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ABSTRACT

Although the rat is one of the most used model organisms in biomedical research, 
its use as a mammalian genetic model system has long been hampered by the lack of 
pluripotent embryonic stem (ES) cells. !erefore, alternative techniques independent 
of ES cell manipulation were developed, like N-ethyl-N-nitrosourea (ENU) 
mutagenesis, transposon-tagged mutagenesis and very recently zinc-"nger nuclease 
(ZFN)-mediated gene targeting. !ese techniques are highly complementary and add 
to the increasing versatility of the rat as a genetic model system. In addition, successful 
isolation and propagation of genuine rat pluripotent ES cells and induced pluripotent 
stem cells (iPSCs) have recently been reported, opening the possibility for homologous 
recombination (HR)-based gene knockout and knock-in approaches. Here, we 
provide an overview of the current status and possibilities of these techniques and the 
application of genetically modi"ed rat models in biomedical research.
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UNDERSTANDING THE HUMAN GENOME

Almost a decade ago, the "rst dra#s of the human genome were completed [1,2]. 
Knowing the sequence, however, does not mean that we understand the code. To 
crack the code, the use of genetic model organisms is crucial. Sequence conservation 
between di$erent species is indicative of evolutionary selection and the functional 
importance of genomic elements. Genetic di$erences in highly conserved elements 
can be causative for naturally occurring phenotypic di$erences, so the availability 
of genome sequences of di$erent organisms, both far diverged from humans as well 
as closely related, provides a useful tool to hypothesize about the potential function 
and importance of genomic elements in the human genome and changes in the DNA, 
which can be associated with disease. To test these hypotheses, genetic modi"cation in 
model organisms has proven to be extremely powerful.

In general, technical tools to manipulate the genome can be split in two classes 
depending on the research question, namely classical phenotype-driven (forward genetic) 
or genotype-driven (reverse genetic) approaches (Fig. 1). To dissect developmental and 
biochemical pathways that underlie a given phenotype, like disease traits, forward genetic 
screens are excellent tools. Although naturally occurring genetic variations in humans or 
model organisms can be used to map phenotypic traits back to the genome, the number 

Figure 1: Genetic tools can be subdivided into two groups depending on the research question. 
‘Classical’ or phenotype-driven approaches start o$ with a speci"ed human disease phenotype. 
Animals displaying similar symptoms can be used to identify genetic elements underlying these 
disease traits by selective breeding and molecular biological techniques, like linkage analyses. 
Both naturally occurring genetic variation as well as arti"cially induced variation can be used to 
score disease phenotypes. Alternatively, genotype-driven approaches are based on systematically 
mutating known genes to determine their role in human physiology and pathology by analyzing 
the phenotypic e$ects. ENU, N-ethyl-N-nitrosourea; ESC, embryonic stem cell; iPSC, induced 
pluripotent stem cell; HR, homologous recombination; ZFN, zinc-"nger nuclease.
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of involved genetic elements can vary, making disease-gene discovery extremely complex. 
!erefore, forward genetic screens are o#en based on arti"cially introducing independent 
genetic variations in the germ line of model organisms using mutagenesis approaches. 
Hence, every mutant individual most probably carries a single causative genetic change, 
which can be traced back to the genome using molecular biological techniques. !is way 
single genes involved in the phenotype of interest can be uncovered.

In contrast, genotype-driven approaches are based on manipulating coding genetic 
elements followed by phenotypic analysis. !e availability of completely sequenced 
genomes of di$erent model organisms has increased the popularity of this approach 
because prior sequence knowledge is required. Gene knockout technology using 
homologous recombination combined with pluripotent ES cells in the mouse has 
proven to be especially powerful for this [3]; however, for many other organisms this 
technology is not (yet) available. Still, many researchers are not willing to convert to 
the mouse because di$erent model organisms of choice have di$erent advantages. 
!erefore, in the last years alternative methods applicable to many other if not all 
organisms have been developed, which very e%ciently allow for mutant generation.

Traditionally, the laboratory rat Rattus norvegicus has been the model organism of 
choice for physiologists, pharmacologists, nutritionists and other biomedical researchers 
owing to its large size, which facilitates experimental and surgical interventions [4]. For 
example, it was recently demonstrated that neurons beneath the surface of the brain 
could be imaged in vivo by &uorescent microscopy in a freely moving rat by mounting 
a miniature two-photon microscope to its head [5]. In addition, learning behavior is 
traditionally extensively studied in the rat. It was recently shown that neurogenesis and 
the maturation of these newborn neurons in the adult hippocampus of rats are enhanced 
when compared with the mouse brain [6]. Moreover, it was shown that these newborn 
neurons were more involved in response to behavioral activity in rats compared with 
mice [6]. !ese data suggest that the rat hippocampus may be a better model for that of 
the human. Importantly, some human diseases are best mimicked in the rat, in particular 
neurodegenerative diseases and disorders a$ecting higher brain function, schizophrenia, 
anxiety, depression and addiction. Selective breeding and characterization has led to 
hundreds of strains mimicking complex human disease [7]. To identify causal mutations 
underlying these disease phenotypes by quantitative trait loci (QTLs) mapping, detailed 
single nucleotide polymorphism (SNP) panels have been developed, enabling the 
genotyping of over 300 inbred strains and hybrid animals [8]. Furthermore, to locate 
genetic loci involved in complex phenotypes, several recombinant inbred panels as 
well as heterogeneous stocks and many congenic and consomic strains are available 
[9]. Nevertheless, identifying causative polymorphisms underlying disease phenotypes 
remains di%cult. It is therefore not surprising that a lot of e$ort has been invested in 
generating and optimizing techniques to arti"cially manipulate the rat genome.

Recently, some great technological breakthroughs have been achieved in the "eld 
of rat genetics that will certainly have great impact on modeling and understanding 
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human physiology and disease and will "nally make the rat a fully appreciated genetic 
model organism. Here, we review these technical improvements and newly developed 
methods. In addition, we will describe the implications of rat genetic mutant models 
for understanding human biology.

HOMOLOGOUS RECOMBINATION-MEDIATED GENE TARGETING
Maintaining pluripotency of rat ES cells

In the last two decades, ‘classical’ gene targeting based on homologous recombination 
(HR) in pluripotent ES cells has been one of the most powerful tools in the "eld of 
genetics [3]. For successful gene targeting, it is crucial to be able to maintain a cell 
type in vitro that is ultimately capable of germ line contribution when placed back 
in its original natural environment. A gene of choice is targeted by o$ering these 
cultured cells an arti"cially engineered piece of DNA, which contains parts of DNA 
homologous to the target sequence for recombination and a nonhomologous part, 
such as selection markers, reporter genes, sequence-speci"c recombinase genes, etc. 
(Fig. 2A). Successful gene targeting by HR is dependent on cell proliferation because 
colonies that derive from individual successfully recombined cells need to be selected 
for and expanded. Subsequently, these cells can be genotyped and re-implanted into 
their natural context. Currently, the only type of naturally occurring cells reaching 
these criteria is the pluripotent ES cell, which is a relatively rapidly dividing cell that 
can be placed back into blastocysts a#er gene targeting. In contrast, the multipotent 
spermatogonial stem cells (SSC), which can be isolated from rats, propagated in 
culture and can contribute to the germ line when placed back in recipient testes 
[10,11], are relatively slow-dividing cells and probably unsuitable for gene targeting 
by HR. !erefore, a prerequisite for this technique is the availability of pluripotent 
ES cells, but despite many e$orts [12,13,14], these have been lacking for the rat for a 
long time.

Until very recently, the only targetable mammalian ES cells were derived from only 
a few mouse inbred strains, mainly 129 [15], and the isolation and culturing conditions 
were empirically based on these few cell lines. However, the same conditions did not 
yield ES cells from other mouse strains or species. In 2008, a groundbreaking study 
reported that external cues were dispensable for propagation of ES cells in culture. 
Instead, the elimination of internal di$erentiation-inducing signals was su%cient for 
self-renewal [16]. By adding three inhibitors (3i) that prevent di$erentiation cues 
through "broblast growth factor (FGF)/ERK signaling or glycogen synthase kinase 
3 (GSK3) activity, ES cells from other mouse strains [16,17] and also rats [18,19] 
maintained pluripotency when propagated in vitro. !is ability to isolate and propagate 
pluripotent rat ES cells in a culture dish is the "rst and arguably most important 
breakthrough towards ‘classical’ gene targeting in this species. However, to date no 
transgenic animal using this technique has been reported.
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Figure 2: Di!erent techniques available to manipulate the rat genome. (A) Schematic repre-
sentation of gene targeting by homologous recombination (HR). A double strand break (DSB) 
near a gene of interest (G) is repaired with exogenous DNA as template. Black lines indicate 
DNA sequence homologous to the target, and the red lines indicate a nonhomologous part (*). 
(B) !e mutagenicity of N-ethyl-N-nitrosourea (ENU) is the result of the capability of trans-
ferring the ethyl group to nucleotides in the DNA. During replication this can result in the 
mis-insertion of a nucleotide and a#er another round of replication in a single base pair substitu-
tion. (C) Schematic overview of germ line Sleeping Beauty (SB) transposition. A transgenic rat 
expressing the transposase gene is crossed with a transgenic rat that carries the transposon in its 
genome. !is will produce double transgenic ‘seed rats’ with transposition events in their germ 
line, which can be "xed by outcrossing them with wild-type animals. (D) A DSB is introduced 
at a speci"c locus by fusing two zinc-"nger (ZF) arrays to monomeric FokI domains. When 
no homologous template is available for repair by HR, the DSB is repaired by the error-prone 
mechanism of nonhomologous end joining (NHEJ). !is can result in insertions or deletions 
and subsequently out-of-frame mutations.
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!ere are several arguments possibly explaining the current lack of knockout rats 
by ES cell-based HR. First, genetic manipulation of rat ES cells in the 3i condition was 
reported to be technically challenging because of cell adhesion de"ciency and high 
drug selection sensitivity [19]. Nevertheless, it was also postulated that rat ES cells that 
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are cultured under 2i conditions, whereby the two inhibitors of "broblast growth factor 
(FGF)/ERK signaling are replaced by one more potent MEK inhibitor [18,19], can 
overcome these challenges. However, it still has to be determined whether rat ES cells 
retain pluripotency a#er long-term culture under these conditions. Moreover, even if 
these problems are overcome, it still has to be determined whether the e%ciency of HR 
as applied in mouse ES cells is su%cient enough for gene targeting. It is, for example, 
known that the application of this technique in human ES cells is highly ine%cient 
[20]. Second, the incidence of germ line transmission is still low [18], which is also 
observed in mouse ES cells unless C57BL/6 strain blastocysts are used as hosts [21], 
underlining the necessity of systematically screening di$erent donor and host strain 
combinations. Finally, although the karyotypes of the rat ES cells were found to be 
reasonably stable at earlier passages, chromosomal abnormalities increased at higher 
passages [18,19]. !is "nding can have big consequences for generating knockout 
animals because chromosomal abnormality is one of the major causes of loss of germ 
line competence of mouse ES cells [22]. Again, cells derived under 2i conditions did 
not display chromosomal abnormalities [18].

Generation of rat induced pluripotent stem cells (iPSCs)

Recently, a close relative of the ES cell, the iPSC, was generated for the rat [23,24]. !is 
revolutionary technique is based on ectopic expression of 4 de"ned factors: Oct-4, 
Sox2, c-myc and Klf4, which initiates dedi$erentiation of somatic cells, like "broblast, 
into a pluripotent state [25]. If kept under the right culturing conditions, these cells 
retain their pluripotency. Importantly, it was shown that mouse iPSCs form viable 
chimaeras and can contribute to the germ line when injected into blastocysts [26,27]. 
It is conceivable that propagation of rat iPSCs under 3i or 2i conditions is essential to 
maintain pluripotency, like it is for rat ES cells. Indeed, one study reported that rat iPSCs, 
which were maintained under the standard conditions for mouse ES cells, did not yield 
chimaeras when injected into blastocysts [24]. In contrast, chimaeras were obtained 
when rat iPSCs were used that were maintained under slightly modi"ed 3i conditions 
[23].  However, to date no germ line contribution has been reported yet, which is most 
probably because of the same problems that hinder successful HR in ES cells.

It is unclear when the "rst knockout rats generated using HR in stem cells can be 
expected. First, the conditions for HR in cultured stem cells have to be optimized, and 
most optimal strain combinations (donor cells and recipient strains) should be sorted 
out. Nevertheless, the isolation and generation of respectively pluripotent rat ES cells and 
iPSCs are major steps forward in the "eld of rat genetics.

ENU TARGET-SELECTED MUTAGENESIS

An alternative technique to manipulate the germ line in rats without the necessity to 
culture and genetically manipulate ES cells is based on random N-ethyl-N-nitrosourea 
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(ENU) mutagenesis of the male germ line, simply by treating the animal with an 
intraperitoneal injection of the mutagen ENU [28]. !is is an approach that originally 
has been successfully used for phenotype-driven screens in a variety of model 
organisms, including mice [29,30] and rats [31]. Upon treatment, the ethyl group of 
ENU is transferred to oxygen or nitrogen radical present in the DNA. Subsequent 
replication cycles of this damaged DNA can result in mispairing followed by single 
base pair substitutions (Fig. 2B) [32]. Because the mutagenicity of ENU is dependent 
on multiple cycles of DNA replication, the alkylated DNA nucleotides of cells with 
a high turnover rate, like spermatogonial stem cells, are likely to result in point 
mutations. Because of the randomness of mutagenesis, every a$ected cell will contain 
a unique set of induced mutations, which will result in a genetically heterogeneous 
sperm cell population. Subsequently, the ENU-induced mutations are transferred 
through the germ line by crossing treated males with untreated females, resulting in an 
F1 population in which every individual carries unique heterozygous mutations in their 
genome. Occasionally, knockout-like alleles are generated by introducing a nonsense 
mutation in the open reading frame (ORF) that results in a premature stop codon and 
an absent or truncated protein product or a mutation in a splice donor/acceptor site of 
a gene. Additionally, hypo- and hypermorphic alleles of the same gene can be generated 
by nonsynonymous mutations, which enable the study of gene-dosage e$ects and of 
amino acid residues important for protein-protein interaction or catalytic activity.

Because of the high mutator e%ciency of alkylating agents like ENU, genotype-
driven mutation discovery, also referred to as TILLING (Targeting Induced Local 
Lesions In Genomes) [33,34], has been widely implemented in a variety of species, such 
as the rat [35,36], zebra"sh [37], medaka [38], C. elegans [39] and a wide range of plant 
species, including Arabidopsis [40] and maize [41]. In this setup, F1 animals carrying 
interesting heterozygous mutations are identi"ed using high-throughput mutation 
discovery methods, outcrossed and eventually bred to homozygosity. Notably, the "rst 
knockout rats reported were generated using ENU target-selected mutagenesis [35,36].

ENU mutagenesis as a gene-targeting tool

Because this technique is based on random introduction of germ line mutations, followed 
by targeted retrieval of mutations in selected genes of interest, it can be considered to be a 
‘semi’-targeted gene manipulation approach. !e chance of identifying a knockout allele 
in any given gene depends on the size of that gene; to be speci"c, the chance increases 
with the size of the gene and the number of F1 animals screened, namely the more base 
pairs covered, the more likely a knockout mutation occurs in a gene. Nevertheless, ENU 
mutagenesis is highly e%cient, resulting in approximately 1–4 knockout alleles and many 
more missense mutations per F1 animal, depending on the strain used for mutagenesis 
[28]. Consequently, the high occurrence of background mutations could form phenotypic 
complications and should be taken into account when characterizing a speci"c mutation. 
It should, however, be noted that in most approaches for the generation of mutant animals 



17

1

G
EN

ERA
L IN

TRO
D

U
C

TIO
N

background mutations can be problematic, including HR-based techniques because 
long-term culturing of ES cells may also result in the accumulation of genetic changes 
[42]. !ese issues should not be exaggerated and can relatively easily be overcome by 
outcrossing heterozygous carriers to the parental strain [43] and using wild-type and 
heterozygote littermates as controls in phenotypic characterization studies. A unique 
feature of the approach is that besides its high mutator e%ciency, ENU mimics the most 
common form of human genetic variation, namely SNPs [44], making this technique 
highly complementary to other techniques, especially in large-scale mutagenesis projects 
[45]. Indeed, recently we reported highly e%cient rat mutant generation for a large 
collection of genes that encode one-to-one orthologues of human G protein-coupled 
receptors (GPCRs) [46], demonstrating the e$ectiveness and utility of ENU target-
selected mutagenesis in large-scale projects.

Improving ENU target-selected mutagenesis

!e e%ciency of the approach essentially depends on the ENU-induced germ line 
mutation frequency and the e%ciency of the mutation identi"cation method. By taking 
advantage of DNA mismatch repair (MMR) de"ciency, a system shown to be involved 
in repairing ENU damage [47], in the MSH6 knockout rat [48], the e%ciency of ENU 
mutagenesis was increased by 2.5-fold [49]. In addition, massively parallel sequencing 
technology with microarray-based capture of genomic regions was recently used for 
re-sequencing almost 1000 genes per individual of up to 20 F1 animals simultaneously 
[50], greatly enhancing mutation discovery output. It is conceivable that these next-
generation sequencing platforms in the near future will allow for whole exome and 
even whole genome sequencing of F1 animals, enabling the identi"cation of all coding 
mutations, including unwanted ‘background’ mutations. !e next challenge will be 
to generate archives of large libraries of mutant F1 individuals, which potentially can 
be screened inde"nitely. Protocols for cryopreserving rat sperm have been optimized 
[51], and archives of cryopreserved sperm are currently being established for the rat, 
which can be used for re-derivation of the mutant strains by intracytoplasmic sperm 
injection (ICSI) [52]. Eventually, mutant models (knockout as well as allelic series of 
missense mutations) for genes of interest in a range of species may be ordered from 
pre-screened public collections, thereby creating an invaluable tool for rat genetics by 
facilitating functional analysis of allelic series.

TRANSPOSON-TAGGED MUTAGENESIS

Transposable elements are relatively large DNA fragments (2,5–10 kb) that can jump 
around in a genome. If a transposable element is incorporated into the coding region 
of a gene, it is likely to result in a knockout of that particular gene (although alternative 
splicing over the transposon-containing exon may occur). Two classes of transposable 
elements can be distinguished, namely class I elements or retrotransposons and class II 
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or DNA transposons [53]. Transposons have been successfully used for transgenesis and 
insertional mutagenesis in the nematode Caenorhabditis elegans [54] and Drosophila 
melanogaster [55], but it was the class II-based Sleeping Beauty (SB) transposon 
system, awakened from "sh, which is su%ciently active for insertional mutagenesis in 
vertebrates [56]. A#er applying this transposon-mediated forward genetic approach in 
mice [57,58,59], it was adopted for germ line mutagenesis in rats [60,61].

Germ line transposition

A variety of transposon systems has been implemented in mutagenesis and transgenesis 
studies [53] and consists of two components: a transposable element and a transposase 
enzyme that catalyzes the transposition. !e transposon is &anked by two transposase 
recognition sites and upon recognition is excised, followed by integration into a 
new sequence environment. Insertional mutagenesis is achieved by expressing the 
transposase in cells that carry the transposable element. For germ line transmission 
of the transposed element, two transgenic animals are crossed, one expressing the 
transposase in either all cells [60] or speci"cally in spermatocytes and spermatids [61] 
and one carrying a nonautonomous transposon. !is crossing results in the generation 
of double transgenic rats or ‘seed rats’, which carry transposition events in their germ 
line (Fig. 2C). A unique feature of this technique is that the tranposon can be equipped 
with gene trap cassettes, which contain reporter genes like LacZ and GFP [60] or a 
tyrosinase mini-gene that rescues albinism and changes coat color when expressed 
[61]. !e ‘seed rats’ are crossed with wild-type rats to generate an F1 generation with 
"xed gene trap events in their genomes, which can be easily scored by expression of the 
reporter gene. !e transposition insertion sites are subsequently located by standard 
PCR protocols from genomic DNA isolated from F1 animals [53]. !is manner of 
transposition is referred to as chromosomal transposition because the transposon 
is located in the genome of the ‘seed rats’. Alternatively, transposon delivery can be 
achieved by expressing the transposase in pluripotent ES cells or multipotent SSCs, 
which carry the nonautonomous transposon. A#er transposition events, the cells can 
be placed back in the blastocyst for generating chimaeras or recipient testes for germ 
line transmission. !ere are two ways of allowing transposition in cultured cells, either 
by transfection-based ‘plasmid-to-genome’ delivery, which yields relatively unbiased 
genome-wide integration [53] or in the case of ES cells, by intragenomic, genome-to-
genome mobilization by integrating the transposon into a speci"c locus in the genome 
by HR [57]. However, to date no in vitro transposon-mediated mutagenesis in rat ES 
cells or SSCs has been reported.

Randomness of transposon integration

!e randomness of integration is strongly a$ected by integration site preference of 
the transposable element [53]. Firstly, the SB transposon, like other members of the  
Tc1/mariner family, always integrates into a TA target dinucleotide that is duplicated 
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upon insertion [56,62]. Importantly, although the SB transposon shows a small but 
signi"cant bias insertion into genes and their upstream regulatory sequences, the 
gene hits are predominantly located in intronic regions [63]. Furthermore, it has been 
shown that chromosomal transposition is heavily biased toward local hopping into 
closely linked loci [57,58,64,65]. !is latter bias can be overcome by using the ‘plasmid-
to-genome’ delivery, which allows for more genome-wide integration coverage. 
Nevertheless, local hopping can also be bene"cial when interested in a speci"c genomic 
locus, like a QTL. In this case a nonautonomous transposable element is integrated in a 
speci"c genomic locus, followed by transposase expression and local hopping. Notably, 
although it is also suggested that particular transposable elements are biased towards 
integration into expressed genes versus silent genes [53], it was observed not to be the 
case for the SB transposon [63]. Taken together, it can be concluded that transposons 
integrate nonrandomly throughout the genome. Although this could greatly in&uence 
its utility for knocking out genes in a genome-wide fashion, the ease of scoring gene 
trap events and locating integration sites makes transposon-tagged mutagenesis a 
powerful forward genetic technique in the rat genetic toolbox.

ZINC-FINGER NUCLEASES

An alternative relatively novel technique to knocking out genes in a targeted fashion 
without the need for pluripotent cells is based on the use of genetically engineered zinc-
"ngers nucleases (ZFNs). !is approach is based on the observation that double-strand 
breaks (DSB), which are potentially lethal to the cell when they remain unrepaired, 
either increase HR and gene targeting or repair by error-prone nonhomologous end 
joining (NHEJ) [66]. By fusing sequence-speci"c zinc-"ngers (ZFs), which are found 
in the DNA-binding domain of most transcription factors in most eukaryotic genomes 
[67], to the nonsequence-speci"c cleavage domain of the FokI endonuclease, pre-
determined genomic DSBs can be introduced. In the absence of a homologous template 
for error-free repair, DSBs will be repaired by NHEJ, which is o#en accompanied by 
deletions or insertions. If a DSB is introduced in the coding region of a gene or at 
intron-exon boundaries, repair by NHEJ can result in out-of-frame mutations or 
aberrant splicing and consequently in a knockout allele. !is gene targeting approach 
has been successfully applied in a variety of model organisms, including Drosophila 
melanogaster [68], Arabidopsis thaliana [69], zebra"sh [70,71] and the rat [72]. !e 
main challenges for successful ZFN-mediated gene targeting are the design of the 
zinc-"ngers arrays to achieve su%cient speci"city for the targeted gene and correct 
expression of the ZFNs to ensure germ line transmission of the targeted gene.

Design and speci!city of ZF Ns

!e unique features that makes zinc-"ngers ideal for directing enzymatic domains, 
like FokI, to pre-determined genetic loci are that each "nger binds its 3-bp target site 
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independently [73] and that ZFs have been identi"ed for almost all of the 64 DNA 
triplets [74]. By fusing independent "ngers, target site-speci"city is achieved and 
should increase with the number of "ngers used. In addition, to cut DNA, the FokI 
cleavage domain must dimerize [75,76], which is achieved by binding two sets of 
ZFs, each linked to a monomeric cleavage domain, with binding sites in an inverted 
orientation and thereby enhancing site speci"city (Fig. 2D) [74].

There are different ways for generating ZFNs of which the most accessible 
method is modular assembly via standard recombinant DNA technology [74]. The 
key for success using this approach is finding a suitable target site in the gene of 
interest. In particular, ZFs that target 5’-GNN-3’ (where N is any base) triplets in the 
target sequence have been tested extensively and give the most encouraging results 
[74]. However, high failure rates have been reported for modularly assembled ZF 
arrays, especially target sites composed of two, one or no 5’-GNN-3’ triplets [77]. 
Although some successful targeting has been reported with modularly assembled 
ZFN in human cells [78,79] and Drosophila melanogaster [80], inconsistencies in the 
success rate [81] make this method until now inefficient for routine gene targeting 
in model organisms. Alternatively, zinc-finger arrays can successfully be constructed 
in an unbiased way by using a cell-based selection method, like the publicly 
available oligomerized pool engineering (OPEN) [82]. However, cell-based selection 
methods are labor intensive and time consuming, and currently ZFNs made using 
OPEN are thus far limited to targeting 5’-GNN-3’ repeats, which occurs rarely in 
a given gene of interest [81]. Finally, a proprietary method to design ZFNs used by 
Sangamo Biosciences exists [71], which is licensed to Sigma-Aldrich. To date, this 
system has been the only used method that has successfully generated ZFN-modified 
knockout rats [72,83]; however it is an expensive approach. Custom-made ZFNs are 
sold for $35,000 to researchers capable of injecting them on their own (see below). 
Alternatively, a knockout breeding pair can be bought for $95,000, and the company 
keeps the intellectual property.

Expressing the ZFNs

To establish germ line transmission of an aberrantly repaired gene of interest, the 
ZFNs are injected into fertilized oocytes, which can give rise to chimaeric genetically 
modi"ed o$spring [72,83]. Subsequently, these ZFN-modi"ed founders are identi"ed 
and crossed with wild-type animals to generate an F1 population carrying the modi"ed 
allele in their genome. However, o$-target e$ects, like the cleavage and mutagenesis 
of genomic loci other than the target, of the ZFNs should be taken into account 
because this increases toxicity and background mutations [84]. Nevertheless, short-
term expression of the ZFN, by injecting mRNA instead of plasmid DNA, will most 
probably decrease these e$ects, without a$ecting the e%ciency of the approach [72]. 
Furthermore, outcrossing to the parental strain, just as with ENU-induced mutant 
animals, should eliminate background mutations.
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Besides the targeted characteristic, the main advantage of ZFN-mediated gene 
knockout technology is that it is fast a#er obtaining the ZFNs, which can be the time-
limiting step especially when the "nger arrays are modularly designed. A#er injecting 
the ZFNs into embryos, in just a few months ZFN-modi"ed founders can be scored. 
Like ENU and transposon-mediated mutagenesis, there is no dependence on ES cell 
or iPSC culturing and manipulation. Furthermore, because ZFN-mediated DSBs in a 
gene of choice increases e%ciency of HR in vivo [85], this technique could potentially 
allow for targeted knock-in animals, by simply co-injecting an arti"cially assembled 
construct together with the ZFNs. !is would broaden the genetic toolbox in the 
rat by allowing techniques that otherwise depend on the necessity of culturing and 
manipulating ES cells or iPSCs, like generation of conditional knockout alleles and in 
vivo cell lineage tracing.

GENETICALLY MODIFIED RAT MODELS
Cancer-related models

!e "rst genetic knockout rat models generated lacked well-known tumor suppressor 
proteins, like BRCA2 [36,86], APC [87] and MSH6 [48]. Although the mouse has 
been the mammalian model organism of choice for studying human tumorigenesis 
by overexpressing oncogenes or inactivating tumor suppressor genes [88], these rat 
models do add additional knowledge and are in fact highly complementary.

Human carriers of germ line mutations in BRCA2 have increased risk of developing 
breast cancer, pancreas cancer, gastrointestinal cancer and prostate cancer [89], which 
is probably the result of the important role of BRCA2 in repairing DSBs through 
interaction with the RAD51 recombination enzyme [90]. Truncating mutations that 
occur 5’ of exon 11 and thereby eliminating the RAD51-interacting BRC repeats of both 
BRCA1 or BRCA2 in mice results in embryonic lethality [91]. Using ENU mutagenesis 
combined with a yeast-based assay to speci"cally screen for mutations that truncate 
target proteins, nonsense mutations were identi"ed in the ORF of both Brca1 and 
Brca2 in the rat. Whereas homozygosity of the Brca1 mutation in rats also resulted in 
embryonic lethality (Michal Gould, personal communication), homozygous mutant 
Brca2 rats were viable even though the mutation truncated the protein 5’ of exon 11 
[86]. !ese animals displayed sterility, lower body weight and a signi"cant reduction in 
survival as a result of increased spontaneous tumorigenesis [36,86].

Using the same approach, a nonsense mutation was identi"ed in the colon cancer-
associated gene encoding adenomatous polyposis coli (APC) protein [87]. !e 
majority of spontaneous and familial adenomatous polyposis (FAP) colonic tumors 
carry inactivating mutations in this gene, and therefore APC has been designated 
as a gatekeeper in colonic epithelial cells [92]. Mouse strains carrying heterozygous 
mutations in the Apc gene, like the ApcMin strain, primarily develop small intestinal 
tumors and die within several months [93]. Interestingly, heterozygous mutant rats 
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primarily developed colorectal cancers, and the size of the rat allowed for colonoscopy 
to image colonic tumorigenesis in vivo [87].

The DNA MMR machinery safeguards genomic integrity by repairing mismatches, 
insertion or deletion loops and responding to genotoxic agents [94]. In humans, 
mutations in MMR genes have been linked to hereditary non-polyposis colorectal 
cancer (HNPCC), also referred to as Lynch syndrome, which is characterized by 
early-onset colon cancer [95]. In an ENU target-selected mutagenesis screen, a 
nonsense mutation was identified in the fourth exon of the MMR gene encoding for 
MSH6 [35], which together with MSH2 forms a heterodimer that is necessary for the 
recognition of single nucleotide mismatches and small insertion or deletion loops 
[94]. The nonsense mutation resulted in protein truncation and loss of DNA MMR 
[48]. As a consequence, homozygous mutant rats showed a decrease in life span as the 
result of increased spontaneous tumorigenesis [48]. However, the survival of msh6-/- 
rats is considerably longer than in mice lacking MSH6 [96,97], which display a much 
earlier onset of tumorigenesis. Furthermore, although the tumor spectra between 
MSH6 knockout mice and rats showed high similarities, a notable difference was the 
high incidence of uterus cancer in female msh6-/- rats [48]. In humans, mutations in 
MSH6 have been associated with atypical HNPCC, which is characterized by a late 
onset and a high occurrence of extracolonic tumors, especially in the endometrium 
[98].

