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Abstract 

Conditional gene targeting allows spatial and temporal control of genetic modifications and is 

used to study gene functions in specific tissues or cell types. Gene targeting may lead to inactivation 

of the gene by insertions or deletions. Conditional gene targeting uses various methods for 

generation of transgenic mutant animals, such as technology of targeted disruption of gene using 

embryonic stem cells, methodology based on bacterial artificial chromosomes, or a new 

revolutionary technology of targeted disruption of genes using programmable nucleases, which is 

rapidly evolving and seems to be more efficient and cheaper method for conditional gene targeting. 

The aim of this work is to overview methods and technologies for generation conditional animal 

models, and overview conditional recombination systems with emphasis on inducible systems, and 

also provides a summary of the main international resources for rodent mutagenesis. 
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Abstrakt 

Kondicionální genové zacílování, které dovoluje kontrolovat genetické modifikace v čase a 

místě, slouží ke studování funkcí genů v určité tkáni či buňkách určitého typu. Genové zacílování 

může vést k inaktivaci genu pomocí inzerce či delece. Kondicionální genové zacílování využívá různé 

metody pro tvorbu transgenních zvířecích mutantů, jako například technologii cíleného narušení 

genů v embryonálních kmenových buňkách, metodu využívající umělé bakteriální chromosomy, či 

novou revoluční technologii využívající programovatelné nukleázy, která se jeví být účinnější a 

levnější metodou pro kondicionální genové zacílování. Tato práce usiluje o prezentaci metod a 

technologií pro tvorbu kondicionálních zvířecích mutantů, o přehled kondicionálních rekombinačních 

systémů s důrazem na systémy inducibilní, a také o přehled hlavních mezinárodních zdrojů pro 

mutagenezi hlodavců. 
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Glossary 
 

ES cells  embryonic stem cells 

PCR  polymerase chain reaction 

Cre  cyclization recombinase 

loxP  locus of crossing over of P1 

BAC  bacterial artificial chromosome 

DSB  double-strand breaks  

HDR  homology-directed repair 

NHEJ   error-prone non-homologous end joining 

ZFN  zinc-finger nuclease 

TALEN   transcription activator-like effector nuclease 

RVD  repeat-variable diresidues 

CPRISPR clustered regularly interspaced short palindromic repeat 

PAM  protospacer adjacent motif 
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1 Introduction 

 Transgenesis is one of the first techniques that is focused on changes in germ line, using 

introduction of exogenous DNA sequences (transgenes) into an organism’s genome, and may be used 

to study overexpression or ectopic expression of a gene of interest (Hofker and Deursen 2011a). 

Gene targeting allows introduction of engineered genetic mutations into the animal at a specific 

genomic locus (Hall, Limaye, and Kulkarni 2009). Advances in transgenic technologies have made the 

mouse one of the most useful animal models for biomedical research (Hofker and Deursen 2011b). 

The first transgenic animal (mouse) with experimentally introduced transgenes was generated by 

Rudolf Jaenisch in 1974, by microinjection of simian virus 40 (SV 40) DNA into blastocyst cavity 

(Jaenisch and Mintz 1974). 

 Further advances in the Smithies and Capecchi laboratories, developed in mouse embryonic 

stem cell biology and genetic engineering in the late 1980s using homologous recombination in 

mammalian cells, resulted in creation of a new technology. This technology became known as gene 

targeting via homologous recombination in ES cells and is used to create knockout mice (Hofker and 

Deursen 2011b). 

 Currently, new technologies have been developed that revolutionized the field of transgenic 

research – the technology of programmable nucleases. These nucleases include zinc-finger nucleases 

(ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced 

short palindromic repeat (CRISPR) – Cas9 (CRISPR-associated) system. ZFNs have been studies in 

detail over the last decade and in some cases are approaching clinical use for gene therapy. TALENs 

and especially CRISPRs, owing to their versatility and simplicity in usage, are now the major 

technologies used in rodents (Mercer et al. 2012). 

 Gene targeting is a powerful and widely used tool of molecular genetics for generating 

animal models to study gene function physiology and disease (Hofker and Deursen 2011a). 
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2 Transgenic animal model 

 A transgenic organism is a type of organism that has stably incorporated one or more genes 

from a foreign source and can pass this genetic information on to the next generations (Alberts et al. 

2002). 

 Transgenic animals are often used as models in basic and applied research. There are many 

animal species that are used as models, including Caenorhabditis elegans, Drosophila melanogaster, 

Danio rario (zebrafish), Xenopus laevis and X. tropicalis or chicken, but most commonly used animal 

models are rodents, predominantly mice. The great utility of mice as models lies in the fact that they 

are highly similar to humans at the genetic level (>95% at the gene level), have analogous physiology 

and anatomy, are amenable to genetic engineering techniques, and their cost is reasonable 

compared to other mammals. The mouse model is essential for studying gene functions in the 

complexity of whole organisms and in generation of models of human diseases such as heart disease, 

diabetes, metabolic syndrome, arthritis, ageing, Alzheimer's disease and Parkinson's disease, cancer 

(Bouvier and Cheng 2009) and other. Moreover, mouse and rodent models in general play important 

roles in drug discovery and development. For example, mice have been genetically modified to 

produce human antibodies for use as therapeutics (Kellermann and Green 2002). 

Another advantage of the mouse as a model is its short reproduction cycle and the fact that 

all technologies for both genome manipulation and cryo-preservation are well established. Thus, it is 

possible to freeze the sperm or embryos and reanimate the model later.  As already mentioned, mice 

are less expensive than pigs and sheep, which are used as model organisms; however, besides the 

costs, experiments with these larger animals have additional limitations due to technical constraints. 

Work with transgenic pigs is focused on transplantations (pigs can be good source of organs for 

transplantation) or cancer (M. Lavitrano et al. 2005). 

 

2.1 Methods used for generation of transgenic organism 
Generation of transgenic animals is based on introduction of modified DNA (often called 

construct or insert) into a host genome. Transfer of genetic information into organism is possible 

using two basic approaches – in vitro transfer (a gene construct is inserted into isolated cells outside 

the host organism, followed by their return into the host) and in vivo procedures (processes where 

cells are modified within the host organism). The gene construct can also be introduced into adult 

host organism (such as in gene therapy of humans) or into embryos, which is the most often used 

experimental approach (Subramanian 2012). An overview of different methods for transfer of 

genetic information is shown in Figure 1. Basic transgenic technologies are shortly described in the 

following sections. 

