

At this point, it is important to note that there are significant differences
between the L1 dynamics of mammals and other vertebrates. For example, in the
zebrafish study Ichiyanagi and Okada (2006), the L1 reverse transcriptase is only
capable of rewriting its own L1 RNA and L1 cDNA. In the human genome, we know
that L1 transcriptase can transcribe any RNA substrate provided it has a poly-
adenyl sequence. This also explains the particular success of L1 elements in
primates and the interaction with other mobile elements such as the ALU

sequences.
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8.3 Consequences of L1 retrotransposon activity.

The activity of L1 elements, i.e., the occurrence of retrotransposition, can have
both destructive and constructive effects on the genome of the corresponding
cells. The destructive processes include, above all, insertion (so-called insertion
mutagenesis by integration of a LINE1 into coding regions of a gene). For example,
insertion mutagenesis has been described for the factor VIII gene, resulting in
hemophilia A. Proteins encoded by L1 elements not only interact with their own
RNA (cis), but are also responsible for mobilizing nonautonomous
retrotransposons, e.g., Alu elements (trans). Homologous recombination between
L1 or Alu elements can lead to deletions or duplications of DNA segments. More
extensive genomic rearrangements such as large deletions and chromosomal
inversions have also been described. These processes can significantly affect
genome stability. Other effects of L1 activity are considered to be constructive.
For example, together with the L1 element at the 3' end, adjacent sequences can
be carried along during retrotransposition (transduction). In this way, exons (exon
shuffling) and regulatory sequences can be moved to other locations in the
genome. L1 elements can influence the expression of neighboring genes via an
antisense promoter in the 5UTR region. Protein-coding sequences may also have
originated in retrotransposons: This has been described, for example, for
telomerase, the enzyme maintaining the length of telomeres, the ends of
chromosomes. Telomerase is structurally closely related to the L1 RT. An

evolutionary benefit is attributed to these constructive mechanisms.

In the following subchapters, the entire range of consequences in which LINE-1
retrotransposition is driver or at least co-regulator will be presented. Insights into
evolutionary but also pathological consequences of the activity of L1
retrotransposons will be presented. The focus is on benign and malignant diseases
in the fields of hematopathology, immunology, neurology and finally oncology,

the latter will be dealt with in a separate chapter.
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8.4 Role of Retrotransposons in Hematology

The initial choice of hematopathology as a field of investigation for L1
retrotransposition activity is mainly due to the fact that this is the first described
L1-associated disease in the history of human medicine. In 1988, Kazazian and
colleagues at the Johns Hopkins University School of Medicine described two cases
in which a defective factor VIl gene, an essential blood clotting factor, leads to

hemophilia A. The first case was in the United States.

Hemophilia A is an X-linked hereditary disease in which blood clotting is
disturbed. Due to the inheritance, primarily male offspring are affected.
However, in the said two cases it is a de novo mutation that was absent in the
parents, both also have in common that an insertion of 2-4 kb in exon 14 is
characteristic. Kazian et al (1988) examined both insertions and found the
following: it is not a disruption due to expansion of short repeats, both insertions
have an adenosine-rich sequence (77 nucleotides) in close proximity to the 3'
breakpoints on the antisense strand. This provided the first clue that this is
probably an insertional mutation with an RNA intermediate reverse transcribed
into exon 14. Also conspicuous were 12-13 nucleotides that flanked the insertion

and were later identified as target sites duplications.

With the aid of a homology comparison of the sequence studied with L1
sequences published by Skowronski and Singer in 1986, the insertional mutation
could be attributed to the retrotransposition activity of an L1 element: " These L1
insertions are the first large non-viral insertions described in man which are not
due to expansion of short repeats by unequal crossing over events" (Kazazian et
al., 1988: 164).

This is the first time that the relationship between transposable activities of
mobile genetic elements and diseases has been empirically established. Kazazian
et al. (1988) also relate these results to the research of Fanning and Singer (1987),
who concluded a year earlier in their research on RNA of human teratocarcinoma
that a small number of intact L1 transposons are transcribed and translated in the
germline: "Because we do not know when these L1 insertions events occur,

whether in the sperm or ovum, after fertilization or during early stages of
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embryogenesis, the proportion of such insertions that are heritable is unknown"
(Kazazian et al., 1988: 166). In addition to retrotransposon-induced
coagulopathies, the pathological influence of retrotransposons on the production
of red blood cells has also been demonstrated - as early as 1987, Nicholls and
colleagues demonstrated that B-thalassemia lead to deletions in the a-globin gene
due to an exonic L1 insertion during Alu element-mediated recombination with

two Alu breakpoints.

A decade later, Schneider et al. (2009) present in their review article
retrotransposon-associated hematologic diseases, because besides the first
described hemophilia and thalassemia, polymorphic intronic insertions of L1
transposons trigger mainly neoplastic haematopathologies. These are primarily
leukemias, malignant lymphomas, and myelomas. The majority of these are
sporadic de novo mutations resulting from chromosomal translocations or other
genetic instabilities in the somatic genome. Schneider et al. group the effects of
retrotransposition in haemato-oncology at three levels: (1) epigenetic
interference, (2) alteration of gene expression, (3) insertional mutations in coding

regions:

1. Epigenetics: transposition capacity is primarily epigenetically regulated
and here mainly repressed by the methylation of CpG islands in mobile
elements. Indeed, a covalently bound methyl residue at the 5-C of
cytosine is found in the CG dinucleotides of mobile genetic elements in
the genome of non-cancerous somatic and differentiated cells, which
are already transferred in embryogenesis by DNA methyltransferases
(DNMT3a/DNMT3b). Zhu et al. (2006) demonstrate another protein, LSH,
plays an important role in maintenance methylation by DNMT1 and de
novo methylation by DNMT3a/3b. It is a helicase that is equally involved
in chromatin modification (Han et al., 2020). Low activity of LHS leads
to less efficient methylation of DNA and histones and eventually to
increased activity of transposons due to insufficient epigenetic
repression. This could be demonstrated for chronic lymphocytic
leukemia (CLL), multiple myeloma (MM) as well as chronic myeloid
leukemia (CML). The relationship between hypomethylation of L1
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retrotransposons and CML has been particularly well demonstrated by
Roman-Gomez et al. (2005): using methylation-specific PCR, they
demonstrated that in 75% of cases of blast crisis in CML,
hypomethylation of L1 could be detected - as well as empirically
demonstrating that in the case of hypomethylation, a poorer prognosis
for CML can also be expected due to poorer response to therapy.
Therefore, Schneider and colleagues suggest that epigenetic therapies
should also be considered for haemato-oncological neoplasms - and
refer to the successful implementation of this in the treatment of
myelodysplastic syndrome (MDS): by inhibiting DNA methyltransferases
and histone deacetylases, an "epigenetic therapy” was developed that
provided better results than classical chemotherapies (Griffiths & Gore,
2008).

Gene expression: active retrotransposons can also strongly influence
gene expression by intronic insertion. This leads, among other things,
to deregulation of (a) transcription (insertions in the promoter region,
or alteration of non-transcribable cis elements such as enhancers or
silencers), of (b) splicing by insertions in splice sites or branches, to (c)
exon skipping or (d) exonization, and can also influence the length of
the mRNA. For leukemias, in addition to mobile L1 transposons, mobile
Alu elements are particularly dangerous.

Insertional mutagens: Clearly, insertion into coding sequences is not
without consequences. It has already been demonstrated in animal
models that reverse transcription of L1 RNA into coding segments of the
Notch1 gene is contributory or potentiating for T-cell lymphoblastic
leukemia. This is a gene encoding the transmembrane receptor, which
is important for normal T-cell development. Activation and
transposition of (hypomethylated) retrotransposons in this gene are
associated with T-cell acute lymphoblastic leukemia (T-ALL), as Howard

et al. (2007) could prove in a mouse model.
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8.5 Retrotransposons in tumorigenesis.

The link between tumorigenesis and retrotransposition is obvious, as both have
been identified in the context of genetic instability. This was already established
in 1992 by Miki et al. using the example of a somatic L1 insertion in the tumor
suppressor gene APC, whose loss of function is responsible for 85% of colorectal
carcinomas (CRC). The researchers detected a 750 bp insertion in exon 16 by
Southern blotting using cDNA clones from the APC gene as probes. Notably, there
was a polyadenylate tract (nearly 180 bp) and an 8-bp flanking target site

duplication.