These rat models exemplify the utility of genetically modified rats in cancer 
research. Although mouse knockout models have been extremely powerful 
tools for identifying important oncogenes and tumor suppressor genes, there are 
discrepancies between the human disease phenotype and phenotypes observed 
in mouse models, even between mouse models that lacked the same gene but in 
different strain background. Indeed, the rat models described here also do not 
perfectly model the associated human tumorigenesis. However, the availability of 
comparable mammalian mutant models in different species does allow for in vivo 
phenotypic comparison and filtering out of species-specific effects. In addition, both 
species have advantages, like the broad genetic toolbox in the mouse. The rat seems 
to be more tolerant to tumorigenesis because they generally display a later onset of 
spontaneous tumorigenesis, increased survival and a capacity for large tumor sizes 
[48,87]. Recently, using ENU target-selected mutagenesis, a knockout allele of the 
gene encoding for the tumor suppressor p53 was identified (RB, EC unpublished 
results). This mutation has been bred to homozygosity and does develop tumors 
at high incidence, although more detailed phenotyping will be required to fully 
characterize this model.

Immune system-related models

Several rat knockout models have been generated for genes involved in immune 
response. Severe combined immunode"ciency (SCID) in mice has been extremely 
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useful for generating humanized models by engra#ing haematopoietic cells or tissues 
or by transgenically expressing human genes [99]. In humans, X-linked SCID (X-SCID) 
is the most common form of SCID and is caused by mutation in the gene encoding the 
interleukin 2 receptor gamma (Il2rg) [100,101]. Using commercially custom-designed 
ZFN, an IL2RG-de"cient rat model was generated, which successfully served as a host 
for xenotransplantation of human ovarian cancer tumor cells [83]. Using the same 
technology, the gene that encodes for immunoglobulin M (IgM) was knocked out in 
the rat, which can be used to manufacture human monoclonal antibodies in the rat for 
therapeutic use [72].

By re-sequencing a large collection of GPCRs in an F1 library generated by 
outcrossing mutagenized msh6-/- males, multiple rat models were generated with mutant 
alleles for receptors involved in immune function [46]. !ese included knockout alleles 
for the interleukin 8 receptor Cxcr2, the proton-sensing receptor Gpr65, the medium 
fatty-acid receptor Gpr84 and the chemokine receptor Ccr4. Notably, rats homozygous 
for the nonsense mutation in Cxcr2 were highly susceptible to external pathogens, and 
some individuals showed highly increased lymph nodes and spleen sizes resulting from 
a bacterial infection (RB, EC unpublished results).

Figure 3: Schematic representation of complementarities between the discussed techniques. 
!ickness of the axes represents the weight of indicated factor. Both N-ethyl-N-nitrosourea 
(ENU) target-selected mutagenesis and transposon-tagged mutagenesis are dependent on 
the random introduction of mutagenic lesions. !e latter technique is, however, more biased 
towards speci"c genetic loci, whereas the mutagenicity of ENU is more random from a genome-
wide perspective. Also the number of germ line transposition events is much lower than the 
number of ENU-induced germ line mutations. Nevertheless, identifying gene trap events and 
locating the transposon insertion site is much easier than ENU-induced mutation identi"cation. 
In contrast, mutagenesis by homologous recombination (HR) in embryonic stem (ES) cells and 
induced pluripotent stem cells (iPSCs) or zinc-"nger nuclease (ZFN)-mediated nonhomologous 
end joining (NHEJ) is targeted to predetermined genetic loci. Gene targeting by HR is highly 
ine%cient and occurs in only several cells per million, urging the need for a rapidly dividing 
cell system. ZFNs increase the e%ciency by speci"cally introducing a double strand break at the 
desired locus thereby enhancing repair by either NHEJ or even HR. Nevertheless, the design of 
zinc "nger (ZF) arrays remains di%cult.
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Complex behavior-related models

Traditionally, the rat has been the preferred organism for modeling complex human 
behavior and neurobiology. !e opportunity to generate genetically modi"ed rats will 
most probably enhance the use of the rat for studying the genetic aspects underlying 
human behavioral processes and disease. Indeed, several genetic key players in emotion, 
motivation, cognition and food intake have been knocked out and studied in the rat, 
like the serotonin transporter (SERT) [102], the melanin-concentrating hormone 
precursor (PMCH) [103] and the melanocortin 4 receptor (MC4R) [46].

Serotonergic signaling activity heavily depends on the extracellular &uid 
concentration of the neurotransmitter serotonin (5-HT), which is regulated by SERT. 
Given the important role of the highly evolutionarily conserved serotonergic system 
in regulating emotion, motivation and cognition, it is not surprising that genetic 
variants in humans have been associated with many behavioral disorders, including 
depression, drug addiction, schizophrenia and eating disorders [104]. Importantly, 
pharmacologically blocking SERT activity by selective serotonin re-uptake inhibitors 
(SSRIs) is among the most used therapeutic intervention to treat several neuropsychiatric 
disorders, including depression [105]. An ENU-induced premature stop codon was 
identi"ed in o$spring of mutagenized animals in the third exon of the gene encoding 
SERT [35], which resulted in the complete absence of the protein in homozygous 
mutant animals [102]. Although SERT knockout mice and rats show high similarity in 
behavioral endophenotypes, signi"cant di$erences were also found [106], underlining 
the importance of both genetic knockout mice and rats for phenotypic comparison 
to understand the physiological role of SERT in humans. Interestingly, heterozygous 
mutant animals display an intermediate phenotype with respect to expression and 
function indicative of gene-dosage e$ects, which may mimic decreased transcription 
e%ciency associated with human anxiety-related traits as a result of polymorphisms in 
the promoter region of SERT [107].

Using the same approach, rat knockout models were generated for genes involved 
in food intake. Rats de"cient in PMCH were lean and hypophagic as compared with 
wild-type controls, which was mainly because of PMCH de"ciency during early 
development, arguing for a critical role of MCH in body set point determination [103]. 
In contrast, an ENU-induced nonsense mutation in the gene encoding MC4R, which 
truncated the C-terminus of the receptor, resulted in increased body weight and size 
[46], mimicking the many point mutations identi"ed in the human MC4R gene that 
are associated with severe forms of obesity [108]. Interestingly, the nonsense mutation 
identi"ed in rat MC4R, causing truncation of the last 18 amino acids, was still expressed 
in vitro but was unable to be located at the plasma membrane, the site of function for 
the receptor [46]. Many mutations identi"ed in human MC4R associated with obesity 
were also shown in vitro to result in impaired plasma membrane expression [109].

!ese models exemplify the utilization of genetically modi"ed rat models for 
understanding the genetic basis of human complex behavior and disease. Moreover, 
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because therapeutic intervention for many behavioral disorders is characterized by 
unwanted severe side e$ects and the laboratory rat has made an enormous contribution 
to pharmacological screening and testing, these genetic knockout models are likely to 
contribute to improving current drug development.

CONCLUSIONS

!e many technical developments described in this review have enabled the generation 
of rat genetic mutants in a systematic and highly e%cient manner. !e di$erent 
techniques are highly complementary, all having special features, advantages and 
disadvantages (Fig. 3). It is therefore not probable that one technique will prevail over 
another, but rather that all of them will be implemented depending on the research 
question. It is also likely that certain aspects of the di$erent techniques as described 
here will be combined to strengthen the approach or facilitate speci"c output. For 
example, ES cells or iPSCs can be used to speci"cally target a speci"c locus, like QTLs, 
by incorporating a transposon by HR as has been done in mice [57], followed by local 
hopping to identify cis-acting modi"ers in an objective manner. Furthermore, the stem 
cells could also be used for in vitro chemical mutagenesis to generate large archives of 
mutant alleles, which has also been done with mouse ES cells [110]. To knockout 95% 
of all the rat genes, a living library or sperm archive of 40,000 F1 animals has to be 
generated using an MSH6-de"cient background [49], which is currently not achievable. 
However, a high number of ES cells or iPSCs can easily be mutagenized in a petri 
dish, clonally expanded and split for DNA isolation and cryopreservation. In addition, 
di$erent alkylating agents can be tested and even RNAi can be used to knockdown 
speci"c DNA repair pathways during mutagenesis. It was, for example, shown that 
lack of DNA MMR protected mouse ES cells from the toxic e$ects of alkylating agents, 
while increasing the chemically-induced mutation frequencies [47]. !e rat genetic 
community is still eagerly waiting for the "rst reports describing gene targeting by 
HR in ES cells or iPSCs because this would allow for conditional knockout alleles and 
knock-ins. However, the emerging ZFN-mediated mutagenesis also could allow HR 
with exogenous DNA, without the need for ES cells manipulation and time-consuming 
selection procedures, by simply co-injecting the DNA construct for recombination 
together with the mRNA encoding the ZFNs [85], although a proof-of-principle for 
this remains to be demonstrated for the rat.

Although numerous rat knockout models have already been generated (see, for 
example, www.ratknockout.org), systematic characterization and application of these 
animals in modeling human disease are still in their infancy. It could be that, because 
of the emphasis of the rat genetics "eld on genomic manipulation and technological 
developments, systematic phenotypic screening protocols are lacking. On the other 
hand, it could be that researchers that traditionally work with rats "nd it hard to 
apply the genetic models in their analyses and prefer, for example, pharmacological 
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inhibition or stimulation. Extensive phenotype protocols as they exist for mice [111] 
would de"nitely accelerate the use and application of genetically modi"ed rat models.

In conclusion, technical developments for manipulating the rat genome have 
enormously contributed to expanding the genetic toolbox in this model organism, and 
many more improvements can be expected in the near future. In addition, the use of 
rat knockout models will signi"cantly contribute to biomedical research by enabling 
mammalian interspecies phenotypic comparisons and by taking advantage of species-
speci"c characteristics for studying di$erent aspects of human physiology and disease.

AIMS AND OUTLINE OF THIS THESIS

!e work described in this thesis is the result of the e$orts to generate genetically 
modi"ed rat models using chemical mutagenesis and to use these models in biomedical 
research.

Chapter 2 describes detailed protocols for ENU mutagenesis approaches in the rat. 
!e outline of the method is simple: male animals are treated with the mutagen and 
crossed with untreated females to generate an F1 population, which can be screened for 
mutations that a$ect protein function. !ese mutations can be retrieved via genotype-
driven of phenotype-driven approaches.

In Chapter 3 the characterization of an ENU-induced knockout allele of the DNA 
MMR protein MSH6 is described. !is rat model displays high levels of genomic 
instability and consequently spontaneous late-onset tumorigenesis, which partially 
mimics human hereditary non-polyposis colorectal cancer.

In Chapter 4 we take advantage of MMR-de"ciency in the MSH6 knockout rat 
in order to improve the e%ciency of ENU mutagenesis. MMR-de"ciency not only 
increases the ENU-induced germ line mutation rate, but also the mutation spectrum 
in such a way that the chance of introducing premature stop codon is signi"cantly 
elevated.

A large collection of ENU-induced in vivo GPCR mutants has been generated 
in Chapter" 5. In a predetermined panel of one-to-one orthologs of human GPCRs 
multiple novel knockout and missense alleles are discovered. Using comprehensive 
computational analyses, the impact of the mutations on normal receptor function is 
predicted. We experimentally show that a nonsense mutation in Mc4r and a missense 
mutation in the lysophosphatidic acid receptor Lpar1 indeed result in loss-of-function 
phenotypes.

Chapter 6 provides a proof of principle for the use of next-generation sequencing 
technologies for target-selected reverse genetics procedures and demonstrates a very 
signi"cant improvement in the e%ciency of the approach.

In Chapter 7 molecular and functional analyses are described, suggesting that the 
apparent loss-of-function phenotype in LPAR1M318R may be caused by constitutive 
arrestin-mediated desensitization.
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ABSTRACT

!e rat is one of the most preferred model organisms in biomedical research and has 
been extremely useful for linking physiology and pathology to the genome. However, 
approaches to genetically modify speci"c genes in the rat germ line remain relatively 
scarce. To date, one of the most e%cient approaches for generating genetically modi"ed 
rats has been the target-selected N-ethyl-N-nitrosourea (ENU) mutagenesis-based 
technology. Here, we describe the detailed protocols for ENU mutagenesis and mutant 
retrieval in the rat model organism.
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INTRODUCTION

!e availability of technology that allows for introducing targeted genetic modi"cations 
in model organisms has greatly contributed to our understanding of speci"c gene 
function. In the mouse, homologous recombination in embryonic stem (ES) cells 
has proven to be a powerful tool for generating genetic knockouts [1]. Although 
the laboratory rat (Rattus norvegicus) is one of the preferred model organisms in 

Figure 1: Schematic overview of the ENU mutagenesis approach. By crossing mutagenized 
males with untreated females a F1 population, in which all individuals carry unique random 
ENU-induced mutations, is generated. Depending on the research interest, both genotype-
driven as phenotype-driven approaches can be applied for mutation discovery. For a pheno-
type-driven approach the F1 animals are crossed out with an untreated animals of the same 
strain (or alternatively of a mapping strain). !e animals of the F2 generation are subsequently 
backcrossed (for high retrieval of homozygous mutations) with the F1 founder or crossed with 
brother-sister mating. !e animals of the F3 generation will carry random ENU-induced homo-
zygous mutations and can be assessed for the phenotype of choice. For mapping, an animal that 
displays the phenotype of choice is crossed with an animal of a mapping strain. Subsequently, 
the progeny is crossed with brother-sister mating in order to generate una$ected (wild-type 
and heterozygous mutant) and a$ected (homozygous mutant) animals, which can be used for 
mapping using linkage analysis. For a genotype-driven approach DNA is taken from the F1 
animals, which is screened for heterozygous ENU-induced mutations in genes of interest. A#er 
verifying mutations of interest in an independent PCR and sequencing reactions, the F1 animals 
carrying the mutations are crossed with untreated animals of the same strain. Homozygous 
mutant animals are obtained by crossing heterozygous mutant animals.
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physiological and pharmacological research, gene knockout technology using 
homologous recombination approaches is still not available, because of the lack of 
pluripotent embryonic stem cells [2]. A successful alternative approach for the production 
of knockout rats is using an ENU mutagenesis-based technology. An advantage of this 
approach is that the created mutants are not ‘transgenic’ of nature, since no arti"cial 
DNA construct is integrated into the genome. And the technology does not require 
special (ES) cell lines and/or advanced oocyte or embryo manipulation, since it is based 
on the mutagenic property of the germ line mutagen ENU, which is applied in vivo [3]. 
!e ENU mutagenesis-based knockout technology protocol follows a simple outline: 
ENU mutagenesis of male founder rats, F1 library generation by mating with untreated 
females, mutation discovery using a platform of interest, and isolating an induced 
mutation into the desired genetic background (Fig. 1). !e e$ectiveness of the 
technique depends on the e%ciency of the mutagenesis and the mutation discovery 
methodology.

MATERIALS
Reagents and equipment
1. Safety wear for protection during ENU solution preparation and animals treatment: lab coat, 

gloves, mouth mask, and goggles.
2. One-way absorption paper and 0.1 M sodium hydroxide (NaOH) solution.
3. Syringes of 10 ml and 50 ml, needles of 21G, "lters (!"0.2 µm) disposable cuvettes and para"lm.
4. Ethanol (100%).
5. Phosphate-citrate bu$er: 0.1 M NaH2PO4, 0.05 M citric acid and set pH at 5.0 with phosphoric 

acid. !e bu$er is "lter sterilized.
6. Weigh scale.
7. Spectrophotometer.

ENU stock solution preparation
1. Roughly 1 hour prior to the planned injections the ENU bottle (IsoPac) is unpacked and the 

metal lid is removed (see Note 1).
2. Using a syringe 5 ml of 100% ethanol is injected and the solution is shaken vigorously (see 

Note 3).
3. !e ENU is dissolved in 95 ml of the phosphate citrate bu$er by slowly adding the solution 

using a syringe and allowing for depressurization, followed by shaking vigorously for 
approximately 5 minutes.

4. !e ENU solution is "lter sterilized (! 0.2 #m).
5. !e concentration of the ENU is determined by measuring the optical density (OD) using a 

spectrophotometer at 395 nm wavelength of a 1:10 dilution in the phosphate citrate bu$er of 
the ENU stock solution. Subsequently, the concentration is calculated by assuming that 1 OD 
unit equals a concentration of approximately 1 mg/ml. (see Note 4).

6. ENU solutions should always be transported in a closed vial. A 0.1M NaOH solution should 
always be within reach to quickly neutralize any spillages (see Note 2). 

7. Dissolved ENU should be used within one hour a#er preparation. Do not store dissolved ENU 
(see Note 5).

Waste removal

All disposals should be soaked in 0.1M NaOH for a few minutes before discarding. All waste 
should be designated as hazardous and removed by a central waste facility. !e working areas 
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that were used for preparing the ENU stock solution and for injections should be cleaned with 
0.1M NaOH.

DNA isolation and mutation discovery by dideoxy resequencing
1. Instruments and tubes/deep-well plates for tissue collection.
2. Tissue lysis bu$er: 100 mM Tris-HCl (pH 8.5), 200 mM NaCl, 0.2% SDS (w/v), 5 mM EDTA 

and 100 #g/ml of freshly added Proteinase K.
3. Chemicals: Phenol:chloroform (1:1), isopropanol, 70% ethanol and sterile 10 mM Tris-HCl 

(pH 8.0).
4. Primers designed for a nested PCR amplifying exons of genes of interest.
5. 5x PCR bu$er: 25 mM of tricine, 7.0% glycerol (w/v), 1.6% DMSO (w/v), 2 mM MgCl2 and 85 

mM NH4Ac, pH 8.7 with 25% ammonia (w/v).
6. Taq polymerase for PCR ampli"cation.
7. dNTPs for PCR ampli"cation.
8. PCR machine with 96- and/or 384-well blocks.
9. Standard gel electrophoresis unit, agarose and ethidium bromide.
10. Sequencing chemicals: BigDye (v3.1; Applied Biosystems) and Sanger BigDye Dilution Bu$er 

version 2 (SBDDv2; Applied Biosystems). BigDye mix should be kept at –20$C and in the dark 
until use.

11. Ice-cold 80% ethanol and precipitation mix: 80% ethanol (w/v) supplemented with 40 mM 
NaAc.

METHODS
ENU mutagenesis

!e mutagenicity of ENU results from the ability to transfer its ethyl group to oxygen 
or nitrogen radicals present in the DNA [4]. Subsequent replication cycles of this 
damaged DNA can result in mispairing followed by single base pair substitutions. 
Treatment of male rats with ENU will cause DNA alkylation and subsequently point 
mutations in the DNA of cells with a high turnover rate, like the spermatogonial stem 
cells. Because of the randomness of the mutagenesis every a$ected cell will contain 
a unique set of induced mutations, which will result in a genetically heterogeneous 
sperm cell population. To transfer the induced mutations through the germ line, the 
treated males are crossed with untreated females. 

!eoretically, treatment with high doses of ENU will yield a high molecular mutation 
frequency and therefore a high chance of generating modi"ed alleles of genes of interest. 
However, higher doses of ENU will also negatively a$ect fertility and even viability of 
the treated animals. Hence, the optimal dose is largely determined by the tolerance 
to the toxic e$ects of the mutagen. In general, the optimal dose will have to result in 
more than 25% fertile males to be able to e%ciently generate a large F1 population. It 
has been demonstrated in the mouse that two or three weekly administrations of low 
doses of ENU will yield higher mutagenic e%ciency compare to a single high dose 
[5]. !e optimal dose is strongly strain-dependent (Table 1), which could be a major 
consideration when selecting a strain to initiate an ENU mutagenesis experiment. 
Notably, outbred strains seem to have higher tolerance to the toxic e$ects of ENU 
when compared with inbred strains and yield higher mutation frequencies. !e highest 
mutation frequency has been obtained with a Wistar-derived line, Msh61Hubr (Table 1). 
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!is rat line lacks the MSH6 component of the mismatch repair (MMR) machinery and 
speci"cally fails to recognize single nucleotide mismatches [6]. In rodents, it has been 
shown that the MMR system accounts at least partially for the repair of ENU-induced 
mutations [7,8]. Interestingly, when males of this rat line were mutagenized, not only 
the mutation frequency was increased more than two-fold, but the mutation spectrum 
was also changed resulting in an increased chance of introducing a premature stop 
codon [8].

1. !e volume of the ENU solution to be injected should be calculated for each male 
rat and follows the equation (optimal strain-dependent split dose of ENU * kg 
bodyweight) / (10 * measured OD). If the calculated volume of the ENU solution 
is too low for accurate injection, dilute the solution with phosphate-citrate bu$er.

2. Prepare a room for the ENU treatment by covering the &oor with the one-way 
absorption paper to absorb any spilled ENU.

3. Male rats of 11 – 12 weeks of age are mutagenized by intraperitonially (IP) injecting 
a pre-calculated volume of the ENU solution (see Note 6).

4. !e ENU treatment is repeated weekly until the optimal dose is reached.
5. It is recommended to monitor the animals’ health at least once a week a#er the 

last ENU injection by determining their bodyweight and general status. Temporal 
stabilization of body weight is normal, but a decrease in body weight a#er 1 week 
a#er injection could be a measure for taking that animal out of the study.

6. !e fertility rate is determined in the "rst 10 weeks a#er the last injection as a 
surrogate for the e%ciency of mutagenesis. !ree weeks a#er the last injection 

Table 1: Di!erences in strain-dependent ENU tolerance

Strain / Line

Optimal dose
(mg ENU/kg 
bodyweight)a

Sterility dose 
(mg ENU/kg 
bodyweight)a Mutation Rate Reference

BN 3 x 20 3 x 40 1 in 2.91 x 106 bp [14]
F344/Crl 3 x 40 3 x 60 1 in 1.76 x 106 bp [14]
F344/NHsd 2 x 60 2 x 75 1 in 29 pupsb [12]
LEW Unknown 3 x 20 Unknown [14]
WF Unknown 2 x 50 Unknown [12]
WKy Unknown 2 x 50 Unknown [12]
Hsd:SD 2 x 60 2 x 100 1 in 64 pupsb [12]
Wistar 3 x 40 3 x 60 1 in 1.24 x 106 bp [14]
Msh61Hubr d 3 x 30 3 x 35 1 in 5.85 x 105 bpc [8]

aDoses are listed as number of injections in weekly intervals. bFor these strains the mutation rate 
is shown as the rate of appearance of phenotypically aberrant pups. cMutation frequency was 
shown to decline in F1 progeny that was generated more than 14 weeks a#er the last ENU. Bp, 
base pairs. d!is mutant rat line is Wistar-derived.
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mutagenized males are crossed with untreated females and the progeny are 
counted. A reduction and regain of the fertility rate, as well as smaller litter sizes, in 
the "rst 10 weeks are indicative of an e$ective mutagenesis [9], as ENU is capable 
of killing the mature sperm population. F1 pups sired in the "rst 10 weeks a#er 
mutagenesis are not suitable for screening (see Note 7).

F1 library generation

A#er a full cycle of spermatogenesis (~60 to 70 days a#er "rst ENU injection) the 
ENU-treated males are crossed with untreated females to produce the F1 progeny, 
which can be screened for mutations using phenotype-driven (forward genetics) or 
genotype-driven (reverse genetics) approaches. !ere is a high chance of retrieving 
animals that are genetically chimaeric, when animals are used that were born before 10 
weeks a#er the last injection. !is is probably because of ethyl-adducts that originates 
from mutagenized sperm in the fertilized oocyte, which can result in heterogeneous 
mutation "xation in di$erent lineages.

In case of a genotype-driven approach a large living repository can be generated, 
which can subsequently be screened for mutations in genes of interest. However, if 
space is limited, breeding using a rolling-cycle model can be applied. In this model the 
F1 animals are screened before weaning for a panel of genes of interest and only animals 
that carry interesting mutations are retained. Notably, male F1 animals that will be 
discarded can be archived by freezing sperm and tissue samples.  !ese permanent 
frozen libraries can be screened for mutations in genes of interest inde"nitely and have 
been created for both mice [10] and rats [11].

Genotype-driven mutation discovery

A#er a F1 population has been established, the mutations that a$ect protein function 
have to be retrieved. Depending on the research question, two di$erent approaches 
can be used. Gene-driven screens are extremely useful for determining the function 
of speci"c genomic elements. Especially the availability of fully sequenced genomes 
has increased the popularity of the latter approach since prior knowledge about the 
gene sequences is required in order to amplify the target regions. DNA is taken from 
all individuals of the F1 population derived from chemically mutagenized founders, 
and is screened for induced heterozygous mutations in pre-selected genes of interest. 
Occasionally, knockout-like alleles are generated by introducing a mutation in the 
open reading frame (ORF) or a splice donor/acceptor site of a gene of interest that 
will result in a premature stop codon and an absent or truncated protein product. 
Additionally, hypo- and hypermorphic alleles of the same gene could be generated by 
nonsynonymous mutations, which enable the study of gene-dosage e$ects and of amino 
acid residues important for protein-protein interaction or catalytic activity. Animals 
carrying interesting heterozygous mutations are identi"ed using high-throughput 
mutation discovery methods, outcrossed and eventually bred to homozygosity.
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!e "rst knockout rats were identi"ed using a yeast-based screening assay that 
speci"cally identi"es mutations interfering with translation of the protein [12]. 
Although it has been shown that this assay is highly e$ective for identifying knockout-
like alleles, it neglects mutations that potentially results in interesting amino acids 
substitutions and the method is relatively laborious and di%cult to scale. Two other 
methods have been successfully applied to discover induced mutations in rat ENU 
mutagenesis experiments, namely CELI cleavage-mediated [13] and Mu transposase-
based heteroduplex identi"cation [11]. !ese methods rely on the discovery of 
mismatches that arise a#er denaturing and reannealing a DNA fragment containing 
a heterozygous mutation. Both methods have the potency to identify all mutation 
types, however, the observed moderate mutation rates suggest false negatives in the 
discovery. !ese problems are overcome by resequencing the genes of interest of 
animals of the F1 population [14]. Resequencing is considered to be the golden standard 
for mutation discovery. !is procedure is cost-e$ective and can be applied for small-
scale experiments as well as easily be automated using standard liquid handling robotic 
systems for systematic and large-scale screenings.

DNA isolation

1. A tissue sample, like ear, toe or tail material, is collected from each F1 animal for 
DNA extraction.

2. !e sample is incubated overnight at 55$C in 400 #l of tissue lysis bu$er, preferably 
under shaking or rotating conditions.

3. If tissue debris is present (which is likely from a tail clip), the samples should be 
centrifuged at maximal speed for 1 min and the supernatant transferred to a fresh 
tube. !e pellet can be discarded.

4. 400 #l of phenol/chloroform (1:1, v/v) is added, and the mixture is vortexed 
vigorously for 2 min. followed by centrifugation for 3 min. at maximal speed. 
Subsequently, the aqueous layer is transferred to a new tube and this step is 
repeated. A#er the second centrifugation 300 #l of the aqueous layer is transferred 
to a new tube.

5. !e gDNA is precipitated by adding 300 #l of isopropanol and by inverting the 
tube 10 times. !e sample is centrifuged at 14,000 rpm, at 4$C for 20 min. !e 
supernatant is removed and the pellet is washed with 100 #l of 70% ethanol. !e 
sample is again centrifuged at 14,000 rpm, at 4$C for 5 min. and the supernatant 
is discarded. !e sample is spun an additional minute and all remaining ethanol is 
carefully removed using a pipette. 

6. !e DNA is dissolved by adding 500 #l 10 mM Tris-HCl (pH 8.0) and incubating at 
55$C for 10 min. with occasional vortexing and can be stored at -20$C.

High-throughput resequencing

!is protocol assumes the use of standard 384 well plates and a GeneAmp% PCR system 
9700 (Applied Biosystems), although other brands are expected to perform equally.
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1. !e "rst PCR reaction contains 5 – 10 ng of template DNA, 2 #l of 5x PCR bu$er, 
0.1 mM of each dNTP, 0.2 #M of each primer (see Note 10) and 0.2 units of 
Taq polymerase in a total volume of 10 #l and is carried out using a touchdown 
thermocycling program (94$C for 60 sec.; 15 cycles of 92$C for 30 sec., 65$C for 
30 sec. with a decrement of 0.2$C per cycle and 72$C for 60 sec.; followed by 
30 cycles 92$C for 30 sec., 58$C for 30 sec. and 72$C for 60 sec.; 72$C for 180 sec.).

2. A#er thermocycling the "rst PCR reaction is diluted with 20 #l of Milli-Q 
water and 1 #l is hatched into the second PCR mix (by pipetting or using 96 or 
384 needle pin-replicators), which contains 1 #l of 5x PCR bu$er, 0.1 mM of each 
dNTP, 0.2 #M of each primer and 0.1 units of Taq polymerase in a total volume 
of 4 #l. !e second PCR is carried out using a standard thermocycling program 
(94$C for 60 sec.; 35 cycles of 92$C for 20 sec., 58$C for 30 sec. and 72$C for 
60 sec.; 72$C for 180 sec.).

3. It is highly recommended to test several samples of the second PCR on a 1% agarose 
gel containing ethidium bromide for the presence of the correct ampli"cation 
product before sequencing.

4. If the correct ampli"cation product is present, the second PCR mix is diluted 
with 20 #l of Milli-Q and 1 #l is hatched into the sequencing mix, which contains 
1.9 #l of sequencing bu$er, 0.1 #l of BigDye v3.1 and 0.4 #M of sequencing primer 
in a total volume of 4 #l. !e sequencing reaction is carried out using a specially 
designed thermocycling program (40 cycles of 92$C for 10 sec., 50$C for 5 sec. and 
60$C for 120 sec.).

5. Before proceeding to capillary sequencing, the sequence fragments have to be 
puri"ed using ethanol precipitation.  To each well 30 #l of precipitation mix is 
added and the mixtures are vortexed vigorously and spun at maximal speed, at 
4$C for 40 min. in a cooled plate centrifuge. !e supernatant is discarded and 
the pellet is washed with 30 #l of ice-cold 80% ethanol. !e samples are spun an 
additional 10 min., the supernatant is discarded and the samples are air-dried for 
approximately 15 min. preferably protected from light. Finally, the precipitate is 
dissolved in 10 #l of Milli-Q.

