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Abstract

Transposable elements are mobile segments of DNA that can integrate themselves into different parts of
the genome through various mechanisms. Retrotransposons are a type of transposable element found in
humans that transpose via a copy-paste mechanism. Several mutations have been linked to
retrotransposon insertions, resulting in genetic disorders, including cystic fibrosis. This review examines
the role of retrotransposons in human genetic diseases like cystic fibrosis. Approximately 15% of the
CFTR gene mutations can be attributed to retrotransposon insertions. Since there is an understandable
propensity to focus on the most common CFTR mutation (F508del, in 70% of CF cases), there is a
pronounced gap in the field of cystic fibrosis research involving transposable elements; which may also
be present in conjunction with other mutations. Furthermore, anecdotal evidence is emerging that
CRISPR targeted, therapeutic intervention sites may subsequently be more prone to retrotransposon
insertions. This review aims to bridge these gaps. By uncovering the existence of, and function of
retrotransposons in gene regulation networks, their roles in genetic disease can be better understood. We
describe the various types of human retrotransposons, their role in gene regulation, the two major
disease-causing insertions of retrotransposon elements in the CFTR gene, and the overall clinical
implications of transposable elements in the context of human disease in general and for cystic fibrosis
in particular. In combination with inventions in molecular biology and advancements in bioinformatic
approaches, in an ironic twist, it has emerged that retrotransposons may even be harnessed for their
therapeutic effects in cystic fibrosis and other genetic disorders.
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Introduction

Transposable Elements (TEs), or “jumping genes”,
are mobile genes that can integrate themselves into
other parts of the genome (1-3). TEs make up
nearly half the human genome, and while they
have been widely known to be junk DNA, recent
studies have uncovered their  functional
capabilities, especially in areas involving gene
expression. TEs can be classified into two main
categories: DNA transposons, which transpose
themselves directly, and retrotransposons, which
transpose themselves via an RNA intermediate (3).
Of these, retrotransposons are the only TEs found
in the human genome.

Retrotransposons use a copy and paste mechanism
to replicate, in which reverse transcriptase
transcribes the RNA intermediate, and the cDNA
that is produced gets inserted into another part of
the genome (1, 2). Retrotransposons can be
classified into two main categories: those with
Long Terminal Repeats (LTR), and those without.
Non LTR retrotransposons can be further classified
into long interspersed elements (LINEs) and short
interspersed elements (SINEs) (2-4). LINEs and
SINEs play important roles in gene regulation.
Their functions regulating chromatin
boundaries, transcription, and RNA processing.
They also have the potential to suppress the
expression of nearby genes depending on
epigenetic factors, like DNA methylation (1, 3).

include

Some retrotransposon insertions have the potential
to cause diseases in humans. Many of these are
single gene disorders, and include diseases like
Hemophilia, Breast Cancer, and Menkes Disease
(2). Cystic fibrosis is a notable inclusion among the
single gene disorders linked to these insertions, and
this review will focus on how retrotransposons
impact this disease.
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It should be noted that, while retrotransposon
mediated indels have been shown to be sufficient
to cause cystic fibrosis, there are many other
components that contribute to the disease’s
manifestation. There are several molecular and cell
signaling cofactors which manifest on the
translational level that contribute to CFTR
mutations. These include, but are not limited to,
defective protein processing, dysregulation of
upstream promoter elements, and even defective
post-translational protein processing (5, 6). In
some cases, there is variance among the tissues of
individual cystic fibrosis patients. For instance,
Pagani et. al. reported that patients with cystic
fibrosis have different levels of retrotransposon
mediated exon 9 skipping among different tissues
(7). This illustrates variance in the ability of
retrotransposon mediated indels to cause cystic
fibrosis, and suggests that other factors operate in
conjunction with the polymorphic locus to regulate
the amount of exon 9 skipping. Overall, cystic
fibrosis still remains a prominent inclusion in the
breadth of retrotransposon linked diseases, and this
review will focus on the role of retrotransposons in
cystic fibrosis origin and management.

Methods

Pubmed (https://pubmed.ncbi.nlm.nih.gov/) was
utilized as the literature search tool for this review.
The search query “retrotransposon genetic disease”
yielded 1,199 results. The query results were
restricted to a range of 2000-2022, and the
keywords “cystic fibrosis” and “single gene
disorders” were applied. After further filtering
based on relevance and sufficiency, 50 results
remained. These results revealed two major
retrotransposon insertions in the CFTR gene that
cause cystic fibrosis, bioinformatic approaches to
retrotransposon insertions in genetic disease, and
the role of various transposable elements in gene
regulation pathways. 26 results were ultimately
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included in the review. A flowchart presenting the
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literature search method is shown in Figure 1.