Similar studies in other tumors, show the relative abundance of inserted
retroelements in tumor suppressor genes or oncogenes. Scott et al. (2016)
recently addressed the question of whether this studied L1 insertional
mutagenesis in the APC gene is a passenger mutation, i.e., a mere concomitant
due to the genetic instability of cancerous genomes and only become active during
the more advanced stages of tumor progression and metastasis - or whether L1
insertional mutagenesis is causative for the onset of cancer and thus initiates
tumorigenesis. To test this, they perform a series of tests on a CRC patient who
has an L1 insertion in the previously described exon 16 of the APC gene. They scan
the genome of the tumor cells for other L1 insertions, examining all CRC candidate
genes to reconstruct the process of tumorigenesis. It should be prefaced,
however, that APC as a tumor suppressor gene must have function-impairing
mutations on both alleles; the mutational status of the second allele was not
elicited in Miki et al. (1992). In addition, it is important to consider that two
subtypes are distinguished in CRC: whereas the more common MSS (microsatellite
stability) phenotype arises from the causative APC mutation, the MSI
(microsatellite instability) phenotype is initiated by hypermutation leading to
faulty DNA repair (Nojadeh et al., 2018). To rule out that L- retrotransposition
was activated by genomic instability, researchers work with CRC of the MSS

phenotype.

To illuminate the role of L1 insertional mutagenesis in CRC tumorigenesis, Scott
et al. (2016):

114



. All CRC samples are scanned using an L1-Seq assay. In one patient, an L1
insertion is found in codon 1396 of exon 16 of the APC gene. Using Sanger
sequencing, the L1 insertion was determined to be 1378 bp in length. It
ends with a ~27-bp long polyadenylate tract and is flanked by two 14-bp
target side duplications (TSD). The insertion is truncated. Further PCR
examination of the DNA of the adjacent tissue confirms that the insertion
is found only in cancerous tissue.

. Using NGS whole genome sequencing, the entire genome of the patient is
now examined. The genome of non-cancerous cells serves as a reference
genome, against which the DNA of the tumor cells is mapped. Comparison
of non-cancerous and cancerous DNA reveals an additional 26 L1 insertions
distributed across the tumor DNA. All of them show both a polyadenylate
tract and flanking TSD, clearly indicating an RNA intermediate and target
primed reverse transcription (TPRT).

. Using the WGS, a stop codon was also identified in the APC gene just 160
bp downstream from the somatic L1 insertion. However, this is located on
the other allele. Now it is clear: while one allele is interrupted by the L1
insertion, the other allele fails due to a truncating nonsense mutation.

. However, WGS identified additional pathogenic variants in CRC-associated
genes: in the PIK3CA gene (a point mutation leading to an amino acid
substitution), in the KRAS gene (a tandem duplication) and in ACVR18 (a
deletion leads to a frameshift mutation). All three mutations were
identified in different tumor locations but were absent in the adventitious
tissue. This suggests an intimate role in early tumorigenesis but not
necessarily primary initiation.

. Using the Mobile Element Locator Tool (MELT) developed for the 1000
Genomes Project (Sudmant et al., 2015), a total of 308 L1 elements were
identified in the patient's genome and subsequently sequenced. By
comparing the APC-L1 insertion with the identified L1 retrotransposons, the
L1 source element could now be identified: it is a retrotransposon on
chromosome 17, which has two intact ORFs and thus also appears to be

active.
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f. Using strand-specific RNA-seq, it was possible to prove that the source
retroelement of chromosome 17 is active and transcribed in all somatic
cells of the patient, whereas this is not the case in unaffected healthy
individuals. Sequencing of the retroelement revealed a point mutation in
one of the four CpG islands in the promoter region (G61A).

g. bisulfite sequencing revealed that the promoter is hypomethylated due to
the loss of a CpG island, allowing the retroelement to escape epigenetic
repression.

h. by means of allele frequency comparison, it could be determined that this
point mutation (G61A) in the L1 element is specific to Central African
populations or African-American descendants. Thus, it is an inherited

mutation.

As shown in figure 39, this seems to have been the starting point for
tumorigenesis. Due to the nonsense mutation at the other APC allele, the
tumorsurpressor gene loses its function and further mutations like this one at
PIK3CA or KRAs accumulate and lead to polyp formation, eventually resulting in

adenocarcinoma:
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Fig. 39: Figure shows the role of the L1 insertion in the APC gene and other driver mutations in
the PIK3A and KRAS genes that subsequently lead to adenocarcinoma. (Scott et al., 2016)
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Cajuso et al. (2019) now apply the results of Scott et al. (2016) to another 200
CRC patients to better understand the role of retroelements in addition to the

progression of CRC tumorigenesis. In doing so, they conclude that:

In approximately 1% of the cases we identify insertions in APC, likely to be
tumor-initiating events. Insertions are positively associated with the CpG
island methylator phenotype and the genomic fraction of allelic imbalance.
Clinically, high number of insertions is independently associated with poor
disease-specific survival. (Cajuso et al., 2019:1)

Both Cajuso et al. (2019) and Scott et al. (2016) refer to the "Cancer Genome
Landscapes” by Vogelstein et al. (2013) when interpreting the observed data.
Vogelstein and colleagues describe different driver gene mutations, which stand
at the beginning of certain pathways and are responsible for three central cellular
processes. At the beginning, the tumor always requires an initial mutation, usually
of a gatekeeping gene, in order to have a selection advantage with regard to cell
growth and cell division compared to normal epithelial cells. For CRC, it is clear
that the APC gene is mutated and initially leads to the formation of benign lesions,
such as small adenoma. Further mutations like in KRAS stimulate tumorigenesis;
this is called clonal expansion. Mutations in PIK3CA, SMAD4 and TP53 generate a
malignant tumor, which now also forms metastases. Vogelstein therefore makes

a clear distinction between "driver” and "passenger” mutations:

Although it is easy to define a "driver gene mutation” in physiologic terms (as
one conferring a selective growth advantage), it is more difficult to identify
which somatic mutations are drivers and which are passengers. Moreover, it is
important to point out that there is a fundamental difference between a
driver gene and a driver gene mutation. A driver gene is one that contains
driver gene mutations. But driver genes may also contain passenger gene
mutations. For example, APC is a large driver gene, but only those mutations
that truncate the encoded protein within its N-terminal 1600 amino acids are
driver gene mutations. Missense mutations throughout the gene, as well as
protein-truncating mutations in the C-terminal 1200 amino acids, are
passenger gene mutations.

While the LoF of tumor suppressor genes could be explained by L1 insertion

mutations using the APC gene as an example, retroelements play a different role
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in oncogenes. Here, they primarily serve as promoter donors that lead to a

hyperexpression of oncogenes - this is referred to as onco-exaptation.

8.6 Retrotransposons derived Onco-exaptation

As previously noted, epigenetic modes play a central role not only in
embryogenesis but also in the totipotency of somatic cells. According to Vidal et
al. (2017), epigenetic de-regulations lead to genetic malignancies and eventually

to cancer.

Lynch-Sutherland et al. (2020) hypothesize that onco-exaptation, as previously
described by Babaian et al. (2015), drives oncogene expression. In this process,
regulatory motifs within retrotransoposons, particularly promoters, are
"recruited, which consequently forced the expression of oncogenes. In Fig. X, one
sees that in non-cancerous tissue, transposons are silenced by epigenetic
repressors. However, if this repression is lost during onco-exaptation (for
example, due to hypomethylation), transcription factors can now use the

accessible cis-promoter genes to express oncogenes (Fig. 40).
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Fig 40: Transposon-driven onco-exaptation leads to overexpression of oncogenes (Lynch-
Sutherland et al., 2020).

In the literature, two models were distinguished with respect to the relationship

between transposons and oncogenes:
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(1) The de-repression model (Lamprecht et al., 2010) proposes that activation

of TEs are a consequence of molecular changes during (earlier) oncogenesis.

