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ABSTRACT  

Expression vectors have undoubtedly become cross-disciplinary tools that find many 

applications in Life Sciences and have a constantly growing market. Expression 

vectors are artificial nucleic acid molecules with a modular structure that allows the 

transcription of DNA sequences of interest in either cellular or cell-free environments. 

The cis-regulatory sequences (CRSs) that control the transcription in expression 

vectors are usually sourced either from viruses or from characterized genes. However, 

the recent progress made on transposable elements (TEs) offers attractive alternatives 

that could enable significant advancement in the design of expression vectors. 

TEs are mobile genetic entities and constitutive components of both eukaryotic and 

prokaryotic genomes. TE-related CRSs allow the regulated transcription of 

transposition-related genes. However, some of them display striking characteristics, 

providing the opportunity to reconsider TEs as lead actors in the design of expression 

vectors. 

Here, we provide a synthesis of the transcriptional control elements commonly found 

in expression vectors together with an extensive discussion of their advantages and 

limitations. We also highlight the latest findings that could make the implementation 

of TE-derived sequences in expression vectors feasible, with a possible improvement 

of the existing vectors. By introducing a new concept of TEs as a source of regulatory 

sequences, we aim to trigger a profitable discussion of the potential advantages and 

benefits of developing a new generation of expression vectors based on the use of TE-

derived control sequences.  
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INTRODUCTION 

Biotechnology is undoubtedly one of the most rapidly evolving fields of science, 

which is mainly driven by the high demand in a large number of scientific and 

economic sectors. 

The practices of expressing recombinant proteins in the preferred cellular system and 

transgenic organisms have become increasingly important in many fields of Life 

Sciences, especially in the biomedical field, with the purpose of try explaining many 

relevant biological issues, related or not to the human health, and as a primary method 

for the production of recombinant proteins in the Bio-Pharma industry. Moreover, the 

protein synthesis industry has a great impact on human lives because it enters in the 

production processes of everyday items, such as clothes, foods, beverages, and 

personal care products1. According to the most important market research and 

consulting companies, the demand for expression vectors (EVs) that efficiently grant 

the transcription of the transgene is constantly growing (appraisal by 

https://www.marketreportsworld.com) suggesting that the recombinant protein 

expression systems market is growing up as an important economic sector. 

In the biomedical field, the demand for novel expression host platforms increases with 

the number of genes that can be targeted by drugs produced by the Pharma industry. 

In the past years, tens of reviews have covered the topic of the expression systems, 

looking at both the host and the vector sides with great detail, which collectively 

gathered thousands of citations. Yet, in the field of recombinant protein expression, 

progress is continuously being made. In this review, we comment on the possible 

ways to further improve an apparently perfect system based on decades of studies on 

the regulation of prokaryotic and eukaryotic gene expression, through the application 

and integration of information coming from studies concerning transposable elements 

(TEs). 

 

Expression systems: an overview of vectors and hosts 

Expression systems enable the expression of gene products with the aid of a 

recombinant expression vector. A great variety of expression systems are currently 

available to the research community, which makes it difficult to uniquely classify 

them into few categories. A schematic overview is given in Table 1, in which the 

expression systems are catalogued using different criteria. 
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TABLE 1 Schematic overview of expression systems. 
By vector 

type 

By promoter 

type 

By presence of 

additional control 

sequences 

By host type By End User By 

Application 

Plasmidic/

non-

integrating 

Constitutive 

Weak 

Strong 

Type II* 

Type III* 

Enhancer Bacterial cells: 

E.coli (G-) 

Bacillus spp (G+) 

L.lactis (G+) 

Pseudomonas spp  

Corynebacterium 

spp (G+)  

 

Pharmaceutical 

And 

Biotechnology 

Companies 

Laboratory 

Use 

 

Viral/trans

poson-

based 

inducible Insulator Animal cells: 

insect 

Mammal 

CROs and 

CMOs ** 

Production 

of Peptide 

and Protein 

Pharmaceuti

cals 

 

Minicircle-

based 

 Repression/Activat

ion 

Plant cells Academic 

Research 

Institute 

Industrial 

production 

of enzymes 

  Integration Fungi: 

S. cerevisiae 

K. lactis 

P. pastoris 

 

 Transgenic 

Plant and 

Animals 

 

   Transgenic-in vivo  Gene 

Therapy 

 

   Cell-free   

 

Table legend. G+: Gram positive bacteria. G- Gram negative bacteria. (*) Type II and 

Type III promoters are responsive to RNA polymerase II and III respectively. Type I 

promoters are not used in the design of EVs. (**) CROs (Contract Research 

Organizations) and CMOs (Contract Manufacturing Organizations) are two key types 

of companies who support the pharmaceutical, biotechnology, and medical devices 

industries in the form of outsourced services. 

 

  



EVs are DNA molecules with either linear or circular topology that need to be either 

introduced into a cellular environment or to be put in contact with a cell-free 

(typically a cell extract) to express the desired gene product. As a general rule, EVs 

are designed as small as possible in size in order to reduce the metabolic load of the 

cells into which they are introduced and, in therapeutic applications, to reduce the 

harmful effect of non-essential sequences. In addition to the usual features of standard 

cloning vectors - i.e. a replication origin, a selectable marker, and a multiple cloning 

site - EVs contain sequences that allow the transcriptional control and the early steps 

of the translation of the cloned sequence, called cis-regulatory sequences (CRSs) after 

their in cis mode of action. Furthermore, EVs contain sequences that make the 

transcript susceptible to post-transcriptional modifications (such as polyadenylation) 

and to translation, protein localization and post-translational modifications. 