6. !e plates are analyzed on the 96-capillary 3730XL DNA analyzer (Applied 
Biosystems) using the standard RapidSeq protocol on a 36 cm array.

7. !e sequencing reads that belong to one amplicon are aligned, which facilitates the 
discovery of heterozygous point mutations (see Note 11).

8. All candidate mutations have to be veri"ed in an independent PCR and sequencing 
reaction in order to exclude false positives.

Phenotype-driven mutation discovery

Phenotype-driven screens are excellent tools for gene discovery and to dissect 
developmental and biochemical pathways that underline a given phenotype. !e 
challenge in these forward screens lies in assessing the phenotype of interest in a 
consistent and systematic manner, i.e. the phenotype should be clearly distinguishable 
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in a$ected compared with una$ected animals. Multiple phenotypes can be scored in 
rapid but broad primary screens [15], followed by more detailed, phenotype-speci"c 
follow-up screens. Mutations underlying the phenotype of interest are mapped by 
crossing the mutagenized genetic background into a mapping strain. Subsequently, 
known single nucleotide polymorphisms between the two strains are genotyped in 
order to locate the genomic locus containing the mutation.

!e F1 population carrying heterozygous mutations can directly be tested to 
screen for dominant phenotypes or the animals can be outcrossed followed by either 
a backcross to the F1 founder or brother-sister incrosses (Fig. 1), resulting in F3 
animals with random homozygous ENU-induced mutations, which can be screened 
for recessive phenotypes [16]. In addition, mutations underlying a phenotype of choice 
can be screened for in a genome-wide fashion [17] or by applying a region-speci"c 
approach, like using a balancer chromosome in mice [18]. Here we will limit ourselves 
to explaining phenotype-driven screens for recessive ENU-induced mutations. 

Breeding scheme

Recessive mutation discovery depends on crossing animals with heterozygous ENU-
induced mutations and scoring the phenotype of interest in their progeny, which will 
have random homozygous mutations. A#er assessing these animals for the phenotype 
of choice the causative mutation has to be mapped by crossing a$ected animals to a 
mapping strain, followed by brother-sister incrosses of their progeny. !ese animals 
are then assessed for the phenotype and the causative mutation can be mapped using 
linkage analysis (Fig. 1). Alternatively, F1 animals can be directly outcrossed with the 
mapping strain. In this way, the F3 progeny that is assessed for the phenotype of choice 
can be directly used for mapping. !e mapping strain is usually another, relatively far 
diverged strain and su%cient genomic information should be available of both strains 
in order to perform linkage analysis. !e genomic loci containing the mutations that 
are underlying the phenotypes of interest can be mapped using linkage analysis, which 
is currently most e%ciently performed using panels of single nucleotide polymorphism 
(SNPs) for which the di$erent strains have been genotyped, as previously described 
[19,20].

1. Cross the F1 animals with untreated animals of the same or, alternatively, a mapping 
strain of choice (see Note 8) to generate the F2 generation.

2. An F3 generation, carrying random homozygous ENU-induced mutations in their 
genomes, is subsequently generated by incrossing the F2 animals or by backcrossing 
to the F1 founder in order to increase the amount of random homozygous mutations.

3. !e F3 animals are screened for the phenotype of choice.
4. A$ected F3 animals are crossed with the mapping strain to produce an F4 population 

in which all individuals are heterozygous for the causative mutation (see Note"9). 
5. DNA is isolated of both a$ected and una$ected animals using the protocol 

described above.
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Mapping

!e genomic loci containing the mutations that are underlying the phenotypes of 
interest can be mapped using linkage analysis, which is currently most e%ciently 
performed using panels of single nucleotide polymorphism (SNPs) for which the 
di$erent strains have been genotyped [21,22], as previously described [19,20].

Outcrossing

A#er identifying interesting mutations or an interesting phenotype, it is important to 
maintain the line by outcrossing the heterozygous carriers with untreated animals of 
the same strain.  In addition, these crosses are important to eliminate unwanted ENU-
induced background mutations. Generally, six to ten backcrosses to the parental strain 
are considered to eliminate most of the background mutations. However, background 
mutations that are close to the mutation of interest are hard to evade and could be 
a potential problem. Nevertheless, the chance that a linked mutation landed in a 
genetic feature that attenuates the phenotype under study is small. Indeed, estimates 
concerning the impact of the background mutations, indicate that the potential problem 
should not be exaggerated [23]. When phenotyping animals there should always be a 
1:1 relationship between phenotype and genotype, and littermates should always be 
included as controls. !e ultimate control would be the generation of a second allele 
of the same gene, which would not carry the confounding background mutation and 
should verify the phenotype.

1. Animals of the F1 population that harbor mutations of interest are crossed with 
untreated animals of the parental strain.

2. If the causative mutation is known the progeny are genotyped to determine if they 
inherited the induced mutation and the heterozygous animals are retained. If the 
causative mutation is not known the carriers in the progeny are discriminated by 
brother-sister incrosses and assessing the phenotype of interest in their o$spring.

3. Further outcrossing of the mutation to the parental strain genetic background is 
performed by backcrossing heterozygous animals of each subsequent generation 
to the parental strain. In every outcrossing stage, homozygous animals can be 
generated by intercrossing two heterozygotes. !is procedure also yields non-
homozygous mutant littermates that could serve as controls in experiments.

CONCLUSIONS

Several rat knockout models for genes involved in human inherited diseases have 
already been made using ENU mutagenesis. In a forward genetics screen a nonsense 
mutation was identi"ed in Myo7a, which resulted in a rat model for Usher syndrome 
type 1B, a severe autosomal inherited recessive disease that involves deafness and 
vestibular dysfunction [20]. In addition, characterization of the rat knockout models 
for the tumor suppressor genes BRCA1, BRCA2, APC and MSH6, which were 
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produced using reverse genetics approaches, demonstrated that the rat complements 
the equivalent mouse models for studying speci"c aspects of tumorigenesis, 
especially owing to its larger size, prolonged viability and ability to bear larger tumors 
[6,12,24,25]. !e serotonin transporter (SERT) knockout rat model has been shown to 
exhibit a disturbed serotonin homeostasis [26]. Serotonin is evolutionarily the most 
ancient neurotransmitter. It is involved in a wide array of biological functions, such as 
emotion, motivation, and cognition, for which the rat is the preferred model organism 
to study. !ese examples illustrate that rat knockout models are a valuable addition to 
the toolkit to study the genetic basis of speci"c aspects of human health and disease.

NOTES
1. People who work with ENU should be aware of the genotoxic e$ects and should take some 

precautions beforehand. When preparing the ENU stock solution wear gloves, lab coat, 
goggles and a mask. ENU solution should be prepared in a high-&ow chemical hood. Prepare 
a 0.1M NaOH solution to neutralize spillage (see Note 2).

2. Since the half-life of ENU decreases by increasing pH and is less than a minute at high pH 
alkaline solutions (0.1 – 1M NaOH) should always be in close proximity when handling ENU. 
Any ENU spillage should be poured with 0.1M NaOH and le# stand for few minutes before 
cleaning.

3. It is recommended to thaw the ENU isopac before dissolving it, because it greatly facilitates 
dissolving the ENU.

4. !e "nal concentration of the ENU stock di$ers between batch numbers and should always be 
determined by measuring the OD395nm. Typically this concentration varies between 6 and 8.5 
mg/ml. In ENU mutagenesis experiments in rodents, the concentration of ENU is generally 
measured at a wavelength of 395 nm, however, in other ENU experiments a wavelength 
of 238 nm might be used (e.g. zebra"sh ENU mutagenesis). For consistency purposes it is 
recommended to use OD395nm.

5. !e half-life of ENU in the phosphate-citrate bu$er, which is at pH 5.0 is approximately 80 
hours. At pH 7.0 this decreases to 34 minutes, which would approximate the half-life of the 
chemical in the animal body. !erefore, we advise using the ENU solution for injection within 
1 hour a#er preparation, because of its high instability when dissolved.

6. For safety reasons two persons should perform the ENU injections. !e "rst person will 
restrain the animal and the other person will perform the injection of the ENU solution.  

7. !ere is a high chance of retrieving chimaeric animals when animals are used that were 
born before 10 weeks a#er the last injection. !is is probably because of ethyl-adducts that 
originates from mutagenized sperm in the fertilized oocyte, which can result in heterogeneous 
mutation "xation in di$erent lineages.

8. Depending on the phenotype of interest and mutation frequency, another round of outcrossing 
with an untreated animal of the same genetic background of the mutagenized strain can be 
assessed in order to dilute the ENU-induced mutations.

9. If a$ected F3 animals are unable to breed, a F2 animal that was used to generate a$ected 
animals, can be used to cross with the mapping strain. However, since this F2 animal is a 
heterozygous carrier of the causative mutation, by chance only 50% of the progeny will be 
heterozygous carrier of the mutation. Brother-sister incrosses have to be used to determine 
which individuals are the carriers.

10. !e nested PCR setup described here assumes the use of primers that were designed with 
an optimal annealing temperature of 58$C. We make use of publicly available web-based 
information system called LIMSTILL, LIMS for Induced Mutations by Sequencing and 
TILLing (http://limstill.niob.knaw.nl), which allows for automated primer design.

11. For aligning and analyzing the sequence reads PolyPhred [27] so#ware can be used, which 
automatically detects the presence of heterozygous single nucleotide substitutions. !e 
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LIMSTILL so#ware (see Note 7) also allows for automated annotation in order to determine 
the e$ect of the retrieved mutation.
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ABSTRACT

To understand genetic instability in relation to tumorigenesis experimental animal 
models have proven very useful. !e DNA mismatch repair (MMR) machinery 
safeguards genomic integrity by repairing mismatches, insertion/deletion loops and 
responding to genotoxic agents. Here, we describe the functional characterization of a 
novel rat mutant model in which the mismatch repair gene Msh6 has been genetically 
inactivated by N-ethyl-N-nitrosourea (ENU)-driven target-selected mutagenesis. !is 
model shows a robust mutator phenotype that is re&ected by microsatellite instability 
and an increased germ line point mutation frequency. Consequently these rats develop 
a spectrum of tumors with a high similarity to atypical hereditary non-polyposis 
colorectal cancer in humans. !e MSH6 knockout rat complements existing models 
for studying genetic instable tumorigenesis as it provides experimental opportunities 
that are not available or suboptimal in current models.
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INTRODUCTION

!e mismatch repair system (MMR) recognizes mismatches that are introduced 
during DNA replication and surpass the proofreading activity of DNA polymerase. !e 
MMR machinery has been highly conserved in evolution, and the prototypic system 
was "rst elucidated in Escherichia coli [1]. In this model a mismatch is recognized by 
the MutS homodimer followed by binding of the MutL homodimer and activation of 
the repair pathway. !is induces the excision and re-synthesis of the error containing 
DNA strand. In eukaryotes MutS function is separated in the recognition of single-
base mismatches and small insertions or deletions loops (IDL’s) of one or two extra 
helical nucleotides by MutS& and the recognition of larger IDL’s by MutS'. Both are 
heterodimers consisting of MSH2 - MSH6 and MSH2 - MSH3, respectively [2].

Besides maintaining the genomic integrity during replication, the MMR system has 
been shown to mediate DNA damage-induced apoptosis. Cell lines de"cient for MMR 
are more resistant to cell death induced by alkylating agents [3,4], antimetabolites and 
intrastrand crosslinking agents [5]. Two hypotheses have been proposed to explain 
MMR-mediated apoptosis. !e repeated activation of MMR because of wrong nucleotide 
insertion by polymerase at the site of DNA damage may cause double stranded breaks, 
which ultimately results in lethality [6]. Alternatively, the MMR system may function 
as a molecular sensor that can directly activate the apoptotic machinery in case of high 
levels of DNA damage [7].

In humans, mutations in MMR genes have been linked to hereditary non-polyposis 
colorectal cancer (HNPCC), also referred to as Lynch syndrome, which is characterized 
by early-onset colon cancer [8]. Mutations in the MSH6 gene have been associated with 
an atypical HNPCC phenotype characterized by a late onset and a high occurrence of 
extracolonic tumors, especially in the endometrium [9]. A hallmark of MMR de"ciency in 
HNPCC tumors is a signi"cantly higher mutation rate, like the instability of simple repeat 
lengths during DNA replication [10]. !is phenomenon is referred to as microsatellite 
instability (MSI) and has proven to be a powerful tool to diagnose HNPCC tumors [11]. 

Mouse knockout models have provided insight about in vivo de"ciency of MMR 
function. Complete loss of MMR recognition in the msh2-/- mouse results in a strong 
reduction in the survival of these mice with a median survival time of 5 – 6 months 
[12]. At an early stage in life these mice develop lymphomas followed by a later onset of 
adenocarcinomas in the gastrointestinal tract [12,13]. Inactivation of the Msh6 gene in 
mice also results in a decreased life span, however, this survival seems to be prolonged 
compared with msh2-/- mice. Msh6-/- mice show a median survival time of 6 – 10 months 
and predominantly develop lymphomas and rarely intestinal tumors [14,15]. Deletion 
of the Msh3 gene in mice did not induce a cancer phenotype, however, deletion of 
this gene in a MSH6 de"cient background led to a cancer phenotype indistinguishable 
from that of the msh2-/- mouse, suggesting redundancy between MSH6 and MSH3 [14]. 
Although mouse knockout models have provided very valuable insight in mammalian 
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MMR, modeling human HNPCC has only been successful in a limited way. First, 
heterozygous MMR mouse knockouts do not develop tumors and secondly, the spectra 
of tumors that develop in homozygous knockouts di$er from the human situation. 
!e human HNPCC phenotype primarily shows colorectal tumors, whereas the mouse 
models develop primarily lymphomas and tumors in the small intestine [12,15]. 
Furthermore, the high occurrence of endometrial cancers found in human atypical 
HNPCC, especially in the case of MSH6 germ line mutations [9], is not re&ected by the 
mouse model. Hence, novel models have the potential to complement exiting model 
systems.

Over the last decades, the rat has become an important genetic model system [16,17]. 
!e complete genome sequence of the rat is now available [18] and recently developed 
techniques make it possible to generate knockout rats using a target-selected N-ethyl-
N-nitrosourea (ENU)-driven mutagenesis approach [19,20]. !ere are indications 
that some human cancer syndromes, which have been di%cult to model in genetically 
engineered mice, are more closely re&ected in rats. One example is the recent report 
of the Pirc rat that carries a knockout allele of the Apc gene. !e mouse knockout 
model, Apcmin, which has been studied for decades, develops primarily tumors in the 
small intestine [21], whereas the rat knockout  primarily develops colonic tumors [22], 
similar to human patients [23]. Another example is the inability to study the loss-of-
function of BRCA1 or BRCA2, which are o#en mutated in human breast tumors [24], 
because knocking out these genes in mice negatively a$ected viability. It turned out to 
be possible to generate viable Brca2 knockout rats that develop tumors, although no 
increased incidence for breast tumor development was observed [20,25]. Nevertheless, 
this rat provides a unique model to study the in vivo role of this gene in tumorigenesis.

Here, we describe the genetic inactivation of the Msh6 gene in the rat and the 
phenotypic consequences. A premature stop codon in the Msh6 gene, introduced using 
an ENU-driven target-selected mutagenesis approach [19], was shown to result in a full 
functional knockout of the gene. Primary characterization of this msh6-/- rat revealed a 
strong mutator phenotype resulting in a reduced life span because of the development 
of di$erent types of tumors, including lymphomas and endometrial cancers. 

RESULTS
Generation of the MSH6 knockout rats

In a large ENU-driven target-selected mutagenesis screen we identi"ed a rat carrying 
a heterozygous mutation in the Msh6 gene [19]. !is T to A transition in exon 4 
resulted in a premature stop codon at position 306 (Fig. 1A). A#er outcrossing the 
mutant rat, heterozygous o$spring was used to obtain homozygous mutant rats, which 
occurred in a Mendelian fashion (Data not shown). !e homozygous mutants showed 
normal growth and fertility. Con"rmation of the Msh6 gene knockout phenotype at 
the molecular level was established by Western blotting, showing that the full-length 
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MSH6 protein of approximately 160 kDa in the testes of msh6+/+ and msh6+/- males 
was completely lacking in the testes of msh6-/- males (Fig. 1B). We could not detect 
any truncated protein, suggesting that either the mRNA with the premature stop 
codon or the truncated protein is unstable, because of nonsense-mediated decay or 
protein folding defects, respectively. Cell lysates of cultured rat embryonic "broblasts 
also showed complete absence of MSH6 in homozygous mutant cultures, further 
con"rming these results.

MSH6 knockout rats show a germ line mutator phenotype

To con"rm loss of MSH6 function, we analyzed the presence of MSI in the germ line 
of msh6-/- males. Two mononucleotide repeats, (G)20 and (A)30, and two dinucleotide 
repeats, (CA)36 and (CA)40, were analyzed in the outcrossed o$spring of 9 msh6-/- males 
and 19 msh6+/+ males. In both mononucleotide repeats (Fig. 2A) and dinucleotide 
repeats (Fig. 2B) MSI was observed as a mono-allelic change of the length of the 
tested repeat. Although for some of the repeats the paternal (-/-) and maternal (+/+) 
contribution could not be distinguished (Fig. 2A), in other cases the size of the repeat 
was polymorphic within the strain and showed that the MSI phenotype is exclusively 
contributed by the paternal allele on an msh6-/- background (Fig. 2B). In total, 168 
progeny from 9 homozygous mutant males were tested and revealed that germ line MSI 
occurred in all males and in all the repeats tested (Table 1). None of the 100 o$spring 
samples from 19 control wild-type males and females showed MSI.

Figure 1: Molecular char-
acterization of the msh6-/- 
rat. (A) Genomic organi-
zation of the Msh6 gene in 
the rat genome. !e arrow 
marks the position of the 
ENU-induced mutation 
that results in a premature 
stop codon. !e sequence 
trace indicates the T to A 
transition in a heterozy-
gous rat. (B) Western blot 
(WB) of testes and cultured 
rat embryonic "broblast 
(CREF) lysates stained with 
antibodies against human 
MSH6 (160 kDa). Lysate of 
human embryonic kidney 
(HEK) cells was loaded as 
a positive control. MSH6 
protein is completely absent 
in msh6-/- testes and CREF. 
Coomassie brilliant blue 
staining (CBB) was used as a 
control for protein loading.

A

B
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Figure 2: Microsatellite instability in the germ line and tumors. (A) A mononucleotide repeat 
of 20 repetitive subunits (G)20 was analyzed in a cross between a msh6-/- father and a wild type 
mother and their msh6+/- o$spring. !e DNA of the parents and pups was isolated from ear and 
tail cuts, respectively. !e red line indicates the size of the most prominent ampli"cation product 
in both parents. In the DNA sample of the o$spring one of the alleles has lost one repetitive 
subunit. (B) Fragment analysis of a dinucleotide repeat (CA)36 that is polymorphic between the 
founder animals. As a result, progeny is heterozygous for this marker and the depicted F1 animal 
shows a deletion of one repetitive subunit in the larger allele, which was inherited from the 
msh6-/- father. (C) Mononucleotide repeat instability in tumors. !ree repetitive subunits in a 
mononucleotide repeat of 30 repetitive subunits (A)30

 were deleted in the DNA of tumor tissue 
(mediastinum) as compared with control DNA (ear cut). (D) Dinucleotide repeat instability in 
the DNA of tumor tissue (mediastinum) compared with control DNA (liver). !e orange peaks 
represent the size marker that was loaded to determine the size of the PCR product.

A

B

C

D
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Because the MSH6 protein is also involved in the recognition of single-base 
mismatches introduced during DNA replication, we anticipated "nding an elevated 
spontaneous germ line mutation frequency. Indeed, whereas the mammalian germ 
line mutation frequency is estimated around 1 x 10-8 bp-1 per generation [26], 
high-throughput resequencing of preselected amplicons, followed by heterozygous 
mutation discovery in DNA samples from the o$spring of 2 msh6-/- males and wild-
type females, revealed 3 mutations in 8.3 x 106 resequenced base pairs (twice a C>T 
and once a G>A transition; Table S1). !is indicates a (30-fold increased spontaneous 
single base pair mutation rate of about 3.6 x 10-7 bp-1 in the male germ line of the 
msh6-/- rat. As a control, the same amplicons were sequenced in DNA samples from 
the o$spring of 4 wild-type males and no mutation was found in the 6.6 x 106 base 
pairs, indicating that the wild type mutation rate in the genetic background used is 
lower than 1.5 x 10-7 bp-1.

MSH6 knockout rats show a reduced life span and develop tumors

Studies in the mouse have shown that MSH6 de"ciency results in a reduced life 
span because of the development of di$erent types of tumors [14,15]. Homozygous 
mutant rats showed a median survival time of 14 months, whereas 95% of wild type 
rats normally survive at this age (Fig. S1).  A#er 18 months all the msh6-/- rats had 
become moribund, showing a tumor incidence of ~88%. !ese results are consistent 
with the observation that MSH6-de"cient mice show a reduced life span although they 
exhibited a median survival time of only 6 – 10 months [14,15]. 

Table 1: MSI in the germ line of MSH6 de#cient rats

Father (genotype)a (CA)36 (CA)40 (G)20 (A)30 Pups testedb

F (-/-) 1 3 2 0 17
G (-/-) 1 2 3 1 24
HA (-/-) 0 1 1 0 18
I (-/-) 0 1 2 0 9
J (-/-) 2 0 1 3 22
K (-/-) 0 2 1 0 14
L (-/-) 1 0 0 2 3
M (-/-) 0 2 1 0 14
N (-/-) 2 3 1 3 47
Average MSI % of  
total pups () SEM) 6% () 4%) 9% () 2%) 8% () 2%) 10% () 7%) Total pups tested = 168

Control (+/+) n = 19 0 0 0 0 Total pups tested = 100

aDNA was isolated from ear cuts. bDNA was isolated from tail cuts. MSI, microsatellite instability. 
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Each rat was subjected to a complete necropsy and histopathological analysis. !e 
"rst tumors were detected at 9 months of age in di$erent locations and the "rst a$ected 
rats were males. Representative histological specimens of the tumor spectra that were 
observed are shown in Figure 3 and the complete data are summarized in Table 2. 
Macroscopical examination revealed a signi"cantly enlarged spleen, which was the 
result of in"ltration of lymphomas. In total 8 out of 17 rats developed highly invasive 
lymphomas in the spleen, liver, kidney, lung and mediastinum (Fig. 3). Histological 
analysis of the lymphomas revealed that neoplastic lymphocytes were organized in 
sheets separated by "ne "brovascular stroma. !e round cells were uniform and of 
medium size with scant cytoplasm and round to ovoid nuclei containing "ne chromatin 
and occasionally a prominent nucleolus located centrally (lymphoblastic lymphoma). 
Sheets of neoplastic cells in"ltrate into the surrounding tissue and occasionally into 
vascular structures. Multiple areas within the neoplasm show apoptosis characterized 
by pyknotic and fragmented nuclei and bright eosinophilic cytoplasm (starry sky 
pattern). To ascertain the cellular origin of the lymphomas, sections of tumors were 

Figure 3: Tumors observed in the msh6-/- rat. (A) Section of a mediastinal lymphoblastic 
lymphoma of an msh6-/- male rat stained with HE. (B) A higher magni"cation of the lympho-
blastic lymphoma. (C) Section of a leiomyosarcoma of the endometrium stained with HE. (D) 
Section of an endometrial carcinoma stained with HE. (E) A higher magni"cation of the en-
dometrial carcinoma. (F) A section of a squamous cell carcinoma in the stomach of an msh6-/- 
female rat stained with HE. (G) Section of a "broadenoma of a msh6-/- male rat stained with HE. 
(H) Section of a liver with lymphoblastic lymphoma leukemia stained with HE. (I) Section of a 
testicle containing a Leydig cell tumor stained with HE.
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Table 2: Tumor spectrum of the MSH6 knockout rat
Ra

t I
D

 
(G

en
ot

yp
e)

G
en

de
r

Ag
e 

(m
on

th
s) MSI

Tumor type
Tumor 
sizea Involvement

Mononucleotide 
repeatb

Dinucleotide 
repeatc

17 (-/-) M 18
B-cell 
lymphoblastic 
lymphoma

~3 cm Mediastinum Yes Yes

25 (-/-) M 11
B-cell 
lymphoblastic 
lymphoma

N/D Spleen, Liver, 
Kidney, Lung No No

30 (-/-) F 12
B-cell 
lymphoblastic 
lymphoma

~3 cm Mediastinum Yes Yes

42 (-/-) M 17
B-cell 
lymphoblastic 
lymphoma

N/D
Bone marrow, 
mediastinum, 
liver

Yes Yes

47 (-/-) F 15 Squamous cell 
carcinoma ~2 cm Stomach No No

49 (-/-) F 12 Leiomyo-
carcinoma ~5 cm Uterus No No

52 (-/-) M 18 Leydig cell 
tumor N/D Testis No No

62 (-/-) M 9
B-cell 
lymphoblastic 
lymphoma

N/D Spleen, Liver Yes No

68 (-/-) F 12 Endometrial 
carcinoma ~1.5 cm Uterus Yes No

70 (-/-) F 12 Endometrial 
carcinoma ~1 cm Uterus Yes Yes

72 (-/-) F 18
B-cell 
lymphoblastic 
lymphoma

~1 cm Mediastinum Yes Yes

74 (-/-) M 14
Fibroadenoma 
and adeno-
carcinoma

~2 cm Mammary 
gland Yes No

81 (-/-) F 18 Endometrial 
carcinoma ~0.5 cm Uterus No No

85 (-/-) M 17
T-cell 
lymphoblastic 
lymphoma

~2 cm !ymus Yes No

89 (-/-) M 10
B-cell 
lymphoblastic 
lymphoma

N/D Spleen, Liver Yes No

aApproximate tumor diameter estimated from slides. bTwo mononucleotide repeats were tested: 
(A)30 and (G)20. cTwo dinucleotide repeats were tested: (CA)36 and (CA)40. MSI, microsatellite 
instability; N/D, not done. 
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stained with CD79, a B-cell speci"c antibody and a CD3 antibody that is T-cell speci"c. 
Of these, 7 were determined to be B-cell lymphoblastic lymphoma and one a T-cell 
lymphoblastic lymphoma.

Other tumors found in male msh6-/- rats included a testicular Leydig cell tumor, and 
a mammary "broadenoma and adenocarcinoma. Four females su$ered from vaginal 
bleeding and histological evaluation revealed the presence of endometrial carcinomas 
(Fig. 3D) in three animals and uterine leiomyosarcoma in one female (Fig. 3C). One 
female developed a gastric squamous cell carcinoma (Fig. 3F). Notably, some of the 
tumors reached large sizes, like some of the lymphomas that had an estimated diameter 
in excess of 3 cm. Remarkably, the leiomyosarcoma in the uterus reached a diameter of 
~5 cm and also the gastric tumor reached a diameter of ~2 cm (Table 2).

Tumors of msh6-/- rats show MSI

To con"rm the presence of genetic instable tumorigenesis in the msh6-/- rat, we 
analyzed the tumors for MSI. !e four simple repeats described above were PCR 
ampli"ed using DNA that was isolated from tumor tissues or control tissues (ear cuts 
or liver samples) and the product lengths were compared. 10 out of 15 tumors showed 
length polymorphisms in at least one of the four examined simple repeats (Table 2). 
All 10 tumors displayed mononucleotide repeat instability (Fig. 2C) and 3 showed also 
dinucleotide repeat instability (Fig. 2D). Some microsatellites were found to be highly 
unstable in the tumors, illustrated by deletions of up to 7 repetitive subunits and the 
presence of bi-allelic changes (Table S2). As expected, the longest microsatellite that 
was studied, (A)30, was found to be the most instable repeat. 

DISCUSSION

Carcinogenesis is believed to result from the accumulation of genomic mutations 
that change cells characteristics, which eventually result in the ability to proliferate 
and form tumors. DNA can be damaged by cellular metabolites and environmental 
agents, like alkylating agents which are widespread environmental mutagens that 
alter the chemical structure of DNA and cause G – T mismatches a#er subsequent 
replication [27]. Such damage can be recognized by MMR and indeed, two out of the 
three spontaneous mutations found in the rat MSH6-de"cient germ line are likely to be 
unrecognized C to T transitions. Furthermore, mutations are generated because DNA 
polymerases make mistakes, although the "delity of DNA polymerases is extremely 
accurate [28]. !e initiation of tumorigenesis resulting from genomic mutations can 
be explained by the mutator phenotype hypothesis - mutations in genes that function 
in the maintenance of genomic stability, like MMR-genes, increase the mutation rate 
leading to a cascade of gene inactivation [29]. Alternatively, carcinogenesis has also 
been explained by increased selective advantages of cells as a result of mutagenesis 
[30]. MutS& has been found to play a role in DNA damage-induced apoptosis [4] 
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and inactivation would result in a selective advantage. In this model, the associated 
genetic instability would only be a secondary e$ect. Both hypotheses are not mutually 
exclusive and could explain the onset of tumor development in the MSH6 knockout 
rat. Deletion of the MMR system will result in both the accumulation of DNA damage 
like frame-shi#s and point mutations, causing a mutator phenotype, and a selective 
advantage. Indeed, large-scale mutation discovery in a large set of tumors revealed 
extremely elevated somatic mutation prevalence in MMR-de"cient cancer types [31].

Using ENU-driven target-selected mutagenesis we have generated a rat knockout 
model of the MutS& component MSH6 [19], which shows all the features of a mutator 
phenotype. Firstly, instability of both mono- and dinucleotide repeats was observed in 
both the mutant germ line as in tumors, but not in the wild-type germ line, con"rming 
the role of MSH6 in the recognition of small insertion/deletions loops. MSI can result 
in hypermutability of expressed genes because of out-of-frame mutations [32] and 
because repetitive sequences have also been found in the coding regions of the MSH6 
gene itself, it is thought to be responsible for loss of heterozygosity (LOH) in humans by 
mutating the wild-type allele [33]. In mice lacking MSH6, replication error phenotype 
was observed at mononucleotide repeats in small intestinal epithelial cells that carried 
a lacI mutational reporter [34], and instability of dinucleotide repeats was observed in 
tumors [15]. !e frequency of MSI in the tumors of the msh6-/- rat that was found in this 
study is much higher as compared with that found in the mouse [35], which could be 
because of di$erences in the length of the simple repeats that were tested. Most tumors 
displayed MSI at (A)30 (10 out of 15 tumors), but for a much smaller repeat (G)20 MSI 
frequency is much lower (2 out 15 tumors). Testing longer simple repeats increases the 
sensitivity of the analysis without generating false-positives, which is illustrated by the 
absence of length polymorphisms in the wild-type germ line.