(2) The epigenetic evolution model, on the other hand, as previously described
by Babaian and Mager (2016), assumes that at a given time in certain cells some
TE loci are unetylated. They therefore have the potential to provide cis-regulatory
elements for oncogenes. This is not per se triggered by epigenetic pathogenicity,
nor does it automatically lead to neoplasia. If this cis-regulatory element does
become active, then overexpression of the affected oncogene will occur, in some
cases conferring a selective advantage to the cell. If tumor formation now occurs,

then all clones of this cell have a selective advantage over other tumor cells and

8.7 LINE-1 elements as biomarkers

Numerous empirical studies have demonstrated the link between LINE-1
retrotransposition activity and tumorigenesis. These include (1) hypomethylation
of the LINE-1 promoter, which was discovered as early as 1993 to be causative for
colorectal carcinoma (Thayer et al., 1933). However, this was also proven for
other tumor entities in the coming years, such as lung cancer (Saito et al., 2010),
hepatocellular carcinoma (Honda and Rahman, 2019) and esophageal cancer

(lIwagami et al., 2013, Kawano et al., 2014).

In addition to the methylation status of the retrotransposons, the activity of LINE-
1 at the transcriptional and translational levels has also been demonstrated. For
example, Harris et al. (2010) previously demonstrated that ORF1 of LINE-1 was
expressed at high levels in the nucleus of breast cancer cells. Rodic et al. (2014)
provide similar evidence for ovarian carcinoma and also show that hypoexpression
of ORF1 of retroelements correlates with loss of TP53. According to Hosseinnejad
et al. (2018), ELISA measurements of ORF1 in serum allow conclusions about

prostate cancer.

Therefore, Lavasanifar et al. (2019) propose to use indicators of LINE-1
retrotransposon activity as biomarkers for cancer and to use them for diagnosis
but also as therapeutic targets. Biomarkers, according to the U.S. Food and Drug

Administration, are an umbrella term for all measurable characteristics of a tumor
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(FDA, 2017). Their determination provides additional information on the disease
situation, the likely course of the disease, or the effectiveness of treatments.
Tumor markers are a subset of biomarkers. They are endogenous substances that
indicate cancer. They are increasingly produced by the tumor cells themselves or
by healthy body cells in response to a tumor. The "classic” tumor markers are
usually proteins or protein-containing compounds. They can be detected in blood,

urine or other body fluids.
The National Cancer Institute distinguishes between:

a) diagnostic tumor markers,
b) prognostic tumor markers,

(

(

(c) predictive tumor markers,

(d) pharmacokinetic and pharmacogenetic tumor markers,
(

e) therapeutic tumor markers.

While solid tumors can only be diagnosed by examining the tissue via invasive
sampling by means of biopsy, non-invasive methods are used to try to determine
the response to certain therapy approaches or the respective therapy course via
circulating tumor cells or cell-free circulating tumor DNA in the blood, primarily

in a predictive manner (Sawyers, 2008).

In a review, Rodic (2018) collects over a thousand articles on PubMed that focus
the role of LINE-1 retrotransposons on tumorigenesis - only 35 of which have an
experimental approach that illuminates the complex relationship between

retrotransposition and oncogenesis in an evidence-based manner:

Small portion, or 9 out of 35 articles, link LINE-1 expression in cancer to a
potpourri collection of unique empirical observations, such as: micronuclei
formation, LINE-1 as pre-diagnostic biomarker within circulating tumor
cells/tumor DNA, gene expression profiles linked to LINE-1 expression,
putative mechanism of LINE-1-mediated cellular transformation, as well as
induction of apoptosis and proliferation following LINE-1 expression in cancer.
To my mind, these nine studies represent preliminary discovery-based work
that may prove to be of interest in the future. (Rodic, 2018: 1680)

In the following sections, the putative role of Line-1 transposons at the genome,
transcriptome and proteome level as tumor markers will be discussed in more

detail. The focus is not only on the opportunities for improved diagnosis and new
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therapeutic approaches, but also on the limitations with which research with

transposons is confronted.

8.7.1 L1 retroelement as diagnostic tumor marker

Tumor markers or biomarkers are biological substances that can be highly
elevated in body fluids due to malignant tumor disease and can thus be considered
as diagnostic tools. Due to a lack of specificity and sensitivity, tumor markers
cannot usually be used as search parameters but only as follow-up parameters.
With a few exceptions, tumor markers are therefore rarely used in the initial

diagnosis.

The diagnostic practicability of a biomarker depends on how specifically it can
be operationalized for a specific tumor entity. Since mobile genetic elements, as
part of non-coding DNA, have only been studied more intensively in recent years,
the relationship between (retro-) transposition and tumorigenesis has not yet
been definitively spelled out. In addition, transposons in general, but also
transposon-capable retrotransposons in particular, are very “polymorphic for
insertion presence/absence in different human populations at particular

chromosomal locations” (Konkel et al., 2007).

However, one of the first cancer entities in which the role of retrotransposons
could also be causatively demonstrated is CRC (Miki et al., 1992; Scott et al.
2016). Cajuso et al. (2019) studied over 200 colorectal tumors and found that in
1% of all cases L1-driven insertions into the APC gene are crucial for tumor
initiation. As described by Scott et al. (2016), the majority of these insertions are
due to de-repression of DNA methylation at the CpG islands of the promoter region

of the still inactive L1 transposons.

Approximately 30,000-45,000 GpG islands are distributed over the entire human
genome: up to 70% of them are located in regulatory sections, i.e., in the
promoter region. There they are mostly methylated. Non-regulatory sections of
the genome are therefore low in CpG, since the 5-methyl cytosine is spontaneously
deaminated to thymine (Lander et al., 2001). DNA methylation not only affects

the organization of coding regions (gene expression, transcription regulation, X-
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chromosome inactivation, imprinting, gene repression) but is the key mechanism

for transposon repression (Yoder et al., 1997).

Epigenetic modification of DNA is an important indicator of pathological
processes, especially tumorigenesis. For example, defective methylation of
promoters can lead to overexpression of oncogenes, or repression of tumor
suppressor gene expression. Burns (2017) highlights that certain hypo- but also
hypermethylation patterns of transposons are specific to certain cancers. Thus,
L-retroelements would be a useful diagnostic and prognostic biomarker-regardless
of whether the retrotransposition is the driver mutation that initiates
tumorigenesis or a passenger mutation that goes hand-in-hand with increased

genomic instability.

This can now also be applied in the diagnosis of CRC. To date, the gold standard
for the diagnosis of CRC is still colonoscopy (Pox et al., 2012). However, since it
is an invasive method -that is also associated with morbid complications- it also
has its limitations. One possibility would be to examine occult blood in the stool
- but this has less sensitivity or specificity compared to colonoscopy. Another
possibility is liquid biopsy, i.e., the examination of cell-free DNA (cfDNA) in blood.
In CRC, carcinoembryonic antigen (CEA) is usually examined - but this is also only

of limited significance.

Therefore, Ponomaryova et al. (2020) propose to examine L1 retroelements for
the degree of methylation of their CpG islands and thus provide an indication of
the genome-wide degree of methylation. The advantage over studying individual
malignant aberrations in genes is the quantity of L1 retroelements. Considering
that more than half of our genome consists of mobile genetic elements, better
statistical conclusions can be made about the whole genome. What remains
unanswered is to what extent this is a causative driver mutation (e.g., point

mutations in CpG islands leading to hypomethylation).

How could L1 methylation status now be studied in a resource-efficient manner?
The following techniques are proposed by Ponomaryova et al. (2020) (see graph
X):
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Fig. 41: Techniques to analyze the methylation status of CpG islands of L1
retroelements. On the right (in yellow) methods involving prior conversion of
unmethylated C to U - on the left (gray) methods that can be applied directly to
genomic DNA. (Ponomaryova et al., 2020)

(1) on genomic DNA, for example, MIRA (methylated-CpG island recovery assay
(Rauch et al., 2006) or AQAMA (absolute quantitative assessment of methylated
alleles) (de Maat et al., 2007).

(2) after chemical or enzymatic conversion, in which unmethylated cytosines are
converted to uracils, and only 5-methyl-cytosines remain, methylation pattern
can be performed by either methylation-specific PCR (MSP) or combined bisulfite
restriction analysis (COBRA) (Herman et al., 1996; (Xiong & Laird, 1997).

Although the methylation level of CpG islands of transposons is a promising
marker for liquid biopsy simply because they are present in higher concentration
in cfDNA, Ponomaryova et al. (2020) mention three limitations devaluing L1
retrotransposons as diagnostic markers and concludes that "Therefore, L1
methylation in cfDNA should be used as an additional marker indicating the

increased probability of a malignant disease."