CRSs are usually characterized when studying genetic loci of interest and next they 

might be used to design EVs. The representative CRSs involved in gene control are 

depicted in Figure 1 and will be described and discussed, in the context of the EVs, in 

the next paragraphs. 

The choice of the host for expression is a critical step that affects not only the amount 

of expressed gene product but also the easiness and the quality of the purification, and 

the biological activity of the purified product. 

E. coli is undoubtedly the workhorse of protein expression and represents the easiest, 

quickest, and cheapest host for protein expression. The rapid growth rate, the low 

culturing costs, and the availability of commercial and non-commercial EVs along 

with many strains optimized for ad hoc applications make E.coli the host of choice in 

many instances. However, E.coli suffers limitations when expressing eukaryotic 

proteins that require proper folding or post-translational modifications to gain their 

biological activity. Other limitations come from differences in the codon usage 

between eukaryotes and prokaryotes, and protein toxicity in the host. 

Mammalian cells are frequently used as hosts for the expression of foreign genes 

especially in recombinant drug production, because of the requirement of specific 

post-translational modifications that enable the biological functions of the ectopically 

expressed protein. Other cellular platforms, both eukaryotic and prokaryotic, can be 

routinely used in place of the mammalian cells. 

Alternative cellular systems, which include various types of bacteria, yeast, insect, 

and plant cells, become the preferred choice when a high yield of gene product is 

required and when there is no need for extremely specific post-translational 

modifications2. 

Finally, transgenic organisms, in which the transgene is integrated into the host 

chromosomes and expressed following the desired pattern, are currently used to 

produce recombinant proteins, While this field has been extremely boosted by the 

recent development of new genome editing technologies, it requires highly 

sophisticated levels of technologies and highly regulated protocols and manufacturing 

especially when recombinant proteins are intended for therapeutic purposes3. 

 

Applications and production of EVs. 

In principle, EVs find applications whenever a recombinant gene product is needed. 

Based on Table 1, EVs find at least four types of applications. The introduction of an 

EV into our favorite host is the most common method to produce and isolate 

recombinant proteins or to discover the subcellular localization of the protein of 

interest, or to localize the gene product into specific subcellular compartments. In 

many cases, gene expression is performed in the laboratory to purify the gene product 



that researchers will use for subsequent applications (quantification, sequencing, 

physical and chemical characterization, and other). The use of EVs in Pharmaceutical 

applications aims to produce gene products (more frequently protein products) that 

will be used in the preparations of drugs in which the active compound is not the EV 

itself. A similar use of EVs is made in Industrial applications that have the purpose of 

producing enzymes (mainly proteases) that are added to the final product (e.g. foods 

and detergents)4,5. It is worth noting that this specific field of Biotechnology mostly 

explores new approaches for the production of proteins of interest, since custom 

protein synthesis is 50+ billion US dollars industry6. 

The production of genetically modified organisms (GMOs) or “biotechnologically 

modified organism” as redefined by Oliver7 makes extensive use of EVs. GMOs, 

either plants, animals, or microorganisms are produced with different purposes, but 

always an integrating expression cassette is needed for the stable expression of 

foreign genes. Again, GMOs production is performed either in research laboratories, 

with the purpose of modeling biological phenomena into the favorite organism, or at 

an industrial scale, to produce foods8 and crops9. Genetic modification of germ cells, 

zygotes, embryos (animal GMOs), and somatic (plant GMOs) cells is at the basis of 

GMOs production. Gene therapy is a pharmacological application in which the EV is 

the therapeutic agent. It is also a particular application of transgenesis since it does 

not apply to germ cells. Indeed, gene therapy concerns somatic cells that should 

replenish the weak tissue(s) with the right or the right amount of gene product that is 

lacking upon the onset of a genetic-based disease. 

Different quality grade levels should be considered and achieved when producing 

vectors10, depending on their downstream use. 

The use of molecular vectors in therapeutic and pharmaceutical applications requires 

the permission of the local regulatory agencies. These rules are not equal in different 

countries, but they are quite similar, harmonized and oriented to protect individuals 

from any potential risk associated with their use. 

The quality of vector preparations ranges from Research grade to Good 

Manufacturing Practice (GMP) grade10. Research grade or Research grade animal-

free vector preparations contain mixed topological forms of plasmid DNA, whereas 

ccc-Grade contains only covalently closed circular supercoiled DNA. 

HQ Grade plasmids are compliant to the production of GMP grade of active 

pharmaceutical ingredients like recombinant viruses, proteins, antibodies, and RNAs. 

GMP Grade vectors are needed every time they are used as active pharmaceutical 

ingredients. These are highly purified vectors produced in accordance with the 

EM(E)A guidelines CHMP/BWP/2458/03 and CPMP/BWP/3088/99. Methods of 

GMP grade plasmids production, from small11 to large scale12, are available. 

 

Control of gene expression and the CRSs in EVs design 

The typical structure of prokaryotic and eukaryotic transcriptional units with the 

respective CRSs are depicted in Figure 1A-B. Currently available EVs are the result 

of many years of experimental studies on gene functioning and integrate various types 

of CRSs. The organization of CRSs in a generic EV is depicted in Figure 1C. These 

modules can be hardly found all in the same vector, since each EV has its own 

configuration, depending on the purpose for which it was created. 