Secondly, accumulation of point mutations as a result of MMR-de"ciency can 
also attribute to the mutator phenotype. Indeed, lack of MSH6 results in a higher 
spontaneous germ line mutation rate compared with the wild-type germ line. Although 
the test groups were relatively small, the chance of discovering three mutations in 8.3 x 
106 bp, given a ‘normal’ mammalian germ line mutation frequency of 1 x 10-8 bp-1 per 
generation [26], is extremely small (p = 0.0017; Fisher’s exact test). Because ENU was 
used to generate the msh6-/- rat it could be argued that these mutations are because of 
the e$ect of this mutagen in the founder animal. However, analysis of the DNA of the 
parents showed that all mutations are unique to the progeny and can thus be classi"ed 
as de novo mutations. Furthermore, the lack of any observed spontaneous mutations 
in 6.6 x 106 bp in wild type littermates suggests the lack of any experimental biases. 
In mice, small intestinal epithelial cells from MSH6-de"cient animals were shown to 
exhibit a 41-fold increase in lacI mutation frequency compared with wild-type cells 
[34], which is in line with the approximate 30-fold increase that we found in the rat 
germ line. 
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!e observed genomic instability illustrates that the msh6-/- rat is a functional gene 
knockout at the molecular level. As expected, the accumulation of both point and 
out-of-frame mutations in somatic tissue eventually results in a reduced life span of 
the MSH6-de"cient rat. Although this decrease in life span is also observed in mice 
lacking MSH6, the survival is considerably longer in the msh6-/- rat. Two di$erent 
MSH6-de"cient mice strains have been generated, both of which have targeted 
exon 4 of the gene (comparable to the premature stop codon in this report), but on 
di$erent genetic backgrounds (Msh6tm1Rak was generated in hybrids of C57Bl/6 and 
WW6 [15]; Msh6tm1Htr was generated in hybrids of 129/OLA and FVB [14]). !ese 
models were found to display clear phenotypic di$erences. For example, the median 
survival of Msh6tm1Rak mice was found to be 10 months [15], whereas that of Msh6tm1Htr 
mice was only 6 months [14]. !e reason why the msh6-/- rat shows a delayed onset 
of tumorigenesis (median survival of 14 months) when compared with the msh6-/- 
mouse models remains unclear. !e median life span of wild type mice and rats do 
not di$er signi"cantly, suggesting that other species-speci"c characteristics could 
underlie the observed di$erences. As rats and mice have diverged for about 40 million 
years this is not unlikely. Alternatively, because of its size, the rat could be able to 
sustain the growth of malignancies longer, allowing tumors to reach relatively larger 
sizes before the animal becomes moribund. Both the prolonged viability as well as the 
capacity of large tumor sizes could allow for longitudinal surgical, chemo-preventive,  
and/or therapeutic studies of genetic instable tumorigenesis. Increased life span when 
compared with similar mouse models was also observed in the Apc mutant Pirc rat, 
where tumors could reach a diameter larger than 1 cm [22]. 

!e predominant development of lymphomas in the MSH6-de"cient rats is also 
observed in mouse strains lacking MSH6 or other MMR components [13,14,15,36]. 
!e occurrence of human patients with biallelic MMR mutations is rare [37,38], but 
the cases that have been reported also frequently develop lymphomas, with a relatively 
early age of diagnosis. A reason for the speci"city of lymphoma development can 
be a high proliferation and turnover rate of lymphocytes during early development. 
MMR genes MHL1, MSH2 and MSH6 play a role in class switch recombination 
[39,40,41,42] and together with a possible increased accumulation of point and out-
of-frame mutations, this could rapidly lead to genetic instability and the development 
of malignant cells. !e extensive involvement of the small intestine in the neoplastic 
phenotype of the Msh6tm1Rak mice [15] was not observed in the rat and could potentially 
explain the shorter life span of MSH6-de"cient mice. However, the Msh6tm1Htr strain 
rarely develops intestinal tumors, but does show the highest reduction in life span [14]. 
Interestingly, the msh6-/- rat shows a high incidence of endometrial cancers (3 of 7 
msh6-/- females), resembling the atypical HNPCC spectrum of tumors. Although cancer 
in the uterus in mice has been reported in the Msh6tm1Htr strain (3 in 22 msh6-/- mice), 
the other MSH6-de"cient strain completely lacked involvement of the uterus in their 
cancer phenotype [14,15], indicating a considerably higher occurrence in the rat. It has 
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been reported that in human families bearing an MSH6 germ line mutation, the two 
primary cancers found are colorectal and endometrial cancers [9,43,44]. Furthermore, 
defects in MSH6 have been found to be relatively common in an unselected series of 
endometrial cancers [45]. 

!ere are two major di$erences between the rat and human cancer phenotypes. 
First, human HNPCC patient are typically heterozygous for MMR germ line mutations 
and loose the wild-type allele in somatic cells only. Heterozygous MMR mutant mice 
do not develop early-onset tumors, which may be explained by their shorter lifespan 
and smaller size [35,46]. As for mice, heterozygous MSH6 knockout rats do not 
develop tumors either (not shown). However, it should be mentioned that tumors in 
both human patients as well as the rodent models are MMR-de"cient. Second, the 
msh6-/- rats do not develop colorectal tumors, but they do show a high incidence of 
endometrial tumors. It has been suggested that endometrial cancer represents the 
most common manifestation of HNPCC among female MSH6 mutation carriers and 
that colorectal cancer can not be considered an obligatory prerequisite to de"ne the 
syndrome [9].

Taken together, the MSH6 knockout rat described here complements existing 
models for studying DNA mismatch repair and its relation to human genetic instable 
tumorigenesis. Not only the extended range of phenotypic characteristics, but also the 
size of the animal, the prolonged viability and the ability to bear large sized tumors 
make this rat an attractable model for speci"c experimental manipulations, such as 
endoscopy and local irradiation experiments for studying and treating residual tumor 
cells.

MATERIALS AND METHODS

Animals. All experiments were approved by the Animal Care Committee of the Royal Dutch 
Academy of Science according to the Dutch legal ethical guidelines. Experiments were designed 
to minimize the number of required animals and their su$ering. !e MSH6 knockout rat 
(Msh61Hubr) was generated by target-selected ENU-driven mutagenesis (for detailed description, 
see [19]). Brie&y, high-throughput resequencing of genomic target sequences in progeny from 
mutagenized rats revealed an ENU-induced premature stop codon in exon 4 of the Msh6 gene 
in a rat (Wistar/Crl background).  !e heterozygous mutant animal was outcrossed at least three 
times to eliminate confounding e$ects from background mutations induced by ENU. To obtain 
homozygous animals the heterozygous o$spring were crossed in. At three weeks of age ear cuts 
were taken and used for genotyping. Genotypes were recon"rmed a#er experimental procedures 
were completed. Animals were housed under standard conditions in groups of two to three per 
cage per gender under controlled experimental conditions (12-h light/dark cycle, 21±1$C, 60% 
relative humidity, food and water ad libitum).
Genotyping. Genotyping was performed using the KASPar SNP Genotyping System 
(KBiosciences, Hoddesdon, UK) and gene speci"c primers (forward common, CAG TGG ACC 
CAC TAT CTG GTA; reverse a1, GAA GGT GAC CAA GTT CAT GCT CTT CTC TGG CTT 
AAG CCA TTC TA; reverse a2, GAA GGT CGG AGT CAA CGG ATT CTC TTC TCT GGC TTA 
AGC CAT TCT T). Brie&y, a PCR was carried out using the optimal thermocycling conditions 
for KTaq (94$C for 15 min; 20 cycles of 94$C for 10 sec, 57$C for 5 sec, 72$C for 10 sec; followed 
by 18 cycles of 94$C for 10 sec, 57$C for 20 sec and 72$C for 40 sec; GeneAmp9700, Applied 
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Biosystems, Foster City CA, USA). !e PCR reaction contained 2 µl DNA solution, 1 µl 4X 
Reaction Mix, 165 nM reverse Primer a1 and a2 and 412.5 nM of the common forward primer, 
0.025 µl KTaq polymerase and 0.4 mM MgCl2 in a total volume of 4 µl. Samples were analyzed in 
a PHERAstar plate reader (BMG Labtech) and data were analyzed using Klustercaller so#ware 
(KBiosciences). All genotypes were con"rmed in an independent reaction.
Western Blot analysis. Proteins were extracted by adding lysis bu$er (1% SDS, 1.0mM sodium 
ortho-vanadate, 10mM Tris pH 7.4) to approximately 0.25 g of tissue or cultured cells. !e 
protein was separated on a SDS gel (6% acrylamide gradient, Bio-Rad) and transferred to a 
nitrocellulose membrane. !e membrane was incubated overnight at 4$C with a 1:100 dilution 
of a monoclonal mouse anti-human MSH6 antibody (BD Biosciences Pharmingen) in blocking 
bu$er followed by an incubation for 2 hours with peroxidase-conjugated, anti-mouse IgG 
diluted 1:2500 in blocking bu$er at room temperature. Protein bands were detected by using the 
enhanced chemiluminescence detection method (ECL, Amersham Biosciences). Cell lysate from 
human HEK cells was used as a control and total protein was measured by Coomassie Brilliant 
Blue staining. 
MSI analysis. A simple repeat containing a repetitive stretch of (CA)40 (chr14:85120966-
85121141, RGSC 3.4) was PCR ampli"ed using the following primers: 5’-6FAM- TTC AAC CAC 
AAT CTC GAC AG -3’ (forward) and 5’- AGG CAT GAG TTC TGA GGT TC -3’ (reverse); 
the simple repeat (contig) with the stretch of (CA)36 (chr13:105939209- 105939433) was PCR 
ampli"ed using the following primers: 5’-6FAM- TGG CAC AGG TGT TTA GTG TC -3’ 
(forward) and 5’- TGC AGA AGA AAT GAG AGG TG -3’ (reverse); for PCR amplifying the 
simple repeat containing a (G)20 (chr3:105633672-105633851) 5’-VIC- CAT TCT GGA AGT 
GAC TGC TG -3’ (forward) and 5’- TCC ACG ATA CTG CAA TTC TC-3’ (reverse) were used 
and the simple repeat containing the stretch of (A)30 (chr8:118654926-118655555) was PCR 
ampli"ed using the following primers 5’-NED- GCC CTC TTC TGG TGT ATC TG -3’ (forward) 
and 5’- AGC TTC ATC CGT TAG TGT GG -3’ (reverse). !e appropriate volume of PCR 
product was mixed with 0.5 µl of GeneScanTM-500 LIZTM size standard (Applied Biosystems) in 5 
µl of Milli-Q, denaturated for 5 minutes at 95$C and subsequently run on a AB3730WL capillary 
DNA analyzer (Applied Biosystems). Product lengths were analyzed using Genemapper so#ware 
(Applied Biosystems).
Point mutation analysis. 768 pre-selected amplicons were ampli"ed using a nested PCR setup 
followed by dideoxy sequencing. Sequencing products were puri"ed by ethanol precipitation in 
the presence of 40 mM sodium-acetate and analyzed on a 96-capillary 3730XL DNA analyzer 
(Applied Biosystems), using the standard RapidSeq protocol on 36 cm array. Sequences were 
analyzed for the presence of heterozygous mutations using PolyPhred [47] and in-house 
developed so#ware. All candidate mutations were veri"ed in independent PCR and sequencing 
reactions.
Analysis of tumors. Animals were scari"ed by CO2/O2 su$ocation. Tumors, when found, and 
organs including the gastrointestinal tract, lungs, liver, kidneys, spleen and thymus were removed 
and "xed in phosphate bu$ered 4% formaldehyde. Representative tissues from the tumors and 
organs were processed and embedded in para%n. All tissues were prepared for Hematoxylin 
and Eosin stain. Lymphomas were studied for immunotyping. A#er depara%nation the sections 
were heated with citrate bu$er pH 6.0 for antigen retrieval. !e endogen peroxidase activity was 
blocked with 1% H2O2 in methanol for 30 min. !e slides were incubated with 10% normal serum 
for 10 min followed by an incubation with Mouse anti CD 79 (1:80,M7051,DAKO,,Denmark) 
or Rabbit anti CD3 (1:1500,CMC 365,Cell Marque Corp,USA) overnight at 4oC.A#er 30 min 
incubation with Horse anti Mouse/biotin (1:125,BA-2000,Vector,USA) or Goat anti Rabbit/
biotin (1:250,E0432 DAKO) the slides were incubated with Avidin-Biotin peroxidase complex 
(PK-4000,Vector) for 30 min. Visualization was performed with 3, 3 diaminobenzidine 
solution (DAB,Sigma,USA) for 10 min. Nuclei were stained with Mayer’s Haematoxylin. A#er 
dehydrazition, the slides were mounted with Eukitt. (Kindller GmBH&Co, Germany)  Washing 
steps were preformed with PBS/Tween, antibody dilutions and ABC/PO complex were made 
with PBS.
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For MSI analysis slides were depara%nated and lysed overnight followed by phenol/chlo-
roform (1:1, vol/vol) extraction. DNA was precipitated by adding 300 #l isopropanol, mixing 
and centrifuging for 20 min, at 21,000 g at 4$C. !e supernatant was discarded and pellets were 
washed with 70% ethanol and dissolved in 50 #l 10 mM Tris-Cl (pH 8.0).
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SUPPLEMENARY DATA

Figure S1: Survival of the msh6-/- rats. !e time the rats became moribund is recorded. Red line, 
msh6-/- rats (n=17); black line, control group (n=100, Source Harlan).

Table S1: Spontaneous germ line mutation frequency

Genotype fathera Msh6-/- (n=2) Msh6+/+ (n=4)
Total base pairs resequenced 8,327,563 6,565,893
Number of mutations 3 0
Mutation frequency (bp-1) 3.6 x 10-7 << 1.5 x 10-7

aDNA was isolated from ear or tail cuts



RA
T M

SH
6 K

N
O

C
K

O
U

T M
O

D
EL

3

66

Table S2: Tumors of msh6-/- rats show MSI

Microsatelliteb

Tumor samplea (G)20 (A)30 (CA)37 (CA)40

17 -1 -2 +1 0
25 0 0 0 0
30 0 -1 +1 +1
42 0 -1 -7 / -1 +1
47 0 0 0 0
49 0 0 0 0
52 0 0 0 0
62 0 -3 / -1 0 0
68 0 -1 0 0
70 0 -1 +1 0
72 0 -3 / -1 +1 0
74 0 -1 0 0
81 0 0 0 0
85 -1 -5 0 +1
89 0 -1 0 0
Totalc 2/15 10/15 5/15 3/15

a!e rat ID is indicated. b!e numbers indicate inserted/deleted repetitive subunits. 
c!is number shows the number of instable tumors for the indicated microsatellite.
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ABSTRACT

Background. !e laboratory rat (Rattus norvegicus) is one of the preferred model 
organisms in physiological and pharmacological research, although the availability of 
speci"c genetic models, especially gene knockouts, is limited. N-ethyl-N-nitrosourea 
(ENU)-driven target-selected mutagenesis is currently the most successful method in 
rats, although it is still very laborious and expensive.
Results. As ENU-induced DNA damage is normally recognized by the mismatch repair 
(MMR) system, we hypothesized that the e$ectiveness of the target-selected mutagenesis 
approach could be improved by using a MMR-de"cient genetic background. Indeed,   
knockout rats were found to be more sensitive to ENU treatment and the germ line 
mutation rate was boosted more than two-fold to 1 mutation per 585 kb. In addition, 
the molecular mutation spectrum was found to be changed in favor of generating 
knockout-type alleles by ~20%, resulting in an overall increase in e%ciency of ~2.5 
fold. !e improved e$ectiveness was demonstrated by high throughput mutation 
discovery in 70 Mb of sequence in a set of only 310 mutant F1 rats. !is resulted in the 
identi"cation of 89 mutations of which four introduced a premature stop codon and 64 
resulted in amino acid changes.
Conclusions. Taken together, we show that the use of a MMR-de"cient background 
considerably improves ENU-driven target-selected mutagenesis in the rat, thereby 
reducing animal use as well as screening costs. !e use of a mismatch repair-de"cient 
genetic background for improving mutagenesis and target-selected knockout e%ciency 
is in principle applicable to any organism of interest.
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BACKGROUND

!e rat is one of the most widely used model organism in biomedical research and has 
proven to be a powerful tool for linking physiology and pathology to the genome [1,2]. 
Selective breeding and characterization of strains, mimicking complex human diseases 
have led to hundreds of useful models. However, identi"cation of the underlying 
causative polymorphisms and genes has shown to be di%cult. An alternative approach 
in elucidating speci"c gene functions is by introducing targeted genetic modi"cations. 
Gene knockout technology using homologous recombination in embryonic stem 
cells has proven to be extremely powerful for this [3]. However, because of the lack of 
pluripotent embryonic stem cells for the rat, ENU-driven target-selected mutagenesis, 
also known as TILLING [4] has been one of the most successful methods for generating 
knockouts in the rat [5,6]. !is approach does not require any special cell lines and/
or advanced oocyte or embryo manipulation as male animals are injected with the 
alkylating agent ENU, which very e%ciently introduces random point mutations in 
the DNA of spermatogonial stem cells. Upon crosses with untreated female animals, 
an F1 generation is established in which each individual carries di$erent random 
heterozygous point mutations in its genome. !e DNA of these animals is subsequently 
screened in pre-selected genes of interest with the goal to identify mutations that a$ect 
protein function, e.g. by introducing a premature stop codon, by changing a consensus 
splice site residue, or by mutating critical (conserved) amino acids. 

!e overall e%ciency of this method depends essentially on the mutagenicity of 
ENU, which was found to be both strain and dose dependent [5,6,7]. !e maximum 
ENU-induced mutation rate in rats is approximately one point mutation every 1.25 
– 1.5 Mb for Wistar rats treated with 35-40 mg ENU per kg bodyweight [5], which is 
similar to the highest mutation frequency that can be obtained in mice [8,9,10,11,12]. 
Higher doses of ENU result in sterility of the animals and at much higher doses (>120 
mg/kg for rats) in lethality. However, in Arabidopsis and C. elegans chemically induced 
(EMS) point mutation frequencies are as high as 1 in 100 kb [13,14] and in zebra"sh 
ENU-induced frequencies of 1 in 150-250 kb can be obtained routinely [15] (E.C., 
unpublished results), suggesting that the maximum mutation load in a vertebrate 
genome that is compatible with viability, is much higher than what is currently reached 
in both rat and mouse. Although about 10 rat knockouts were successfully generated by 
ENU-driven target-selected mutagenesis [5,6,16] the relatively low mutation frequency 
makes the target-selected mutagenesis procedure laborious and costly.

We hypothesized that the e%ciency of the ENU-driven target-selected mutagenesis 
approach could potentially be increased in a MMR-de"cient genetic background, 
as this system is involved in the response to and repair of ENU-induced genetic 
damage [17]. Single nucleotide mismatches, as well as small insertion and deletion 
loops (IDLs), are recognized by MutS& heterodimer, which consists of MSH2 and 
MSH6 [18]. Because MSH2 also functions in another heterodimer with MSH3, which 
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recognizes larger IDLs, MSH6-de"ciency is in principle best suited to test the idea 
if the ENU mutagenesis e%ciency can be increased in a MMR-de"cient background. 
!e MutS& subunit has already been implicated in the recognition of di$erent forms 
of DNA damage caused by genotoxic agents [19]. Indeed, cell lines de"cient in MutS& 
function that were treated with di$erent alkylating agents, including ENU, showed a 
higher survival and increased mutation rate [17].

A rat carrying a premature stop codon in the Msh6 gene has been identi"ed in 
a previous knockout screen in our lab [5]. !is mutation was shown to result in a 
complete loss of function [20] and, as a result, these animals show genetic instability as 
indicated by microsatellite instability (MSI), an elevated spontaneous germ line point 
mutation rate and tumorigenesis [20].

Here, we show that MSH6-de"ciency improves the e%ciency of the ENU-driven 
target-selected mutagenesis procedure in the rat by ~2.5-fold. !is does not only result 
in a vast decrease of the number of animals needed, but equally reduces screening 
costs.

RESULTS
Effect of ENU in MSH6 knockout rat

!e e%ciency of ENU is both strain and dosage-dependent, which is re&ected by 
very large di$erences in mutation frequency in di$erent mouse [7] and rat [5,6] 
inbred strains and by a higher mutagenicity a#er three weekly administrations of 
low doses of the mutagen as compared with a single high-dose injection [7]. Higher 
ENU concentrations not only increase the mutation frequency, but also a$ect fertility 
[5,21]. To determine the optimal concentration in the msh6-/- rat (which is in Wistar 
background), we performed a dose-response experiment and determined the impact 
of the mutagen on fertility. At 12 weeks of age msh6-/- males were treated with 3 weekly 
doses of ENU ranging between 1 and 35 mg/kg bodyweight and fertility was monitored 
a#er a full cycle of spermatogenesis (~ 60-70 days). At concentrations of 35 and 30 mg/
kg, respectively 1 out of 8 and 5 out of 8 males were fertile (Table 1). Previous studies 
showed that wild-type Wistar rats are less sensitive to ENU as 6 out of 10 and 10 out of 
10 rats were fertile at 40 and 35 mg/kg ENU, respectively [5].

We also found that ENU a$ects the survival of msh6-/- rats. Untreated msh6-/- rats 
show a median survival of 60 weeks [20], while ENU treatment decreased survival of 
mutant males to an average mean of 37 ± 3 weeks (Fig. 1). !is decrease in lifespan was 
found to be because of tumor development, mainly lymphomas (data not shown). It is 
crucial for performing ENU target-selected mutagenesis screens that animals are viable 
and healthy for at least 26 weeks to allow for mutagenesis and subsequent breeding. In 
previous studies, no reduction in lifespan was observed in both 40 mg/kg (10 out of 10 
survived) and 35 mg/kg (9 out of 10 survived) ENU-treated wild-type males until 1.5 
years of age (E.C., unpublished data).
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Mutation screening procedure

We have developed an automated, high-throughput and cost-e$ective dideoxy-based 
DNA resequencing protocol (~0.15 ' for chemicals and disposables per sample) 
for the discovery of ENU-induced point mutations [5]. To reduce the costs of the 
knockout procedure further, we now established an e%cient breeding and screening 
schedule in which the o$spring of mutagenized animals are screened for the presence 
of interesting mutations before they are weaned (3 weeks of age). !is rolling-circle 
model signi"cantly reduces the amount of animal space needed. 

At two weeks of age tissue samples from uniquely tagged F1 o$spring were taken 
and DNA was isolated. Subsequently, DNA samples were screened for 768 pre-selected 
amplicons by nested PCR ampli"cation and sequencing using two sets of 384 wells 
plates, containing pre-gridded primers. Resequencing data for the same amplicons 
from di$erent pups were automatically processed by PolyPhred [22] as well as semi-
manually inspected using in-house developed so#ware. All candidate mutations were 
veri"ed in independent PCR and sequencing reactions and within one week interesting 
mutants could be selected and weaned.

Table 1: ENU-induced mutation frequencies

Genotype/Dosea
Msh6-/-

3 x 25
Msh6-/-

3 x 30
Msh6-/-

3 x 35 Total
WT Control
3 x 40b

# Males injected 6 8 8 24 10
# Fertile malesc N/D 5 1 6
# Pups for 
   screening 16 291 3 310 362
# Bases screened 3.6 x 106 69.7 x 106 0.7 x 106 74.0 x 106 37.3 x 106

# Mutations
      - nonsense 0 4 0 4 0
      - missense 4 59 1 64 17
      - silent 0 16 0 16 7
      - non-coding 0 5 0 5 6
      - total 4 84 1 89 30
Mutation Frequencies 
(bp-1) 1.12 x 10-6 1.21 x 10-6 1.38 x 10-6 8.05 x 10-7

Mutation Rates (bp) 1 in 8.93 x 105 1 in 8.29 x 105 1 in 7.22 x 105 1 in 12.4 x 105

aDose is indicated as mg of ENU per kg bodyweight (three weekly injections). bWild-type (WT) 
control 3 x 40 mg/kg measurements were adapted from [5] and represent the highest ENU-
induced mutation frequency in rats. cFertility is measured by the presence of at least one litter 
within 10 weeks a#er the last injection. Sterility was con"rmed by histological examination. 
N/D, not determined.
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Increased ENU mutagenicity in MSH6-de!cient background

!e highest ENU dose resulting in more than 25% fertile males a#er a full cycle of 
spermatogenesis was found to be 3 x 30 mg/kg for the msh6-/- background. In wild-type 
Wistar rats this dose was 3 x 40 mg/kg [5,21] and in SD and F344 2 x 60 mg/kg [6]. We 
screened 768 amplicons in 291 F1 progeny of the 3 x 30 mg/kg group and covered ~70 
Mb of sequence. A total of 84 ENU-induced mutations were identi"ed (Table 1). As a 
result, the overall mutation rate is 1 mutation every 8.29 x 105 bp, a 1.5-fold increase 
compared with the highest mutation rate in MSH6-pro"cient animals.

Only one nest of three pups could be recovered from the single fertile male that 
was treated with 3 x 35 mg/kg (this animal was sterile in subsequent mating) and one 
mutation was discovered in the 0.72 Mb that was sequenced (Table 1). 16 F1 progeny 
from a single male that was treated with 25 mg/kg were screened and in this group 4 
mutations were discovered in 3.6 Mb, resulting in a similar mutation rate as observed 
in the 3 x 30 mg/kg treated group (Table 1).

Although several candidate mutations were found more than once, though at low 
frequency, analysis of family relationship revealed that these are not because of clonal 
e$ects, as in all cases, F1 progeny bearing the same mutations descended from di$erent 
founders. !ese polymorphism where thus classi"ed as low frequency SNPs (note that 
Wistar is an outbred strain) and not included in the results. Unfortunately, mutation 
density in our study is not high enough to draw any conclusions on the existence of 
hypersensitive or ENU-resitant regions in the rat genome. 

Mutation frequency changes over time

We analyzed the mutation frequency of the F1 o$spring in time bins a#er mutagenesis 
of the founders. O$spring from mutant males treated with 3 x 30 mg/kg demonstrate 
a reduction of mutation frequency in time (Fig. 2A). In the 79 animals that were born 
14 – 17 weeks a#er the last ENU injection ~ 18.7 Mb was analyzed and 32 mutations 

Figure 1: E!ect of ENU on the 
survival of msh6-/- males. Msh6-/- 
male rats show an increased 
mortality a#er treatment with 
di$erent concentrations of ENU 
compared with untreated msh6-/- 
male rats. Survival of untreated 
and ENU-treated wild-type rats 
is 100% in the indicated time-
period (data not shown). Red 
arrowheads indicate the time 
points of the last ENU injection 
and the start of mating for F1 
progeny that can be screened 
for mutations without risk for 
chimaeric progeny.
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were discovered, re&ecting a mutation frequency of 1.71 x 10-6 per bp and a rate of 
1 mutation every 585 kb. Animals that were born 18 – 21 weeks and 22 – 25 weeks 
a#er the last ENU injection show a decreased mutation frequency of 1.30 x 10-6 and 
0.74 x 10-6 per base pair, respectively. We observed some notable variation in germ line 
mutation frequencies between the 5 founders. However, this was mainly the result of 
the di$erences in litter sizes at the analyzed time points and the variation decreased 
almost completely when the overall germ line mutation frequency of the individual 
founders was compared (1.20 x 10-6 ) 0.25 x 10-6), suggesting only limited inter-animal 
variability. F1 progeny born later than 25 weeks a#er the last injection show a slight 
increase in frequency (~1.0 x 10-6 per bp). However, this observation is based on a 
relatively low numbers of F1 progeny, derived from a limited number of founders, as 
the mortality started to increase at this time. !e mean survival of ENU-treated msh6-/- 
rats (3 x 30 mg/kg) was 37 ± 3 weeks, which is 23 weeks a#er the last injection (Fig. 1). 
Notably, all fertile males lived at 37 weeks of age, while the infertile males had mostly 
died, suggesting a direct relationship between fertility and viability, and probably also 
the amount of ENU-induced genetic damage.

A

B

Figure 2: ENU-induced mutation 
frequency and spectrum. (A) !e ENU-
induced mutation frequency di$ers in 
time. Red circles indicate the mutation 
frequency of the F1 progeny of the 5 
di$erent msh6-/- founders treated with 30 
mg ENU/kg. !e black stripes indicate 
the mutation frequency of all the F1 
progeny of these founders together for 
the di$erent time bins. A decrease of 
mutation frequency is observed in time, 
which reaches a steady level at 1.0 x 
10-6 per bp (1 mutation per 1 Mb). !e 
letter n indicates the number of total F1 
screened per time bin. (B) ENU-induced 
mutation spectrum in MSH6-de"cient 
background (white bars) compared with 
MMR-pro"cient animals (black bars).

A

B
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ENU-induced mutation spectrum differs in MSH6-de!cient background

Interestingly, it was found that ENU induces a di$erent mutation spectrum in an MSH6-
de"cient background as compared with an MMR-pro"cient background (Fig. 2B). 
!e most common mutations in both wild-type as well as MSH6-de"cient background 
were alternations of A-T base pairs ((75%). !is is consistent with previous reports 
and is thought to result from O2-ethylthymine (O2-etT) and O4-ethylthymine (O4-
etT) lesions [17,23]. However, for the A-T pairs a signi"cant increase in A-T to T-A 
transversions (p = 0.045) and decrease of A-T to G-C transitions (p = 0.019) was 
observed in the MSH6-de"cient background. It has been shown that bypass of O2-etT 
lesions induces A-T to T-A transversions, whereas O4-etT lesions results in A-T to 
G-C transitions [24,25]. Our data suggests that MutS& preferentially recognizes O2-etT 
lesions in the rat.