(1) L1 methylation patterns in cfDNA are poorly studied and there are data
comparing methylation in cfDNA and in tumor tissue DNA for only four tumor

diseases.
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(2) even if hyper- or hypomethylations of CpG islands of retroelements are

detected in cfDNA, the tissue of origin remains enigmatic.

(3) Inter-patient heterogeneity and polymorphism of retroelements makes it

difficult to assign LINE-1 methylation profiles to a specific type or stage of tumor.

8.7.2 L1 retroelement as a prognostic tumor marker

Lee et al. (2019) suggest that LINE-1 elements should not be used as a diagnostic
marker in liquid biopsy, but that the methylation mute should be used as a
prognostic tool after tumor diagnosis. Again, the basis is the difference in
methylation of 5-UTR in retroelements in normal and cancerous tissues. Here,
they are studying in particular samples from patients who have already been

diagnosed and staged for breast cancer. The following studies will be performed:

1. Isolation of cfDNA from approximately 4ml EDTA blood and subsequent
digestion by restriction enzymes.

2. Bisulfite conversion PCR (BSC-PCR) followed by sequencing to determine the
methylation status of CpG islands.

3. Methylation-sensitive restriction enzyme digestion (MSRED) followed by rtPCR
as a control for BSC-PCR.

The results (Fig. 42) clearly show that first, the concentration of cfDNA was
significantly higher in breast cancer patients than in unaffected ones (represented
by the cell line MCF10a, these are healthy cells). Second, the level of methylation
was significantly lower in affected individuals. However, CpG islands were not
equally methylated in all affected individuals. In Fig. X, it can be seen that the

cancer cell line MCF7 has significantly lower methylation levels than MDA-MB-231.
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Fig. 42: Although the methylation level of cfDNA is significantly lower in breast cancer
cell lines - a clear difference is seen between hormone receptor positive and triple
negative cell lines. (Lee et al. 2019)

Both target lines studied were related to luminal and mesenchymal-like breast
cancers, respectively, but MCF-7 cells are primary tumors, and are characterized
by overexpression of hormone receptors in the simultaneous absence of HER2.
They are mainly used as a model for hormone therapy. MDA-MB-231 cell lines, on
the other hand, are triple negative and are typically metastatic. They are a model

for chemotherapy.

Thus, the methylation level of retroelements could be used to distinguish
between malignant and benign breast cancer entities after a successful diagnosis.
The novel aspect of the study by Lee et al. (2019) was the comparative approach:
they compared breast cancer in humans and in the model organism dog. A few
years earlier, however, Park et al. (2014) had proposed using retroelements in
prognosis. Prognostic biomarkers provide clues to the expected individual course

of the disease.

Park et al. (2014) investigated the methylation pattern of retroelements directly

in the cancerous breast tissue of about 180 invasive breast cancer samples.
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Previously, these were subdivided into different subtypes by
immunohistochemistry. For this purpose, primarily hormone receptors (ER, PR),
HER2, Ki-67, cytokeratins and growth factor receptors were labeled.
Subsequently, the methylation level of retrotransposons in the tissue was

analyzed (Fig. 43).
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Fig. 43: Metyhlation level of Alu elements and LINE-1 in normal breast tissue (NB),
atypical ductal hyperplasia (ADH)/flat epithelial atypia (FEA), ductal carcinoma in situ
(DCIS) and invasive breast cancer (IBC). While Alu elements are relatively uniformly
methylated, there are significant differences (p=0.008) between the four groups of
breast lesions: Metyhlation level decreases significantly in progression. (Park et al.,
2014)
Thus, Park et al. (2014) clearly demonstrated that hypomethylation is indeed
related to cancer progression. For breast cancer, the lower the methylation index,
the worse the prognosis, especially for younger breast cancer patients (van Hoesel

et al., 2012).

However, this is not true for all tumor diseases. While Park et al (2014) showed
a continuous decrease in methylation status from normal to invasive tumor tissue,
this is not the case for CRC, for example. According to Bae et al (2012), although
the methylation index decreases significantly during the transition from normal
tissue to adenoma, it is not evident during progression from adenoma to
carcinoma. On the one hand, this could indicate that hypomethylation is an early
event in CRC tumorigenesis, and on the other hand, that it is initial and thus

causative for it.
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For breast cancer, the low methylation seems to indicate a subtype: hormone
receptor negative but HER2 positive. This indicates a higher number of

chromosomal alterations and genomic instability (Ellsworth et al., 2008).

The correlation between methylation status of retroelements and tumor
progression is not only crucial for the prediction of disease progression and the
determination of tumor stage but also for the choice of therapeutic agent. Thus,
retroelements offer themselves not only as prognostic markers but also as

predictive markers for evidence-based therapy decision and monitoring.

8.7.3 L1 retroelement as a predictive tumor marker

Predictive biomarkers identify patients who are more likely to experience a more
favorable or unfavorable effect from exposure to a therapeutic agent than similar
individuals without that biomarker. For example, predictive biomarkers include
the expression of RAS family genes in the tumor tissue of colorectal cancer
patients. Before therapy with an EGFR antibody, for example, the KRAS gene is
examined. Only if this gene shows no alteration (which is the case in about 60
percent of patients) can therapy with an antibody directed against the EGF
receptor be successful. Hypomethylation of the promoters of retroelements can
lead either to knock-out of tumor suppressor genes or to overexpression of
oncogenes. Central to this process is the transcription of the retroelement into an
mMRNA followed by reverse transcription by the enzyme specifically encoded for

this purpose.

Zhang et al (2019) identify the derivative FGGY gene as a potential predictive
tumor marker in lung squamous cell carcinoma (LUSC). FGGY is a hydrocarbon
kinase and also an important tumor suppressor. This gene is most commonly
affected by retrotransposition through LINE-1 elements in LUSC: In this process,
insertional mutagenesis disrupts the start of exon 13 of the gene. This results in
expression of the L1-FGGY, which subsequently also strongly inhibited the
expression of FGGY genes of the other allele (Fig. 44).
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Fig. 44: Spearman rank correlation between the expression of L1-FGGY and FGGY: the
higher the concentration of derivative gene, the more the expression of the normal
gene was inhibited. (Zhang et al. 2019)

The consequence of the overexpression of derivative L1-FGGY is that many other
pathways are deregulated, in particular those that regulate the lipid metabolism
of the cell. In addition, local immune evasion occurs, i.e., in LUSC tumor tissue
that has particularly high levels of derivative L1-FGGY, CD4+ T cells are
significantly downregulated. Zhang et al (2019) attribute this to the fact that with
the dysregulation of the FGGY gene, cytokines (particularly IFNL4, TNFRSF11A,
TNFSF12, IL17RD, IL34, and IL27RA) are also downregulated, but these are
important for promoting de T cells. In addition, however, those cytokines that
regulate immunosuppression in normal cells (IFNy, IL17, and IL27) are upregulated

in L1-FGGY-positive tumor tissue, enhancing immune evasion.

To illuminate the precise relationship between retrotransposition and oncogenic
immune evasion, Zhang et al. (2019) develop an in vitro model: using a
recombinant lentivirus as a vector, the derivative L1-FGGY was introduced into
an LUSC cell line and overexpressed, and at the same time shRNA was used to
suppress the expression of FGGY. Thus, they confirmed that retrotransposition of
a LINE-1 into a FGGY significantly stimulated cell proliferation and repressed cell
apoptosis. In addition, cell invasion and EMT were promoted, facilitating
carcinogenesis. The next step is now to inhibit transposition by reverse

transcriptase inhibitors. More on this in the next subsection.
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8.7.4 L1 retroelements as therapeutic tumor markers

To conclude this chapter on the potential of retroelements as tumor markers,
the previously presented research by Zhang et al. (2019) on lung cancer now
presents the use of reverse transcriptase inhibitors. The mentioned L1-FGGY-
positive LUSC tumor cell line produced using recombinant lentivirus and shRNA
was now subcutaneously implanted into mice and treated with either nevirapine
(NVR) or efavirenz (EFV) for 22 days. NVR and EVF are both reverse transcriptase
inhibitors that block the enzymatic activity of endogenous RT (Patnala et al.,
2013). On the one hand, the experiments demonstrated that the RT inhibitors
can effectively inhibit tumor growth after 22 days (Fig. 45).

~ oo

L
«EFV

i

!