 

Microinjection into oocyte (zygote) 

Microinjection of DNA constructs is one of the oldest methods and currently experiences a 

kind of renaissance due to its combination with programmable nucleases. Transgenic animals are 

often created by micro-injection of modified DNA into the male pronucleus of a donor fertilised egg 

(zygote), which is then implanted into the oviduct of a pseudo-pregnant mouse (foster mother). By 

this method the DNA is incorporated randomly in the genome. This method may also result in 

multiple copies of the introduced transgene. However, microinjection into oocytes combined with 

any of the programmable nuclease is a highly efficient and very precise tool. It is used for injections 
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 Figure 1. Methods of genetic information transfer. (a) One-cell embryo method using microinjection 
of nuclease. (b) Embryonic stem-cell method using microinjection of embryonic stem cells. (c) Sperm 
transfer method using transfer of mutant sperm into testis. Adopted from (Hamra 2010). 
 
 
 

of ZFNs, TALENs or CRISPR into cytoplasm, and as combined nuclear/cytoplasmic injection when the 

procedure aims to introduce any DNA constructs. 

 

  Embryonic stem cells 

 Another way to create a transgenic animal is to insert modified DNA into embryonic stem 

(ES) cells, which are pluripotent. ES cells are isolated from inner cell mass from the blastocyst (a 3.5 

day-old mouse embryo) and are cultured in presence of feeder cells (transformed fibroblasts of 

mouse) or in presence of soluble factor, which is produced by a number of cell lines (like leukemia 

inhibitory factor -LIF), which help to prevent differentiation (Pease and Williams 1990). Culturing cells 

is followed by incorporation of the targeting construct into cells. These modified ES cells are then 

injected into a hosting embryo and become part of it (Limaye, Hall, and Kulkarni 2009). Such embryos 

give rise to chimeric mice composed of the original cells and modified cells. In case of contributing ES 

cells to germ cells, the chimeric animals will into subsequently transmit the recombinant genotype to 

their offspring (Tymms 2001). This technology still represents the gold standard for precise 

manipulation of genetic information, because it allows inserting, removing or modifying DNA 

sequences. Using this method it is possible to create knock-out and knock-in mice, and their 

conditional variants (Manis 2007). 

  

Sperm transfer  

This transfer uses sperm as a vehicle. Sperm is used for in vitro fertilization or injected into 

the testis. The technique is very unreliable and is not often used for creating transgenic mice, but it is 

used for creating transgenic pigs (up to 80% of the offspring were transgenic) (Marialuisa Lavitrano et 

al. 2002). Transgenic pigs may be used as a large animal model for medical research, especially for 

xenotransplantations (M. Lavitrano et al. 2005). 
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Nuclear transfer (cloning) 

In this process, the nucleus from a donor transgenic animal (donor) is transferred into an oocyte 

without nucleus (enucleated oocyte). The donor nucleus used for transfer may come from an 

undifferentiated embryonic cell or from a differentiated adult cell (somatic cell). This procedure 

results in an animal that is a genetic copy of the donor (Baguisi et al. 1999). 

 

Virus mediated transfer 

This method is based on modified particles of inactivated viruses into which a gene construct 

has been introduced. Only safe viruses may be utilized – just incorporating DNA into the host 

organisms and not producing any new particles. Another problem in using this method is the body 

defence against the virus particles. At present, there are several types of viruses in use, including 

retrovirus, adenoviruses, adeno-associated virus (AAV), and herpes simplex virus (Thomas, Ehrhardt, 

and Kay 2003). 

 

Liposomes 

Here, vectors containing gene construct are enclosed into a vesicle formed by a phospholipid 

bilayer. This vesicle is able to interact with cell membranes, which allows penetration into a cell and 

incorporation of the gene construct into the genome. Employing modified membrane proteins 

permits selection of the type of cells that will be targeted. Liposomes are widely used for delivery of 

drug or gene into cells because of easy manipulation and their dynamic properties (Balazs and 

Godbey 2010). 
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3 Gene targeting – genome manipulation 

 Gene targeting is a process in which an original sequence in the genome is replaced with a 

mutated copy or foreign transgenic construct. Precise targeting or editing is dependent on 

homologous recombination, i.e. recombination between identical regions introduced into a DNA 

fragment and the native chromosome, leading to replacement of a part of the chromosome with the 

engineered DNA. This method can be used for deletion or insertion of genes or for introducing point 

mutations. Gene targeting enables to generation of specific mouse strains with defined mutations in 

their genome, allowing analysis of gene function in vivo (Ledermann 2000). For gene targeting, a 

specific vector termed targeting vector must be created for each gene of interest. Targeting vectors 

may be replacement or insertion vectors. Replacement vectors are used to replace chromosomal 

sequences by a double crossover event involving the flanking homologous regions. Insertion vectors 

are  often used to introduce regulatory, reporter, and selections cassettes as well as new or modified 

cDNAs,  occasionally leading to duplication of genomic sequences (Müller 1999). 

Modification of genes or genomes is permanent and according to the design of the construct 

cloud lead to constitutive or conditional expression of the gene of interest. The conditionality means 

that the expression is regulated in tissue and/or time specific manner in the organism. In general, a 

classic targeting construct for homologous recombination is generated in bacteria and consist of 

specific parts - the gene (or its part), that should be targeted, a reporter (marker) gene, and a 

(dominant) selectable marker (Wu et al. 2008). 

 Gene targeting based on homologous recombination has been used particularly in mouse ES 

cells to delete or insert mutations into the genes of interest to determine their function and to 

introduce human genes into the genome of mice for generation of animal models used for studying 

human-specific genes and diseases. The introduction of reporter genes allows monitoring expression 

of the genes of interest in vivo or ex vivo (Bouabe and Okkenhaug 2013). 
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4 Conditional gene targeting  

Gene targeting leads to inactivation or modification of a gene in all tissues of the body from 

the onset of development throughout the whole lifespan (Müller 1999). In contrast, conditional gene 

targeting allows us to study gene function in specific tissues, cell types and could be designed in such 

a way that gene expression is regulated in a time-dependent manner (Kobayashi and Hensch 2013). 

Conditional gene targeting is often used especially in cases where complete gene inactivation leads 

to embryonic lethality or to undesirable phenotypes, which would prevent more detailed analysis. 

Moreover, conditional gene targeting may define physiological functions of gene products in specific 

tissues, especially when a gene has a ubiquitous expression pattern. Control of gene expression in 

time is useful to study the development and physiologic impact of the gene of interest in an adult 

organism or in disease development.  

 

4.1     Technology of targeted disruption of gene using rodent embryonic 

stem cells 
     

 Gene targeting in embryonic stem cells has become the principal technology for 

manipulation of the mouse genome, offering unrivalled accuracy in allele design and access to 

conditional mutagenesis (Skarnes et al. 2011). This technology is employed for inactivation of a given 

gene in the genome of ES cells by homologous recombination (Rajewsky et al. 1996). Gene targeting 

in ES cells is extensively used to generate designed mouse mutants and to study gene functions in 

vivo (Friedel et al. 2011). 