 The promoter is undoubtedly the most important component in transcriptional 

control, which deserved many of studies (over 258000 items in PubMed – last 

accessed June 2020). The promoter and the transcriptional terminator sequences 

enable an efficient initiation and completion of the transcription, respectively. The 



promoter ensures that the transcription is initiated in a reiterated way and with a 

certain frequency at a precise position within the transcriptional unit, the 

transcriptional start site (TSS). This feature is used to classify promoters as weak (low 

transcription efficiency), strong (high transcription efficiency) or inducible (activated 

by organic or inorganic molecules). The promoter performances rely on the 

interaction with the RNA polymerase and their associated transcription factors. While 

bacteria possess a single RNA polymerase enzyme13, eukaryotes have multiple RNA 

polymerases, which account for the transcription of specific subsets of genes14. The 

specificity of prokaryotic RNA polymerase is determined by the interaction with 

multiple forms of the σ subunit, which, in turn, enables the transcription of specific 

operons. Similarly, the eukaryotic RNA polymerases gain specificity through the 

association with a plethora of transcription factors that determine the ability to 

recognizing and binding to specific promoter elements15.  

The choice of the promoter in EVs designing is almost based on its strength and its 

performance in the preferred host, depending on the application. When aiming at high 

yield of the gene product, a proper promoter should be strong, with the caveat that any 

unfavorable impact, like toxicity or cell growth impairment should be avoided. The 

characterization of many promoters in model organisms such as S. cerevisiae16, E. 

coli17, and in mammalian cells18 has increased the availability of promoters with a 

wide range of potency. The promoter choice also depends on the gene product type. 

mRNAs should be expressed from RNA polymerase II responsive promoters, whereas 

small RNAs should be expressed from RNA polymerase III responsive promoters. 

Inducible and repressible promoters offer the option to control transcriptional 

initiation. Natural or designed stimulus-responding TFs allow either to turn the 

expression from off-to-on state (inducible promoters) or vice-versa (repressible 

promoters). These TFs can respond either to physical stimuli (light or temperature) or 

to ligands19,20. An alternative induction strategy relies on the use of binary systems, 

such as the GAL4/UAS from S. cerevisiae21 and the Q system of N. crassa22. They 

consist of a promoter and the specific TF(s) it binds, which can be introduced in the 

expression system either together or independently and subsequently combined by 

genetic crossing. These systems are quite more complicated than simple expression 

systems in cultured cells and are mainly used to drive gene expression in a highly 

tuned way in transgenic organisms23. 

 On the other hand, the transcriptional terminators ensure an efficient transcript 

3’-end formation that affects the stability of the RNA molecules and influences the 

translation efficiency. Two main termination mechanisms are known in prokaryotes 

whereas the three eukaryotic RNA polymerases adopt different termination 

mechanisms24. Transcriptional terminators are therefore essential component of EVs. 

 Additional CRSs regulate the expression of eukaryotic genes. Prokaryotes 

have indeed a smaller repertoire and a simpler organization of their CRSs compared 

to their eukaryotic counterparts (Figure 1 A). Additional features can indeed be 

located in a typical eukaryotic transcriptional unit to determine a precise gene 

expression pattern (both developmental- and tissue-specific), and to establish the 

transcription and translation efficiencies. Examples are enhancers, insulators, splice 

sites, and translational recoding sequences. 

 Enhancers are distal regulatory sequences, located outside of the proximal 

promoter regions, which increase the expression of genes through their interaction 

with transcription factors. Enhancers can be found up to 1 Mbp distant from the genes 

they control25. The DNA folding can place two regulative sequences (enhancers and 

promoters) in close proximity to each other, thus explaining the enhancers’ action in 



trans26. Enhancers also activate transcription irrespective of their position (upstream, 

downstream, and within the transcribed sequence) and orientation (sense or antisense) 

relative to the TSS. Although their best mode of action is in cis, enhancers can also 

act in trans, a phenomenon known as transvection27,28. Transvection allows activation 

of a promoter from the enhancer located on the homologous chromosome, allowing 

the expression of the gene in trans-heterozygous null mutant alleles28. 

Usually, the enhancers found in EVs are of viral origin, such as that of the herpes 

virus, Rous sarcoma virus, hepatitis B virus, SV40 virus and the enhancer of the 

human CMV (hCMV). The latter has the highest activity in several mammalian cell 

types29, whereas its simian counterpart (sCMV) is used to enhance gene expression in 

amphibians30 and fishes31. 

 Silencers are orientation and position-independent elements that have a down-

regulation function in gene expression32. The silencer function is distinct from that of 

the NRE elements (Negative Regulatory Elements), which are position-dependent and 

act in a specific context through a passive repression mechanism33. While NREs 

recruit TFs (repressors), which negatively affect the formation of functional Pol II 

transcription complexes34, silencers establish an inheritable repressive chromatin 

state. Although a variety of silencers have been characterized so far, they constitute an 

overall under-studied class of CRSs (2458 PubMed items using “Silencer” as search 

keyword – last accessed June 2020). Furthermore, while silencers have not found 

application in the design of EVs, NREs have had more success, and in this sense, the 

eukaryotic NREs function like the prokaryotic repression systems at the operator 

sites. A widely used repression systems, is based on the tetracycline operator (tetO) 

which has been modified and improved for its function in eukaryotic cells35. 

 Insulators are important sequences that organize chromosomes into distinct 

domains in which gene expression occurs in a coherent way and into which genes 

acquire specific spatio-temporal expression patterns. Insulators prevent enhancer to be 

hijacked out of the chromosomal domain of competence, an effect that could cause 

severe phenotypes36,37. The effect of insulators on gene expression is exerted through 

their enhancer-blocking activity that disrupts the enhancer-promoter interaction, 

mediated by the CTCF transcriptional repressor, a highly conserved and ubiquitously 

expressed protein in eukaryotes38. Insulators are often used in the design of expression 

cassettes that are meant to integrate into the genome to prevent the transgene silencing 

from the genomic position effect39. 