- 2
- N

Tumar volume (mm?3)

|

‘‘ L L L L L L L L L L ¥

% e RS0 38000 Do

Fig. 45: RT inhibitors effectively inhibit tumor growth (CRTL: control group, DMSO-
treated). (Zhang et al. 1019)

Another important therapeutic benefit is the inhibition of EMT and thus the
likelihood of metastasis (Fig 46).
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Fig. 46: gPCR analysis of EMT gene markers upon treatment with RTI: epithelial cell
marker E-cadherin increased, whereas mesenchymal cell markers e.g., N-cadherin
decreased. (Zhang et al. 2019)
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8.8 Reverse transcriptase as therapeutic target in oncology

Regardless of whether transposons are drivers or passengers of tumor genes
through insertional mutagenesis in tumor suppressors or promoter donors for
oncogenes, they remain a visible hallmark of cancer. In recent citations, LINE-1
have been 3addressed primarily as mobile genetic elements in theragnostic.
However, in recent years, reverse transcriptase (RT), the gene product of ORF2,
is gaining particular importance. Sciamanna et al. (2016) refer to L1-RT as an

“underestimated player in cancer”.

Research by Mangiacasale et al. (2003), Gualtieri et al. (2013) Patnala et al.
(2013) demonstrate high RT activity in tumor cells, which also correlates with
tumor progression. Inhibitors, as already presented in the last chapter, can
already reduce tumor cell proliferation, and antagonize de-differentiation

through pharmacological inhibition of RT (Miousse & Koturbash, 2015).

What is special about RT as a therapeutic target in the "war on cancer”, as
Hanahan (2014) describes the role of RT, is that it is no longer a genetic target
but a whole-genomic one and thus can be used independently of cancer entity

with the great advantage of being an early diagnostic cancer marker.

However, this would require a better understanding of the molecular basis for
RT-driven tumorigenesis. In particular, the interdependence between

retrotransposition and miRNA needs to be elucidated Sciamanna et al. (2013).

3 According to Wiesing (2019), theragnostic describes the interdependence of diagnostics and
therapy. The goal of theragnostic is to provide the right therapy for the right patient at the right
time. The main elements of diagnosis in theragnostic include determining genetic predisposition,
characterizing the stage of the disease, and monitoring the progress of healing. Theragnostic is
used, among other things, to determine the suitability and efficacy of a drug for a particular
disease in an individual patient.
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9. Transposons as tools for research

Transpons-derived enzymes are already an integral part of human genetics
research. One would be tagmentation and reverse trancriptase for the

preparation of cDNA libraries.

Tagmentation (Fig. 47) is a library preparation procedure in which the amplicon
is fragmented and labeled in parallel (Lu et al., 2015). This requires very little
starting material and still gets relatively uniform coverage of the genome (Picelli
et al., 2014). In this method, genomic DNA is fragmented by a Tn5 transposase,

and sequencing adaptors are attached in the same step (Hennig et al., 2018).

Fig. 47: lirbrary prepartion via tn5 tagmentation (Nextera).

Retrotransposon-derived reverse transcriptase (Fig. 48), on the other hand, is
used to convert RNA to cDNA, such as in reverse transcription PCR (Bachman,
2013):
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Fig. 48: reverse transcription PCR
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9.1 Genome modification using Sleeping Beauty Transposon

The following considerations go back to the publications of Izsvak and lvics (2004,
2015), who have dealt in detail with the use of SB transposons in gene therapy, in
their 2004 article the authors describe strengths but also limitations of transposon
technology, in their article a decade later they go a step further and try to predict
the consensus sequence using careful sequence analysis to reconstruct an
archetypal but active transposon within vertebrates. As a genetic engineering
tool, transposons have long been limited to invertebrate research. The SB
transposon revives and reactivates a transposon fossil in the fish genome. It is a
DNA transposon that transposes using the cut-and-paste method. Transposition
into the target genome forms the basis for long-term or possibly permanent
expression of transgenes in transgenic cells and organisms. This is a prerequisite
for a gene therapy approach, which aims to ensure that the tools used are 1. safe,
2. easy to use, 3. cost-effective, and 4. industrially producible. These criteria are
particularly true for operationalized vector systems based on viruses*. Non-viral
technologies °transfer nucleotides either unpackaged or using liposomes,

polypeptides, or synthetic polymers.

In this juxtaposition (viral vs. non-viral), transposons could be seen as a link:
they are dependent on the resources of the host cell, but unlike viruses, they are
firstly non-infectious and secondly only active in one cell. The basic idea of the
SB transposon is to recognize that transposons are precisely not “fossilized
molecular parasites” in the genome but exist in a peculiar symbiosis with the
genome and have been a driving force of evolution in the past. For example,
Lander et al. (2001) highlight that up to 50 genes have emerged from transposons,

the most significant being those genes that play an important role in the somatic

4 viral gene transfer vehicles used include fall adenovirus, retroviruses, herpesvirus, and adeno-
associated virus (AAV). Viral vectors are efficient are used in 70% of studies. and approximately 70% of
clinical trials are conducted with viral vectors (Schigetaka et al., 2002). Two key risks here are the risk of
insertional mutagenesis of endogenous genes upon repeated integration into the human genome, or an
undesirable immune response.
> Non-viral gene transfers are safer but usually more inefficient (Herweijer & Wolff, 2003) and therefore
have little application in clinical practice.
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recombination of the V(D)J mechanism in the genetic diversity of
immunoglobulins. Likewise, the authors emphasize that -even though transposons
constitute 45% of the human genome- there are very few transposable elements
that still possess the competence to transpose. The latter belong to the
retrotransposons (class 1), while DNA transposons (class 2), to which the SB

transposon system also belongs, have long since ceased to be active in humans.

This is, on the one hand, the result of inactivating random mutations in
transposon sequences, on the other hand, the result of efficient epigenetic
repression. Nevertheless, to operationalize DNA transposons for research, DNA
transposons from invertebrates have been used. These include transposons TC3 in

nematodes (Babity et al., 1990) and mariner in Drosophila (Jacobson et al., 1986).

In 1997, the researchers lvic and Izsvak succeeded in reviving a DNA transposon
that was active in the genome of salmon fish about 10 million years ago. Through
systematic mutation of the transposase protein and specific targeted modification
of the transposon DNA sequences, Zoltan lvics and his colleagues were able to
reawaken the DNA transposon fossil from its proverbial slumber. These are again
DNA transposons of the TC1/ Mariner type, but once active, they show
significantly higher activity in the target genome of vertebrates than the
previously tested transposons from invertebrates (Fischer, Wienholds & Plasterk,
2001).
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9.2 Structure of the Sleeping Beauty Transposon (SB)

The SB transposon has a simple structure (Fig. 49). In its original form, it consists

of a single gene encoding the transposase polypeptide, the enzymatic factor of

transposition. This gene is flanked by terminal inverted repeats (IRs), which are

also binding sites for the transposase. Researchers can now detach the transposase

gene from the IRs and replace it with other DNA sequences. This is because the

transposase can mobilize transposons by trans-acting® as long as they retain the

IRs. In other words, the transposase gene does not have to be on the same DNA

molecule as the transposon; it can be included either as an untranscribed gene,

or in the form of transcribed mRNA or as a translated protein.
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Fig. 49: Transposon system: a. SB
transposon with a therapeutic gene
of interest (GOI) in place of
transposase flanked by inverted
terminal repeats (ITRs), in addition,
a plasmid containing a transposase
(and a promoter) is delivered in
trans. b. Transposition: transposase
has been transcribed (mRNA) and
translated. The enzyme now binds
to ITRs and cuts out the transposon,
forming a synaptic complex. Now
the transposase docks at the
insertion site of the genome and
integrates the GOl (along with

% In the context of transcriptional regulation, a transacting factor is a regulatory protein that binds to
DNA and alters expression. The transactive gene may be located on a different chromosome than the
target gene, but activity occurs via the intermediate protein or RNA it encodes. Cis-acting elements, on
the other hand, do not code for protein or RNA; they are often located near the gene to be regulated.
Both the trans-acting gene and the protein / RNA it encodes should act on the target gene "in trans".
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Like all other Tc1 / Mariner- type transposase molecules, the SB transposase
inserts a transposon into a TA dinucleotide base pair in a target sequence. In
vertebrates, including humans, there are approximately 200 million TA sites. The
TA insertion site is duplicated during the transposon integration process. This
duplication of the TA sequence is a hallmark of transposition and is used to
establish the mechanism in some experiments. However, a recent study showed
that SB is also integrated into non-TA dinucleotides with low frequency (Guo,
Zhang & Hu, 2018).