To study the function of a gene in adult mice and in selected cell types, special targeting 

constructs are required. These constructs must be designed to achieve homologous recombination in 

the target locus for replacement of the native sequence with construct sequence. These constructs 

are introduced into ES cells that were taken from blastocyst (from inner cell mass, ICM) and are 

characterized by their totipotency (undifferentiated) (Camper et al. 1995). Constructs are usually 

transferred into ES cells by electroporation (cells are exposed to electric current that facilitates 

internalization of the DNA construct) (Tompers and Labosky 2004) or by chemical method (e.g. 

polyethyleneimine, lipofectamine) (Bartman et al. 2015). Homologous recombination is a very rare 

process. To obtain correctly targeted clones, it is necessary to make a selection by adding antibiotics 

into the culture medium (unwanted cells will be killed). The targeting constructs should therefore 

contain selection cassettes for positive and negative selection, which enables picking ES cell clones 

with correctly inserted constructs. ES cells clones are then screened by genotyping for correct 

homologous recombination using polymerase chain reaction (PCR) or Southern blotting (Tompers 

and Labosky 2004). Selected clones are injected into host embryos, either into the blastocyst cavity 

or 8-cell stage embryos using laser-assisted technology (the laser is used to cut zona pellucida first 

and then the ES cells are injected through injection pipette) (Huang et al. 2008). Embryos with 

incorporated modified ES cells are transferred and implanted into the oviduct of pseudo-pregnant 

mice. Pseudo-pregnant females are prepared by mating with vasectomised males. The foster 

mothers give birth to chimeric pups, which are than bred with wild-type mice (mice without 

mutation). If the transgene is transmitted to the next generation, germline transmission was 

achieved and led to generation of the ‘founder’ animals. The heterozygote founders can then be 

further bred to generate homozygous mutant mice (Cho, Haruyama, and Kulkarni 2009). 
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Figure 2. Generation of Cre-loxP mouse. 

Adopted from   www.en.wikipedia.org 

Conditional alleles are created using three recombineering systems that make use of three 

different recombinases with the Cre/loxP recombination system as the most common one. This 

system is derived from bacteriophage P1 and requires the gene of interest to be flanked by loxP sites 

(“floxed” gene). LoxP sites are specifically recognised by Cre recombinase. Cre is a member of the 

integrase family of recombinases, and these enzymes recognize specific nucleotide sequences and 

function transiently through a covalent DNA-protein linkage. Cre activity appears mechanistically 

identical to that of yeast FLP recombinase and can function in vitro in the absence of high-energy 

cofactors, topoisomerase activity and DNA replication. In Cre-mediated recombination, resultant 

DNA structures are dependent upon the orientation of loxP sites (Orban, Chui, and Marth 1992). For 

example, if the two loxP sites are in the same orientation, expression of Cre results in the deletion of 

the loxP-flanked DNA sequence. In contrast, if the loxP sites are in opposing orientation, this would 

lead to inversion of the floxed DNA sequence (Schwenk, Baron, and Rajewsky 1995). In any case, the 

loxP sites should flank the gene of interest or the critical exon of the gene. The critical exon is the one 

that would lead to a frameshift mutation after depletion. Also, care should be taken to ensure that 

the inserted loxP sites do not interrupt the normal function and expression in absence of Cre 

(Skarnes et al. 2011).  

  

Generation of a Cre – loxP mouse 

To generate this type of mouse, two independent mouse strains must be created (Figure 2). 

The first mouse strain needs to expresses the Cre recombinase, either in a tissue-specific manner or 

in an inducible way (Kwan 2002). Conditional 

alleles are created by introduction of loxP 

sites (Firuge 2) and the resulting mice are 

called floxed mice. The floxed mice are the 

second strain needed to create the Cre-loxP 

mice. After crossing these two mouse lines, 

the offspring contain cells expressing Cre. 

This leads to recombination of the floxed 

allele and the targeted gene will be 

disrupted. As shown in Figure 2, this 

recombineering process leads to the 

expression of the reporter EGFP (the 

enhanced green fluorescent protein) gene. In 

contrast, cells not expressing Cre will leave the targeted gene intact. 

 

Flp/FRT system 

 This system is similar to the Cre/loxP system but Flp recombinase promotes recombination in 

specific sequence called FRT (flippase recognition target) sites (Hoang et al. 1998). Both (Cre or Flp) 

can cause excisions, inversions, insertions and translocations of DNA between their recognition 

target sites (Dymecki 1996).  

 

Dre-rox system 

The Dre recombinase, like Cre or Flp, is a highly efficient site-specific recombinase and the 

latest addition to the recombinases used as a tool in generation of transgenic animals. Since, Dre also 

binds specific sequences distinct from the loxP or FRT sites, all three recombinases can be used in 
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combination in more complex targeting constructs simultaneously. The recognition sites for Dre are 

called rox sites (Anastassiadis et al. 2009).  

 

4.1.1 Usage of bacterial artificial chromosomes 

 

 Bacterial artificial chromosomes (BACs) are bacterial cloning vectors, which may carry large 

inserts of foreign genomic DNA (Figure 3), typically 100 – 300 kb (Gong et al. 2002). DNA constructs 

based on BACs are frequently used to generate transgenic animals; these constructs reduce the 

influence of position effects and allow predictable expression patterns for genes whose regulatory 

sequences are not fully identified, so BACs are good tool to 

generate transgenes even when the promoter region of a 

gene is unknown (Beil et al. 2012) . 

Generation of BAC transgenic mice is possible by 

two methods. First, by direct microinjection of BAC DNA 

into the pronucleus of fertilized mouse oocyte or by 

integration of BACs into mouse ES cells via recombnation 

(Van Keuren et al. 2009). BACs can be e.g. used for 

introduction of human genes into knockout mice. This 

allows studying functions of the human gene in animal 

models. “Humanized” transgenic mice have reduced or 

missing gene expression of the mouse counterpart gene, 

which is replaced by human gene expression (Pease and 

Saunders 2011).  

Besides the BACs, also YACs (yeast artificial chromosomes) could be used for generation of 

transgenic models. However, BACs have several advantages over the YACs, for example easy 

manipulation in vitro or the fact that they can be purified from their host (E. coli). BACs are stable in 

integration and show a linear relationship between the copy number and the level of expression of 

integrated genes (Zhao and Stodolsky 2004). 