Because of non-random codon usage and the highly biased composition of 
translation termination codons, the chance for introducing a premature stop codon 
strongly depends on the mutation spectrum. For example, A-T to T-A transversions 
can introduce a premature stop codon in 7 out of the total 183 possible changes in 
the genetic code (excluding the combinations that already code for a stop signal), 
whereas A-T to G-C transitions will never result in a premature stop codon. Based 
on the mutation spectra obtained in wild-type and MSH6-de"cient backgrounds we 
calculated the chance of generating a knockout-type allele by introducing a premature 
stop codon or mutating splicing donor/acceptor site for the 768 amplicons that were 
used in our screen. !e chance of generating a knockout-type allele was found to be 
increased by ~21% in the MMR-de"cient background (from 4.26% for wild-type to 
5.16% for the msh6-/- mutation spectrum).

ENU-induced mutations

!e 768 amplicons that were used in the mutation screening were designed to cover 
exons of genes of interest. 84 out of the 89 mutations that were identi"ed reside in 
protein-coding regions (Table 1). Four mutations (~ 5%) introduce a premature stop 
codon in an open reading frame and are thus most likely to result in a functional 
knockout of the gene, which corresponds nicely with the expected chance of introducing 
a premature stop codon, as discussed above. 64 mutations cause an amino acid change 
(missense, ~ 76%) and 16 mutations do not a$ect protein coding (silent, ~ 19%), which 
also correspond with calculated predictions (74% and 22%, respectively). None of the 
non-coding mutations resided in splicing donor/acceptor sites.

DISCUSSION

!e mutagen ENU can transfer its ethyl group to oxygen or nitrogen radicals present 
in DNA, which results in lesions that can cause mispairing during replication and 
eventually give rise to a single base pair substitution [23]. We hypothesized that a 
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de"ciency in the repair system that detects or corrects such single base pair damages 
or mismatches would result in an increased ENU-induced mutation frequency and 
associated improvement of the target-selected mutagenesis-based knockout procedure. 
Indeed, de"ciency of MSH6 was found to improve the ENU-driven knockout procedure 
in two ways; 1) it increases the ENU-induced germ line mutation frequency up to  
1 mutation every 585 kb and 2) the mutation spectrum is changed and enhances the 
chance of generating a knockout-type allele by 21%. Cumulatively, this results in a 
~2.5-fold increase in knockout e%ciency. 

!e increased mutation frequency was reached at an ENU dose that was 25% lower 
than in wild-types and together with the change in mutation spectrum this argues for 
the speci"city of MMR-de"ciency underlying the observed e$ects. In line with this, 
an increase in mutagenicity of ENU in MMR-de"cient background was also shown in 
mouse ES cells lacking Msh2 [17]. However, it has to be noted that in zebra"sh, which 
lack MSH6, no di$erence in ENU-induced mutation frequency has been observed 
compared with MMR-pro"cient "sh [26]. !is apparent contradiction with the results 
presented here could be explained by the large di$erence in mutation frequency. In 
wild-type zebra"sh, the ENU-induced mutation frequency is about 1 mutation every 
100,000 bp, whereas, this frequency in wild-type rats is more than 10-fold lower 
[5,8,9,10,11,12]. Proposedly, the zebra"sh mutation load is the maximum that is 
compatible with viability, a suggestion that is corroborated by comparable maximal 
mutation frequencies observed in C. elegans [13] and Arabidopsis [14]. Our results 
suggest that the lower ENU-induced mutation frequencies in rodents can at least 
partially be explained by more e%cient mismatch repair in the testis that counteracts 
mutagenicity, and is less likely because of increased sensitivity to genotoxic damage 
in general. !e decline of the mutation frequency in time that is observed in this 
study, however, could indicate the presence of genotoxic e$ect. Initial depletion of 
spermatogonial stem cells could be because of apoptosis induced by ENU damage – 
a mechanism that is presumed to be underlying the sterility e$ect at higher doses. 
Selective repopulation of the testis by the most viable stem cells with presumably the 
lowest amount of genotoxic damage, decreases the apparent mutation frequency (and 
potentially increases the change for clonal progeny). Our results indicate that the 
target-selected mutagenesis works most e%cient for F1 progeny resulting from matings 
at about 10 – 14 weeks a#er the last ENU injection. However, it should be kept in mind 
that only F1 animals, generated a#er one full cycle of spermatogenesis (in rat and mouse 
about 60 to 70 days) a#er mutagenesis, should be screened in order to prevent retrieval 
of chimaeras. Such chimaeras can be induced by ethyl-DNA adducts in the fertilized 
oocyte that originate from mutagenized post-meiotic sperm cells and which could 
result in "xation of mutation in di$erent lineages during embryonic development.

Besides the ENU mutagenesis approach, other gene targeting technologies are 
being developed for the rat, which include nuclear transfer, although to date no genetic 
modi"cation has been reported, and knockdown by RNA interference (reviewed in 
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[27]). Recently, transposon-tagged mutagenesis [28] was successfully applied to the rat 
[29] as well and although this technique is currently less amendable for scaling, it should 
be considered as highly complementary to the existing ENU-based e$orts. !e ENU-
driven target-selected mutagenesis approach has already been used successfully for 
generating a variety of novel rat knockout models [5,6,16] and with the improvements 
described here, this approach does provide realistic technological requirements for 
screens on a genome-wide scale. In a wild-type background, ~110,000 F1 rats would 
be needed to knockout any given gene with 95% probability (Fig. 3). !is number 
is reduced to 40,000 in the MMR-de"cient background. When reasoning the other 
way around, 40,000 F1 rats will contain knockouts of 95% of all rat genes and when 
considering ‘only’ 5,000 F1 rats, knockout alleles for ~50% of all the rat genes will be 
present. It should be said, however, that to identify these knockout alleles, the complete 
ORFeome would have to be screened. Although existing technologies are not suited for 
this, emerging massively parallel sequencing technologies [30], and microarray-based 
enrichment procedures [31,32] provide promising avenues in this direction. Keeping 
this in mind, archiving frozen sperm samples of mutant F1 animals, which can be 
recovered by intracytoplasmic sperm injection (ICSI) [33,34] becomes very attractive. 

!e identi"cation of a wide range of potentially interesting missense mutations 
as well as the retrieval of four novel candidate knockout models resulting from the 
introduction of premature stop codons by screening only a small set of about 300 
animals illustrates the power of the approach. Furthermore, the ENU-based approach 
has the potential to generate allelic series (multiple mutations in the same gene) in 
di$erent animals, which can facilitate the identi"cation of novel gene functions.  

Figure 3: Probability of gene knockouts in MSH6-de#cient and wild-type rats. !e chance to 
retrieve a knockout for any given gene and the total number of genes that will be knocked out 
when all genes would be screened for mutations is plotted as a function of the number of mutant 
F1 animals for wild-type (WT, 40 mg ENU/kg, black line) and MMR-de"cient (Msh6-/-, 30 mg 
ENU/kg, red line) rats. !e red dashed lines show the number of animals needed to knockout 
95% of all genes and any given gene with 95% chance. !e use of a MSH6-de"cient background 
reduces the number of animals ~2.5-fold.
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For example, hyper- and hypomorphic mutations provide information related to gene 
dosage e$ects and residues important for speci"c protein interactions or enzymatic 
functions can be identi"ed. 

Currently, the 4 knockouts and 45 selected missense mutations are being crossed to 
the next generation and bred to homozygosity for subsequent phenotypic analysis. As 
homozygous MSH6-de"ciency, which could occur in later generations, would result 
in further accumulation of novel mutations, this outcross is also used to eliminate 
the mutant msh6 allele from the genetic background by genotype-assisted breeding. 
In addition, further outcrossing to wild-type background should be performed and 
littermates should be included as control animals in phenotypic characterization 
experiments to minimize confounding e$ects of background mutations. Although 
such e$ects should never be ignored, estimates do indicate that this potential problem 
should not be exaggerated [35], especially if outcrossing is combined with marker-
assisted selection for which the outbred Wistar background is well-suited.

CONCLUSIONS

We have signi"cantly improved the target-selected mutagenesis gene knockout 
technology for rats by taking advantage of de"ciency of speci"c MMR function. As 
mutagen-driven target-selected mutagenesis approaches have become popular in 
organisms for which no ES cell-based techniques are available, such as medaka [36], 
but also plants like rice [37], Lotus [38] and maize [39], the improvements described 
here may equally well be applied to other species for optimization of gene knockout 
e%ciency.

METHODS

Animals and ENU mutagenesis protocol. All experiments were approved by the Animal 
Care Committee of the Royal Dutch Academy of Sciences according to the Dutch legal ethical 
guidelines. Experiments were designed to minimize the number of required animals and their 
su$ering. Male MSH6 knockout rats (Msh61Hubr) of 12 weeks of age were given three weekly 
intraperitoneal injections of 1, 5, 10, 20, 25, 30 and 35 mg ENU /kg bodyweight. Preparation of 
ENU (Isopac; Sigma) was done as described [5]. Injected males were monitored for fertility by 
breeding with one or two females, starting 3 weeks a#er the last mutagenesis treatment. Pups 
from these early matings were counted, but not analyzed. Ten weeks a#er the last injection, 
fertile males of the highest-dosed fertile group were kept on a weekly breeding scheme with two 
females to produce F1 progeny for mutational analysis.

Animals were housed under standard conditions in groups of two to three per cage per 
gender under controlled experimental conditions (12-h light/dark cycle, 21±1$C, 60% relative 
humidity, food and water ad libitum).
Genomic DNA isolation, PCR and sequencing conditions. At two weeks of age F1 progeny 
were uniquely tagged by ear clipping and the resulting tissue fragments were lysed as described 
[5], followed by phenol/chloroform (1:1, vol/vol) extraction. DNA was precipitated by adding 
300 #l isopropanol, mixing and centrifuging for 20 min, at 21,000 g at 4$C. !e supernatant was 
discarded and pellets were washed with 70% ethanol and dissolved in 500 #l 10 mM Tris-HCl 
(pH 8.0). 768 pre-selected amplicons were ampli"ed using a nested PCR setup as described [5] 
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with the following modi"cations. !e "rst PCR reaction was carried out in 2 x 384 wells plates 
per F1 animal sample, in a total volume of 5 µl, and every well contained a unique set of primers 
(0.2 µM of each). A#er thermocycling, the PCR1 reactions were diluted with 20 µl H2O and 1 
µl was used as template for the second round of PCR, which was carried out in the same 2 x 
384 wells format as the "rst PCR, however, with di$erent sets of primers which are internal to 
the "rst set (nested). Sequencing reactions contained 0.1 µl BigDye (v3.1; Applied Biosystems),  
1.9 µl BigDye Dilution Bu$er (Applied Biosystems) and 0.4 µM of the forward primers used for 
the PCR2 reaction in a total volume of 5 µl. A#er thermocycling puri"ed sequencing products 
were analyzed on a 96-capillary 3730XL DNA analyzer (Applied Biosystems), using the standard 
RapidSeq protocol on 36 cm array. Sequences were analyzed for the presence of heterozygous 
mutations using PolyPhred [22] and in-house developed so#ware. All candidate mutations were 
veri"ed in independent PCR and sequencing reactions.
Project management and primer design using LIMSTILL. All resequencing projects were 
designed and managed using LIMSTILL, LIMS for Induced Mutations by Sequencing and 
TILLing (V.G., E.C., unpublished). !is web-based publicly accessible information system 
(http://limstill.niob.knaw.nl) was used to generate projects and visualize gene structures based 
on Ensembl genome data, the design of PCR primers, entry, archiving and primary interpretation 
of mutations. !e primer design application within LIMSTILL is Primer3-based [40] and 
parameters are set to design primers with an optimal melting temperature of 58$C.
Knockout probability calculation. Calculation of the frequency of introducing a premature 
stop codon with di$erent mutation spectra is an integrated feature of LIMSTILL (http://limstill.
niob.knaw.nl). !e chance of generating a knockout-type allele was calculated for all 768 working 
amplicons by comparing the probability of nonsense mutations and splicing donor/acceptor 
mutations divided by all changes in coding sequence plus splicing donor/acceptor sites ("rst two 
and last two nucleotides of each intron), all corrected for the wild-type and mutant mutation 
spectra. To calculate the knockout probability both the mutation frequency and corresponding 
spectrum were taken into account. Rat Ensembl Build 47.34q was downloaded from #p.ensembl.
org. For every gene the longest transcript (22,959 in total) was used to calculate the total number 
of coding nucleotides. Wistar animals treated with 40 mg/kg ENU represent the most optimal 
wild-type group and were compared with F1 progeny from msh6-/- animals that was born 14 – 17 
weeks a#er the last ENU injection.
Statistical analysis. For calculating statistical di$erences in the mutation spectrum data the chi-
squared test was used. P < 0.05 was considered to be statistically signi"cant. 
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ABSTRACT

G protein-coupled receptors (GPCRs) constitute a large family of cell surface receptors 
that are involved in a wide range of physiological and pathological processes, and are 
targets for many therapeutic interventions. However, genetic models in the rat, one of 
the most widely used model organisms in physiological and pharmacological research, 
are largely lacking. Here, we applied N-ethyl-N-nitrosourea (ENU)-driven target-
selected mutagenesis to generate an in vivo GPCR mutant collection in the rat. A pre-
selected panel of 250 human GPCR homologs was screened for mutations in 813 rats, 
resulting in the identi"cation of 131 nonsynonymous mutations. From these, 7 novel 
potential rat gene knockouts were established as well as 45 lines carrying missense 
mutations in various genes, associated with or involved in human diseases. We provide 
extensive in silico modeling results of the missense mutations and show experimental 
data, suggesting loss-of-function phenotypes for several models, including Mc4r and 
Lpar1. Taken together, the approach used resulted not only in a set of novel gene 
knockouts, but also in allelic series of more subtle amino acid variants, similar as 
commonly observed in human disease. !e mutants presented here may greatly bene"t 
studies to understand speci"c GPCR function and support the development of novel 
therapeutic strategies.
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INTRODUCTION

Treatment of animals with a mutagenic compound that introduces random mutations 
in the germ line is a very fast and e%cient method for introducing a wide range of 
mutations in large sets of genes in vivo. In rodents, ENU has been shown to be the 
most potent chemical germ line mutagen [1]. ENU-treatment of male animals causes 
adducts in the DNA of spermatogonial stem cells, which a#er several rounds of cell 
division, result in random point mutations and mutagenized sperm [2]. F1 animals 
derived from outcrosses with wild-type females carry random heterozygous ENU-
induced mutations in their genome. Subsequently, the DNA of these animals can be 
screened by a variety of techniques for the presence of mutations in pre-selected genes 
of interest [3,4], with the goal to identify animals that carry induced variants that a$ect 
normal protein function, e.g. by the introduction of a premature stop or by a$ecting 
functionally important residues. 

!e laboratory rat Rattus norvegicus is one of the most used model organisms in 
biomedical research and has been the preferred model for studying human physiology 
and pathology [5]. As a highly diverged mammalian model (~60 million years with 
human and 20-40 million years with mouse [6]), the rat is highly complementary to the 
mouse, enabling phenotypic comparison of gene knockouts in both mammals to better 
understand the speci"c gene function in human biology. In addition, in speci"c cases 
the rat can have advantages in studying mammalian physiology and biology because 
of its relative large body size and the availability of well-established behavioral and 
neurological assays [7]. While most rat knockout models have thus far been generated 
through ENU-driven approaches, only recently alternative technologies emerged. 
Transposon-tagged mutagenesis [8], zinc-"nger nuclease-mediated knockout 
generation [9] and the isolation of pluripotent ES cells that potentially can be used for 
gene targeting [10,11], now provide a range of possibilities for manipulating the rat 
genome and promises to boost the use of the rat as a versatile genetic model system. 
ENU-driven target-selected mutagenesis has speci"c characteristics that make it an 
attractive technology that is complementary to the other approaches [12]. First, it is a 
relatively simple technology without any cell or oocyte manipulation steps. Second, it 
can easily be scaled up for high throughput and is a relatively cheap method, especially 
in terms of the number of animals used per knockout (in this paper ~100 rats). !irdly, 
it o$ers the possibility to identify (allelic series of) more subtle variation because of 
amino acid changes that result in hyper- and hypomorphic alleles [3,4]. One of the 
major disadvantages of the ENU-based approach was its relative ine%ciency. However, 
recently we increased the e%ciency by about 2.5-fold by taking advantage of DNA 
mismatch repair (MMR)-de"ciency in the MSH6 knockout rat [13,14], a system 
known to be involved in repairing ENU-induced lesions in the genome [15]. Further 
e%ciency improvements can be expected by implementing next-generation sequencing 
technology for mutation discovery. Another drawback of the method is that mutation 
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generation is random and that only the discovery is done in a targeted fashion. In other 
words, generation of knockouts is relatively e%cient, but obtaining a knockout for a 
speci"c gene is still challenging. However, ENU-driven target-selected mutagenesis 
is a versatile technology for the systematic generation of large catalogs of knockouts 
and allelic variants of gene families or eventually all protein-coding genes. !e latter 
approach in combination with e%cient cryopreservation and rederivation protocols 
would generate a unique genome-wide resource for knockouts as well as mutant alleles 
re&ecting human genetic variation.

Here, we applied the improved ENU-driven target-selected mutagenesis method 
for generating a unique resource of in vivo GPCR mutant rat models, consisting of both 
knockouts as well as (allelic series of) missense mutations. GPCRs are 7 transmembrane 
(TM) receptors, which regulate many cellular processes, including the senses of taste, 
smell, and vision, and control a myriad of intracellular signaling systems in response to 
external stimuli. Importantly, many diseases are linked to GPCRs and they represent by 
far the largest class of targets for current drugs as well as for the development of novel 
small-molecule medicines [16]. Moreover, because of their role in the regulation of 
cellular function they are arguably one of the best-studied classes of proteins, although 
for many GPCRs their ligand as well as biological function remains to be elucidated. 
Furthermore, genetically altered GPCR animal models are scarce, especially in non-
murine species, !e use of a random mutagenesis approach for the generation of GPCR 
mutants is in principle very well suited for understanding in vivo receptor function as 
new insights can be obtained by completely knocking out speci"c receptors, but also 
by changing functionally important residues, e.g. involved in ligand binding or second 
messenger signal transduction. Importantly, the high structural conservation between 
the di$erent GPCRs allows for con"dent prediction of possible e$ects of amino acids 
changes. We systematically applied the ENU-driven target-selected mutagenesis 
approach to a set of about 250 rat GPCRs that have clear orthologs to human GPCRs. 
In total, we identi"ed 131 nonsynonymous mutations in 99 di$erent GPCRs, including 
7 novel potential knockout alleles and 45 missense mutants that were predicted to 
a$ect speci"c GPCR function or stability of folding of the protein. Characterization of 
selected models demonstrates that ENU target-selected mutagenesis is a powerful and 
e%cient approach for in vivo functional studies on G protein-coupled receptors.

RESULTS
ENU target-selected mutagenesis setup

!e target rat GPCR genes for mutation screening were selected based on one-to-
one orthology with human GPCRs (as de"ned in Ensembl database), where odorant 
receptors were excluded. GPCRs are ideal genes for mutation screening by PCR-based 
resequencing in an ENU target-selected mutagenesis setup because these genes are o#en 
encoded by only a single long exon, which maximizes the information content per target 
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amplicon. Although the chance of identifying mutations in splice site residues, which 
o#en results in a knockout allele, is decreased, this is compensated by a higher number 
of nonsynonymous mutations. !e genes of interest were screened using a nested PCR 
ampli"cation setup followed by dideoxy resequencing [3]. Although di$erent methods 
for mutation retrieval can be used, like a yeast-based assay [4], CEL1-based nuclease 
cleavage [17] or Mu transposase-based detection [18], resequencing is considered to 
be the golden standard since it is equally sensitive towards all types of point mutations 
and is well suited for scaling and automation. A#er a "rst round of amplicon testing 
a panel of 486 di$erent amplicons covering 250 di$erent GPCRs for screening was 
established (Table S1).

MSH6-de"cient males (msh6-/-) were mutagenized with a predetermined optimal 
dose of 3 weekly treatments of 30 mg per kg bodyweight of ENU [14], which yielded 
18 fertile founders (Table 1). Subsequently, mating the ENU-treated msh6-/- males with 
untreated females generated a mutant F1 population, harboring random heterozygous 
ENU-induced mutations. Only F1 animals were screened that were generated a#er a full 
cycle of spermatogenesis (>60 days a#er mutagenesis) to prevent retrieval of chimaeras. 
Genomic DNA of the F1 animals was isolated from a tail clip that was collected at 1 to 
2 weeks of age and screened for the ENU-induced mutations in the preselected panel 
of genes-of-interest. F1 animals carrying interesting candidate mutations were weaned 
and the mutations were recon"rmed in independent assays. In total, we screened 813 
F1 animals, covering 139 Mb of DNA (Table 1) and identi"ed 193 unique mutations, 
resulting in a mutation rate of 1 per 720 kb, which is in agreement with the previously 
described increased mutation frequency in msh6-/- rats [14]. 

Table 1: ENU mutation e$ciency

Number of GPCR genes screened 250
Fertile foundersa 18
Screened F1 animalsb 813
Screened base pairs (bp) 139 x 106

Nonsynonymous mutations 131
             Nonsense 9
             Missense 122
Synonymous 32
Non-coding 30
Total mutations 193
Mutation rate 1 per 720 kb

aMSH6-de"cient male animals were treated 3 times weekly with 30 mg/kg bodyweight ENU. 
Founders were considered to be fertile if at least one nest was produced more than 10 weeks 
a#er the last ENU treatment. bOnly F1 animals were screened that were born at least 10 weeks 
a#er the last ENU treatment. GPCR, G protein-coupled receptor.
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ENU-induced mutations

Out of the 193 ENU-induced mutations, 163 are located in coding sequences and 131 
result in nonsynonymous changes in 99 di$erent GPCRs (Supplementary Table 2). We 
identi"ed 9 mutations that cause the introduction of a premature stop codon in the 
open reading frame (ORF). !ese represent 5.5% of all coding mutations (Table 1) and 
corresponds nicely with the expected percentage of knockout alleles when considering 
codon usage in the rat and the mutation spectrum in a MMR-de"cient background 
[14]. 122 mutations were identi"ed that cause an amino acid change (missense). As 
expected, none of the non-coding mutations mutated a splicing donor/acceptor site.

In silico analysis of the mutations

In order to categorize and prioritize the nonsynonymous mutations, the e$ects of 
the mutations on protein function was analyzed in silico by evaluating available 
experimental mutation data, analyzing residue conservation patterns in multiple 
sequence alignments and studying homology models of the mutated receptors. Since 
the structure of a protein is directly related to its function, the best way of estimating 
the e$ects of a mutant is by studying the protein structure itself. Unfortunately, there 
is very limited structural data available for GPCRs. However, based on alignment data 
and the few experimentally resolved protein structures [19,20,21] it is possible to build 
structure models of most class A GPCRs.

Figure 1: Systematic in silico analysis of the identi#ed ENU-induced mutations. All mutations 
were grouped according to their predicted a$ect on GPCR function. Mutations that are likely to 
a$ect protein function can be further categorized depending on their e$ect on GPCR function. 
!e group for which no predictions can be made by lack of structural data were analyzed with 
PolyPhen [23] and SIFT [24] so#ware.
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Figure 2: Illustrations of the mutant structural environments in homology models of the 
mutated receptors. (A) Schematic overview of a consensus GPCR with in red the mutation 
shown in (B), in orange the ionic pocket [22] and mutated residue in (C) and in yellow the 
(D/E)R(Y/W) motif and mutated residue depicted in (D). (B) An example of a mutation that is 
predicted to a$ect ligand binding. !e mutant H410L in the neuropeptide receptor NPY5R is 
located in the putative ligand-binding pocket. !e structure of the co-crystallized ligand of the 
'2-adrenergic receptor is shown in grey. Although the NPY5R receptor binds a di$erent class of 
ligands the binding site location is expected to be similar. Substituting the histidine for leucine 
is likely to change ligand-binding a%nity. (C) !e mutant S364I in the prokineticin 2 (PROK2) 
is located just above the ionic pocket, which is involved in signal transduction from the ligand 
binding site to the G-protein binding site. A number of structural waters are located in this 
pocket. !e substitution of the serine for isoleucine is likely to disrupt the ionic pocket because 
of steric constraints, a major change in hydrophobicity and loss of interactions with structural 
waters. (D) !e mutant W153R in the hypocretin (orexin) receptor 2 (HCRTR2) is located in 
the (D/E)R(Y/W) motif, which is the most conserved part of the GPCR family and involved 
in receptor activation and subsequent G-protein coupling. !e substitution of trypthophan for 
arginine will disrupt receptor activation.

!e 9 nonsense mutations that introduce a premature stop codon in the ORF will 
result in truncated versions of the proteins and are most likely to result in complete 
functional knockouts of the genes (Fig. 1). !e 122 missense mutations can be 
grouped in amino acid changes that likely a$ect protein function or stability, and 
changes that will have little or no e$ect (Supplementary Table 2). For 40 mutations 
we predicted that they are likely to a$ect receptor function and for 23 that they are 
likely to have no e$ect (Fig. 1). For 59 mutations no good predictions could be made, 
which was largely because of the position of these mutations in loop regions, where 
sequence conservation is low and where very little structural information is available.  

A

B C D
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!e damaging mutations can be further categorized in mutations that a$ect speci"c 
GPCR functions, like ligand binding, signal transduction, G-protein activation, or 
protein stability. Eight mutations were predicted to a$ect the process of ligand binding, 
because they involved a residue located in the putative ligand-binding pocket (Fig. 2A 
and B). Another 6 mutations are likely to a$ect signal transduction, for example, the 
mutant Prok2S364I, which involves a residue that is part of the ionic lock (Fig. 2A and 
C) [22]. 13 mutations were identi"ed that are likely to a$ect G-protein activation by 
changing residues involved in the binding of the G-protein, like the W153R mutation 
in the highly conserved (D/E)R(Y/W) motif of Hcrtr2 (Fig. 2A and D). Finally, a total 
of 13 mutations were identi"ed that are likely to a$ect protein stability, for example, by 
changing a hydrophobic residue that sticks into the lipid bilayer into a hydrophilic one. 

For mutations with unclear predictions we made use of PolyPhen [23] and SIFT 
[24] so#ware to predict the e$ects of the amino acid changes (Fig. 1). Fi#een mutations 
were predicted to be damaging by both programs, 20 were predicted to be damaging 
by one of the programs and 24 were predicted not to be damaging by either program.

Archiving the mutants

F1 animals carrying interesting mutations were outcrossed with untreated animals to 
establish the mutant lines and generate more heterozygous carriers. Mutants that were 
predicted to have no e$ect on GPCR function were archived by cryopreserving sperm of 
male carriers from either the F1 or F2 generation. !e resulting resource can be used to 
revive these lines by ICSI [18] at a later stage. In a limited number of cases we were unable 
to cross F1 animals to the next generation, partly because of fertility problems, which 
is more commonly observed in F1 animals derived from ENU-mutagenized founders, 
or as a result of a dominant e$ect of the induced mutation. For example, the mutation 
of an aspartic acid (D74V) in the second TM domain of Agtr1a, which is part of the 
ionic pocket [22] and a highly conserved residue in GPCR super family, resulted in an 
extremely high blood pressure-like phenotype (increased liver, heart and dilated veins), 
lower bodyweight and severe testis atrophy, causing sterility and eventually death (data 
not shown). Completely in line with these observed in vivo e$ects, a similar amino acid 
change D74N was shown previously to a$ect AGTR1A function in vitro in COS cells [25].

!e mutants that were successfully crossed to the next generation were genotyped 
for carrying the mutation of interest as well as contra-selected for the mutation in 
Msh6. All F1 animals are heterozygous for the latter mutation as the ENU-mutagenesis 
was done in msh6-/- males that were subsequently outcrossed to wild-type females. 
Although no adverse e$ects are expected in a heterozygous Msh6 background, in later 
generations the mutation could become homozygous and result in the accumulation 
of more mutations and cancer [13]. !erefore, we systematically selected F2 animals to 
eliminate this mutation from the lines.

Table 2 lists the rat mutants that were crossed to next generations and for which living 
carriers are available. !ese include 7 mutant lines with protein truncations and contain 
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well-studied receptors, like Mc4r, of which mutations in human have been associated 
with severe forms of obesity [26], as well as orphan receptors, like Gpr19 (Table 2). 
Furthermore, 45 animals that carry mutations that likely a$ect GPCR function were 
crossed to following generations to establish a mutant line. !ese include 6 mutations 
that are predicted to a$ect ligand binding, 6 that may a$ect signal transduction and 9 
that may a$ect G-protein activation. Additionally, 11 mutations that are predicted to 
a$ect protein stability and 13 with unclear e$ects on GPCR function or stability, but 
that were predicted to be damaging by both PolyPhen [23] and SIFT [24], were crossed 
to next generations.