9.3 Reconstruction of the active transposase

In the artificial construction of an active transposase, inactive transposon
sequences of two DNA transposons from salmon (Salmo salar) and rainbow trout
(Oncorhynchus mykiss) were combined. Subsequently, functional domains in the
transposase gene were corrected based on the consensus sequence identified in
other fish species apart from salmonids. The stepwise modification of the

salmonid transposase is shown in Fig. 50:
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Fig. 50: Reconstruction of the SB transposase: Step 1: Scheme of fossil Tc1 / marine-like
transposons in modern salmonid genomes; X: missense mutations; S: stop codons; F: frameshift
mutations; G: major gaps/ missing amino acids. Step 3: Elimination of gap (G) and termination
and frameshift mutations. Step 4: Reconstruction of the two-membered NLS sequence (orange
underlining). Steps 5-8: Reconstruction of the N-terminal DNA binding domain (orange underline).
Steps 9-10: Reconstruction of the catalytic domain (orange underline) including the DDE signature
residues (green boxes).

135



Steps 1-3 aimed to restore a complete protein by filling gaps in the sequences
using the reference sequence and removing and reversing stop codons that
prematurely aborted the synthesis of the peptide (from 360 amino acids). In step
4, mutations in the nuclear localization signal (NLS’ ) were now reversed so that
the transposase, which is synthesized in the cytoplasm, can now be imported into
the nucleus. In steps 5-8, the N-terminus of the transposase, which contains the
binding domain for the ITRs motif, is now reorganized. in the last two steps, those
catalytic domains that catalyze the insertion in the target gene are now
corrected. In doing so, the researchers are guided by conserved amino acids in
integrase and recombinases: In sequence, the conserved amino acids aspartic acid
(D) and glutamic acid (E) are reconstituted in steps 9 and 10. The result is now a
transposase (SB10) that contains all the domains and motifs necessary for
transposition. The final result was SB10, which contains all the motifs required for
function (lvics et al., 1997). The now intact transposase of 360 amino acids has

the following structure (Fig. 51):
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Fig. 51: Transposase has three main subdomains: the N-terminal recognition motif for binding to
the ITRs sequences, a nuclear localization sequence (NLS), and a DDE domain that catalyzes the
cut-and-paste process. The DNA recognition domain features two paired box sequences that can
bind to DNA and are related to different motifs found on some transcription factors; the two paired
boxes are labeled PAI and RED. The catalytic domain has the typical DDE amino acids (sometimes
DDD) found in many transposase and recombinase enzymes. In addition, there is a region that is
highly enriched in glycine (G) -amino acids.

7 A nuclear localization sequence (NLS) is an amino acid sequence that marks a protein for import into
the nucleus. Typically, this signal consists of one or more short sequences of positively charged lysines
or arginines exposed on the protein surface. Different nuclear-localized proteins may share the same
NLS. An NLS has the opposite function of a nuclear export signal (NES), which targets proteins outside
the nucleus.
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9.4 Mechanism of SB transposition

The SB transposition is a cut-and-paste process in which the transposable
element is cut out of its original position by the transposase and integrated in a
new position. The transposition process can be arbitrarily divided into at least

four main steps, which will be briefly outlined below:

1) Binding of transposase to ITRs motifs.
2
3

4) Insertion/reintegration at a target site

Formation of a synaptic complex (SCF).

(1)
(2)
(3) Excision from donor molecule
(4)

(1) Since potentially mobilizable transposons are found in every genome, the
specificity of transposition is an important issue. The human genome also
inactivated transposons, but these are only distantly related to SB and they are
unlikely to be mobilized by the SB transposase. This is because the recognition
and transposition of transposons (by SB transposase) appears to be highly specific.
According to lIzsvak et al, (2002), the specificity of transposition is regulated at
several levels: On the one hand, the transposase recognizes the associated
substrate very well and can distinguish it from similar sequences that differ in
only three base pairs, and on the other hand, the specificity of the transposase is

controlled within the process of synaptic complex formation (SCF).

(2) SCF is a process in which the two ends of the transposon are excised and held
together. Successful excision and formation of a synaptic complex requires that
the ITRs sequences in the transposase and transposon match. Specifically, these
are the ITR motif, a tetramer of the transposase protein, and a cellular host

factor, HMGB18. The SCF process appears to be a regulatory "check point" of

8 HMGB1is a non-histone protein associated with eukaryotic chromatin. Together with the closely related
HMGB2 protein, HMGB1 regulates a number of cellular processes, including gene regulation, DNA
replication, and recombination, including immunoglobulin V(D)J recombination. In addition, HMGA1
proteins are required for retroviral cDNA integration. SB transposase was found to interact with HMGB1
in vivo, suggesting that transposase can actively recruit HMGB1 to transposon DNA. HMGB1 enhances the
preferential binding of the SB transposase to the inner transposase binding sites within the transposon

137



transposition, where certain molecular requirements must be met for it to
proceed. The regulated formation of synaptic SB complexes serves as a quality

control of transposition, filtering out aberrant or nonspecific excision products.

(3) Excision results in the formation of sticky ends: the cuts at the ends of the
SB transposon are offset inward by 3 nucleotides, creating 3’ overhangs and leaving
the terminal nucleotides of the transposon at the donor site. Repair of the offset
double-strand break now creates a three-base pair-long transposon “footprint”(Luo
et al., 1998). Both excision and insertion are catalyzed by the same catalytic
domain of the transposase. Interestingly, however, flanking sequences at the
excision and insertion sites have different meanings for transposition. While
excision frequencies do not appear to significantly affect transposition, certain
sequences are more desirable for transposition integration than others. This also

explains the target selection of SB transposons.

(4) Most transposons do not randomly integrate into the target DNA; in fact, they
exhibit some specificity in recognizing the target sequence. There is a wide
spectrum in target site selection, ranging from highly specific to essentially
random. In some elements, accessory proteins play a role in localizing a potential
target. In other systems, likely including SB, target selection is primarily
determined by the transposase itself. SB addresses into a TA dinucleotide that is
duplicated upon transposition and flanks the integrated element (Vigdal et al.,
2002). Consider again that there are approximately 200 million TA sites in the
vertebrate genome, as in the human genome. The TA insertion site is duplicated
during the transposon integration process. Recent studies such as this one by Guo
et al. (2018), suggest that the SB transposase can also address other insertion sites
away from the TA dinucleotides. This duplication of the TA sequence is a hallmark
of transposition and is used to establish the mechanism in some experiments. In

general, the SB transposon is not autonomous, it does not encode its own

ITRs and promotes the bending of DNA fragments comprising the transposon inverted repeats]. HMGB1
is likely required for the efficient formation and/or stability of synaptic complexes during SB transposition,
thereby directing the subsequent catalytic steps of transposition. (Zayed, 2003)
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transposase, the latter being supplied by another source. This is useful for genetic
engineering applications in that one can regulate the process using the
transposase.

Vigdal et al. (2002) found that insertion of the SB transposon occurs randomly at
the genomic level. Approximately 35% of insertions occurred in transcribed
regions. However, most insertions that occur in genes are in introns. This is due
to base composition and accordingly length, which makes introns more attractive
targets for the transposon than exons or promoters. Surprisingly, only eight
insertion motifs could be recovered from repetitive sequences. Considering that
45% of the human genome consists of repetitive elements, this number seems
exceptionally low. Possible explanations for this phenomenon are base
composition and chromatin structure. Gu et al. (2019) comment on this as

follows:

The standard model of SB transposase-mediated transposition includes
symmetrical cleavages at both ends of the transposon for excision and re-
integration into another DNA sequence. In our analysis of excised transposon
fragments (ETFs), we found evidence for the requirement of certain flanking
sequences for efficient cleavage and a significant rate of asymmetrical
cleavage during the excision process that generates multiple ETFs. Our results
suggest that the cleavage step by SB transposase is not as precise as indicated
in most models. Repair of the donor ends can produce eight footprint
sequences (TACTGTA, TACAGTA, TACATA, TACGTA, TATGTA, TACTA, TAGTA
and TATA). [...] These findings may be important in considerations of
efficiency of SB transposon remobilization, selection of TA integration sites
and detection of SB excision and integration loci, all of which may be
important in human gene therapy. (Gu et al., 2019).