 

4.2 Technology of targeted disruption of gene using programmable 

nucleases 
 

 Programmable nucleases - including zinc-finger nucleases (ZFNs), transcription activator-like 

effector nucleases (TALENs) and clustered regularly interspaced short palindromic repeat (CRISPR)–

Cas9 (CRISPR-associated) system – are able to induce site-specific DNA cleavage in the genome and 

repair through endogenous mechanisms.  These repair mechanisms allow high-precision genome 

editing. However, these nucleases are different in several respects, e. g. in their composition, 

targetable sites, specificities, and mutation signatures. Knowledge of nuclease-specific features is 

therefore essential for researchers to choose the most appropriate tool for a range of applications 

(H. Kim and Kim 2014). Despite their differences, all these nucleases are based on the same principle 

– introduction of double-strand breaks (DSB) at desired positions in the genome. The cells use two 

main pathways to repair DSB - homology-directed repair (HDR) or error-prone non-homologous end 

joining (NHEJ) (Carbery et al. 2010). NHEJ leads to insertion or deletion at the site of DSB (indel 

 

Figure 3. Schematic BAC. Adopted 

from www.genome.gov 
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Figure 4. Structure of ZFNs. Schematic image of 
ZFNs bound to their target sites. Adopted from 
(S. Kim and Kim 2011) 
 

mutations). HDR is used when a repair template contains regions that are homologous to the 

sequences surrounding the DBS for targeted and site-specific integration of the repair template to 

introduce mutations or transgenes to correct or replace the existing genes. However, DBS are 

generally repaired by NHEJ (Sommer et al. 2015) , which often lead to frameshifts (KO´s). 

 

4.2.1 Zinc-finger nucleases (ZFNs) 

 ZFNs are chimeric DNA restriction enzymes that are created by combining the nuclease 

domain of the FokI type II S restriction enzyme with engineered ZF DNA-binding domains. ZFNs 

consist of an N-terminal zinc finger DNA-binding domain, a variable peptide linker and a C-terminal 

Fn domain (Porteus and Carroll 2005). ZF DNA-binding domains contain a left array and a right array, 

each composed of three individual zinc fingers 

(Firgure 4); the ZF protein (ZFP) region 

containing the Cys2-His2 tandem repeats 

contacts 3 bp of DNA so that each array 

recognizes and binds to a specific 9-bp 

sequence called a “half-site” (Porteus and 

Carroll 2005) – each finger is able to recognise a 

specific nucleotide triplet; this composition 

determines the DNA biding specificity that 

guides ZFNs to their target site. Contrary to the DNA-bidding domain, the nuclease domain allows the 

enzymatic activity that cleaves DNA strands (S. Kim and Kim 2011). ZFNs can cause DBS in DNA at 

targeted locus. ZFN-mediated gene disruption results from deletions or insertions frequently 

introduced by NHEJ (Carbery et al. 2010). 

 To prepare ZFNs, three main methods have been currently described (Figure 5). These 

methods are known as modular assembly (Wright et al. 2006), oligomerized pool engineering (OPEN) 

(Maeder et al. 2009), and context-dependent assembly (CoDA) (Sander et al. 2011). Each of these 

methods possesses different advantages and disadvantages (Sander, Maeder, and Joung 2011). 

 

Modular assembly – this method uses archives of pre-selected individual zinc fingers and assumes 

that the behaviours of fingers in an array are independent of one another. Individual pre-selected 

zing fingers are joined together to create a zinc finger array (pre-selected zing fingers are used as 

building blocks) (Beerli and Barbas 2002). The advantage of this method is the ease with which it can 

be practiced - arrays can be designed in less than a week. 

 

OPEN – an “open-source,” combinatorial selection-based method for engineering zinc finger arrays 

is a method dependent on activities of individual zinc fingers in a three-finger array (Maeder et al. 

2009). It is based on the creation of a combinatorial library of multi-finger arrays derived from 

“pools” of pre-selected fingers for individual three bp “subsites”. Three pools are randomly 

recombined together to create a library followed by a bacterial (E.coli) two-hybrid selection system 

to identify specific library members that bind to a target site of interest (Sander, Maeder, and Joung 

2011). This method is also highly efficient; ZFNs created using the OPEN method have been 

successfully used for genome engineering in cultured mammalian cells (Maeder et al. 2008), 

zebrafish (Foley et al. 2009) or Arabidopsis (F. Zhang et al. 2010). Even if the method is highly 
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Figure 6. Schematic image of TALEN pair 

with TALE and DNA biding domain, FokI. 

Adopted from (Petersen and Niemann 2015) 

efficient, it is also labour intensive and time consuming and the assembly can take approximately two 

months to complete. 

 

CoDA – this method is based on three-finger arrays which are assembled using N- and C-terminal 

fingers that have been previously identified in other arrays containing a common middle finger. CoDA 

does not treat fingers as independent modules but instead explicitly accounts for context-dependent 

effects between adjacent fingers thereby increasing the probability that a multi-finger array will 

function well (Sander et al. 2011). This method is quick and requires no specialized expertise; multi-

finger arrays can be created in one or two weeks by using standard cloning techniques or commercial 

DNA synthesis. The resulting three-finger arrays are then screened for DNA-binding activity using a 

bacterial two-hybrid assay (Sander et al. 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The process of delivering the ZFNs to an embryo is essentially identical to standard 

techniques used to produce transgenic mice and rats, where ZFN-encoding nucleic acids are 

microinjected into fertilized embryos, typically in the form of mRNA. These embryos are implanted 

into the oviduct of pseudo-pregnant mice. New-born animals are screened for the desired mutation. 

The targeting site id then analysed in detail by sequencing. Animals carrying frameshift mutations in 

the reading frame of the targeted gene are then considered as potential knockouts of the gene of 

interest (Geurts and Moreno 2010). 

 

4.2.2 Transcription activator-like effector nucleases (TALENs) 

TALENs like ZFNs contain the FokI nuclease 

domain fused to the DNA binding domain. This 

DNA binding domain is known as transcription 

activator-like effectors (TALE) (Ain, Chung, and Kim 

2015). TALEs are naturally occurring proteins in the 

plant pathogenic bacteria genus Xanthomonas, and 

contain DNA-binding domains composed of a 

series of 33–35 amino acid repeat domains that 

each recognizes a single base pair of the DNA 

(Figure 6). TALE specificity is determined by two hyper-variable amino acids that are known as the 

                                                 
 
Figure 5. Methods for engineering zing fingers arrays. (a) The OPEN method. (b) The CoDA 
method. (c) The modular assembly method. Adopted from (Sander, Maeder, and Joung 2011) 
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RVD Amino acid Binding specificity 

NN asparagine - asparagine guanine/adenine 

NI asparagine- isoleucine adenine 

HD histidine - aspartic acid cytosine 

NG asparagine - glycine thymidine 

Table 2. RVDs and their biding specificity. Information 

from Streubel et al. 2012. 