Transposable Elements
(n=1,168)

Retrotransposon Copy-
Paste Insertion
Mechanism
(n=198)

Retrotranspositional
Events causing Human

CFTR gene
(n=11)

Retrotransposons
in Cystic Fibrosis

Genetic Disease
(n=81)

Alu Element Insertions
causing Genetic Disease

2 Alu insertions on exons
of CFTR gene leading to
aberrant splicing and gene

Synthesis

Exclusion Criteria

1. Replicate Papers

2. References with Similar
Conclusions

3. Papers Before 2000

dysfunction

Figure 1: Literature search method

Cystic fibrosis

Cystic fibrosis is a life-restricting autosomal
recessive disorder that primarily affects the lungs
and pancreas (8-10). This disease is characterized
by infection prone airways, resulting respiratory
failure, as well as inadequate exocrine activity
from the pancreas, resulting in malnutrition and
other related diseases (8, 10). Cystic fibrosis results
from the  cystic
transmembrane conductance regulator (CFTR)
gene. Malfunction of this gene leads to
dysregulation of ion flow across plasma
This causes those afflicted to be
particularly vulnerable to infections due to mucus
buildup in the lungs, and malabsorption due to
mucus blockage of the pancreatic ducts (8, 9).

mutations  in fibrosis

membranes.

Cystic fibrosis is most prevalent in Caucasians,
with an incidence of 1:3,200. Caucasians also have
the highest carrier frequency, at 1/29. Those of

Hispanic descent have an incidence between
1:10,000 and 1:14,000. Those of African descent
have an incidence of 1:15,000. Finally, Asians are
the racial group least susceptible to cystic fibrosis,
with an incidence of 1:35,000 and a carrier
frequency of 1/90 (8). Currently, there are an
estimated 70,000 cases of cystic fibrosis
worldwide, with the distribution being most
concentrated in FEurope, North America, and

Australia (10).

Over the past decade, the median survival age has
increased significantly, from around 36, to about
43 (8). Additionally, improvements in treatment
for the disease has shifted cystic fibrosis from a
disorder primarily found in children, to one found
mostly in adults, with the number of adults with
the disorder being predicted to increase by nearly
70% by 2025 in Europe (9).
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Cystic fibrosis has multiple clinical manifestations
that contribute to the disease’s progression, several
being fatal. The ones that result most frequently in
mortality are bronchiectasis and small airway
obstruction, as they often lead to respiratory
failure. Cystic fibrosis’ impact on epithelial cells
also causes accompanying diseases like biliary
cirrhosis, malabsorption, and heat shock (9).
Clinical approaches involving the development and
administration of drugs to clear mucus from the
airways and treat infections have substantially
improved over the years. Additionally, therapies
that correct the basic defect in the CFTR gene
present a novel solution to the disease (8, 9).
Currently, the two major approaches are the use of
small molecules to regulate and restore function to
the CFTR protein, and the use of molecular or gene
therapies to correct the CFTR gene mutation and
produce functional CFTR proteins (9). Though
innovative therapies like these are being presented,
there is an overwhelming lack of solutions that
consider the role of retrotransposons. Out of over

1,300 studies documented on
http://clinicaltrials.gov about cystic fibrosis, not a
single one considered the retrotransposon

insertions that impact the disease. The lack of
exploration of this may the
development of solutions, and should as such be
considered when developing newer treatments.
This review will focus on the retrotransposon
insertions that affect cystic fibrosis, how they link
to the underlying cause of the disease, and their
clinical implications.

avenue limit

Conventional disorders linked to retrotransposon
function

In humans, the primary source of continuous
retrotransposition is the LINE-1 family, a group of
retrotransposons that contribute to protein coding
activities. Because TE expression is regulated so
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rigidly, most elements are silenced in somatic cells,
usually through heterochromatinization or DNA
methylation. Because of this, TE expression in the
genome is generally limited to intron sequences
and long noncoding RNAs (IncRNAs). However,
when these regulatory mechanisms are bypassed,
patterns of modified TE expression emerge,
impacting many disorders (11). For instance,
Hemophilia A and B, Breast Cancer, Menkes
Disease, and Dent’s disease have all been linked to
retrotransposon insertions (2).

Several types of cancer, including lung, colon, and
pancreatic cancer, are closely associated with
deregulation of L1 promoters and elements. This
occurs through retrotransposition of L1 elements in
somatic cells, hypomethylation, and expression of
L1 synthesized proteins like L1 ORFlp.
Additionally, though rare, some L1 insertions have
the capability to cause cancerous mutations, as
seen in the mutation of the APC tumor suppressor
gene of early-stage colon cancers (11).