Important in this context is the comparison with viral vectors, namely these tend
to integrate more strongly in coding regions, furthermore AAV integration sites
are often associated with large deletions as well as chromosomal rearrangements.
Therefore, it seems that SB transplantation may be a safer alternative for stable

genomic integration than viruses.

9.5 Transfer and transgenesis of SB tools

Gene transfer is a necessary step in molecular therapy to introduce a new gene
or silencing a (possibly pathogenic) gene. There are many different methods of

gene transfer for different types of cells and tissues (Nayerossadat et al., 2012).
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For gene therapy, transfection by vectors of viral or non-viral origin plays a more
important role than physical or chemical methods. The latter methods are usually
accompanied by damage to cellular structures. Therefore, vectors are used for
artificial transfection in eukaryotes. Vectors include a wide variety of transporter
vehicles for foreign DNA into the eukaryote cell, including phages and phagemids,
cosmids, and even germ cells. For the topic discussed here, however, plasmids
and viral vectors are of particular importance, as SB transposition tools represent
a combination of these two tools, thus optimally exploiting their advantages and
minimizing their disadvantages. Viral vectors are introduced into the host cell by
transduction, and the desired sequence to be integrated (or expressed) is

incorporated into the viral genome.

In figure 52, the transfer of the SB transposon system into the intended cell is
described in detail: The components (plasmid with genes of interest flanked by
ITR, plasmid with blueprint for transposase or mRNA? of the enzyme) can be
delivered either via: 1. transfection, 2. nucleofection using electrotransfer
directly into the nucleus, 3. liposome packaging (or 4. through viral hybride
vectors). After entering the cell, transcription/translation of the transposase gene
occurs in the cytoplasm and an enzyme is formed. This binds now to the flanking
ITRs, excises, and integrates the gene of interest into chromosomal DNA of the

genome.

% The use of transposase mRNA is preferable to a dsDNA version in the format of a plasmid for
two reasons (Bire et al., 2013): 1. On the one hand, it prevents the DNA transposase gene from
integrating into the human genome, and on the other hand, it reduces toxicity during
elctrotransfer.

140



<B transpog,
(]

&
L
= (o]

mRNA

v
| + - |
Transfection Nucleofection L|posome Nanoparticle Viral vectors

L

.4'

Transcription

cpiranspg

l Excision
Rl

l Integration

Genomic DNA
Nucleus m

Cytoplasm

Fig. 52: Insertion of the components of the SB stems into target cells
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9.6 SB Transposons in Genetic Engineering

SB technology is becoming increasingly important in human therapeutic research
but also in the field of gene transfer and gene discovery. This is due to the fact
that it is an excellent non-viral transfer tool of which the transposition mechanism
has already been well studied and characterized (Narayanavari, 2017). The
following ten reasons are equally crucial for the use of SB technologies in genetic

engineering:

1. Resource-efficient and economical (Hudecek et al., 2017): compared to viral
vectors, the production and use of plasmids is much cheaper and less labor-

intensive.

2. Stable transgene expression (Wilber et al., 2007): in the long term, the gene
products introduced by the SB vector will be produced in different cell types, even

if SB vectors are not entirely resistant to silencing.

3. Broad spectrum of target cells (Izsvak, lvics & Plasterk, 2000): a variety of cell
types, including those primary cells that are critical for therapy, can be addressed

using SB technologies.

4. No restriction to cells capable of division (Huang et al., 2006): primary cells

that are no longer capable of division can also be targeted.

5. Structure of the transgene remains intact (Voigt et al., 2016): even complex

transgenes can be faithfully incorporated and expressed using the SB vector.

6. Transfer of large sequences (Rostovskaya et al., 2012): the cloning capacity
of SB vectors can exceed 10 kb, with combinations with bacterial artificial

chromosomes (BAC) allowing even transgenes up to 0.1 Mb.

7. Benign promoter activity (Walisko et al., 2008): compared to Moloney murine
leukemia virus (MoMLV), the enhancer or promoter activity of the ITRs of SB
transposons is a hundredfold lower, making unintentional hyperexpression or

exaptation of genes less likely.
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8. Low immunogenicity (Tipanee et al., 2017): due to the separation of
transposase and transposon vector, the enzyme is only transiently present in the
target cell and does not trigger an immune response, which can be observed in

the case of viral vectors, for example.

9. No cross-mobilization in the human genome (lvics, 2016): unlike piggyBac,

the SB transposon is not mobilized by any of the human genes or proteins.

10. Random transposition in the genome (Vigdal et al., 2002): incorporation of
with SB transposons occurs almost completely randomly, as the transposase
integrates into TA dinucleotides, resulting in more frequent transposition of
recombinante sequences into non coding DNA segments than is the case with viral

vectors, which preferentially integrate into coding sequences.

Precisely the last point mentioned, i.e., the random transposition of the SB
transposon at TA dinucleotides in the human genome, distinguishes SB
transposons from CRISPR/Cas tools (Sandoval-Villegas et al., 2021). After all,
there are over 200 million TA dinucleotides in the mammalian genome (Hackett
et al., 2013) and thus a vast number of possible insertions (Jung et al., 2016). This
makes the interactions between transposon and target genome difficult to
predict, which is better achieved with targeted nucleases such as the
CRISPR/Cas9, as a specific DNA target sequence is specifically recognized via a
guide RNA and subsequently cleaved via the nuclease (Doudna & Charpentier,
2014).

In Crispr/Cas systems, repair occurs after double strand break (DSB) - either via
non-homologous end joining (NHEJ) or homologous directed recombination (HDR).
However, Kovac et al.(2020) emphasize that knock-out of genes (for example, via
frameshifts in the NHEJ pathway) is much more efficient than knock-in of new

sequences, which is achieved via HR (Fig. 53).

19 The insertion into the target sequence TA is not as stringent as previously thought. Guo, Zhang
and Hu (2017) further identified 28 thousand non-TA SB insertion sites using next generation
sequencing.
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As can be seen in Fig. 53, both tools can now be combined (Kovac et al., 2020):

a. Single guide (sg) RNA, complementary to the target DNA, in this case one has

targeted repetitive Alu sequences in the human genome.

b. Fusion protein of a one SB100X and an inactivated Cas9 (dCas9) connected
by a linker (Fig. 54 right)

/ Linker \
. @
Alu-specific dCas9-SB
sgRNA fusion protein

Alu-specific dCas9-SB _
fusion protein

Transposon + dCas9-5B
é\ complex

Fig.54: sgRNA guided transposition, a combination of the targeting capacity of Crispr-
Cas9 systems and the insertion capacity of SB transposons (Amberger & lvics, 2020).
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9.7 SB Transposons in Oncogenomics

Transposons, whether PiggyBack (PB) or Sleeping Beauty (SB) have also been
applied to oncology in the last decade (Rad et al., 2010; Starr et al., 2009; March
et al., 2011). In particular, insertional mutagenesis of transposons has been used
to: 1. describe tumor evolution in further detail, 2. understand networks of
cooperating genes in a tumor entity, 3. differentiate between driver and
passenger mutations in a specific genetic tumor profile, 4. understand the process

of metastasis and 5. identify any resistance against therapeutic approaches.

Thus, SB-mediated insertional mutagenesis became an important tool to
provide prognostic and predictive information for tumors. In combination with
comparative oncogenomics, in which candidate cancer (driver) genes (CCGs) are
compared between human and mouse models, the succession of cancerous
mutations and thus the origin and progression of tumorigenesis can be better
understood (Morris et al., 2016).

In the past, retroviral mutagenesis was the main tool used to identify CCGs.
However, as described in the last chapter, viral screening tools are not
recommended because of one drawback: They do not interact as randomly as
transposons with the targeted genome and consequently have a higher promoter
activity (Kool & Berns, 2009). Therefore, there has been a shift to using SB
transposons for the purpose of CCG determination (Takeda, Jenkins & Copeland,
2021).

S'LTR MSCV VS-ug

Abb. 55: Structure of the screening SB systems (SB10), that can lead to prematurely
terminating expression of tumor suppressor gene or overexpression of oncogenes
(Takeda, Jenkins & Copeland, 2021).
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Figure 55 provides an example of the structure of the screening SB systems. From

left to right we find the following structures with the corresponding functions:

e IRRDRL: unique inverted repeat sequences, which is recognized by
transposase.

e SA: splice site acceptor, can lead to loss of function by exon skipping in
the case of a tumor suppressor gene and thus to truncation of the protein
product.

e 5 LT-RMSCV: 5 long terminal repeat of the murine stem cell virus
containing powerful promoter and enhancer elements leading to an
overexpression of oncogenes.

e SD: splice site donor

e IRRDRR: right inverted repeat sequence.