 
 

Table 1. Genetic code table. Adopted 

from www.revisionworld.com 

TALEN tool website 

E-TALEN http://www.e-talen.org/E-TALEN/ 

Mojo Hand http://www.talendesign.org/ 

TALE-NT https://tale-nt.cac.cornell.edu/ 

TALENdesigner http://www.talen-design.de/index_talen.html 

Table 3. Several software tools for TALEN engineering. Information from www.omictools.com. 

repeat-variable diresidues (RVDs) (Gaj, Gersbach, and Barbas 2013). The TALE repeats are joined 

together to recognize a contiguous DNA sequence (DNA code – Table 1). The TALE repeats use four 

RVD domains: NN, NI, HD and NG (letters indicate amino acid); these domains recognize guanine, 

adenine, cytosine and thymidine, respectively (Table 2) (Ain, Chung, and Kim 2015). The length of the 

binding site for a TALEN and the spacer separating two TALEN binding sites depends on the 

architecture of TALENs with different junction sequences between a TALEN DNA-binding domain and 

a FokI nuclease domain (Sung et al. 2014).  

 

 

 

 

 

To generate TALENs, several strategies have been developed. These strategies include: 

‘Golden Gate’ molecular cloning system, ligation-independent cloning techniques and high-

throughput solid-phase cloning such as FLASH (fast ligation-based automatable solid-phase high-

throughput) and ICA (iterative capped assembly) (Jankele and Svoboda 2014). To design specific TALE 

domains, several special software tools were developed (Table 3). Created TALENs are generally 

injected as mRNA into cytoplasm of one-cell stage mouse embryos. The rest of process is the same as 

creating mice with ZFNs. 

 

Golden Gate cloning system. This method allows highly efficient assembly of designed TALEs in a 

single reaction (Weber et al. 2011). The Golden gate cloning system uses an archive of TALE repeat 

units, restriction nucleases type IIS and DNA ligase. Restriction nucleases cause cleavage outside of 

their recognition sites to create unique overhangs, 4 bp long, to make sticky ends (Cermak et al. 

2011). These components are mixed with an appropriate set of plasmids resulting in the joining of 2 – 

10 repeats in a defined order in one reaction (Yamamoto 2015). By repeating this reaction it is 

possible to construct TALEs with 12 – 31 repeats within five days. Cloning is faster by digesting and 

ligating in the same reaction mixture because correct assembly eliminates the enzyme recognition 
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site (Cermak et al. 2011). The Golden Gate cloning method appears to be the easiest method for 

TALENs engineering and could be used by a large number of researches (Yamamoto 2015). 

Ligation-independent cloning. This method is based on a library of DNA constructs encoding 

individual TAL effector repeat unit combinations. These constructs are created to contain long, 

unique single-stranded DNA overhangs suitable for ligation-independent cloning. The single-strained 

DNA overhangs are longer than in Golden Gate cloning system (10 – 30 bp) and are designed to bind 

with the overhangs of other fragments in a highly specific manner without prior ligation. This 

assembly has exceptional fidelity (Schmid-Burgk et al. 2013). 

Solid – phase cloning – FLASH method. The Fast Ligation-based Automatable Solid-phase High-

throughput assembly method enables rapid, high-throughput gene editing. The essence of this 

method is an archive of 376 plasmids that encode one, two, three or four TALE repeats consisting of 

all possible combinations of the NI, NN, HD, or NG RVDs. DNA fragments encoding TALE repeats are 

assembled in an iterative fashion on solid-phase magnetic beads (Reyon et al. 2012). This procedure 

allows automation of serial restriction digest, purification, and ligation steps on a liquid-handling 

platform. Because the final fragment is ligated, it may encode one, two, or three TALE repeats; arrays 

consisting of any desired number of TALE repeats can be assembled. DNA fragments encoding the 

final full-length TALE repeat array are released from the beads by restriction enzyme digestion 

(Reyon et al. 2012). FLASH can be performed manually or by using a liquid-handling robotic 

workstation (Reyon et al. 2013). 

Solid – phase cloning – ICA. Iterative Capped Assembly method uses rapid assembly of repeat-module 

DNA by sequential ligation of monomers on a solid support together with capping oligonucleotides to 

increase the frequency of full-length products. The capping oligonucleotides cause inactivativation of 

incomplete chains, which are generated during process by imperfect monomer ligation efficiency, by 

ligation. This method is unique in the ability to build TALEs in an automatable fashion from individual 

monomers  (Briggs et al. 2012). 

Custom - designed TALE nucleases are also available from many commercial sources, for 

example Cellectis Bioresearch (Paris, France), Transposagen Biopharmaceuticals (Lexington, KY, USA), 

and Life Technologies (Grand Island, NY, USA) (Gaj, Gersbach, and Barbas 2013). TALENs have been 

successfully used to target endogenous genes and efficiently cleave DNA leading to NHEJ (Sung et al. 

2014). Compare to ZFNs, TALENs seem to be better, simpler, with a straightforward design and 

assembly strategies. Therefore, creating TALENs is distinctly cheaper and faster. 

 

4.2.3 Clustered regularly interspaced short palindrominc repeat (CRISPR) 

CRISPRs are often used with Cas9 (CRISPR associated protein 9); this system is called CRISPR-

Cas9 system. The system is originally derived from the adaptive immune system of Streptococcus 

pyogenes (Yen et al. 2014). The CRISPR-Cas9 system is designed type II because the best components 

of the CRISPR-Cas9 system are a single-guide RNA (sgRNA) and the Cas9 nuclease (Figure 7). sgRNA is 

a chimeric molecule containing the CRISPR RNA (crRNA) and the transacting RNA (tracrRNA) (Jinek et 

al. 2012). crRNA is designed to be complementary to the target DNA sequence; the specificity of 

crRNA is given by 20-nucleotide region, which is inside of this RNA. This RNA-Cas9 system 

(CRISPR/Cas endonuclease complex) consists of small crRNA associated with specific Cas proteins and 
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Figure 7. Schematic image of CRIPSR – 

Cas9 system on target DNA. Adopted 

from www.toolgen.com 

it generates DSBs that can lead to insertions and deletions due to imprecise DNA repair by NHEJ (Yen 

et al. 2014). Cas9 nuclease is a DNA endonuclease which is guided by two RNAs (crRNA and tracrRNA) 

and participates in maturation of crRNA. 