 Translational recoding signals (stop-codon readthrough, ribosome 

frameshifting, and translational bypassing) can be found both in eukaryotic and 

prokaryotic genes and allow the ribosome to bypass stop codons, to change the 

reading frame on the RNA, and to synthesize one protein from two discontinuous 

reading frames respectively40. 

Some EVs offer the possibility to express two or more sequences in equimolar 

amounts, through the use of internal ribosome entry sites (IRES), an organization 

recalls the bacterial operon. Many of these sequences have viral origin, like the IRES 

of the encephalomyocarditis virus (ECMV) that is widely used in EVs. 

 

Species-specificity of CRSs limits the use of EVs. 

How can we improve the currently available EVs? The features of the currently 

available EVs alongside with the features of a hypothetical ideal EV are reported in 

Table 2. 

 

 



Table 2. Desirable improvements to the currently used EVs 

 CURRENT 

VECTORS 

IDEAL 

VECTORS 

BENEFITS 

Host specificity High Null or very low Reduced time and 

costs of experimental 

setup 

Modulation/induction 

of transcription 

Depends on the 

vector 

Integrated feature Optimization of 

experimental 

conditions 

Leakiness Often present Absent Straightforwardness of 

expression results 

Episomal or 

chromosomal-

integrated 

Separate features Integrated features Switch between stable 

or transient expression 

RNA polymerase 

dependency 

RNApol specific RNApol 

independent 

Transcription optimal 

for all transcript types 

(mRNA, siRNA…) 

Insulation of 

expression cassette 

Optional Integrated feature Protection from 

position effect  

 

 

  



As described above, all the features found in EVs are taken from standardized and 

well-characterized naïve expression systems in a given species, which make a given 

expression system useful for testing in that species only, or in a very narrow range of 

organisms. Such stereotyped workflow has the disadvantage that each time 

researchers have to change their cellular platform (e.g. from bacteria to eukaryotic 

cells) they also need to change the EV. 

The promoter species-specificity is recognized as an issue in heterologous gene 

expression since the late ‘70. Helinski reported that the “[…] molecular barriers at the 

transcription and translation levels will greatly reduce or prevent the expression of 

cloned eukaryotic genes in a prokaryotic (bacterial) cell or cloned prokaryotic genes 

in a eukaryotic cell as plant cells. These barriers [….] are most likely responsible for 

the very limited success in the expression of cloned eukaryotic genes as intact and 

functional proteins within the bacterial cell”41. 

The transcriptional bottleneck is largely due to the mode of evolution of promoters, 

their associated TFs, and the RNA polymerases. Although promoters are 

heterogeneous in sequence, even in the same species42, sequence divergence of the 

promoter could easily disrupt the ability to start the transcription43. Additional factor 

affecting the promoter function are the DNA secondary structure44 and the epigenetic 

environment that wraps the locus18. All these features are the result of the coevolution 

between promoters and other coding and non-coding sequences in the respective 

genomes, which limits their use in evolutionarily distant types of cells.  

It follows that the search of unconstrained promoters to be used in EVs design is a 

hard task. 

In this context, one of the most promising promoters characterized so far is the CaMV 

promoter. CaMV is a virus of the plant family Caulimoviridae with a tropism limited 

to the Brassicaceae and Solanaceae. The 35S CaMV promoter is a strong constitutive 

plant promoter45 also able to drive transgene transcription in a variety plants cells 

outside the host range of the virus46, and in completely unrelated cells such as 

bacteria, in fungi, and in several higher vertebrates cells47. Unfortunately the 35S 

CaMV promoter represents an exception to the rule, and the molecular reasons of this 

peculiar behavior are still unreported. Contrarily, many, if not all, the promoters that 

are currently used in EVs have a transcriptional activity in a very limited host range, a 

limitation, which does not depend on the strength of the promoter48. 

Finally, it is worth noting that other CRSs also have the same limitation described for 

the promoters. Enhancers seem to have a stronger species preference. Few reports 

suggest that an enhancer from a given species could preserve its function in a 

different one, and, to our knowledge, no reports at all describing such a wide-species 

range of action of TE-linked enhancer. Early studies on the SV40 enhancer suggested 

that enhancers have strict cell and host specificity49, and more recently this was 

confirmed in studies involving flies and nematodes50. To the best of our knowledge, 

the only cross-species enhancer reactivity reported so far includes the T. castaneum 

nub wing enhancers, which cross-react in vivo in D. melanogaster51, and several 

monocot plant enhancers, which cross-react in N. benthamiana in vivo52. 

It can be concluded that new CRSs should be searched to expand the use of the 

current EVs. 

 

Identifying novel CRSs: where and how 

The simplest solution for the identification of new CRSs with a wider spectrum of 

activity is to search and characterize more regulatory sequences. However, identifying 

novel promoters useful for creating new EVs can be a challenging task. Indeed, while 



all promoters have similar function (i.e. they all drive the transcription), there is a 

clear lack of sequence similarity when different promoters of the same species are 

compared. This lack of similarity is exacerbated when promoters that drive the 

expression of orthologous genes in distant species are compared. For this reason, the 

identification of new regulatory sequences using similarity-based approaches could 

not be such an effective strategy in finding new promoters, as well as other CRSs. 

The available methods to identify new regulatory sequences are based on 

computational and experimental approaches. The computational strategies are based 

on the identification of small DNA modules that characterize the individual functional 

sequences, and the association of a prediction score suggests the reliability of the 

predictions53. 

However, the most effective method to test CRSs is to assay them functionally. 