Detection of first Alu insertions in the CFTR gene
in cystic fibrosis

Furthermore, some categories of non-autonomous
retrotransposons are also linked to diseases. The
most notable of these in humans are A/u elements,
a class of SINE retrotransposons found abundantly
in primates. They have a high capacity for
polymorphism in their insertions, with their
presence varying among individuals. Additionally,
they have many mechanisms for disease causing
insertions, the most common of which include
integration of retrotransposed A/u elements and
Alu-Alu  recombination (12).  These
insertions contribute to disease by disrupting
coding regions of the genome or intercepting a
splice signal (13-15). Overall, this makes them a
prime source of genetic disease.

events
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Figure 2: Alu insertion in the CFTR gene influences protein function by a disruption of transcription, leading to cystic

fibrosis phenotypes.

Integration of A/u elements in the human genome
has been linked to several single gene disorders,
like Hemophilia, XLA, and HIGM. Alu elements
have also been revealed to play a role in cystic
fibrosis as shown in Figure 2 (2). Notably, two Alu
insertions have been detected in the CFTR gene, a
gene whose mutation is instrumental in the
development of cystic fibrosis (12, 16).
Specifically, a study performed to identify Alu
linked used

liquid

mutational  events

high-performance

sequence

quantitative
chromatography (QHPLC) to reveal two simple,
distinct Alu insertions on the CFTR gene within
exons 16 and 17b (16). Although many CFTR
mutations have been found using QHPLC methods,
there exists varying literature surrounding the best
method of detection. Prior literature, for instance,

also utilizes quantitative multiplex PCR of short
fluorescent fragments (QMPSF) to find certain
alleles not characterized by QHPLC (17, 18). This
indicates that a combination of the two methods
may be the most efficacious method for identifying
retrotransposon indels, as certain indels may not be
characterized through use of either method alone.

The first insertion on exon 16 was discovered in a
24-year-old French woman. When performing
gene analysis to identify the mutation in the CFTR
gene, a large deleted genomic section was expected
to be found, but the researchers failed to identify
any such deletion. However, studying events in
which retrotransposition led to human genetic
disease prompted the researchers to instead look
intragenic Further QHPLC

for an insertion.
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analysis indicated the possibility of an insertional
allele across from the unmutated allele. Upon
sequencing a PCR amplified exon 16, the first
simple Alu insertion on the CFTR gene was
identified. This likely functional consequence of
this insertion is aberrant splicing (16). The
discovery of a disease-causing retrotransposon
insertion in the CFTR gene frames cystic fibrosis
mutations under a newfound lens. By linking
transposable element insertions to genetic diseases
like cystic fibrosis, a whole new field of research
opens up, and novel treatments
alleviation of these transposable element insertions
can then be proposed.

involving

The second insertion instance (insertion two) was
found on an exon 17b of a 28-year-old Czech man.
Once again, QHPLC analysis was used to identify
the exon on which an insertional allele may exist.
The exon was amplified and cloned using PCR, to
reveal a prominent band of DNA. Sequencing of
this band revealed the second simple A/u insertion
in exon 17b. Insertion two was also been presumed
to cause aberrant splicing, a consequence similar to
that of the first discovered insertion. The main
difference between the first and second Alu
insertions included their size, with the second
insertion demonstrating a far weaker band length

(16).

Within all CFTR mutations, up to 0.13% can be
accounted for by these two simple A/u insertions.
With over 1523 different known CFTR mutations,
nearly 200 can be accounted for by these
retrotransposon  insertions (16). By  further
exploring the effect of these insertions on the
CFTR gene and cystic fibrosis as a whole, new
solutions can be proposed to combat the disease.
Additionally, these two insertions are a part of over
50 retrotransposition events that have been proven
to cause human genetic disease, all with similar
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circumstances involving their transposition (16).
By looking at genetic disease as a whole through
the of retrotransposons, the
community can uncover and propose novel
therapies that can better address the different
mechanisms by which these diseases manifest.

lens scientific

Therapeutic potential of retrotransposons

It turns that retrotransposons may be
therapeutically harnessed to treat the very diseases
that they cause; in a classic adaptation of the
‘killers-as-healers” model. It 1is thought that
insertion of the correct genetic sequence; in the
form of a long retrotransposon mediated insertion;
may correct for several mutations in one shot.
Biotechnology firms are investigating pre-clinical
methods of rewriting the CFTR gene by
retrotranspositions using a method known as gene
writing. This technology utilizes the adeno-

out

associated virus (AAV), which is non-pathogenic
to humans, packaged in lipid nanoparticles as a
for the delivery of gene modifying
components. Research indicates that the use of
DNA based gene writing allows for a greater
durability of longer delivered sequences, making
them unlikely to be mutated or lost. This would
also allow them to address larger or multi-point
sequence mutations, like those characteristic of the
CFTR gene, using retrotransposon mediated
methods (19).