 Except 20 nucleotide-long region in crRNA, the target region depends on additional 

interactions between Cas9 and the target DNA. This interaction requires the presence of a specific 

sequence motif - the “protospacer” adjacent motif 

(PAM, known as NGG sequence). The PAM sequence 

does not have a counterpart on the guide RNA (Gilles 

and Averof 2014). PAM is an essential targeting 

component and protects the CRISPR locus from being 

targeted. PAM is situated downstream of the crRNA, 

which is recognized by the Cas9 (Ain, Chung, and Kim 

2015).  

 The CRISPR technology is rapidly evolving 

(Gilles and Averof 2014) and because of the simplicity 

of its usage, this technology is extremely attractive 

and efficient as a genome editing tool (Yen et al. 

2014). First publications dealing with the use of CRISPR technology in mammalian cells were: RNA-

Guided Human Genome Engineering via Cas9, published by Mali et al. 2013 and Multiplex Genome 

Engineering Using CRISPR/Cas Systems, published by Cong et al. 2013. CRISPR/Cas can target multiple 

loci by using difference specific sgRNA and their ‘multiplexing’ (Gilles and Averof 2014). For example, 

Wang´s laboratory (Wang et al. 2013) reported that CRISPR/Cas-mediated genome editing in ES cells 

can be used for generation of simultaneous mutations of several genes with high efficiency in a 

single-step approach. They also state that mouse embryo may be directly modified by injection of 

Cas9 mRNA and sgRNA into the fertilized egg, which is more efficient way to produce mice carrying 

biallelic mutations in a given gene (Wang et al. 2013). 

 

4.2.4 Comparison of technologies: ES cells method versus programmable nucleases 

 

 The advantages of ES cells technology are as follows: precise control of the integration site 

via homologous recombination, pre-screening of ES colonies with randomly integrated vector copies, 

and stability of the targeted mutations through subsequent generations (Müller 1999). Until recently, 

the technology of homologous recombination in ES cells was a gold standard in gene/genome 

manipulations. However, this technology has also a number of disadvantages: this method may only 

be used in mice and rats due to the difficulty of establishing ES cell lines from other species 

(Nakajima and Yaoita 2013), it is expensive and difficult, and time-consuming. 

  Programmable nucleases TALEN and CRISPR/Cas9 systems (not ZFN) appear to be more 

efficient, cheaper and less time-consuming, and can be used in virtually almost all species. There is 

no need to work with ES cells – nucleases with targeting constructs can be microinjected directly into 

zygotes of mice and rats and generate mono- and bi-allelic modifications (Carbery et al. 2010). 
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Figure 8. Schematic image of tamoxifen system.      

Adopted from www.cfri.ca 

System name Recombinase Sites 

Cre/loxP Cre loxP 

Flp/FRT Flp FRT 

Dre-rox Dre rox 

Cre-ERT/ERT2 Cre-ERT/ERT2 loxP 

 

System name Transcriptional activators Specific DNA sequence 

Tet system tTA/ rtTA Ptet 

Gal4/UAS Gal4-ER/Gal4-GR UAS 

 Table 4. Recombination and transcriptional regulative systems  

5 Conditional recombination system 

 Conditional gene targeting may be tissue-specific or inducible. Tissue-specific gene targeting 

means that gene expression in a specific target tissue will be switched on or off. In inducible gene 

targeting, gene expression can be under the control of recombinase systems such as Cre/loxP of 

Flp/FRT system, or under the Tet system and Gal4/UAS system. The recombination-controlled system 

based on Cre/loxP has been further developed and its variant is often induced in time by tamixofen 

(Cre-ERT and Cre-ERT2 systems) (J. Zhang et al. 2012). Recombination systems are summarised in 

Table 4. 

 

 

 

 

 

 

 

 

 

 

5.1 Tamoxifen system  
 The tamoxifen system is the most commonly used inducible system for stage-specific 

knockout; it regulates gene function at the protein level (Figure 8). This system uses the Cre/loxP 

system (described in chapter 4.1.), in which Cre recombinase is fused with mutated form of the 

ligand-binding domain of oestrogen receptor (ER), forming Cre-ERT. The Cre-ERT protein binds to 

tamoxifen or 4-hydroxytamoxifen (OHT), instead of oestradiol, which is a naturally occurring ligand. 

In case of absence of tamoxifen, the Cre-ERT 

fusion protein occurs in cytoplasm, binds to 

heat-shock protein (HSP 90) and is 

inactivated. The presence of tamoxifen 

causes a shift of the protein into the 

nucleus, where it executes its function due 

to exposure of the nuclear localization 

signal (J. Zhang et al. 2012). Currently, a 

newer version of the ligand-dependent 

recombinase has been developed – Cre-ERT2 

(Cre recombinase - oestrogen receptor T2), 

which is more efficient than Cre-ERT (Indra 

et al. 1999). Cre-ERT2 contains three point 

mutation (change of three amino acids) of 

the human oestrogen receptor ligand biding 

domain and due to this change, Cre-ERT2 

binds just 4-hydroxytamoxifen, which releases heat-shock protein from the ERT2 domain (Friedel et 

al. 2011). 
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Figure 9. Schematic image of Tet systems with 
presence or absence of Doxycycline. Adopted from 
(Kohan 2008) 
 

CreERT2 transgenic mouse strains, expressing CreERT2 in a selected cell type, can be generated 

in the same way as like Cre transgenic lines, either by random integration of a CreERT2 expression 

construct or by knock-in of the CreERT2 coding region into a specific site in the genome (Friedel et al. 

2011). 

 

5.2 Tet system 
 The Tet system (tetracycline inducible expression system) regulates transcription of the gene 

and uses the bacterial tet resistance operon (tetO) to reversibly switch gene expression (Kohan 

2008). The Tet system has two variants: the tTA (Tet-off) system and the rtTA (Tet-on) system (Figure 

9). These systems, especially the Tet-on system, have been used in transgenic mouse modelling (Sun, 

Chen, and Xiao 2007). This system is based on two central elements, the tetracycline-controlled 

trans-activator (rtTA/tTA) and a specific responsive promoter (Ptet) that controls expression of the 

transgene (Gossen and Bujard 1992). The original tetracycline system was based on constitutive 

expression of tTA, a fusion protein composed of the DNA-binding domain TetR (TetR is the 

tetracycline repressor protein) and the herpes simplex virus VP16 transactivator protein. Tetracycline 

and tetracycline derivates, such as doxycycline hydrochloride (Dox), are used to control the DNA-

binding activity of tTA (Schönig et al. 2012). 

 

Tet-off system – the principle of this 

system is the same as in the Tet-on 

system, except that instead of rTetR, TetR 

is essential, and tTA instead of rtTA. 