Sequences can be either randomly assayed from a sheared genome, resulting in high 

throughput screenings or systematically picked from a subset of selected annotated 

sequences54. Massive identification of enhancers and promoters can be also performed 

using more sophisticated methods and technologies such as Chip-Chip, and Chip-seq 

assays and on chromatin accessibility either to DNase55 or to transposase (ATAC- 

seq)56 that are also based on the structural and the epigenetic status of these sequences 

in vivo. Functional assays of promoters make often use of promoter-less reporter gene 

cassettes that express an assayable protein product, thus providing an indirect 

measurement of the promoter strength in the experimental cellular system used. 

 

Identification of novel CRSs: insights from transposon biology 

A special subset of genomic sequences in which new types of CRSs can be searched 

is the mobilome, represented by the entire set of mobile sequences in a genome. 

Transposable Elements (TEs) are important contributors to genome complexity 57, 

evolutionary variation58 and environmental adaptation59.  

After their discovery in prokaryotes60,61 and in eukaryotes62, TEs were long 

considered as useless sequences. Lately, TEs were re-discovered as powerful and 

essential evolutionary drivers in all living organisms63. Indeed, TEs have been mainly 

studied for their power to jump from a DNA molecule to another, and successfully 

implemented in insertional mutagenesis protocols64. This hallmark soon made TEs the 

top candidates for special applications such as gene therapy65,66, also considering the 

non-viral origin of these sequences that render TEs safe tools with respect to many 

therapeutic applications67. 

TEs move in the host genome using either the replicative or “copy & paste”, or the 

conservative or “cut & paste” mechanisms. Prokaryotic transposons are more 

heterogeneous, and form three groups on the basis of their structural organization68, 

(Figure 2A). Two main Classes of eukaryotic TEs are defined based on their 

structural and biological characteristics69 (Figure 2B). 

Class I TEs or retrotransposons, replicate via an RNA intermediate, that is converted 

to cDNA and integrated in a new genomic site by the Reverse Transcriptase, RNAseH 

and Integrase enzymatic activities (Class I TEs or retrotransposons). Class II, or DNA 

transposons, TEs move directly by excision and integration of the element in a new 

genomic locus, mediated by the transposase, with some exceptions70. It is worth 

mentioning that no equivalent of RNA-based TEs have been found in prokaryotes71. 

Usually, both autonomous (i.e. transposition competent) and non-autonomous 

elements coexist within the same genome. In some instances, non-autonomous TEs 

can be over-represented72,73since they can be trans-mobilized by hijacking the 

transposition machinery of active elements74. 



TEs carry sequences whose primary function is to regulate the transcription of 

transposition-related genes. However, there is growing evidence that TEs can be 

adopted as CRSs, donating enhancers, promoters, and insulators to the host genome75 

and contributing to rewire existing gene regulatory networks76. Model and non-model 

organisms can provide many examples of CRSs borrowed from TEs to both simple 

and complex genetic loci that account for a variety of adaptive and evolutionary 

events77,78. As described below, a number of TE-linked cis-acting sequences have 

been characterized so far, that could be relevant to developing a new generation of 

EVs. 

 

Relevant CRSs within TEs 

In all the above-described Classes of TEs, both eukaryotic and prokaryotic, the most 

interesting portions where searching CRSs are the terminal segments, and in 

particular their 5’ region. Indeed, the LTR and the 5’UTR of LTR-retrotransposons, 

the 5’UTR of LINEs, and the 5’ region of TIRs transposons contain acknowledged 

cis-functions. While the main function of the 5’ terminal portion of TEs is related to 

the recognition of the integration machinery, it also contains all the CRSs primarily 

needed to express the self-encoded transposition-related enzymes and regulators. 

Surprisingly, TEs contain the most diverse CRSs, for which a description will be 

provided in the next paragraphs.  

 Promoters are naturally found in TEs to transcribe genes encoding the 

transposition machinery, comprising multiple enzymatic activities of Class I TEs, or 

the single transposase gene of Class II TEs, with few exceptions. In non-autonomous 

elements the promoter does not significantly impact transposition but it could be used 

as an evolutionary substrate to shape or modify the transcription pattern of nearby 

genes. Also in bacteria, the promoter of IS elements can alter the expression of 

adjacent genes. The IS promoter is either entirely enclosed within the 5’ of the 

element or it can be created upon insertion as a chimeric flanking/transposon 

sequence, and its action can be oriented either towards the right or the left end of the 

element79. Several efficient promoters have been identified and characterized so far in 

many types of TEs, especially in model organisms 77,78.  

 Increasing evidence suggests that endogenous genomic enhancers are the 

result of TE exaptation75,80, indicating a natural inclination of these elements to evolve 

as enhancers. Indeed, endogenous enhancers have been described within elements 

belonging to both Classes of TEs77,78 and belonging to the most diverse organisms. 

Model organisms frequently provide examples of how strong TE-derived enhancers 

are, and to what extent they can modify the expression of endogenous genes81. Recent 

results from epigenomic and transcriptomic analyses have suggested a role for TEs in 

establishing tissue-specific gene expression in mouse embryonic and trophoblast stem 

cells82.  

 The presence of silencers in TEs has been disclosed firstly in the 5’UTR of the 

Drosophila gypsy retrotransposon that can switch its function from an insulator to a 

silencer83 in a host mutant genetic background for the modMdg4 gene84. Thereafter, a 

sequence acting as silencer has been identified in the mariner element Mos1, and it 

was found to be conserved in other mariner elements identified in other species85. 

Interestingly, a transcriptional repression action has been associated with young full-

length L1 elements located within introns of active genes. These intronic L1 copies 

are the preferential targets for H3K9me3-deposition86 by the Human Silencing Hub 

Complex87. This kind of transcriptional repression could be regarded as the result of 

L1-mediated silencer as suggested78. 