Functional consequences of ENU-induced mutations

Mutations that result in the introduction of a premature stop codon most likely 
represent novel functional gene knockout models for these genes in the rat, similar 
as has been shown previously for the rat genes Brca2 [4,27], Apc [28], Sert [29], Msh6 
[13] and Pmch [30]. Six of the nonsense mutants that were isolated in this screen cause 
protein truncations within or before the 7th TM domain and therefore lack the entire 
C-terminus, including the 8th helix, which is important for GPCR stability and function. 
!e remaining ENU-induced premature translational stop was identi"ed in the 8th 
helix of MC4R (Mc4rK314X), four amino acids before the palmitoylated cysteine residue 
(Fig."3A). Most likely, this mutation results in a complete loss of receptor function, 
since the two isoleucines residues, which are located a#er the mutated residue (Fig. 3A) 
were shown previously to be essential for localizing MC4R to the plasma membrane 
[31]. In addition, C-terminally truncated versions of another GPCR, namely the 

Table 2: In vivo GPCR rat mutantsa

Categoryb Gene
Protein truncation Ccr4, Gpr19, Gpr65, Gpr84, Htr1f, Il8rb, Mc4r
Ligand binding Adra1b, Nmur2, Npy5r, P2ry1, P2ry13, Tacr1
Signal transduction Fzd6, Galr1, Htr4, Il8rbc, Prokr2, Ptafr,
G-protein activation Edg2, Eltd1d, Gpr120, Gpr68, Hcrtr2, Lhcgrd, Mrgprdd, Sstr2, Sstr5

Protein stability/folding Bdkrb2, Chrm5, Cx3cr1, Fshr, Fzd7, Gnrhr, Gpr4, Gpr85, Mc5r, 
Mtnr1b, Smo

Unclear e$ecte Drd3, Ffar3, Gpr116, Gpr142, Gpr15, Gpr182, Gpr56, Grm5, 
Htr2a, Lpar4, P2ry4, Xcr1R137C, Xcr1R218W

a!ese mutant ratlines are crossed out to at least the F2 generation and living carriers are 
available. b!e categories are based on expert interpretation of structural information and 
bioinformatic predictions unless stated di$erently. c!is mutation is linked to Il8rbC307X. 
d!ese mutations were predicted to result in an increased constitutive activity of the receptors. 
eStructural information was not available for these protein domains but bioinformatic analysis 
by both Polyphen [23] and SIFT [24] so#ware predicted that these mutations are likely to have 
damaging consequences.
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lysophophatidic receptor LPAR1 also fail to localize to the plasma membrane [32], 
indicating the importance of the C-terminus for correct membrane expression. To test 
this hypothesis, we expressed N-terminally haemagglutinin (HA)-tagged MC4R with 
and without the ENU-induced mutation in COS cells. A#er transfection, intact non-
permeabilized cells were incubated with an antibody against the HA-tag, which can 
only bind if the HA-MC4R fusion protein is correctly incorporated into the plasma 
membrane. Indeed, HA-tagged wild-type MC4R was clearly detectable at the plasma 
membrane, whereas no mutant receptor could be detected in the same assay (Fig."3B). 
To test whether the mutant form was expressed at all in these cells, we detected the 
protein in "xed and permeabilized transfected cells and showed the presence of 

Figure 3: MC4RK314X fails to localize to the plasma membrane in vitro. (A) Schematic overview 
of MC4R in the rat. Red indicates the location of the ENU-induced premature translational 
stop. Grey indicates two isoleucine residues that were shown previously to be essential for 
membrane localization.[31] (B) In vitro protein localization assays in transfected COS cells 
reveals plasma membrane localization for wild-type MC4R, but not for the mutated version of 
MC4R. Membrane localization was detected using N-terminally HA-tagged fusion constructs 
and extracellular availability of the HA tag in intact cells. (C) Both wild-type and mutant fusion 
proteins can be detected in "xed and permeablized COS cells, indicating that the mutant fusion 
protein is expressed, but fails to properly insert into the plasma membrane.

A

CB
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approximately equal amounts of expression of both wild-type and mutant HA-MC4R 
fusion proteins (Fig. 3C). !is shows that Mc4rK314X is still expressed in vitro, but fails 
to localize to the plasma membrane, which is likely to a$ect normal receptor function. 
In line with these predictions, Mc4rK314X/K314X rats display a major increase in body 
weight as well as in the amount of peritoneal and subcutaneous fat (Fig. S1), which 
is a comparable phenotype reported for traditional knockout mouse models [33] 
suggesting loss of receptor function. 

Obviously, for missense mutations it is more di%cult to robustly predict an a$ect. 
However, to con"rm the value of the stringent bioinformatic predictions that we 
implemented, a mutation in Lpar1 that results in the change of a methionine into an 
arginine in the 8th helix (Fig. 4A) and that was predicted to be deleterious for protein 
function, was analyzed. Interestingly, aberrant lysophosphatidic (LPA) signaling in 
humans has been associated with carcinogenesis in humans [34] and speci"cally LPAR1 
knockout mice show phenotypic changes observed in psychiatric disease [35]. In the 
GPCR class A family the hydrophobicity of the a$ected residue is highly conserved 
and it is analogous to the phenylalanine of the NPxxY(x)6F motif in Rhodopsin. 
!is residue sticks into a hydrophobic pocket and contacts the tyrosine of the same 
domain, which is important for the folding of the 8th helix. !e amino acid change in 
our mutant will disrupt the hydrophobic interactions and additionally, an arginine is 
too big to "t in this pocket and will most probably result in incorrect packing of the 
8th helix (Fig."4B). As a consequence, the environment of G-protein binding will be 
disturbed by the mutation in Lpar1M318R, since it is thought that this helix interacts with 
the G-protein [36]. Indeed, homozygous mutant rats showed LPAR1 loss-of-function 
phenotypes, like craniofacial disorder (Fig. 4C) and smaller size (Fig. 4D), which is 
comparable to the phenotype found in Lpar1 knockout mice [37]. However, we also 
observed signi"cant di$erences in the phenotypes between the two animal models. In 
contrast to mice, no neonatal lethality was observed in rats since homozygous mutants 
were born at the expected frequencies (29.5% ) s.e.m. 8.7; n=4) and no hematomas were 
observed [37]. !e milder phenotype in the rat could be explained by the nature of the 
mutation, which is only changing a single amino acid residue instead of truncating or 
deleting the protein. However, species-speci"c di$erences can also not be ruled out. To 
study the molecular consequences of the nonsynonymous substitution, we analyzed the 
membrane expression in vitro using N-terminally HA-tagged versions of mutant and 
wild-type LPAR1 isoforms. We observed strongly reduced, yet detectable, membrane 
incorporation as compared with wild-type LPAR1 (Fig. 4E), while expression levels 
of both fusion proteins were equal (Fig. 4F). !ese in vitro data suggest that the 
ENU-induced mutation results in a hypomorphic allele, which could explain the mild 
phenotype observed in vivo. More detailed experiments indicated that the decreased 
level of in vitro membrane expression of LparM318R is most likely the result of increased 
spontaneous membrane internalization, which "ts with the role of the C-terminus in 
receptor activation and internalization (R.B., E.C., unpublished results).
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Figure 4: Lpar1M318R/M318R rats show a loss-of-function phenotype. (A) Schematic overview of 
LPAR1 in the rat. Red indicates the mutated residue, which is located in the 8th helix and grey 
indicates the NPxxY motif. (B) In silico analyses of the e$ect of the mutation in Lpar1. !e 
substitution of methionine by arginine is likely to cause a severe disruption of the hydrophobic 
interface between helix 1, 2 and 7. !is is mainly because of the fact that arginine is signi"cantly 
bigger than methionine, therefore forcing a disruption of the local structure. !e fact that a 
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Finally, this unique resource of GPCR mutants in the rat is not only suited for studying 
the in vivo e$ect of the mutated receptor in behavior (e.g. Gpr19, Gpr85), immunology 
(e.g. Ilr8b, Gpr65), or metabolism (e.g. Mc4r, Npy5r), but it can also be employed for 
the derivation of primary cell cultures and studying the molecular and functional 
consequences of the mutation ex vivo. Indeed, we isolated embryonic "broblasts from 
LparM318R/M318R rats to study the e$ect of this mutation in an in vitro system, without the 
necessity of creating transgenic cell lines (R.B., E.C., unpublished results).

DISCUSSION

Single nucleotide polymorphisms (SNPs) are the most common form of human genetic 
variation [38] and this class of variants is mimicked by the action of ENU that results in 
the introduction of random point mutations in the genome. !erefore, in vivo mutants 
generated by ENU-driven target-selected mutagenesis can be of great relevance for 
studying the function of genes and gene variants with e$ects on human physiology and 
pathology. Here we made use of this approach to generate mutant models for GPCRs 
in the rat. !e strength of this approach is that in a single experiment a wide range of 
mutants can be isolated for a large set of genes of interest.

Although the genetic toolbox of the rat has very recently expanded signi"cantly 
with techniques like transposon insertion mutagenesis [8], targeted zinc-"nger 
nucleases-mediated knockout generation [9] and the availability of pluripotent rat 
ES cells [10,11], ENU-driven target-selected mutagenesis has developed in the past 
years into a robust and highly e%cient technique. In addition, this approach has the 
unique characteristic that it simultaneously can provide allelic series of knockout and 
other alleles, like hypo- and hypermorphic mutants. Also the screen described here 
resulted in multiple nonsynonymous mutant alleles for the same gene (Table S2). 
Such alleles can be highly informative for understanding gene function and the e$ects 
of disease-associated variants identi"ed in human. Finally, the technique does not 
depend on special (ES) cell lines and/or advanced oocyte or embryo manipulation and 
the created mutants are not ‘transgenic’ of nature, since no arti"cial DNA construct is 

hydrophobic residue is substituted for a highly hydrophilic residue types only adds to the de-
stabilization of the interface. (C) Homozygous mutant Lpar1 rats show a craniofacial disorder, 
using a measure independent of overall head size (eye-to-nose tip length / interocular distance), 
which was also observed in Lpar1 knockout mice [37]. Error bars show ) s.e.m. and * indicates 
statistical di$erence, p<0.01 (n=7 each genotype). (D) Homozygous mutant rats are smaller. 
Error bars show ) s.e.m. and * indicates statistical di$erence, p<0.01 (n=7 each genotype).  (E) 
LPAR1M318R is still expressed in the plasma membrane in vitro, although at much lower levels 
than wild-type LPAR1. N-terminally HA-tagged wild-type or mutant receptor were transiently 
expressed in COS cells. Intact cells were incubated with an antibody against HA before "xing and 
staining the cells. (F) Cell lysates of COS cells expressing wild-type or mutant HA-tagged LPAR1 
show the comparable protein levels by western blot analysis. Both an antibody against the HA 
tag as well as one against human LPAR1 was used to show the expression of the fusion proteins.
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integrated into the genome. One disadvantage, however, of ENU mutagenesis could 
be the presence of background mutations. However, this is a complication that should 
be taken into account in most approaches for the generation of mutant animals, 
including homologous recombination-based techniques as it has been shown that 
long-term culturing of ES cells does result in the accumulation of genetic changes [39]. 
Nevertheless, the presence of background mutations can relatively easily be controlled 
or overcome by outcrossing heterozygous carriers to the parental strain [40] and the 
use of wild-type and heterozygote littermates as controls in phenotypic characterization 
studies.

Although the use of MMR-de"cient background for mutagenesis has greatly 
increased the e%ciency of ENU target-selected mutagenesis in the rat [14], further 
improvements to the approach can and are still being implemented. !e availability of 

Table 3: Known human disease genesa

Gene Mutation Categoryb MIM Morbid Description (Accession)

CX3CR1 I118K Protein stability/
folding

Human immunode"ciency virus type 1, 
susceptibility to (609423)
Coronary heart disease, susceptibility to (607339)
Macular degeneration, age-related (603075)

DRD3 S355P Unclear e$ectc Tremor, hereditary essential (190300)
Schizofrenia (181500)

FSHR V488A Protein stability/
folding

Ovarian hyperstimulation syndrome (608115)
Twinning, dizygotic (276400)
Ovarian dysgenesis 1 (233300)

GNRHR I93T Protein stability/
folding

Fertile eunuch syndrome (228300)
Hypogonadotropic hypogonadism (146110)

GPR56 R96H Unclear e$ectc Polymicrogyria, bilateral frontoparietal (606854)

HTR2A N54D Unclear e$ectc

Major depressive disorder (608516)
Anorexia nervosa, susceptibility to (606788)
Schizofrenia (181500)
Obsessive-compulsive disorder 1 (164230)
Alcohol dependence (103780)

LHCGR I446N G-protein 
activation

Leydig cell hypoplasia, type 1 (238320)
Precocious puberty, male-limited (176410)

MC4R K314X Protein truncation Obesity (601665)
PROKR2 S364I Signal transduction Kallmann syndrome 3 (244200)

SSTR5 V226A G-protein 
activation

Pituitary adenoma, growth hormone-secreting 
(102200)

aAccording to OMIM database (http://www.ncbi.nlm.nih.gov/omim/ ). b!e categories are 
based on expert interpretation of structural information and bioinformatic predictions unless 
stated di$erently. cStructural information was not available for these protein domains but 
bioinformatic analysis by both Polyphen [23] and SIFT [24] so#ware predicted that these 
mutations are likely to have damaging consequences.
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an archive of frozen F1 rats, which we and others [18] are currently generating can in 
principle be screened almost in"nitely, and will be of great bene"t to the rat research 
community. Additionally, the availability of next-generation sequencing platforms 
[41], combined with microarray-based genomic enrichment [42], provides promising 
avenues for further increases in the e%ciency of the ENU target-selected mutagenesis 
approach by rigorously scaling of the targeted mutation discovery e$ort.

Taken together, we demonstrate that ENU-driven target selected mutagenesis is a 
highly e$ective and feasible approach for generating a unique and expandable resource 
of GPCR mutants in the rat. We established 7 novel potential genetic knockout rat models 
and over 40 missense mutant lines, including amino acid changes in very conserved 
GPCR motifs like the (E/D)R(Y/W) motif and the ionic pocket, demonstrating the 
speci"c power of random ENU mutagenesis in vivo. Selection of the most promising 
models was aided by extensive bioinformatic analysis, which will also be instrumental 
for the e%cient design of molecular characterization strategies. Notably, at least 10 
mutant lines concerned genes, of which polymorphisms in the human orthologs are 
known to be involved in disease processes (Table 3). Furthermore, many of the a$ected 
genes have been associated with one or more diseases in recent gene and genome-wide 
association studies, e.g. GPR85 in a GWAS study for attention-de"cit/hyperactivity 
disorder (ADHD) [43], illustrating the relevance of these rat models for studying 
human disease (see http://geneticassociationdb.nih.gov, http://www.ncbi.nlm.nih.
gov/gap and http://www.genome.gov/gwastudies). Finally, all rat models described 
here will be made available to the community through the international rat knockout 
consortium (www.knockoutrat.org).

MATERIALS AND METHODS
Animals and ENU target-selected mutagenesis protocol. All experiments were approved by the 
Animal Care Committee of the Royal Dutch Academy of Sciences according to the Dutch legal 
ethical guidelines. Experiments were designed to minimize the number of required animals and 
their su$ering. ENU treatment of male MSH6 knockout rats (Msh61Hubr) was done as described 
[14]. Animals were housed under standard conditions in groups of two to three per cage per 
gender under controlled experimental conditions (12-h light/dark cycle, 21±1$C, 60% relative 
humidity, food and water ad libitum). Genes of interest were screened using PCR ampli"cation 
followed by capillary sequencing as described [14].
Project management and primer design using LIMSTILL. !e resequencing experiments 
were designed and managed using LIMSTILL, LIMS for Induced Mutations by Sequencing 
and TILLing (V. G., E.C., unpublished). !is web-based publicly accessible information system 
(http://limstill.niob.knaw.nl) was used to generate projects and visualize gene structures 
based on Ensembl genome data, the design of PCR primers, and entry, archiving and primary 
interpretation of mutations. !e primer design application within LIMSTILL is Primer3-based 
[44] and parameters are set to design primers with an optimal melting temperature of 58$C. !e 
sequences of the primers used in this project are available upon request.
Mutant e!ect prediction. Mutation data was retrieved from the GPCRDB [45], which contains 
a large number of mutants that were obtained from the tinyGRAP database [46] and mutations 
that were automatically extracted from literature by the so#ware package MuTeXt [47]. !e 
mutants from the GPCRDB that were used in the analyses include mutants at the same position 
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and in the same receptor as the novel mutants as well as mutants at corresponding residue 
positions in related proteins. Each mutant in the GPCRDB contains references to literature. !e 
literature describing these mutations was manually checked for relevance and descriptions of 
the mutant. If the mutation in the mutated receptor or highly homologous receptor has already 
been described in literature and the results of the experiments are interpreted correctly, we can 
be reasonably certain of the e$ects of the mutation on protein function.

When no good mutation data was available residue conservation in the multiple sequence 
alignments was analyzed. By analyzing residue conservation in multiple sequence alignments we 
can estimate if the mutant residue is likely to be tolerated. If residue conservation at the position 
of the mutant is high it is very likely that the mutant has a detrimental e$ect. If there is little 
variability the properties of the residues, i.e. charge or aromaticity, are likely to be important. 
When there is a lot of variability the e$ect of the mutant is probably largely determined by size 
constraints if the residue is located on the inside of the protein, or e$ects because of changes in 
hydrophobicity if the residue is located at the outside of the protein. Alignments of the primary 
protein family as well as the superfamily were used. !e alignments were obtained from the 
GPCRDB. 

Mutants are best studied in the context of a receptor structure, where the local environ-
ment of the mutated residue can shed light on its function and tolerated substitutions. For this, 
we used the homology models of the receptors that were mutated. Homology models of the 
receptors were built automatically using in-house so#ware. !e recently resolved crystal struc-
tures [19,20,21] were used as templates from which the so#ware automatically detected the best 
for each model. !e alignments of the GPCRDB were used to align the model with the template.

!e e$ects of the mutations were estimated by manually combining and interpreting the 
results of the mutant literature searches and the analyses of alignments and homology models 
and was performed by experts in this "eld of research. 
In vitro fusion protein expression studies. Wild-type and mutant receptors were N-terminally 
HA tagged and cloned into the expression vector pcDNA3.1 (Invitrogen). !e receptor fusion 
proteins were expressed in COS-7 cells, which were seeded on a coverslip, and 24 hours a#er 
transfection the cells were placed on ice and incubated with DMEM-bu$ered HEPES containing 
0.2% fatty acid-free bovine serum albumin (DHB) for 15 minutes. Subsequently, the cells 
were incubated for 1 hour with a polyclonal rabbit anti-HA (Abcam Inc, Cambrigde) on ice in 
DHB at a 1:250 dilution. !e cells were methanol-"xed and washed thoroughly with PBS and 
incubated for one hour in blocking bu$er (1% BSA in 0.1% PBS-Tween) at room temperature. 
!e cells were washed three times with PBS and incubated for 1 hour with a secondary anti-
rabbit antibody conjugated with FITC (Abcam Inc, Cambrigde) at room temperature in the 
dark. A#er three times washing with PBS the coverslips were mounted using Vectashield with 
DAPI (Brunschwig Chemie, Amsterdam) and analyzed using confocal microscopy. For western 
blotting COS-7 cells were lysed 24 hours a#er transfection and the proteins were separated on 
a SDS gel (10% acrylamide gradient, Bio-Rad) and transferred to a nitrocellulose membrane. 
!e membrane was incubated for 1 hour at room temperature with either a 1:4,000, 1:500 or 
1:2,000 dilution of respectively a polyclonal rabbit anti-HA antibody (Abcam Inc, Cambrigde), a 
polyclonal rabbit anti-human EDG2 (LPAR1) antibody (Abcam Inc, Cambrigde) or a polyclonal 
rabbit anti-actin antibody (Sigma Aldrich) in blocking bu$er followed by an incubation for 1 
hours with peroxidase-conjugated, anti-rabbit IgG diluted 1:2,000 in blocking bu$er at room 
temperature. Protein bands were detected by using the enhanced chemiluminescence detection 
method (ECL, Amersham Biosciences).
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Figure S1: Mc4rK314X/K314X show increased body weight. (A) Representative picture of a 
Mc4rWT/WT, Mc4rWT/K314X and Mc4rK314X/K314X rat. (B) Growth curve of Mc4rWT/WT, Mc4rWT/K314X and 
Mc4rK314X/K314X male rats. Error bars display s.e.m. (n=2 for each genotype).
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For Tables S1 and S2 readers are referred to the !e Pharmacogenomics Journal website 
(http://www.nature.com/tpj).
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ABSTRACT

Chemical-based target-selected mutagenesis is an e$ective method for generating in 
vivo mutant models that has been applied successfully in a wide range of organisms, 
including plants, invertebrates and vertebrates. However, its e%ciency is limited by 
costs and throughput of the targeted mutation discovery step. We developed a protocol 
based on genomic enrichment using microarray-based capturing of multiplexed 
barcoded samples, followed by SOLiD-based next-generation sequencing, which 
results in highly e%cient mutation discovery with high sensitivity and speci"city. In a 
single enrichment and sequencing run 770 genes in 20 rats were screened for induced 
mutations. Besides all known variants, novel knockout and missense alleles were 
retrieved at the expected frequency, with an overall false-positive rate of less than 1 
in 6 million basepairs. Eventually, this approach can be used in any species of interest 
for the generation of genome-wide collections of knockouts as well as allelic series of 
missense variants. 
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INTRODUCTION

Target-selected mutagenesis, which is also known as TILLING (Targeting Induced 
Local Lesions In Genomes) [1,2], has become a universal and versatile method for 
the generation of genetic mutants, especially in species for which no ES cell-based 
homologues recombination-driven techniques are available, like the rat [3,4], zebra"sh 
[5], medaka [6], C. elegans [7] and a wide range of plant species, including Arabidopsis 
[8] and maize [9]. !e principle of the approach is that mutations are randomly 
introduced in a large set of individuals (thousands to several thousands), followed by 
targeted discovery of mutations in genes of interest, e.g. by nuclease-based [10] or Mu 
transposase-based mismatch detection [11] or PCR-based dideoxy resequencing [5].

In vertebrates, male animals are mutagenized by intraperitonal injection of N-ethyl-
N-nitrosourea (ENU), which has been shown to be the most potent germ line mutator 
[12], while in plants ethyl methanesulfonate (EMS) treatment of seeds, is the preferred 
method of choice. !ese chemicals very e$ectively introduce random point mutations, 
which a#er outcrossing results in a heterogeneous pool of F1 individuals all carrying 
independent heterozygous mutations. Subsequently, the DNA of these F1 individuals is 
screened for heterozygous mutations in genes of interest, with the objective to identify 
induced mutations that a$ect protein function, e.g. by introducing a premature 
stopcodon or by changing a functionally important residue. 

An advantage of the chemical-driven target-selected mutagenesis approach is that 
it not only results in the retrieval of genetic knockouts, but also in allelic series of 
amino acid changes. In this sense, ENU-induced mutations mimic the most common 
form of human genetic variation, namely single nucleotide polymorphisms (SNPs), 
making the resulting genetic models highly relevant for studying aspects of complex 
human diseases. In addition, mutants generated using target-selected mutagenesis are 
not transgenic since no arti"cial DNA is introduced, which is especially relevant for 
crop species. 

!e e%ciency of the approach essentially depends on the induced mutation 
frequency and the e%ciency of mutation discovery. While the "rst aspect is largely 
dependent on species and genetic background [3,13], mutation rates can, at least 
in the rat, be increased by about 2.5 fold when using a mismatch repair de"cient 
background [14], but further improvements are unlikely to be implemented for this 
step. However, mutation discovery remains a tedious process that is currently largely 
limited to sequential analysis of individual genes. !e recently emerging massively 
parallel sequencing technologies combined with microarray-based capture of genomic 
regions of interest now provide the tools for also boosting the e%ciency of the mutation 
discovery step. Here, we show that a combination of an optimized microarray-based 
genomic enrichment procedure followed by SOLiD-based next-generation sequencing 
allows for the highly e%cient discovery of ENU-induced mutations in the rat in a 
multiplexed fashion for more than a thousand genes in parallel.
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RESULTS
Sample preparation and targeted multiplexed enrichment

To validate the next-generation forward genetic procedure, we made use of a previously 
generated living repository of mutant F1 rats that were generated from mutagenesis of 
mismatch repair de"cient msh6-/- male founder rats [14,15]. !e animals that were used 
here were screened previously by traditional dideoxy resequencing of PCR-ampli"ed 
genomic segments (exons) and carried known mutations [16]. First, we designed 
custom microarrays (Agilent SurePrint 244K) to enrich for genomic regions of interest 
[17]. !ese designs included the regions containing the known mutations as well as 
all conserved non-odorant G protein-coupled receptors plus an additional (500 kb of 
sequence encoding MIM morbid genes (see Table S1 for complete target design). In 
total, the complete coding sequence of 770 genes was covered, adding up to 1.4 Mb of 
genomic sequence.

For the "rst experiment, the genomic DNA of 10 F1 animals was sheared into 
smaller fragments (between 50 – 150 bp) and cloned between shortened P1 and internal 
adapters (IA) (Fig. 1). During the ligation-mediated PCR (LM-PCR) ampli"cation 
step, barcodes compatible with AB/SOLID sequencing were introduced between IA 
and P2 adapter, unique for each animal. Next, the 10 samples were pooled equimolarly 
and subjected to multiplex enrichment on a single microarray slide and AB/SOLiD 
sequencing in a single full slide run. Approximately 16.6 )3.8 million reads were 
obtained for every animal. In contrast to standard non-multiplexed enrichment, where 
we routinely obtain between 60 and 90% of reads on target, we only acquired about 35% 
of the reads on target across all samples using multiplexed enrichment. Nevertheless, 
an average coverage of about 200x for the targeted regions was obtained for all samples, 
which is su%cient for reliable variant discovery (Table 1).

ENU mutagenesis

gDNA isolation

Library preparation

Wash and eluate DNA 

Sequencing
and data analysis

Filtering

Veri!cation

Capillary sequencing
and veri!cation

ENU treatment

Pooling and hybridization
on custom designed array

Add barcode using
LM PCR ampli!cation

Fresh gDNA isolation
Library sequencing

Mapping

PCR amplify regions
with observed variants

Shear, end-repair 
and ligation of adapters

F1 library generation

MUTANT RETRIEVAL

Figure 1: Experimental design. !e next-generation reverse genetics procedure can be divided 
into 4 di$erent experimental steps. First, mutagenized individuals are outcrossed to generate an 
F1 library of which DNA is isolated. Second, the DNA is used to generate a sequencing library. 
SOLiD barcodes are introduced in order to pool F1 animals before the multiplex enrichment for 
genes of interest. Next, the library is sequenced and the data is analyzed. Finally, the identi"ed 
variants are veri"ed by an independent assay, e.g. traditional capillary sequencing.
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!e relatively low enrichment speci"city might be due to the long barcode-
containing 3’ adaptors (52 nt) that could potentially allow carry-over of non-targeted 
DNA molecules by cross-hybridization of two independent DNA library molecules 
[18]. !erefore, we designed speci"c primers to block the barcode sequences before 
and during hybridization-based enrichment (Fig. 2A). New libraries were prepared 
for a second set of 20 animals using the blocking primers for the enrichment (Fig. 
2B). Now, the enrichment e%ciency was increased to an average of 60% of the reads 
on target, resulting in 188x average coverage per animal from a single slide AB/SOLiD 
run (Table 2).

Mutation discovery

To identify heterozygous mutations in the sequencing data, we developed a 
bioinformatic pipeline that takes into account allele frequency and coverage on both 
DNA strands. Using standard parameters all 31 known mutations in the 30 F1 animals 
that were screened in this study were picked up except for one. Manual inspection 
of the mutation that was missed revealed that the coverage of the mutant allele was 
below the threshold level, but also that this mutation was &anked by a linked SNP two 
basepairs downstream of the mutation. !e presence of two mismatches between the 
probe and the mutant allele may result in decreased capturing e%ciency compared to 
DNA fragments originating from the wild-type allele. Furthermore, the presence of 
two additional polymorphisms may also a$ect mapping e%ciency of the short read 
(50-mer) sequencing data, which would further increase the reference bias.

Table 1: Sequencing statistics for enrichment of a multiplexed pool of 10 barcoded rat DNA 
samples for a target region of ~1.4 Mb using standard conditions

Rat
On target 
(%)

Total bp covered 
* 20xa

Coverage of regions  
of interest Fold coveragea

* 1x (%) * 20x (%) Mean Median
1 35 2.418.005 99,28 93,88 153 138
2 35 2.570.707 99,33 94,87 185 166
3 35 2.580.781 99,29 94,83 180 163
4 34 2.697.970 99,34 95,07 197 177
5 34 2.661.490 99,33 95,15 188 171
6 35 2.877.912 99,40 95,73 220 199
7 35 3.421.266 99,45 96,19 317 280
8 35 2.935.474 99,43 95,93 228 206
9 35 2.856.780 99,40 95,60 214 194
10 35 2.411.699 99,25 93,97 155 140
Average 35 2.743.208 99,35 95,12 204 183

aincluding non-targeted regions (e.g. exon-&anking intronic sequences)
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Besides the known 31 mutations, an additional 133 novel heterozygous variations 
were identi"ed using standard settings (Table 3). PCR amplicons were designed to 
con"rm these mutations by capillary sequencing. For 21 variants, we failed to design a 
working amplicon or capillary sequencing failed due to low sequence complexity (e.g. 
simple repeats). !e fact that these loci could be screened by AB/SOLiD sequencing, 
can be considered a speci"c advantage of the current approach compared to traditional 
PCR-based dideoxy sequencing. A total of 100 variations were readily con"rmed, while 
7 mutations could not be con"rmed by capillary sequencing. However, inspection 
of the allele frequencies in combination with sequence coverage in the SOLiD data 
(Fig." 3) suggests that most of these mutations are real mutations that may be false 
negatives in traditional PCR-based dideoxy resequencing.
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Of the 100 con"rmed variations, 30 were observed in more than one F1 animals and 
are therefore believed to be common single nucleotide polymorphisms (SNPs) in the 
outbred rat strain (Wistar) that was used. !e 75 remaining variants are considered to be 
ENU-induced mutations and include 2 nonsense, 1 translational start site, 53 missense, 
14 silent, and 5 non-coding mutations (Table 3). Notably, the nonsense mutation in 
Grm2 (Grm2C407X) and the translational start site mutation in Prlhr (Prlhr1MX) were 
observed in 2 di$erent F1 animals, suggesting clonal origin from the same mutagenized 
spermatogonial stem cell or mutational hotspots [7]e¤. !e Grm2C407X mutation results 
in a truncated form of the G protein-coupled receptor GRM2, which lacks all 7 
transmembrane domains and is thus likely to represent a functional knockout allele. 
!e other nonsense mutation introduces a premature stopcodon in the N-terminus 

Table 2: Sequencing statistics for enrichment of a multiplexed pool of 20 barcoded rat DNA 
samples for a target region of ~1.4 Mb using hybridization blocking primers

Rat
On target 
(%)

Total bp 
covered * 20xa

Coverage of regions of interest Fold coveragea

* 1x (%) * 20x (%) Mean Median
11 62 1.569.935 99,36 96,39 185 180
12 61 1.591.579 99,41 96,70 180 178
13 61 1.557.874 99,40 96,79 177 175
14 61 1.561.642 99,36 96,40 179 175
15 61 1.634.892 99,37 97,09 229 225
16 61 1.515.813 99,42 97,27 252 247
17 61 1.575.129 99,18 93,24 104 101
18 59 1.595.990 99,35 95,25 135 132
19 59 1.692.246 99,30 95,32 152 146
20 58 1.485.761 99,34 96,33 199 191
21 58 1.580.952 99,36 96,48 195 189
22 59 1.506.383 99,37 96,83 214 210
23 59 1.552.695 99,36 96,34 186 181
24 59 1.546.423 99,35 96,53 193 189
25 59 1.562.846 99,41 96,94 204 201
26 59 1.407.492 99,24 95,12 157 151
27 59 1.614.455 99,36 96,29 183 179
28 59 1.501.378 99,32 95,52 158 151
29 59 1.554.242 99,36 96,28 181 177
30 59 1.546.249 99,43 97,43 293 285
Average 59 1.537.312 99,36 96,38 196 191

aincluding non-targeted regions (e.g. exon-&anking intronic sequences)



N
EX

T-G
EN

ERA
TIO

N
 REV

ERSE G
EN

ETIC
S

6

112

of the peroxisomal membrane protein PXMP3 (Pxmp3Y106X) and is also expected to 
result in a complete loss-of-function. Similarly, Prlhr1MX will most probably result in a 
complete functional knockout allele as the "rst ATG triplet within Prlhr is now out of 
frame and causes an aberrant transcript.