Fusion of TetR with transcription 

activation domain causes generation of 

tTA, which binds to tetO and affect 

promoter that controls expression of gene 

of interest. In the presence of tetracycline, 

tTA does not bind to tetO, and the target 

gene is not activated (Chang et al. 2000). 

 

Tet-on system – this system is based on 

fusion of rTetR (reverse Tet represor 

protein) to a transcription activation 

domain. This fusion causes generation of 

reverse tetracycline-controlled transactivator (rtTA) (Park and Morschhäuser 2005). The rtTA will 

bind to tetO (tet resistance operon) only in the presence of tetracycline or tetracycline derivates, not 

in their absence (Gossen and Bujard 1992). Binding of rtTA with tetO, affect promoter (Ptet) which 

control expression of gene of interest. In case of absence of tetracycline or tetracycline derivates, 

rtTA is not bound, causing no expression of the gene of interest. 

 

 Both these systems have advantage in the use of tetracycline and tetracycline derivates with 

well-characterized pharmacokinetics. The binding activity of tetracycline or its analogues is very high, 

so that low or moderate amounts are sufficient to modulate gene expression (Chang et al. 2000). 
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5.3 Gal4/UAS system 
 Gal is a transcriptional activator that functions in the galactose metabolism in yeast. It binds a 

specific recognition sequence, UAS (upstream activating sequence), on DNA and activates 

transcription of target genes. The spatial domain of UAS is determined by the promoter used to 

express Gal4 (Brand and Perrimon 1993). The Gal4/UAS system uses the molecular structure of Gal4 

and steroid hormone receptors. Steroid hormones are essential for activation of UAS-controlled 

reporter genes using fusion proteins in which Gal4 (Gal4-ER/Gal4-GR) is fused to the hormone-

binding domain of oestrogen (ER) or glucocorticoid receptor (GR) (Akerberg, Stewart, and Stankunas 

2014). This system was first used as a two-component gene expression system in Drosophila (Brand 

and Perrimon 1993). This system is normally used to analyse the function of developmental genes. 

The principle of this method is based on creating two different kinds of transgenic strains, called 

activator and effector lines. In an activator line, the gene for the yeast transcriptional activator Gal4 

is placed under the control of a specific promoter, while in the effector line the gene of interest is 

fused to the DNA-binding motif of Gal4 (UAS sequence). If animals carrying the effector gene are 

crossed with animals carrying the activator gene, the effector gene will be transcriptionally silenced. 

This allows controlled ectopic expression of the effector gene (Scheer and Campos-Ortega 1999). 

Besides zebrafish, the Gal4-UAS system had not been applied effectively to most of vertebrate 

systems, mainly due to the lack of an efficient transgenesis (Asakawa and Kawakami 2008). 
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6 Resources for rodent conditional mutagenesis 

 After sequencing of the human and mouse genomes it was found that human and mouse 

genes share 95% homology, which led to the consideration that the mouse genes could serve as tools 

for understanding human gene function. Mouse models have then been used as a tool for these 

studies. The mouse model is the prime model to ascribe mammalian gene functions owing to the 

ease of genetic manipulation of the mouse genome with the available genetics toolbox, by knocking-

out the corresponding murine homologous loci and interpreting the associated phenotypes 

generated. This process is known as mouse functional genomics (Pease and Saunders 2011). 

 To generate a new mouse model with genetic modification, it is useful to start with careful 

control of the resources that are already available to obtain information relating to the gene of 

interest. There are several centres worldwide that produce mouse models in large-scale for the 

scientific community and it is more than likely that the desired mutation, for specific knock-in allele, 

has already been made in the form of ES cells clones, live animals, or even cryopreserved sperm or 

embryos. The available global resources possess the most updated information about any given 

mouse gene. The knowledge and adequate use of global resources should speed up deciphering the 

role of mammalian (including human) genes in bio-medicine and biotechnology, and should help us  

to avoid the redundant use of animals for experimentation, optimizing the use of limited funding 

resources (Pease and Saunders 2011). 

 The ability to perform gene knockouts in the laboratory mouse via ES cells has been a 

particularly successful research tool for nearly two decades, by using two major methodologies: gene 

trapping and gene targeting. Gene trapping is based on the random integration of a DNA construct in 

the genome and gene targeting is based on a directed approach that uses homologous 

recombination to mutate an endogenous gene („A Mouse for All Reasons" 2007). 

 The impulse to producing ES cell lines with gene mutations led to formation of several gene 

trap contortiums, with collaborative intent to saturate the mouse genome with gene trap vector 

insertions in mouse ES cells. These attempts were based on the proposition that most genes could be 

mutated, and these ES cell clones carrying random insertions may be used for creation of the 

corresponding mouse mutants (Pease and Saunders 2011). Lexicon Genetics, a biotechnology 

company in USA, was the first that implemented a genome-wide gene trapping program and has 

developed OmniBank – the largest library of mutant ES cell lines. Eventually, all gene trap project 

merged into the International Gene Trap Consortium (IGTC) (http://www.genetrap.org) (Skarnes et 

al. 2004). 

 Another consortium - International KnockOut Mouse Consortium (IKMC) – 

(http://www.knockoutmouse.org) combines four members who are working together to mutate all 

protein-coding genes in the mouse, using a combination of gene trapping and gene targeting in 

C57BL/6N mouse ES cells („About IKMC | IMPC" 2015) (currently, the production is coordinated 

under IMPC – see further). The C57BL/6N mouse strain is used because it is the most widely used 

strain and its complete genome sequence is available („What is KOMP?" 2015). The first members of 

the consortium were the European Conditional Mouse Mutagenesis (EUCOMM) formed in Europe, 

the North-American Conditional Mouse Mutagenesis (Nor-COMM) organised in Canada and the 

Knock-Out Mouse Project (KOMP) formed in USA. Later, it was joined by the Texas A&M Institute for 

Genomic Medicine (TIGM), as the forth project of this type (Pease and Saunders 2011). 

EUCOMM (http://www.eucomm.org) – this project was funded by the FP6 (The 6th Framework 

Programme) of the European Commission and combines 11 research institutions across Europe („A 

http://www.genetrap.org/
http://www.knockoutmouse.org/
http://www.eucomm.org/
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Mouse for All Reasons" 2007). EUCOOM contributes the largest fraction of conditionally trapped and 

targeted genes in mouse C57BL/6N ES cells to the IKMC („About IKMC | IMPC" 2015). All the ES cell 

clones and vectors associated with EUCOOM may be searched for and ordered from the European 

Mouse Mutant Cell Repository (EuMMCR) (http://www.eummcr.org). Live mice and cryopreserved 

embryos derived from EUCOOM ES cell lines may be searched and ordered from the European 

Mouse Mutant Archive (EMMA) (http://www.emmanet.org). 