 TE-linked insulators have been identified in a variety of human TEs, such as 

the human MIRs88, the murine SINEB2 elements89, and several Drosophila LTR-

retrotransposons77. Additionally, functional and evolutionary analyses have revealed 

that repeated bursts of retrotransposition have contributed to expand the number of 

CTCF binding sites in six mammals90. 

 Retrotransposons and endogenous retroviruses make large use of translational 

recoding, such as programmed frameshifting and IRES, to express their transposition-

related genes. The presence of programmed frameshifting signals between the Gag-

Pol genes is a common strategy adopted to express from the same promoter the Pol 

product, which is on a different frame with respect to the Gag gene. The stop codon 

read-through is an alternative strategy to express Pol protein when the Gag-Pol genes 

are on the same frame and are separated by a stop codon. 

The programmed frameshift has also been demonstrated to be an efficient strategy to 

express the transposase of many prokaryotic IS elements that exhibit two consecutive 

overlapping ORFs placed on different reading frames 91. 

 

Special features of TE-related CRSs enable the improvement of EVs 

The specific research in the field of TE biology has disclosed unprecedented features 

of their CRSs that allow their functioning in multiple hosts, even if evolutionarily far 

from the species of origin. This feature, although very rare and uncommon, concerns 

promoters, insulators, and silencers.  

The ability of a promoter to drive a reporter gene expression in evolutionarily distant 

hosts has been formerly reported for the CaMV 5S gene promoter (see above 

paragraphs). This peculiarity has been identified for the first time in TEs when the 

promoter of the Drosophila Bari transposons was characterized. The Bari1 transposon 

from D. melanogaster92 and Bari3 transposon from D. mojavensis93,94 are members of 

the IS630/Tc1/mariner superfamily, which are among the most widespread DNA 

transposon among extant organisms95,96. Members of the Bari family bear promoters 

that are able to drive the transcription of a reporter gene in non-insect cells as distant 

as human, yeast, and bacterial cells97. Notably, other members of the same 

superfamily isolated in other organisms share this considerably unusual feature98, 

suggesting an evolutionarily conserved aptitude of these TEs to function in unrelated 

host genomes. The promoters of the Tc1/mariner elements that showed this feature 

was named “blurry promoters” to recall that they do not “sharply” activate 

transcription within a single or few species97. 

The identification of TE-related CRSs displaying an extended activity over multiple 

distantly related species also involved insulators and silencers. The insulator 

identified in the 5’UTR of the ZAM retrotransposon in Drosophila showed the ability 

to block the enhancer-promoter communication in human HEK293 cells99, while the 

Drosophila silencer identified in the Mos1 transposon can suppress transcription in 

human cells 85. 

 

Where do the special features of TE-derived CRSs come from? An evolutionary 

perspective 

Why some TEs and some viruses share the unique feature of CRSs that function 

across multiple organisms is still an unanswered question. Our current knowledge in 

Biology and Molecular Biology covers less than 20% of living organisms100, which is 

mostly focused on few experimental model systems. The more we will look at non-

model organisms, the more we will probably find surprisingly novel biological 

phenomena.  



Similarly, we still have not fully understood how TEs evolve, an important issue that 

can let us decipher. TEs are ancient genomic components63, and their ancient origin 

could explain why they are found virtually in all living organisms. While the 

evolution of TEs has parallelized that of the genomes in which they reside, TEs also 

gained independent evolutionary trajectories due to their ability to jump from a 

species to another, through horizontal transfer (HT).  

HT is a non-mendelian way of transmission of the genetic material. DNA can be 

passed from a species to another, through a direct or indirect transfer mediated by one 

or more vectors (either uni- or multi-cellular organisms or viruses). Virtually, all 

types of DNA sequences (coding and non-coding) can be transferred horizontally and 

the participation of vector organisms in the HT process allows overtaking the 

ecological and geographical barriers existing among species involved in HT. It has 

been proposed that the invasion of new genomes grants TEs to escape extinction101. 

With this premises, a key question in HTT concerns how and to what extent the 

success of TEs in a new genome depend on their endogenous CRSs functioning. 

Indeed, the expression the transposition-related gene(s) in a new genome that evolved 

its CRSs/TFs independently from the genome of origin, appears a critical issue. 

In this respect, it has been recently shown that the promoters of Tc1/mariner 

transposons are somewhat able to break the barriers existing between the 

transcriptional processes in different Kingdoms97,98. This peculiarity has been linked 

to the ability of these TEs to spread into new, unrelated, species’ genome via 

horizontal transfer compared to other eukaryotic mobile sequences102. The 

Tc1/mariner “blurry promoter” would allow colonizing easily the new genome 

overcoming the transcriptional barriers that the divergent evolution between 

organisms has built. It is therefore possible that other TEs have evolved similar CRSs 

with the same evolutionary purpose. Further and deeper investigations concerning the 

TE-linked CRSs are required to identify such peculiarity. 

 

TE-derived CRSs currently used in EVs 

Excluding vectors expressing transposition related proteins as part of transposition 

systems, several EVs make use of TE-derived regulatory sequences. Table 3 reports a 

list of such vectors. The pCoBlast vector has been successfully commercialized as a 

part of expression kits (Promega), highlighting the feasibility of TE regulatory 

sequences to be implemented in successful expression systems. Although the 

commercial success of EVs based on TE-related CRSs seems to be limited to the 

pCoBlast vector, many non-trademarked vectors that ground the expression of the 

resistance genes on the copia promoter can be found in the Addgene vector 

repository. Vector repositories (such as Addgene, Riken, DGRC, DNASU Plasmid 

Repository) are specialized vector banks that help in storing, distributing, and sharing 

recombinant vectors, a service solicited by the exponential growth of recombinant 

vectors design and construction and the necessity to make new tools immediately 

available to other researchers. The birth of gene synthesis services has extremely 

increased the need for such nonprofit repository. 