DISCUSSION

Here, we demonstrate the possibilities of using microarray-based genomic selection 
combined with AB/SOLiD next-generation sequencing in reverse genetic screens 
by assaying a total ~58 Mb divided over 30 animals and identifying 75 chemically 
induced mutations. !is translates into a mutation frequency of 1 in 775 kb, which 
is similar to results obtained in previous screens in this genetic background [14,16]. 
!is indicates that the next-generation sequencing-based approach used here is equally 
sensitive as traditional capillary dideoxy sequencing. Moreover, with only 7 potential 
false positives (7% of all candidate mutations), the overall false positive rate in our 
experiments is less than 1 in 6 million base pairs surveyed. Although this rate may go 
slightly up when lower coverage sequencing is used, the obtained rates are much better 
than routinely obtained by high-throughput capillary dideoxy resequencing (~20% of 
the candidate mutations can not be con"rmed in traditional screens across various 
species that we have screened, E.C. personal communication). Although we may still 
miss mutations, especially for regions with lower capturing e%ciency and consequently 
lower sequencing coverage or in the direct neighborhood of linked polymorphisms, 
we found that high-throughput PCR-based resequencing also has a signi"cant false 
negative rate as we did identify several mutations in genes that were previously screened 
by capillary sequencing (see Table S2).
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Figure 3: Reliability plot of identi#ed variants. !e allele frequencies of the identi"ed variants 
are plotted against sequence coverage in the SOLiD data. !e red dashed lines indicate the upper 
and lower allele frequency boundaries between which variants are considered to be heterozy-
gous. False positive variants tend to have a low percentage of non-reference alleles and a low 
coverage.
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!e results described here provide a solid proof of principle for the use of next-
generation sequencing technologies for target-selected reverse genetics procedures 
and demonstrate a very signi"cant improvement in the e%ciency of the target-selected 
mutagenesis or TILLING approach in general. Previously, it was already shown that 
a collection of only 5,000 mutagenized C.elegans individuals contains one or more 
knockout alleles for virtually every gene and that a missense allele for every 10th amino 
acid is present [7]. However, for identi"cation of these alleles, the complete exome 
would have to be screened. Now, with continuously increasing throughput of NGS 
platforms and e%cient parallelizable in solution tools for whole exome enrichment 
[17,19] these genome-wide collections of knockout mutants as well as extensive allelic 
series come within reach for a wide range of species. !e next challenge will be to 
generate large libraries of mutant F1 individuals, which is not equally attainable for 
every species. Archives of cryopreserved sperm are currently being established for the 
rat, which can be used for rederivation of the mutant strains by intracytoplasmatic 
sperm injection (ICSI) [11]. Eventually, mutant models (knockout as well as allelic 
series of missense muations) for genes of interest in a range of species may be ordered 
from pre-screened public collections, thereby facilitating functional genomics research 
and assisting interpretation of personal genomes.

MATERIALS AND METHODS

Animals and ENU target-selected mutagenesis protocol. All experiments were approved by the 
Animal Care Committee of the Royal Dutch Academy of Sciences according to the Dutch legal 
ethical guidelines. Experiments were designed to minimize the number of required animals and 
their su$ering. ENU treatment of male MSH6 knockout rats (Msh61Hubr) was done as described 
[14]. Animals were housed under standard conditions in groups of two to three per cage per 
gender under controlled experimental conditions (12-h light/dark cycle, 21±1$C, 60% relative 
humidity, food and water ad libitum).
Library preparation. Genomic DNA of each F1 individual was fragmented for 6 minutes using a 
Covaris S2 sonicator (6 x 16 mm AFA "ber Tube, duty cycle: 20%, intensity: 5, cycles/burst: 200, 
frequency sweeping). A#er fragmentation, fragments were blunt-ended and phosphorylated at 
the 5’ end using End-it Kit (Epicentre) according to the manufacturer’s instructions, followed by 
ligation of double-stranded short adapters (adapter 1: pre-annealed duplex of 5’-CTA TGG GCA 
GTC GGT GAT-3’  and 5’-ATC ACC GAC TGC CCA TAG TTT-3’ and adapter 2:  pre-annealed 
duplex of 5’-CGC CTT GGC CGT ACA GCA G-3’ and 5’-GCT GTA CGG CCA AGG CG-3’; all 
oligo’s were acquired through Integrated DNA Technologies (Coralville, IA) and pre-annealing 
was done by mixing complementary oligonucleotides at 500 µM concentration and running on 
thermocycler with the following program: 95˚C for 3 min, 80˚C for 3 min, 70˚C for 3 min, 
60˚C for 3 min, 50˚C for 3 min, 40˚C for 3 min and 4˚C hold). Ligation was performed using 
Quick ligation kit (New England Biolabs) with 1 µg of fragmented DNA, 750 nM adaptor 1 and 
adaptor 2, 150 µl of 2x Quick ligation bu$er, and 5 µl Quick Ligase in a total volume of 300 µl. 
Samples were puri"ed on Ampure beads (Agencourt) and ampli"ed using 400 µl of Platinum 
PCR Supermix with 750 nM of both ampli"cation PCR primers (P1_short:  5’-CTA TGG GCA 
GTC GGT GAT-3’ and P2: 5’-CTG CCC CGG GTT CCT CAT TCT CTN NNN NNN NNN 
CTG CTG TAC GGC CAA GGC G-3’, where N represent unique barcode sequence for each 
library), 2.5 U of Pfu DNA polymerase (Stratagene) and 5 U Taq DNA polymerase (Bioline). 
Before ligation-mediated ampli"cation, the PCR sample was incubated at 72˚C for 5 minutes in 
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PCR mix to perform nick translation on non-ligated 3’-ends. A#er 6 cycles of ampli"cation, the 
library DNA was puri"ed on Ampure beads and the quality was checked on a gel for the proper 
size range and the absence of adapter dimers and heterodimers.  Ten (pool1) and 20 (pool2) 
individual samples have been pooled together in equal parts and size selected on 4% agarose gel 
for 125-175bp fraction. 
Capture array design. We extracted the exonic sequence from 770 genes from Ensembl (build53; 
see Table S2) with a footprint of 1.392.385 bp. A custom PERL script is used to design 60bp 
oligos within a sliding window of 10 bp. Within each window the most optimal probe is selected 
based on melting temperature and absence of homopolymer stretches. To exclude potentially 
repetitive elements from the design, all probes were compared to the reference genome using 
BLAST and those returning more than one hit (as de"ned by a 60% match of probe sequence) 
were discarded from the design. From the requested regions, 97.5% (1.357.860 bp) could be 
covered by 239.110 probes matching these criteria. Probes were synthesized on custom 244k 
Agilent arrays with randomized positions.
Enrichment hybridization and elution. Prior to hybridization size selected library was ampli"ed 
using 10 PCR cycles in 1000 µl of Platinum PCR Supermix with 750 nM of both ampli"cation 
PCR primers (P1_short:  5’-CTATGGGCAGTCGGTGAT-3’ and P2_short: 5’-CCG GGT TCC 
TCA TTC TCT-3’) and 5 U of Pfu DNA polymerase to produce a su%cient amount of library 
DNA necessary for enrichment. Ampli"ed library DNA was subsequently puri"ed using a 
MinElute Reaction Cleanup Kit (Qiagen).  Ampli"ed DNA was mixed with 10x weight excess 
of Hybloc rat DNA (Applied Genetics Laboratories, Melbourne, FL),  10x weight excess of both 
blocking oligos in case of pool2 (block1: 5’-CCC CGG GTT CCT CAT TCT CTR NGN KRN 
RNN CTG CTG TAC GGC CAA GGC G/3ddC/-3’ and block2: 5’-CGC CTT GGC CGT ACA 
GCA GNN YNY MNC NYA GAG AAT GAG GAA CCC GGG G/3ddC/-3’ ) and concentrated 
using a speedvac to a "nal volume of 12.3 (l. DNA was mixed with 31.7 (l Nimblegen aCGH 
hybridization solution and denatured at 95$C for 5 minutes. A#er denaturing the sample was 
hybridized for 65 hours at 42$C on a 4-bay MAUI hybridization station using an active mixing 
MAUI AO chamber (MAUI). A#er hybridization, the array was washed using the Nimblegen 
Wash Bu$er Kit according to the user’s guide for aCGH hybridization. Elution was performed 
using 800 (l of elution bu$er (10 mM Tris pH 8.0) in an Agilent Microarray Hybridization 
Chamber at 95$C for 30 minutes. A#er 30 minutes the chamber was quickly disassembled and 
elution bu$er collected into a separate 1.5ml tube. Eluted library DNA was concentrated in a 
speedvac to a "nal volume of 50 (l and ampli"ed with a limited number of PCR cycles (13 cycles) 
with full-length primers (amp-P1: 5’-CCA CTA CGC CTC CGC TTT CCT CTC TAT GGG 
CAG TCG GTG AT-3’ and amp-P2: 5’-CTG CCC CGG GTT CCT CAT TCT-3’), to introduce 
full length adapter sequences required for SOLiD sequencing. 
AB/SOLiD sequencing. To achieve clonal ampli"cation of library fragments on the surface 
of sequencing beads, emulsion PCR (emPCR) was performed according to the manufacturer’s 
instructions (Applied Biosystems). 1500 pg of double stranded library DNA was added to 5.6 
ml of PCR mix containing 1x PCR Gold Bu$er (Applied Biosystems), 3000 U AmpliTaq Gold, 
40nM emPCR primer 1, 3 µM of emPCR primer 2, 3.5 mM of each deoxynucleotide, 25mM 
MgCl2 and 1.6 billion SOLiD sequencing beads (Applied Biosystems). PCR mix was added to 
SOLiD ePCR Tube containing 9 ml of oil phase and emulsi"ed using ULTRA-TURRAX Tube 
Drive (IKA). !e PCR emulsion was dispensed into 96-well plate and cycled for 60 cycles. A#er 
ampli"cation the emulsion was broken with butanol, beads were enriched for template-positive 
beads, 3’-end extended and covalently attached onto sequencing slides. Both pool1 and pool2 
were sequenced on a single sequencing slide on the AB/SOLiD system version 3 to produce 50 
bases long reads and barcodes. 
Mapping of sequencing data and SNP calling. Sequencing reads were mapped against the 
reference genome (Rat Ensembl Build 56.34x) using the Maq package [20], which allows 
mapping in SOLiD color space corresponding to dinucleotide encoding of the sequenced 
DNA with following settings: number of maximum mismatches that can always be found -n 3, 
threshold on the sum of mismatching base qualities -e 150. Raw variant positions were called by 
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the Maq package and "ltered using custom scripts (available upon request). For stringent variant 
calling we used the following "ltering settings: 1) positions with lower than 20x and higher than 
5000x coverage were excluded, 2) each of non-reference alleles had to be supported by at least 
3 independent reads (as determined by di$erent read start positions) separately on positive and 
negative strand with quality > 10, 3) the non-reference allele should account for at least 20% 
of the reads covering the polymorphic position, and 4) the ratio between + and – strand reads 
should be between 1/9 and 9. Positions that passed these "ltering settings were considered as 
candidate variant. Since the ENU-induced mutations are heterozygous in the assayed F1 animals, 
a variant was quali"ed as heterozygous when the fraction of non-reference alleles was between 
20% and 85%.
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ABSTRACT

G protein-coupled receptors (GPCRs) regulate many physiological processes by 
controlling a myriad of intracellular signaling systems in response to external stimuli. 
GPCR signaling is tightly regulated by a variety of "ne-tune mechanisms, including 
'-arrestin-mediated desensitization and internalization. Here, a novel ENU-induced 
lysophosphatidic acid receptor 1 (LPAR1) rat mutant is described that carries a 
missense mutation (M318R) in the cytoplasmatic helix 8. !is mutation results 
in a loss-of-function phenotype in vivo, as well as impaired LPA-induced ERK1/2 
phosphorylation. Moreover, in vitro analysis revealed decreased cell surface expression 
because of spontaneous internalization, which was mediated by agonist-independent 
recruitment of '-arrestin. In line with this, substitution of the analogous residue in the 
prototypic '2-adrenergic receptor (ADRB2) resulted in a similar phenotype. Taken 
together, our experiments show that missense mutations in the helix 8 of GPCRs 
can result in complete loss-of-function phenotypes in vivo by constitutive arrestin-
mediated desensitization of the receptor. 
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INTRODUCTION

G protein-coupled receptors (GPCRs) constitute one of the largest membrane-bound 
protein families, which are characterized by 7 membrane spanning domains with an 
extracellular N-terminus and intracellular C-terminus. GPCRs sense a wide variety 
of extracellular signals, including hormones, neurotransmitters and lipids, and 
thereby regulate many cellular processes. Moreover, this receptor family represents 
by far the largest class of targets for current drugs as well as for the development of 
novel small-molecule medicines [1]. Classical GPCR signaling is thought to result 
from ligand-dependent stabilization of an active conformation of the receptor [2]. 
!e activated receptor can subsequently interact with heterotrimeric G proteins, 
resulting in the dissociation of this complex into a G& subunit and G'+ dimmer that 
have an independent capacity for downstream signaling. Given the important role in 
regulating essential cellular function, many mechanisms have been evolved for "ne-
tuning receptor signaling, like desensitization, even in continuing presence of agonist. 
Desensitization is initiated by agonist-dependent phosphorylation of the C-terminus of 
the receptor, usually carried out by GPCR kinases (GRKs), followed by recruitment of 
'-arrestins [3]. '-arrestins silence activated receptors by sterically inhibiting further G 
protein coupling, by acting as a sca$old for enzymes that attenuate second messengers, 
like the degradation of cAMP by PDE4, and by mediating receptor internalization 
via clathrin-coated pits [4]. More recently it has been appreciated that '-arrestins 
can initiate intracellular signaling pathways, including MAP kinase ERK, in a GPCR 
dependent matter [4]. An extra layer of complexity in GPCR signaling was added when 
selective agonist were discovered, capable of signaling via only the G protein pathway 
or '-arrestin pathway, which can have distinct cellular outcomes [5]. 

Lysophosphatidic acid (LPA) mediates a variety of biological processes, including 
cell proliferation, migration and survival, by signaling via speci"c GPCRs [6]. Currently, 
at least 5 di$erent LPA receptors are known (LPAR1-5) of which LPAR1 is the most 
widely expressed in both humans and rodents [7]. Aberrant LPA signaling has been 
associated with a variety of human disease, including cancer [8]. Indeed, it was recently 
shown that overexpression of autotaxin (ATX), the primary enzyme producing LPA, or 
LPAR1-3 in vivo increased late-onset mammary tumorigenesis, invasion and metastases 
[9]. Furthermore, abundant expression of LPAR1-3 in both the embryonic as well as 
adult brain, suggest an important role for LPA signaling in brain development [7]. 
!is is exempli"ed by the observation that LPA enhances cortical growth and folding 
ex vivo, which was absent in LPAR1 and LPAR2 double knockout mouse brains [10]. 
Targeted disruption of LPAR1 in mice resulted in increased perinatal lethality, reduced 
body size, craniofacial disorder and increased apoptosis in sciatic nerve Schwann cells 
[11], demonstrating nonredundant function for this receptor in vivo.  Furthermore, an 
independently generated LPAR1-de"cient mouse model displayed phenotypic changes 
observed in psychiatric disorders, including a de"cit in prepulse inhibition and changed 
levels of the neurotransmitter serotonin, as well as craniofacial aberrancies [12].
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!e laboratory rat Rattus norvegicus is one of the most used model organism in 
biomedical research and is well-suited for studying human disease [13], including 
cancer [14,15,16] and disorders a$ecting higher brain function, like schizofrenia, 
anxiety, depression and addiction. Using ENU-driven target-selected mutagenesis 
[17], a mutation was identi"ed in Lpar1 that resulted in the substitution of methionine 
318 into an arginine in the putative helix 8 of the receptor [18]. !e helix 8 region of 
GPCRs forms an amphipathic helix that lies parallel to the plasma membrane and is 
anchored by palmitoylated cysteine groups [19]. Importantly, upon receptor activation 
helix 8 is believed to move, suggesting functional importance of this region in this 
process. !e hydrophobicity of the mutated residue in LPAR1 is highly conserved in 
the GPCR class A family. Furthermore, this position is analogous to the phenylalanine 
of the NPxxY(x)5,6F motif found in many GPCRs, including the prototypic Rhodopsin 
and '2 adrenergic receptor (ADRB2) (Fig. 1A). !e residue sticks into a hydrophobic 
pocket and contacts the tyrosine of the same motif, which is important for the folding 
of helix 8. Computational analyses suggest that the amino acid change in the LPAR1 
mutant will disrupt this hydrophobic interaction and additionally, an arginine is too big 
to "t in this pocket and will most probably result in incorrect packing of helix 8 [18]. 
Supportive for these predictions was the observation that homozygous mutant animals 
for the M318R mutation in LPAR1 display an apparent loss-of-function phenotype, 
characterized by smaller size and a craniofacial disorder [18] comparable as in LPAR1 
knockout mice [11]. However, the phenotype observed in Lpar1M318R/M318R rats is less 
severe as in knockout mice, which additionally display high neonatal lethality because 
of a suckling disorder [11], re&ecting either species-speci"city or the hypomorphic 
nature of the M318R mutation.

Here we show that the LPAR1M318R loss-of-function phenotype may result from 
constitutive desensitization of the receptor by recruiting '-arrestin in an agonist-
independent fashion. As a result, the pool of cell surface expressed receptor is decreased 
resulting in a hypomorphic signaling response upon LPA. Furthermore, mutating the 
analogous residue in human ADRB2 also seems to result in constitutive desensitization 
in vitro, generalizing the involvement of helix 8 in this process.

RESULTS
Agonist-independent internalization of LPAR1M318R in vitro

Lpar1M318R homozygous mutant rats display characteristics of a loss-of-function 
phenotype, namely smaller size and a craniofacial disorder [18]. Given the importance 
of the mutated residue in folding of the putative helix 8 and the role of this helix 
in signal transduction, we set out to investigate the molecular and functional 
consequences of the mutation in GPCR signaling. First, we tested if LPAR1M318R could 
still be transported and expressed in the plasma membrane, the site of action of the 
receptor. Although membrane expression was still observed, it was considerably less 
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Figure 1: LPAR1M318R results in a decreased pool of cell surface expressed receptors. (A) 
Alignment of amino acid sequence of the 8th helices of di$erent class A GPCRs. Indicated in 
red is the NPxxY(x)5,6F motif of which the tyrosine in TM7 domain and the phenylalanine in 
helix 8 form a hydrophobic interaction in the inactive state. In the LPAR1-3 the phenylalanine 
is replaced by a methionine, conserving hydrophobicity. !e arrow indicates the location of the 
amino acid change caused by the mutation. Indicated in blue are the basic amino acids that are 
commonly found in helix 8 and shown to be involved in receptor phosphorylation by GRKs [21]. 
Note that the ENU-induced mutation in Lpar1 causes a change of the methionine into a basic 
arginine. (B) Less membrane expression of LPAR1M318R observed in vitro. Intact serum-starved 
COS-7 cells expressing N-terminally HA-tagged wild type or mutant LPAR1 were incubated 
with an anti-HA antibody. !e antibody can only bind if the cell expresses the receptor in the 
membrane, because only then is the HA-tag localized outside the cell. Arrow indicates punctuate 
expression pattern of LPAR1M318R  (C) !e size of the cell surface expressed receptor pool as 
percentage of the total receptor pool is decreased in cells expressing LPAR1M318R. Right panel 
shows western blot analysis of the total fraction of COS-7 cells expressing either HA-LPAR1WT 
or HA-LPAR1M318R. Le# panel shows the pool of cell surface expressed receptor as a percentage 
of total HA-tagged expressed receptors measured by cell surface ELISA. 

with the HA-tagged LPAR1M318R as compared to wild type receptor (Fig. 1B). Western 
blot analysis of whole cell lysates revealed a slightly decreased expression level of 
HA-LPAR1M318R compared to HA-LPAR1WT (Fig. 1C le! panel), which could re&ect 
receptor instability or degradation. !erefore we quanti"ed cell membrane expression 
using a cell surface ELISA and indeed observed that the pool of cell surface expressed 
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HA-LPAR1M318R as a percentage of the total expressed mutant receptor was signi"cantly 
decreased compared to HA-LPAR1WT (Fig. 1C right panel).

Interestingly, cell surface-expressed mutant LPAR1 displayed a punctuate 
appearance (Fig. 1B), which can be indicative for receptor clustering in clathrin-coated 
pits and internalization [20]. We tested if the di$erence in membrane expression 
was the result of aberrant receptor internalization a#er agonist treatment. Both wild 
type and mutant receptor internalized a#er treatment with 1 #M of LPA (Fig. 2A). 
However, mutant LPAR1 also displayed agonist-independent internalization, which 
was not observed in cells expressing wild type receptor (Fig. 2B) and is in line with the 
punctuate expression pattern of LPAR1M318R.

Importance of helix 8 in agonist-induced receptor phosphorylation

It was recently shown in both the thyrotropin-releasing hormone receptor (TRHR) 
and ADRB2 that lysine and arginine residues that typically surround the hydrophobic 
phenylalanine in helix 8 (Fig. 1A) play a critical role in agonist-induced receptor 
phosphorylation by GRKs [21]. It is conceivable that the agonist-independent 
internalization of LPAR1M318R results from inappropriate receptor phosphorylation, 
especially because the ENU-mutation not only disrupts the hydrophobic interaction 
between TM domain 7 and the helix 8 but also introduces an additional arginine. To 
test this hypothesis we mutated F332 in the helix 8 of the prototypic human ADRB2 
using site-directed mutagenesis (ADRB2F332R). First we checked cell surface expression 
of N-terminally HA-tagged ADRB2F332R in COS-7 cells. Like in LPAR1 the mutation 

Figure 2: Pulse-labeling assay shows spontaneous internalization of LPAR1M318R in vitro. 
Intact serum-starved COS-7 cells expressing HA-tagged wild type or mutant LPAR1 were 
incubated with an anti-HA antibody followed by administration of 1 #M LPA (A) or medium 
without LPA (B). Subsequently, cells were "xed and permeablized at the indicated time points 
and stained with a secondary antibody labeled with FITC. A#er treatment with 1 #M LPA 
receptor internalization is observed in both cells expressing wild type (see arrows) or mutant 
LPAR1. In contrast only LPAR1M318R internalizes a#er treatment with medium that does not 
contain LPA (see arrows).

A B
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resulted in decreased cell surface expression of ADRB2. However, total HA-ADRB2F332R 
expression was much lower than HA-ADRB2WT expression as assayed by western 
blot analysis (Fig. 3B le! panel). In addition, when we quanti"ed cell membrane 
expression no di$erence was observed in the size of the pool of cell surface expressed 
HA-ADRB2F332R as a percentage of the total expressed mutant receptor compared 
to HA-ADRB2WT (Fig. 3B right panel). Since the total expressed HA-ADRB2F332R 
is much lower than wild-type receptor, this could re&ect a faster breakdown of the 
internalized mutant ADRB2 compared to internalized mutant LPAR1 in vitro. Notably, 
cell surface-expressed ADRB2F332R displayed the punctuate appearance as observed in 
mutated LPAR1 (Fig. 1B), which again indicates receptor clustering in clathrin-coated 
pits. Indeed, ADRB2F332R displayed agonist-independent internalization (Fig." 3C) 
comparable as LPAR1M318R, suggesting a general role of the hydrophobic residue in 
helix 8 in GPCR internalization.

Next, we determined the e$ect of the mutation on agonist-induced receptor 
phosphorylation since this is an important step leading to receptor desensitization 
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Figure 3: Introduction of the analogous 
M318R amino acid change in human 
ADRB2 (F332R) does also result in 
spontaneous internalization. (A) 
Staining of intact serum-starved COS-7 
cells expressing N-terminally HA-tagged 
wild-type or mutant ADRB2 reveals less 
cell surface expressed mutant receptor. 
Arrows indicate punctuate expression 
pattern of mutant receptor. (B) Quanti-
"cation of observation in (A) using a cell 
surface ELISA assay. Right panel shows 
western blot analysis of the total fraction 
of COS-7 cells expressing either HA-
ADRB2WT or HA-ADRB2F332R. Le# panel 
shows the pool of cell surface expressed 
receptor as a percentage of total 
HA-tagged expressed receptor. (C) Pulse 
labeling assays demonstrates spontane-
ous internalization of mutant ADRB2. 
Intact serum-starved COS-7 cells ex-
pressing HA-tagged wild type or mutant 
ADRB2 were incubated with an anti-HA 
antibody and subsequently with DMEM. 
At the indicated time point the cells were 
"xed, permeablized and stained with  
a secondary antibody labeled with FITC.
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and internalization. To quantify this, a phosphoreceptor ELISA assay was performed 
using an antibody directed against two established GRK sites in the C-terminus of 
ADRB2 [22]. Treatment of cells expressing HA-ADRB2WT with isoproterenol induced 
receptor phosphorylation (Fig. 4), consistent with previous data [21]. In contrast, 
mutant ADRB2 failed to show any agonist-induced receptor phosphorylation (Fig. 4). 
Interestingly, we did observe a slight but signi"cantly higher basal phosphorylation 
level of the mutant receptor when compared to wild-type receptor, which was agonist-
independent and suggests a potentially constitutively desensitized receptor state. 
One explanation for the observation that the level of phosphorylated ADRB2F332R 
does not increase a#er agonist treatment as it does in the wild-type situation, is that 
the mutant receptor already adopts a con"rmation suitable for phosphorylation by 
GRKs without the necessity of agonist. Interestingly, ‘only’ ~2% of total HA-tagged 
ADRB2F332R is agonist-independently phosphorylated (Fig. 4), while the pool of cell 
surfaced expressed mutant receptor as percentage of total HA-tagged receptors is 
equal (Fig. 3B right panel). !is probably means that plasma membrane expression 
of the mutant receptor is not the major determining factor for the observed level of 
receptor phosphorylation and it likely re&ects the temporality of this desensitization 
mark, which in case of the mutant receptor is rapidly exchanged for downstream 
desensitization factors, like recruitment of '-arrestin [3].

Arrestin dependence in spontaneous internalization

It has been demonstrated that LPA-induced internalization of LPAR1 is essentially 
dependent on at least '-arrestin2 recruitment [23]. To test if '-arrestin2 distribution in 
the cell is a$ected by LPAR1M318R, we co-expressed the N-terminally HA-tagged LPAR1 
construct with an '-arrestin2-EGFP fusion protein. In wild-type situation, '-arrestin2-
EGFP is di$usely located in the cytoplasm (Fig 5A). Upon LPA treatment the fusion 
protein is transiently recruited to the plasma membrane and eventually restores its 
di$use expression pattern (Fig. 5A), which is consistent with previously reported data 
[23] and indicates that the '-arrestin2-EGFP fusion protein is functional.
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Co-expressing HA-LPAR1M318R and '-arrestin2-EGFP results in an accumulation 
of '-arrestin2 in intracellular foci, which is not observed in cells expressing LPAR1WT 
(Fig. 5B). !ese intracellular foci perfectly co-localized with LPAR1M318R (Fig. 5B 
right panel). In addition, an agonist-independent recruitment of '-arrestin2 to the 
cell surface in cells expressing LPAR1M318R but not in cells expressing LPAR1WT was 
observed (Fig. 5C).  Speci"cally, cell surface recruited '-arrestin2 co-localizes with the 
punctuate LPAR1M318R expression foci (Fig. 5C). !is suggests constitutive recruitment 
of '-arrestin2 to both cell surface and intracellular expressed mutant LPAR1 even in 
the absence of agonist.
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Figure 5: Mutation results in 
spontaneous recruitment of '-ar-
restin2 in vitro. (A) Co-expression 
of HA-LPAR1WT and '-arrestin2-
EGFP shows transiently recruit-
ment of '-arrestin2 to the plasma 
membrane upon LPA treatment. 
(B) Serum-starved untreated 
COS-7 cells co-expressing '-arres-
tin2-EGFP and wild type or mutant 
HA-LPAR1 were either incubated 
with an anti-HA antibody while 
intact (le! panels) or "xed and 
permeablized (right panels). Cells 
transfected with mutant HA-LPAR1 
show '-arrestin2-EGFP expression 
in intracellular foci (see arrows), 
which are not observed in cells tran-
fected with wild-type HA-LPAR1. 
(C) Enlargement of plasma 
membranes of cells displayed in (B) 
le# panels, clearly shows recruit-
ment of '-arrestin2-EGFP to the 
cell surface in cells co-transfected 
with mutant HA-LPAR1, which is 
not observed in cells co-transfected 
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Next, we isolated primary REFs from the LPAR1M318R strain, which endogenously 
express Lpar1 (Fig. S1). Serum-starved REFs were stained for endogenous '-arrestin2 
and LPAR1 di$erent at time points a#er LPA treatment (Fig. 6). Since it is known that 
it is di%cult to raise speci"c antibodies against GPCRs, the anti-LPAR1 antibody was 
tested using HA-LPAR1 overexpression (Fig. S2). !e expression of endogenous LPAR1 
in homozygous mutant REFs is more di$use throughout the cell compared to the more 
compartmentalized LPAR1 localization in wild-type REFS (Fig. 6). Furthermore, there 
seems to be less LPAR1 in homozygous mutant REFs compared to wild-type REFs, 
which could re&ect increased breakdown of endogenous receptor, as was also observed 
in vitro (Fig. 1C le! panel). Upon LPA treatment, '-arrestin2 is transiently recruited 
of to the cell surface, followed by di$use localization of '-arrestin2 and accumulation 
of intracellular LPAR1 in wild-type REFs (Fig 6A). Lpar1M318R/M318R REFs showed an 
accumulation of '-arrestin2 in foci near the nucleus upon LPA treatment, which also 
appears to co-localize with LPAR1 and persist up to 30 minutes a#er the treatment (Fig. 
6B). However, accumulation of '-arrestin2 was already observed without the addition 
of agonist in cells overexpressing LPAR1M318R (Fig. 5), which is more di%cult to see 
in REFs probably because of low expression of endogenous '-arrestin2 and LPAR1. 
Nevertheless, these observations support the hypothesis that M318R may result in 

Figure 6: Accumulation of endogenous '-arrestin2 is observed in Lpar1M318R/M318R REFs. (A) 
Serum-starved wild-type REFs show transient recruitment of endogenous '-arrestin2 to the cell 
surface 2 minutes a#er LPA treatment and accumulation of internalized endogenous LPAR1 30 
minutes a#er LPA treatment (see arrow). (B) Serum-starved untreated homozygous mutant REFs 
display a more di$use LPAR1 expression pattern compared to wild-type REFs. Upon treatment 
endogenous '-arrestin2 accumulation in intracellular foci is apparent (see arrows) that is not 
observed in wild-type REFs, suggesting prolonged recruitment by mutant LPAR1.
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constitutive recruitment of '-arrestin2 to LPAR1 and rules out nonspeci"c e$ects in 
the in vitro studies because of overexpression of LPAR1 and '-arrestin2.