In comparative oncogenomics, transgenic mouse models that already carry the
SB10 transposase by knock-in in the genome are used. In addition, the lox-STOP-
lox'! sequence was also introduced in mouse genomes, and now the SB system can
be controlled patio temporally by tamoxifen-inducible tissue-specific Cre

recombinases.

To identify CCGs for colorectal cancer, for example, several strains of transgenic
mice already carrying a mutant APC allele are treated with SB transposons. As
early as 1992, Su et al. proposed that CRC develops via multi-step acquisition of
mutations. For FAP, LoF of APC is initial, followed by overactivation of the KRAS
gene and LoF of SMAD4, which may eventually lead to inactivation of TP53.

" The lox DNA sequence originates from bacteriophage and consists of 34 base pairs, including
an asymmetric sequence of eight base pairs (the central two of which are conserved) flanked on
both sides by palindromic thirteen bases. This is a recombination system. It allows the targeted
removal of DNA sequences in living organisms. This technique can be used, for example, to
genetically modify individual specific cell or tissue types, while leaving other tissues unaffected
(Piovan et al., 2014).
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Takeda, Jenkins and Copeland (2021) generate mouse models with corresponding
mutations and show that APC plays the role of a gate-keeping gene in all mutants,
but surprisingly different selection dynamics occur in SMAD4 knock-out mice. The

researchers summarize:

[...] the cancer-causing mutation that occurs first, influences the nature of
the mutation that is selected next, which in turn, influences the mutation
that is selected third, and so on down the line. To put this another way, the
order in which mutations accumulate in tumor cells over time is not random.
Mutations occur randomly but the selection of mutations does not. This helps
to explain why, in human CRC, the mutations largely occur in a non-random
order, with APC mutations occurring first, KRAS mutations second, followed
by SMAD4 and then TP53 mutations. (Takeda, Jenkins and Copeland 2021:
2094)

Hou et al. (2014) propose the application of SB transposons not only as a
screening tool as in the previous example, but also in gene therapy of cancer. For
example, Chimeric Antigen Receptor (CAR) T-cell produced using SB transoposons
have already been successfully used for immunotherapy of leukemia (Magnani et
al., 2020). Another approach is the insertion of therapeutic transgenes into the
genome of treated cells, so that a previously inactivated or truncated protein can
now be permanently expressed, or genes whose expression leads to tumor cell

death or impedes angiogenesis can be introduced.

Chang and Mou (2019) succeed in the latter, using a Sleeping Beauty transposon-
mediated asparaginase to arrest cancer cell growth. As a semi-essential amino
acid, asparagine plays a key role in tumor metabolism. Krall et al. (2016) show
that apoptosis is initiated in tumors when the synthesis of asparagine is
suppressed, this is typical for cancer cells as asparaginase synthetase is only
produced in low amounts in leukemias in the cancer cell, among others -
suggesting it as a therapeutic target. If the synthesis of this amino acid is now
further inhibited via overexpression of asparaginase, tumor growth can be

controlled.
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10 Conclusion and Prospects

As already anticipated in the section on results: Transposons are integral
components of viral and chromosomal genomes and, together with the circular
ssRNA viroids, they provide the link to the primordial RNA world. Tranpsons
themselves, like the Alu elements in the primate genome, but also their

derivatives are important components of the human genome.

But why should we pay more attention to transposons? After having presented
transposons as biomarkers in personalized medicine, as therapeutic targets in
oncology, and as effective tools in oncogenomics in the preceding chapters, four
further meta-conceptual reasons will nhow be given why transposons-related

research desiderata should be brought more into focus:

1. Transposons make up a large proportion of the non-coding segments of DNA.
The reality is that in the past, due to technical and practical limitations, the focus
has been on coding regions. Sanger sequencing has primarily been used to
sequence coding genes, usually specific exons. However, with the high-throughput
techniques of next generation sequencing, these limitations have become
obsolete. Nevertheless, the gold standard is still exome sequencing. This has not
only to do with the fact that sequencing the exome or a panel of exons of
candidate genes is cheaper - they are, above all, easier to interpret. This is
because coding regions are subject to greater conservation pressure which makes
aberrations, i.e. variants, easier to interpret. Non-coding regions, on the other
hand, exhibit a polymorphism that has only been recorded to a limited extent to
date, and deviations from this are difficult to measure - because this would
require a reference genome that more or less provides a norm. And yet, with the
use of whole genome sequencing, we will not be spared the opportunity to take
non-coding regions into greater consideration, for example, in order to find
causative genetic changes for tumor diseases. Random and sproadic mutagenic
events in non-coding regions happen at least fifty times more frequently than
in the coding exome. We recall: a maximum of 2% of DNA is coding. While

promoter regions and splice sites have recently been included in variant
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annotation, intronic variations are often left out. Non-coding variants outside the

intron receive little attention.

Transposons offer a practical starting point for the study of these non-coding
regions: transposons have structural features that could help us to stratify and
order these exome regions. Another suggestion that could eventually find its way
into the clinical research would be not to map the tumor genome against a
reference genome but to use the DNA of non-cancerous cells as a reference and

compare them.

2. Research around transposons could represent a step forward in theory building.
Indeed, we have no shortage of empirical data today - through Open Access and
Open Data options, researchers have an incredible amount of empirical data at
their disposal. However, as mentioned in the first point - our interpretive scope
is limited by the polymorphism of non-coding domains and by the lack of
knowledge about the implication of different non-coding mutations. We need
theoretical concepts that relate these vast amounts of empirical data. As well as
new hypotheses, we need to have the courage to challenge old concepts such as
the somatic mutation theory. In this context, we should also take the research of
Barbara McClintock as a good example. About a decade before the discovery of
the helical structure of the DNA, she had already hypothesized the existence of
"jumping genes” on the basis of her empirical observations. This should not,
however, be done with rigid concepts and dogmatic doctrines as in the past, but
rather by promoting a healthy interrelationship between theoretical and empirical
data.

3. Similarly, the relationship between embryogenesis and tumorigenesis should
be researched more intensively. Transposons, which play a key role in both
developments, could be the starting point for comparative genomics to not only
understand the origin and progression of cancers (in the context of aging
processes) but to find a therapeutic approach that offers chances of success for
all tumor entities and equips personalized medicine with powerful therapeutic

targets.
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4. Fourth and finally, the study of transposons is a cross-sectional topic that is not
only relevant for oncogenomic questions but also connects evolutionary,
phylogenetic, ontogenetic and agig-related research fields. The transdisciplinary
approach has allowed the Sleeping Beauty transposon to be awakened from the
fish genome for research on the mammalian genomes - and the transdisciplinary
approach has also promoted the combination of transposons as powerful vectors
together with deactivated RNA-directed CRISPR-CAS components for more
accurate work with target genomes. The collaboration of genetics, medicine,
evolutionary biology, immunohistochemistry and other disciplines will open new

perspectives in the future.

Finally, as in the introduction, | would like to cite the concluding quote from
Baraba McClintock in her 1983 Nobel Lecture:

“The mobility of these activated elements [transposons] allows them to
enter different gene loci and to take over control of action of the gene
wherever one may enter. Because the broken end of a chromosome
entering a telophase nucleus can initiate activations of a number of
different potentially transposable elements, the modifications these
elements induce in the genome may be explored readily. In addition to
modifying gene action, these elements can restructure the genome at
various levels, from small changes involving a few nucleotides, to gross
modifications involving large segments of chromosomes, such as
duplications, deficiencies, inversions, and other more complex
reorganizations. It was these various effects of an initial traumatic event
that alerted me to anticipate unusual responses of a genome to various
shocks it might receive, either produced by accidents occurring within the
cell itself, or imposed from without, such as virus infections, species
crosses, poisons of various sorts, or even altered environments such as
those imposed by tissue culture. [...] In the future attention undoubtedly
will be centered on the genome, and with greater appreciation of its
significance as a highly sensitive organ of the cell, monitoring genomic
activities and correcting common errors, sensing the unusual and
unexpected events, and responding to them, often by restructuring the
genome."” (McClintock, 1983)
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