In addition to the copia promoter, many human TE-derived promoters have been 

shown to drive the expression of reporter genes in recombinant vectors. Several 

HERV-type promoters have been identified and experimentally characterized so far 
103-105, and some show a significant cell-type specificity103. 

 

Table 3. Non-commercial EVs that make use of TE CRSs.  

 



Name Source Description Reference 

pDrBB2 AG #18946 copia-hygromycin resistance cassette 106 

pCoPURO 

 

RK 

RDB08531 

copia-puromycin resistance cassette. 107 

Copia-Renilla  AG #38093 copia-renilla luciferase cassette 108 

pRB31 AG #72868 copia-Puromycin resistance cassette 109 

pRB32 AG #72863 copia-Blasticidin resistance cassette 109 

pSK32 AG #72854 copia-Puromycin resistance cassette 109 

pRB39 AG #72870 copia-Puromycin resistance cassette 109 

pRB25 AG #72853 copia-Puromycin resistance cassette 109 

pRB40 AG #72865 copia-Blasticidin resistance cassette 109 

pRB38 AG #72864 copia-Blasticidin resistance cassette 109 

pSK24 AG #72852 copia-Puromycin resistance cassette 109 

pRB37 AG #72869 copia-Puromycin resistance cassette 109 

pRB34 AG #72862 copia-Blasticidin resistance cassette 109 

pSK15 AG #72855 copia-Blasticidin resistance cassette 109 

pKF297 AG #74774 copia-Puromycin resistance cassette 109 

pRB33 AG #72867 copia-Puromycin resistance cassette 109 

pSK23 AG #72851 copia-Puromycin resistance cassette 109 

pRB35 AG #72866 copia-Puromycin resistance cassette 109 

pSK41 AG #74886 copia-Puromycin resistance cassette 109 

pRB36 AG #72861 copia-Blasticidin resistance cassette 109 

pKF296 AG #74773 copia-Blasticidin resistance cassette 109 

pBID-UAS-

series 

AG #35199 2 Gypsy insulators flanks the cloned gene 110 

AByG AG #111083 Gypsy insulator CRISPR/Cas construct 111 

pJFRC2-INS AG #26215 Gypsy insulators flanks the cloned gene 112 

pGL3-Ba1p NA Multi-species blurry promoter  97 

pGL3-Ba3p NA Multi-species blurry promoter 97 

pGL3/SBp NA Multi-species blurry promoter 98 

pGL3/Hsmar1

p 

NA Multi-species blurry promoter  98 

pGL3/UnGE NA Multi-species blurry promoter  (Palazzo & 

Marsano 

unpublished) 

pGL3/PBP NA Multi-species blurry promoter  (Palazzo & 

Marsano 

unpublished) 

Table legend. AG: Addgene; RK Riken; NA; not deposited in vector repositories. 

 

  



A brief survey of the EVs market and its related patents.  

According to the most outstanding market research and consulting companies, the 

global recombinant DNA technology market is expected to reach up to 850 billion 

USD by 2025. The primary end-users of the EVs market are Pharmaceutical and 

Biotechnology Companies, Contract Research Organizations (CROs), Contract 

Manufacturing Organizations (CMOs), and Academic Research Institutes, which 

continuously contribute to the expansion of this kind of market. This huge success is 

owed to a large number of applications of such techniques in the widest fields of 

Applied Sciences, such as genetically modified organisms (microorganisms, crops, 

and animals), biofuels production113,114, Biopharma, gene therapy, and basic research. 

The latter fields have been tremendously boosted in the last years by the introduction 

of precision gene and genome editing tools115. 

Patenting is directly linked to the market expansion since patents are exceptional 

means to establish commercial partnerships and exploit the market. 

Protection of the intellectual property of newly discovered CRSs, especially those 

associated with unique transcriptional features, is witnessed by the plethora of patent 

applications and publications. On average, 197 patents/year have been published over 

the last 10 years (2010-2019). Considering promoter-related patents only, the major 

pulse come from Asian Countries (1444 patents), followed by North American 

Countries (286), and other Countries (Figure 3). 

Notably, 13 patents apply to TE-derived regulatory sequences, including 8 patents 

related to TE-promoters, 2 to insulators, 1 enhancer, and 1 to IRES (Table 4). 

It is noteworthy that two patents in this list (EP2772539 and US AN16/715,451) 

claim that a new feature discovered in two fly transposons can be used to generate 

EVs with a multi-platform application, while another patent (US7064246B2) claims 

that the conjugation of previously known CRSs with TE-associated features is useful 

to obtain new and more performing EVs. 

Given their peculiar features, TE-derived CRSs could give an additional and 

important impulse to the market of EVs and expression systems. 

 

 

  



 

TABLE 4 Patents related to TE-derived CRSs. 