vector

In particular, retrotransposons provide an avenue to
address multiple different mutations with a
singular treatment. While current technologies, like
CRISPR, do facilitate the editing of mutated
sections of the genome, they are often patient
specific. This means they require knowledge of the
exact mutation present to properly address it (20).
Therefore, CRISPR technology has limitations,
especially when considering the large gamut of
CFTR mutations, many of which may still be
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undiscovered. Retrotransposition allows for large
scale DNA editing, and could potentially enable
the rewriting of a large portion of the CFTR gene
to restore its function (19). These qualities allow
both a wider range of impact for a single therapy
and a higher confidence level for its efficacy,
illustrating  the advantage of considering
retrotransposons as a novel solution to CFTR
mutations. Furthermore, recent literature suggests
that, when serially performed, retrotransposon
mediated mutagenesis could lead to genome
domestication (21,  22). this  way,
retrotransposon therapy would both help treat
cystic fibrosis patients and prevent further post-
therapy mutagenesis, providing a protective effect
as well as increasing genome fidelity. For these
reasons, retrotransposons should; and are being;

In

considered when developing novel therapies for
genetic disorders like cystic fibrosis.

Bioinformatic approaches to identifying various
retrotransposons in Alu + CF function

There is still much to be elucidated with regard to
the origin of retrotransposon indels in the varying
mutations of cystic fibrosis patients. Bioinformatic
approaches present an avenue to address these gaps
by identifying the lineages of these mutations. For
instance, the Recombination Analysis Tool (RAT)
can be used to detect DNA or RNA exchange
within the genome (23). Another such approach
used genomic DNA screening to identify
breakpoints associated with the CFTR gene. It was
concluded that there was low correlation between
homologous recombination and CFTR deletion
(18). Additional findings include a preliminary
study that asserted the high allelic heterogeneity in
CFTR, submitting that A/u mediated homologous
recombination does not significantly contribute to
retrotransposon mediated indels in the CFTR gene
(17). There is also literature that submits that
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CFTR mutations occur in low complexity parts of
the genome (18).

These findings speak to the aptness of
bioinformatic approaches in investigating CFTR
mutations, as they can help to identify the various
specific sequences that underlie different patients,
and which of those may be considered at greater
risk for retrotransposon mutations. All of these
approaches are valuable in validating earlier
findings concerning the CFTR gene and the
common mutations that occur within it.

Bioinformatics approaches effectively address the
high heterogeneity of the CFTR gene by allowing
researchers to address millions of sequences at
Furthermore, they allow for deeper
investigation of any similar genes in which
retrotransposons interact at a low complexity

once.

region of the genome. This would provide a way to
characterize CFTR as a representative gene and
open a gateway understanding  all
retrotransposon-based Overall,
bioinformatics offers a method of collecting and
quantifying genomic data on multiple patients and
identifying any possible patterns of mutation.

for
diseases.

Genome Wide Association Studies (GWAS) have
been used in several research studies to analyze
various aspects of retrotransposons. These studies
have been useful in evaluating both the impacts of
retrotransposons on genetic disease, and their role
in genome evolution. Through studies
GWAS, valuable discoveries about retrotransposon
roles in regulatory networks and their various
mechanisms of mutation have been made. For
instance, a study on human retrotransposon
insertions analyzed their impact on human health
and connected phenotypes through using refined
GWAS and bioinformatic approaches. Through
these, the researchers revealed how disease

using
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associations were mediated by retrotransposons
through their gene regulatory properties, like DNA
methylation and chromatin boundary regulation
(24, 25).

Bioinformatics is a powerful tool in uncovering the
interactions between transposable elements and
genes. It has helped target and identify specific
retrotransposon insertions that cause disease, like
that of the A/u insertion in the CFTR gene. In the
future, bioinformatic studies can allow for the
specific screening of transposable elements within
select genes of interest, and investigate how the
gene regulatory mechanisms within that sequence
affect health and the expression of particular
phenotypes. These studies would allow researchers
to both identify the mechanism by which
retrotransposon insertions affect genomic stability,
and illuminate their larger role in genome
evolution (26). Identification of these aspects of
the insertions could then be applied in a clinical
context, and allow for a more holistic approach to
genetic therapies for certain disorders (18, 19).

Conclusion

Retrotransposon mutational insertions in the CFTR
gene may be sufficient to cause the production of
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