Nor-COMM (http://norcomm.org) – this is a Canadian project, funded by Genome Canada and 

partners. Three centres in Canada are members of this project – the University of Manitoba, the 

University of Toronto and the University of British Columbia („A Mouse for All Reasons" 2007). Nor-

COMM is focused on developing and distributing a library of mouse ES cell lines carrying single gene 

trapped or targeted mutations across the mouse genome („North American Conditional Mouse 

Mutagenesis" 2015).  Biological material from Nor-COMM is available through the Canadian Mouse 

Mutant Repository (CMMR) (http://cmmr.ca) (Pease and Saunders 2011).  

KOMP (http://www.knockoutmouse.or) – this project is funded by the NIH (the U.S. National 

Institutes of Health). KOMP is a source of mouse ES cells containing a null mutation in every gene in 

the mouse genome by using two complementary targeting strategies – KOMP produces both, 

conditional and null mutants („About IKMC | IMPC" 2015). Biological material (ES cells, live mice and 

cryopreserved embryos) from KOMP may be obtained from the Mouse Mutant Regional Resource 

Centres (MMRRC) (http://www.mmrrc.org) (Pease and Saunders 2011). 

TIGM (http://www.tigm.org/) – TIGM has the world’s largest gene trap library of C57BL/6N ES cells 

and mice. Unfortunately the database is temporarily closed down, but TIGM is working on getting it 

back online („TIGM Q&A" 2015). 

 Other previously made mouse models available, not necessarily included in the IGTC or IKMC 

database, could be found in the International Mouse Strain Resource (IMSR) 

(http://www.findmice.org/). IMSR combines most of the available databases such as IKMC, EMMA, 

MMRRC, CMM, JAX (The Jackson Laboratory – http://www.jax.org) and all major mouse archives 

worldwide. The only exception would be the IGTC database (gene-traps), which is not entirely 

directly searchable through the IMSR database, but gene-trapped ES cell clones from some IGTC 

members are included in the IMSR. A typical IMSR search should produce a list of mouse strains, in 

the form of ES cell clones, indicating the particular project consortium that has generated the 

biological material or live mice. Most mouse strains are not available in the form of live mice but in 

the form of cryopreserved embryos or sperm, which is suitable for shipping purposes (Pease and 

Saunders 2011). 

 Currently, most information could be found in the IMPC (the International Mouse 

Phenotyping Consortium) portal (http://www.mousephenotype.org/). This portal is becoming the 

major resource for scientists – it comprises not only comprehensive information about generated 

targeting vectors, modified  ES cells and generated mouse models, but powerful bioinformatics link 

the genes with the phenotypes and human disease. The bioinformatics is largely fuelled by specific 

groups from Jackson laboratories (USA), specifically by the Mouse Genome Informatics (MGI) 

(http://www.informatics.jax.org). Furthermore, MGI is linked with popular genome browsers, such as 

ENSEMBL, NCBI or UCSC, where comprehensive genetic detailed information could be found.  The 

MGI web page leads to various sections with different types of information, e.g. information about a 

http://www.eummcr.org/
http://www.emmanet.org/
http://norcomm.org/
http://cmmr.ca/
http://www.knockoutmouse.org/
http://www.mmrrc.org/
http://www.tigm.org/
http://www.findmice.org/
http://www.jax.org/
http://www.mousephenotype.org/
http://www.informatics.jax.org/
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human disease associated with each gene is linked through the OMIM (Online Mendelian Inheritance 

in Man) database. This database also collects and annotates data for Cre recombinase-containing 

transgenes and knock-in alleles; all these Cre-mouse lines may be searches through web site 

(http://www.creportal.org); or provide links to books about mouse genetics that are out of print 

(Pease and Saunders 2011). 

 Besides MGI, there are also other information websites to offer many useful links to various 

resources, for instance the International Society for Transgenic Technologies (ISTT) 

(http://www.transtechsociety.org), providing links to almost all transgenic core facilities (Pease and 

Saunders 2011). 

 Databases for rats have been historically separated from databases for mouse models. Rats 

are mostly used as an animal model for toxicological and pharmacological studies (Pease and 

Saunders 2011). For many years, rats had not represented a good tool for gene targeting, for 

example because rat egg microinjection is more problematic because of greater flexibility of the 

pronuclear membrane (Filipiak and Saunders 2006). The most important database, associated with 

almost anything related to rat genetic and genomic research, is the Rat Genome Database (RGD) 

(http://rgd.mcw.edu).  Complementary resources may be obtained from the NIH Rat genomics and 

Genetics web site (http://www.nih.gov/science/models/rat) and from specific ENSEMBL or NCBI web 

sites (http://ensembl.org/Rattus_norvegicus, http://www.ncbi.nlm.nih.gov/genome/guide/rat). To 

obtaining rat strains, specific centres were established, for example The National BioResource Project 

for the Rat (NBRP) (http://www.anim.med.kyoto-u.ac.jp/nbr) or the Rat Resource & Research Centre 

(RRRC) (http://www.rrrc.us/). The recently founded organization, the Knock-Out Rat Consortium 

(KORC) (http://www.knockoutrat.org), aims to create knockout mutations in rats by multiple 

technologies. KORC has similar goals as KOMP (Pease and Saunders 2011). 
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7 Conclusions 

 Gene targeting is a powerful and widely used tool of molecular genetics. Gene targeting 

could be made in virtually all organisms; however there are only several species that are being used 

on a large scale. Mouse as a model organism is preferred for its small size, short reproduction cycle, 

and economic reasons. Perhaps, the most important reason is that mouse and human genes share 

95% homology, and the mouse may thus be exploited as a model for studying human diseases. Most 

frequently used methods for generating a transgenic mouse are microinjection into embryo or ES 

cells manipulations. 

 Gene targeting is a process that allows introduction of informative mutation (change) 

enabling analysis of its impact on the function of the physiological system of the organism and 

disease development. 

 Conditional gene targeting has a specific position in genome editing as it allows generation of 

a mutation in a specific manner, i.e. tissue- or time-specific manner. One of conditional gene 

targeting methods is the technique of ES cell manipulation via homologous recombination. The ES 

cell method uses the Cre/loxP recombination system to generate specific mouse strains.  

Currently, new technologies have been developed that revolutionize the field of genome 

editing. These technologies employ programmable nucleases, specifically TALENs and CRISPRs. 

Compared to the ES cell technology, this approach is more efficient, economical, less time-

consuming, and it is possible to use it in other animal species than just mice and rats. 
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