 

PATENT NUMBER STATUS YEAR DESCRIPTION 
WO2001005986A2 Issued 2001 DNA transposon promoter 

WO2000053789A3 Issued 2001 HERV promoter 

WO0222839A2 Issued 2002 IRES of Errantiviruses 

JP2002291473A Issued 2002 Plant Retrotransposon 

promoter 

WO03070958A1 Issued 2003 Insulator in a retroviral gene 

therapy vector 

US7064246B2 Issued 2006 Transposase binding motif 

fused to a promoter to 

modulate gene expression 

EP1887083 Issued 2012 Retrotransposon-derived 

insulator 

CN104450708A Issued 2015 Retrotransposon promoter 

CN103952404 Issued 2014 MITE transposon enhancer 

EP2443255A2 Issued 2017 LTR used as a promoter 

EP2772539 Issued 2019 TE “blurry” promoters 

US AN16/715,451 Filed 2020 TE “blurry” promoter 

US6395549 Issued  2002 LTR CRSs 

 

 

  



Concluding remarks and future challenges: could a new generation of EVs be 

inspired by TE-derived cis-regulatory sequences?  

Basic research in non-model systems constantly calls for new expression methods, 

which rely on the development of new molecular (i.e. vectors) and technological 

innovations (i.e. transfection and transformation methods). 

TE-derived CRSs are promising sources to be considered as a starting point to obtain 

engineered promoters with improved performances, such as the possibility to perform 

gene expression in multiple organisms using a single construct. 

But is a universal EV conceivable? Such a vector should contain universal CRSs and 

should be able to drive and control efficiently the transcription in virtually every 

cellular environment, irrespective of the taxonomic level of the starting and the 

destination organisms. Given the above-described features of the transcription process 

in eukaryotes and prokaryotes, we can easily deduce that a reasonable answer to the 

above question is no. To date, at least three different types of CRSs (promoters, 

insulators, and silencers) identified in TEs carry out their function in non-native cells, 

suggesting that TE-derived CRSs represent a promising starting point to develop a 

“one-for-all” EV. However, much effort is needed to test them in additional cellular 

systems and tag them as the “magic sequences”. Furthermore, the discovery of the 

blurry promoters teaches us that like sifting out sand on a riverside in search of gold 

nuggets, digging into a pile of apparently junk annotated and unannotated sequences 

could probably lead to surprising discoveries. 

The systematic search of TE-related promoters and their functional tests in 

promiscuous conditions, i.e. test CRSs in non-host cell systems, will provide an 

invaluable source of information. Further investigations on CRSs should also involve 

poorly studied TE families such as Helitron and Mavericks. Also, previous descriptive 

studies of the TE complement in non-model organisms deserve further investigations 

especially if novel structural variants of TEs have been described116. 

The genome sequencing projects are an alternative and invaluable source of CRSs-

focused information. The development of efficient genome sequencing methods, such 

as those producing ultra-long reads117, will soon aid in deciphering the sequence of a 

historically hard-to-sequence genomic compartments, such as centromeric and 

pericentromeric heterochromatin, where new transcriptional regulation sequences can 

be characterized. It is indeed well known from studies in model organisms that 

heterochromatin is not transcriptionally silent118 and that CRSs that regulate the 

expression of heterochromatic genes can have peculiar features119,120. 

Finally, a combination of new and known CRSs could be a good halfway to obtain a 

universal vector useful to express the gene of interest in the experimental system of 

choice. The availability of gene synthesis services, at affordable costs, would help to 

generate new combinations of CRSs and easily testing them in various model 

systems. 

An ideal EV is depicted in Figure 4A. Such a vector would give the possibility to 

stably or transiently express our genes, thanks to the TIRs bracketing the whole 

expression cassette enabling its integration upon the co-expression of a compatible 

transposase. This system will be maintained in the repressed status until proper 

promoter induction. The insulator sequences protect the transcriptional unit from 

position effect when it integrates into the genome. One or more genes can be 

expressed in equimolar amounts, in a way dictated by the action of both the promoter 

and the enhancer. This vector will work irrespective of the cells that are being 

transfected/transformed, due to the universal nature of the CRSs used. Another 

possible use of the TE-related CRSs in EVs is related to the expression of selection 



cassettes, such as drug-resistance genes. As an example, a blurry promoter will enable 

the selection of the same EV in many transfected/transformed cells types using a 

single resistance cassette, thus expanding the possibility to conduct experiments in 

multiple experimental systems without the need to change the vector backbone 

(Figure 4B). 

The development of an EV with the above-described features will straightforward the 

research workflow in many laboratories, since it will eliminate the need of cloning 

and sub-cloning steps required to switch from an expression platform to another. 

Furthermore, since TE-derived sequences are regarded as “safe” due to their non-viral 

origin they can find application in gene therapy trials67. 

In conclusion, we propose that multidisciplinary approaches, based on evolutionary, 

functional, cellular, and molecular biology studies should be undertaken to improve 

existing expression systems. These improvements will accelerate the timeline of 

testing, both in the Bio-Pharma industry and in small research laboratories, with a 

great reduction of the costs associated with the cellular platform changes. 

  



FIGURE LEGENDS 

 

Figure 1. Regulatory sequences and their organization in prokaryotes (A), in 

eukaryotes (B), and in a generic EVs (C) 

 

Figure 2. Overview of TEs in eukaryotes (A) and in prokaryotes (B). 

Symbols used are explained in the box. TNP: transposase gene; RES: resolvase gene; 

LAC;  lactamase gene; GAG-POL-ENV: retroviral-like genes; ZN: Zn-finger 

protein coding gene; REP: replicase gene; HEL: helicase gene 

 

Figure 3. Overview of the patented promoter sequences. (A) Number of patents 

issued per year. (B) Number of patents distributed by Country. Data sourced from 

Espacenet (https://worldwide.espacenet.com). 

 

 

Figure 4. An ideal expression vector containing TE-derived CRSs. 

A) Organization of an ideal, host-unbiased, expression cassette to express sequences 

of interest. 

B) Possible use of special CRSs to obtain host-independent selection systems 
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