Impaired LPA-induced ERK1/2 activation in REFs

One of the pathways activated by LPA is the mitogen-activated protein (MAP) kinase 
cascade via pertussis toxin (PTX)-sensitive Gi in a tyrosine kinase-dependent manner 
[24]. !is pathway is thought to be the main mediator of the stimulatory e$ect of LPA 
on cell proliferation. Interestingly, it has been shown that LPA can also stimulate the 
MAP kinase pathway via a G protein-independent manner by '-arrestin2 recruitment 
[25], which can serve as a sca$old for cytoplasmic signaling complexes [4]. To test 
the e$ect of LPAR1M318R on the LPA-induced MAP kinase-signaling cascade, serum-
starved homozygous mutant and wild-type primary REFs were stimulated with LPA 
and ERK1/2 phosphorylation was measured. LPA treatment results in a rapid and 
transient ERK1/2 phosphorylation response (Fig. 7), consistent with previous "ndings 
[25]. In contrast, homozygous mutant REFs show an attenuated LPA-induced ERK1/2 
phosphorylation response (Fig. 7), demonstrating that M318R in LPAR1 diminishes 
LPA signaling in primary REFs. Possibly, the increase of spontaneous internalization 
via '-arrestin2 in LPAR1M318R, results in less cell surface expressed receptor and 
a hypomorphic response to LPA treatment. !is would be in line with the loss-of-
function phenotype that we observed in vivo in homozygous mutant rats [18]. However, 
if the phenotype is caused by agonist-independent recruitment of '-arrestin2, which 
can stimulate the MAP kinase signaling cascade independent of G protein activation, 
we would expect increased '-arrestin2-dependent ERK1/2 phosphorylation in the 
homozygous mutant REFs. To test this hypothesis, REFs pretreated with pertussis 
toxin (PTX) and the experiment was repeated. PTX completely abolishes LPA-induced 
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phosphorylation pattern. (A) 
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ERK1/2 phosphorylation in wild-type serum-starved REFs (Fig. 8). Clearly, a 
higher basal level of G protein-independent ERK1/2 phosphorylation is observed in 
homozygous mutant REFs, which is independent of agonist treatment (Fig. 8). !is 
probably re&ects '-arrestin-dependent MAP kinase activation and further supports 
the idea of constitutive recruitment of '-arrestin2 as a result of the mutation in LPAR1.

DISCUSSION

Point mutations that a$ect functionally important gene products, like GPCRs, 
are o#en associated with human disease. !e underlying molecular mechanisms 
causing the phenotype, however, are o#en complex and not properly appreciated. 
Here we show that an ENU-induced missense mutation in helix 8 of LPAR1 that 
disrupts a highly conserved hydrophobic interaction between the TM7 domain and 
helix 8, results in a loss-of-function phenotype in vivo [18], but seems to do so by 
'-arrestin-mediated constitutive desensitization. !is causes impaired LPA signaling 
as shown in primary REFs, probably because of the decrease of cell surface expressed 
receptor and consequently increased breakdown or impaired recycling.  In line with 
these observations, homozygous mutant animals show an apparent loss-of-function 
phenotype, which was characterized by a craniofacial disorder and smaller size [18]. 
Although the LPA responsiveness of primary Lpar1M318R/M318R REFs was severely 
impaired, a small level of LPA-induced ERK1/2 phosphorylation was still observed. !is 
can be the result of either functional redundancy with other LPA receptors expressed in 
"broblast (Fig. S1) or because the pool of cell surface expressed LPAR1 is much smaller 
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Figure 8: Lpar1M318R/M318R REFs 
show an increased Gi and 
agonist independent basal 
ERK1/2 phosphorylation level. 
REFs were pretreated with 
PTX before LPA treatment and 
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at the time LPA is administrated when compared to wild-type "broblasts. Importantly, 
we observed an increased basal level of ERK1/2 phosphorylation independent of LPA 
treatment and G-protein activation. Although this increase may seem trivial, it could 
have profound e$ects in developmental, physiological and disease processes in vivo 
given the importance of ERK1/2 phosphorylation in a variety of cellular processes. 
In addition, it has been shown that activation of the G protein pathway can result in 
contradictory cellular e$ects compared to activation of the '-arrestin pathway [26]. 
Speci"cally, it has been shown that '-arrestin signaling can inhibit GPCR-mediated 
apoptosis [27], which could possibly explain the lack of postnatal lethality in the 
Lpar1M318R/M318R rat [18] that was observed in LPAR1 knockout mice [11].

Previously, mutations that change the arginine in the highly conserved DRY motif 
have been shown to result in constitutively desensitized GPCRs [20]. Importantly, 
a naturally occurring loss-of-function mutation in the DRY motif of the human 
vasopressin type II receptor, which is associated with nephrogenic diabetis insipidus 
results in a constitutive arrestin-mediated desensitization [28], underlining the 
importance of understanding this mechanism in GPCR-related pathophysiology. Here 
we demonstrate that interruption of the hydrophobic interaction between the NPxxY 
motif and helix 8, which is also highly conserved in class A GPCRs may result in 
constitutive desensitization. Interestingly, both motifs are suggested to play signi"cant 
roles in G protein activation [29], indicating functionally overlapping binding sites of 
'-arrestin and the G protein.

Speci"c features arguing for constitutive desensitization as a result of disrupting the 
hydrophobic interaction between the NPxxY motif and helix 8 were not only observed 
in rat LPAR1M318R, but also in the prototypical human ADRB2F332R. It has been stated 
that a constitutive desensitized receptor should demonstrate four characteristics, 
namely inappropriate phosphorylation, abnormal intracellular localization, a greater 
uncoupling from G protein compared to wild-type receptor and abnormal association 
with '-arrestins [30]. !e mutation described here displays all these features as jointly 
demonstrated in rat LPAR1 and human ADRB2. Notably, since it was recently shown 
that basic arginine and lysine residues in helix 8 are important for agonist-induced 
GPCR phosphorylation by GRKs and consequently recruitment of '-arrestin [21], it 
is possible that the molecular and functional e$ects observed in the receptor mutants 
is a combination of  inappropriate proper folding of helix 8 and increased receptor 
phosphorylation by GRKs.

!e Lpar1M318R/M318R rat is a unique model to study the in vivo loss-of-function of 
the receptor in this model organism. Especially the involvement of LPAR1 in human 
psychiatric disorders could potentially be well studied in this genetically modi"ed rat 
model. Although the mutation does not result in a complete loss of receptor function, 
like in the case of knockout animals, amino acid changes associated with human 
disease are also unlikely to result in complete loss-of-function. Single nucleotide 
polymorphisms are the most common form of naturally occurring genetic variation 
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in human [31] and when located in coding regions they are most likely to result in 
missense mutations. Since the mutation described here may associate helix 8 with 
constitutive desensitization, which was to date only described to be associated with 
mutations found in the DRY motif, it is likely more human disease related mutations 
in genes encoding GPCRs will be found to result in constitutive desensitization. 
Importantly, the LPAR1M318R rat represents an in vivo model for a GPCR that may be 
constitutively desensitized mediated by '-arrestin. In the growing understanding of the 
complexity of GPCR signaling, including biased agonism [5] and '-arrestin-mediated 
signal transduction [4], this mutant rat model helps to unravel the consequences of 
GPCR constitutive arrestin-mediated desensitization in vivo.

MATERIALS AND METHODS

Animals and primary REF isolation. All experiments were approved by the Animal Care 
Committee of the Royal Dutch Academy of Sciences according to the Dutch legal ethical 
guidelines. Experiments were designed to minimize the number of required animals and 
their su$ering. Heterozygous carriers were mated and at E13.5 embryos were isolated. A#er 
washing the embryo thoroughly, the head and visceral organs were removed and used for DNA 
isolation and genotyping. !e embryos were minced and treated with trypsin to get a single cell 
suspension. Rat embryonic "broblasts were grown in DMEM supplemented with 10% FCS. 
In vitro fusion protein expression studies. Wild type and mutant receptors were N-terminally 
HA-tagged by cloning into the expression vector pcDNA3.1 (Invitrogen). '-arrestin2 was fused 
with EGFP by cloning its cDNA sequence isolated from brain into pEGFP-N1 (Invitrogen). !e 
receptor fusion proteins were expressed in COS-7 cells, which were seeded on a coverslip, and 24 
hours a#er transfection the cells were placed on ice and incubated with DMEM-bu$ered HEPES 
containing 0.2% fatty acid-free bovine serum albumin (DHB) for 15 minutes. Subsequently, the 
cells were incubated for 1 hour with a polyclonal rabbit anti-HA (Abcam Inc, Cambrigde) on 
ice in DHB at a 1:500 dilution. For cell surface expression analysis the cells were immediately 
methanol-"xed and washed thoroughly with PBS and incubated for one hour in blocking bu$er 
(1% BSA in 0.1% PBS-Tween) at room temperature. For pulse labeling assays, the cells were 
washed with PBS followed by incubation with or without agonist in DMEM at 37$C, 5% CO2. 
At the indicated time points the cells were methanol-"xed and washed thoroughly with PBS and 
incubated for one hour in blocking bu$er (1% BSA in 0.1% PBS-Tween) at room temperature. 
!e cells were washed three times with PBS and incubated for 1 hour with a secondary anti-
rabbit antibody conjugated with FITC (Abcam Inc, Cambrigde) at room temperature in the 
dark. A#er three times washing with PBS the coverslips were mounted using Vectashield with 
DAPI (Brunschwig Chemie, Amsterdam) and analyzed using confocal microscopy. For western 
blotting COS-7 cells were lysed 24 hours a#er transfection and the proteins were separated on 
a SDS gel (10% acrylamide gradient, Bio-Rad) and transferred to a nitrocellulose membrane. 
!e membrane was incubated for 1 hour at room temperature with a 1:5,000 or 1:1,000 dilution 
of respectively a polyclonal rabbit anti-HA antibody (Abcam Inc, Cambrigde) or a polyclonal 
rabbit anti-actin antibody (Sigma Aldrich) in blocking bu$er followed by an incubation for 1 
hours with peroxidase-conjugated, anti-rabbit IgG diluted 1:5,000 in blocking bu$er at room 
temperature. Protein bands were detected by using the enhanced chemiluminescence detection 
method (ECL, Amersham Biosciences).
Cell surface ELISA. Surface expression of N-terminally tagged receptors was quanti"ed as 
described [32]. Brie&y, the N-terminally tagged receptors were transiently expressed in COS-7 
cells and 24 hours a#er transfection the cells harvested, seeded in 12 well plates and serum-
starved overnight. To speci"cally measure the pool of cell surface expressed receptors, the cells 
were placed on ice and incubated with DMEM-bu$ered HEPES containing 0.2% fatty acid-free 
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bovine serum albumin (DHB) for 15 minutes. Subsequently, the cells were incubated for 1 hour 
with a polyclonal rabbit anti-HA (Abcam Inc, Cambrigde) on ice in DHB at a 1:500 dilution, 
rinsed with PBS on ice, "xed with ice-cold methanol:aceton (1:1) and air dried. Cells were then 
washed 5 minutes with PBS, blocked with RIPA/milk bu$er (150 mM NaCl, 50 mM Tris, 1 mM 
EDTA, 10 mM NaF, 100nM sodium orthovanadate, 1% Triton X-100, 0.1% SDS, 0.5% sodium 
deoxycholate, pH 8.0, and 5% nonfat dried milk). To measure the total pool of N-terminally 
tagged receptors, cells were "rst "xed with ice-cold methanol:aceton (1:1), air dried and then 
washed 5 minutes with PBS. Subsequently, the cells were blocked with RIPA/milk bu$er (150 
mM NaCl, 50 mM Tris, 1 mM EDTA, 10 mM NaF, 100nM sodium orthovanadate, 1% Triton 
X-100, 0.1% SDS, 0.5% sodium deoxycholate, pH 8.0, and 5% nonfat dried milk) and incubated 
with 1:500 anti-HA antibody (Abcam Inc, Cambrigde). All cells were then washed 3 times 5 
minutes with PBS and incubated with 1:5,000 peroxidase-conjugated, anti-rabbit IgG diluted 
1:5,000 in RIPA/milk bu$er. !e cells were washed 3 times 5 minutes with PBS and incubated 
with ELISA TMB reagent (Sigma-Aldrich, St. Louis, MO). !e reaction was terminated with stop 
reagent for TMB substrate (Sigma-Aldrich, St. Louis, MO) and the absorbance was measured 
at 450 nm. Data was presented as the A450 of the pool of cell surface expressed receptors as a 
percentage of the A450 of the total pool of HA-tagged receptors.
Phosphorecepor ELISA. !e measurement of agonist-induced ADRB2 phosphorylation was 
quanti"ed as described [32,33]. !e GRK-dependent phosphorylation of ADRB2 was measured 
using a rabbit antibody against the pSer355 and pSer356 in the human receptor (Santa Cruz 
Biotechnology, CA) at 1:500 using the cell surface ELISA protocol. !e A450 of phosphorylated 
ADRB2 was presented as a percentage of the A450 of cell stained for the total pool of HA-ADRB2.
Staining of endogenous LPAR1 and '-arrestin in REFs. REFs were seeded on glass coverslip 
and allowed to attach overnight. Subsequently, cells were serum-starved overnight in DMEM 
supplemented with 0.2% fatty acid-free BSA, followed by treatment with 1 #M LPA. At the 
indicated time points the cells were "xed with ice-cold methanol and dried. A#er washing with 
PBS the cells were incubated with blocking bu$er (1% BSA and 0.1% Tween in PBS) for 1 hour 
at room temperature. Cells were incubated with an antibody raised in rabbit against human 
LPAR1 (Abcam Inc, Cambrigde) and an antibody raised in mouse against human '-arrestin2 
(Santa Cruz Biotechnology, CA) both at 1:200 dilution in blocking bu$er overnight at 4°C. 
Cells were washed 3 times 10 minutes with PBS and incubated with anti-rabbit conjugated with 
FITC and anti-mouse conjugated with Alexa-546 both at 1:200 dilution in blocking bu$er for 
1 hour at room temperature. A#er three times washing with PBS the coverslips were mounted 
using Vectashield with DAPI (Brunschwig Chemie, Amsterdam) and analyzed using confocal 
microscopy.
ERK1/2 phosphorylation analysis. Primary REFs were seeded in 12-wells plates and allowed to 
attach overnight. Subsequently, the cells were serum-starved overnight in DMEM supplemented 
with 0.2% fatty acid-free BSA, and with or without the presence of 100 ng/ml pertussis toxin 
(PTX). Cells were treated with 1 #M LPA and lysed with RIPA bu$er supplemented with 
complete protease inhibitor cocktail (Roche Diagnostics) and PhosSTOP phosphatase Inhibitor 
Cocktail (Roche Diagnostics) at the indicated time points. Western blot analysis was performed 
as described above with a mouse antibody against pT183 and pY185 in human ERK1 and ERK2 
(Abcam Inc, Cambrigde) and a rabbit antibody against total rat ERK1 and ERK2 (Cell Signaling 
Technology, MA).
Statistical analysis. Data are shown as average ± standard deviation of at least triplicate 
measurements unless indicated di$erent. Where not visible, error bars fell within the symbol 
size. Data was statistically analyzed, when appropriate, with two-way analysis of variance and 
Student’s unpaired t test.
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SUPPLEMENTARY DATA

Figure S1: RT-PCR analysis of LPA receptors in primary REFs. RT-PCR was performed using 
primers for the indicated transcripts of total RNA isolated from wild-type, heterozygous and 
homozygous mutant REFs.
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Figure S2: Anti-LPAR1 antibody test. An antibody raised against human LPAR1 was tested 
using COS-7 cells expressing N-terminally HA-tagged wild-type or mutant LPAR1.
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PIONEERING RAT REVERSE GENETICS

!e laboratory rat is gaining momentum as a mammalian genetic model organism. 
Traditionally, the rat model has been used extensively to study human physiology and 
complex disease, strengthening the desire to manipulate its genome [1]. Compared 
to the mouse model with its seemingly endless possibilities in gene manipulation 
and standardized mutant phenotyping protocols [2,3], reverse genetics in the rat 
is still in its early infancy. Nevertheless, in the last decade signi"cant technological 
breakthroughs, which are reviewed in Chapter 1, have enabled the generation 
of genetically modi"ed rats in an e%cient and systematic manner. Already, large 
collections of knockout animals have been generated and are available for biomedical 
research (www.knockoutrat.org; http://rgd.mcw.edu). !us, the question is not if rat 
reverse genetics will be widely implemented in biomedical research, but rather when 
this will happen. To date, only several laboratories worldwide are capable of generating 
mutant rat models. However, considering the rapid technological improvements in the 
"eld of reverse genetics, general application to the generation of genetic mutants in a 
variety of model organisms, including rats, is to be expected.

ENU target-selected mutagenesis was the "rst technique used to generate rat 
knockout models [4,5]. !e strength of the approach lies in its simplicity: point 
mutations are randomly introduced in the male germ line by treating animals with ENU 
[6] without the need of complicated cell culturing techniques or transgenic animals 
carrying transposons in their genome or expressing transposases. !is technique, 
like every other reverse genetics approach, has many advantages and disadvantages. 
Currently, there are three highly complementary approaches successfully applied in 
the rat, ENU target-selected mutagenesis [4], transposon-tagged mutagenesis [7,8] 
and zinc-"nger nuclease (ZFN)-mediated gene targeting [9] (discussed in Chapter"1). 
In this chapter, the future possibilities of ENU target-selected mutagenesis and its 
a%liation with other gene manipulation approaches (Table 1) applied in rat reverse 
genetics will be discussed.

SINGLE GENE KNOCKOUT VERSUS LARGE-SCALE MUTAGENESIS
Targeted versus random mutagenesis

Although ENU target-selected mutagenesis has been highly e%cient in generating rat 
mutants, alternative methods have been and are still being developed (Chapter 1). 
A disadvantage of ENU mutagenesis as a reverse genetic tool is that it cannot be targeted 
to a genetic locus of choice and mutation type cannot be predetermined. If a researcher 
is interested in one particular gene, random ENU mutagenesis is probably not the 
preferred method for knocking it out. Even though ENU target-selected mutagenesis 
is a relatively easy technique, investigators must keep large animal repositories or 
archives and make large investments to setup high-throughput resequencing methods 
to identify a mutant allele. Even when these facilities are available, it remains a matter 
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of chance to identify a knockout allele of that particular gene, which depends on the 
size of the gene, the ENU-induced mutation frequency and the number of screened 
F1 animals. In this case, the use of a targeted approach, like embryonic stem (ES) 
cell-based homologous recombination (HR)[2] or ZFN-mediated gene targeting [9], 
can be preferred. In theory, these methods would also allow for the generation of 
conditional and targeted knock-in alleles, although this has not yet been shown for the 
rat (Chapter 1). Nevertheless, the ability to generate conditional and targeted knock-
in alleles has proven to be extremely powerful in mice, making targeted mutagenesis 
an indispensible genetic tool to model human disease. However, a disadvantage of 
these targeted approaches is that designing, generating and testing constructs for HR 
or encoding speci"c ZFNs is a relatively laborious and time-consuming process for 
generating a single mutant allele, which is much less amenable for scaling (Chapter"1). 
In addition, a high number of fertilized oocytes have to be injected and relatively 
many animals have to be generated to isolate knockout alleles for one single gene 
[9]. !erefore, for large-scale studies, like the generation of knockout alleles for 
virtually every gene in the rat genome, random mutagenesis, like ENU mutagenesis 
or transposon-mediated mutagenesis [7,8], is preferred over targeted mutagenesis. 
!ese techniques are generally highly e%cient in generating large collections of mutant 
alleles in a limited number of screens. An additional advantage of random mutagenesis 
is that it can be applied in both phenotype-driven screens as well as genotype-driven 
screens (Chapter"1, Chapter 2), allowing researchers to not only determine speci"c 
gene function, but also to investigate the molecular pathway underlying disease 
phenotypes. Obviously, di$erent technical challenges arise in large-scale mutagenesis 

Table 1: Comparison of available rat mutagenesis techniques

Technique
Targeted  
or random Advantages Disadvantages

ENU mutagenesis 
target-selected 
mutagenesis

Random
High mutation e%ciency
Easily scalable
Allows for allelic series

Mutation discovery is 
relatively laborious
Background mutations

Transposon-tagged 
mutagenesis Random

Gene insertions easily detectable 
by reporter gene cassettes
Integration site easy to identify

Relatively low mutation 
e%ciency
Biased genomic 
integration pattern

ZFN-mediated 
gene targeting Targeted

Allows for gene targeting by 
NHEJ and theoretically allows 
for HR
High e%ciency introducing DSB

Modular assembly of 
ZF arrays is relatively 
unsuccessful
Commercial ZFNs are 
expensive

ENU, N-ethyl-N-nitrosourea; ZFN, zinc-"nger nuclease; NHEJ, nonhomologous end joining; 
HR, homologous recombination; ZF, zinc-"nger; DSB, double stranded break. 
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studies compared with targeted mutagenesis approaches, like mutation discovery and 
mutant archiving, which will be discussed below.

Transposon-mediated versus ENU mutagenesis

Not long a#er the "rst ENU-induced rat knockout models were reported, a second 
random mutagenesis approach was established in the rat [7,8], namely transposon-
tagged mutagenesis (Chapter 1). Clearly, both approaches are highly complementary 
with speci"c advantages and disadvantages (Chapter 1). For example, the strength of 
transposon-tagged mutagenesis is that the transposon can be equipped with reporter 
cassettes and that the site of insertion can easily be determined [10]. Furthermore, 
the current transposon-tagged mutagenesis approaches in rats were all based on 
chromosomal transposition, which are heavily biased by integration site preference 
[10]. Although this can be bene"cial for speci"cally investigating quantitative trait 
loci (Chapter 1), it makes this technique unsuitable for genome-wide coverage. 
Nevertheless, these problems can potentially be overcome by applying a ‘plasmid-to-
genome’ delivery approach in cultured spermatogonial stem cells (SSCs) (Chapter 1). 
Importantly, the e%ciency of mutagenesis (~ 11% of all F1 animals show reporter gene 
expression when Sleeping Beauty transposon is used [7]) is relatively poor compared 
with ENU mutagenesis, which is a highly e%cient germ line mutator. For example, 
using a DNA mismatch repair de"cient background, we have shown that mutation 
rates of at least 1 mutation every 700,000 bp can be repeatedly reached (Chapter 4, 
Chapter 5 and Chapter 6). If the complete rat transcriptome is 35 Mb, every F1 animal 
will carry 50 mutations in the coding DNA, of which 74% will likely be missense and 
5% nonsense (Chapter 4). !is means that every F1 animal will carry an average of 
2–3 nonsense mutations and 37 missense mutations. !e major technical challenge, 
however, is to identify and isolate ENU-induced mutations that a$ect protein function 
in genes-of-interest. Because ENU-induced mutation frequencies are high, unwanted 
background mutations can form phenotypic complications when a mutation of interest 
is crossed to homozygosity. Nevertheless, as discussed throughout this thesis, these 
problems can easily be overcome by outcrossing the mutation of interest multiple times 
to the parental strain. A unique property of ENU mutagenesis is that it generates point 
mutations in the genome, thereby mimicking the most common form of human genetic 
variation [11] and more importantly allowing for the generation of allelic series.

Generating allelic series

Allelic series are collections of multiple mutations in the same gene, which are 
independently identi"ed in di$erent animals. Mutations can result in knockout alleles 
by insertion of a transposon in the open reading frame (ORF), out-of-frame mutations 
by error-prone repair of a ZFN-induced double stranded break (DSB) or by introducing 
an ENU-induced premature stop codon in the ORF. In addition, ENU mutations can 
cause amino acid changes of functionally important residues, which subsequently can 
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result in hypo-, hyper- or neomorphic alleles. !is can be highly relevant for studying 
gene function and is nicely exempli"ed by the collection of ENU-induced G protein-
coupled receptors (GPCRs) mutants described in Chapter 5. Mutations causing amino 
acid changes of residues important for correct folding or incorporation into the plasma 
membrane can result in a more unstable protein and likely represent a hypomorphic 
allele. !ese mutant alleles are not only useful for studying gene-dosage e$ects, but 
also are important for studying phenotypic e$ects of hypomorphic alleles of genes 
that are essential for viability. For example, knockout alleles for the GPCR Smoothened 
(SMO), which is essential for Sonic Hedgehog signaling, result in embryonic lethality 
[12]. It can be speculated that the phenotype induced by a hypomorphic allele is less 
severe, allowing study of the function of SMO beyond the process of embryogenesis. 
In our GPCR mutant collection, a mutation was identi"ed in SMO that was predicted 
to result in a less stable con"rmation because of the incorporation of a proline residue 
into a transmembrane (TM) domain, which can disrupt the structure considerably 
(Chapter"5). However, it still has to be determined if this mutation results in a viable 
but partial loss-of-function phenotype in vivo by crossing it to homozygosity.

In contrast, ENU-induced mutations resulting in amino acid changes of residues 
important for maintaining an inactive conformation in the absence of agonist are likely 
to result in increased constitutive activity and are likely to represent hypermorphic 
alleles. Notably, constitutively activating mutants (CAMs) have been widely used to 
study GPCR activation, desensitization and internalization in vitro, and importantly, 
naturally occurring CAMs have been associated with a variety of human diseases [13]. 
Indeed, CAMs of the luteinizing hormone/choriogonadotropin receptor (LHCGR) 
have been shown to cause male precocious puberty [14] and Leydig cell tumors [15]. 
Interestingly, our collection of ENU-induced mutant GPCRs contained a mutant allele 
of LHCGR, which was predicted by computational analyses to result in an increased 
constitutive receptor activity, indicating the feasibility of generating mutant alleles that 
model speci"c human disease (Chapter 5).

Alternatively, the mutation that was identi"ed in LPAR1 resulted in an apparent 
loss-of-function phenotype in vivo (Chapter 5) and showed a hypomorphic response 
upon agonist treatment (Chapter 7). Nevertheless, in-depth molecular and functional 
analyses showed constitutive recruitment of '-arrestin and consequently spontaneous 
internalization and increased basal mitogen-activating protein (MAP) kinase ERK1/2 
signaling, which was agonist independent (Chapter 7). !is latter observation 
indicates that the overall hypomorphic response of the mutant LPAR1 is actually 
the result of a gain-of-function e$ect of a particular downstream aspect of GPCR 
signaling. It has only recently been appreciated that GPCR can signal via the G protein 
as well as '-arrestin with di$erent outcomes [16]. Interestingly, many GPCR activate 
MAP kinase pathways, both by activating G proteins and '-arrestin but o#en with 
opposite cellular e$ects, such as apoptosis versus cell survival [16]. !is is particularly 
interesting from a pharmacological point of view because agonists have been identi"ed 
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that are biased upon signaling via either G proteins or '-arrestins [17]. ENU-induced 
mutants that carry speci"c amino acid changes that may favor coupling of one pathway 
over the other can represent indispensible tools for testing biased agonism in vivo. 
Indeed, in vitro analyses of angiotensin II type 1 receptor (AT1) with mutations in the 
DRY motif showed exclusive signaling via '-arrestins [18], and the LPAR1 mutant 
suggests that residues in the helix 8 might also in&uence discrimination between G 
protein-mediated versus '-arrestin-mediated signaling (Chapter 7). In addition, in 
vivo mutants carrying amino acid changes in allosteric sites might also prove to be 
pharmacologically highly relevant in GPCR research [19] to identify compounds that 
modulate receptor function instead of completely blocking or activating it.

However, as discussed above, ENU mutagenesis is random, and mutating 
functionally important residues is dependent on chance. A prerequisite of isolating 
multiple allelic series of a single gene is the availability of large archives of F1 animals 
derived from mutagenized males and methods for high-throughput mutation discovery.

REMAINING TECHNICAL CHALLENGES
Creating large archives of mutant alleles

Even though the germ line mutagenicity of ENU is very high, still many F1 animals 
have to be generated to knockout a substantial part of the rat genome. Consequently, a 
problem arises that is generally associated with large-scale mutagenesis studies, namely 
generating large repositories of F1 animals and archiving the nonsynonymous mutants. 
Clearly, keeping a large living repository of multiple mutant lines is expensive and 
extremely laborious: every year heterozygous carriers have to be crossed out, genotyped 
and housed. !erefore a lot of e$ort has been put in optimizing protocols for archiving 
frozen rat sperm, which can be revived by intracytoplasmic sperm injection (ICSI) 
[20]. However, although these techniques are common practice for cryopreserving 
mouse lines, it remains relatively challenging for freezing rat sperm. Indeed, only a few 
laboratories worldwide are capable of reviving the mutant lines, which is a prerequisite 
for archiving large collections of mutants. It is feasible to generate large archives of 
cryopreserved sperm and frozen genomic DNA of F1 animals that were generated by 
outcrossing mutagenized males, which can be screened inde"nitely for mutations in 
genes-of-interest. Such an archive of (5,000 F1 animals would contain a large number 
of knockout alleles ((10,000–15,000 using an MSH6 de"cient background) and an even 
higher number of missense alleles. However, besides the enormous logistic challenge of 
generating such a library, there is still another signi"cant disadvantage of performing 
ENU mutagenesis in vivo, namely the limited number of strains in which germ line 
ENU mutagenesis is su%ciently e%cient. It has been shown that inbred strains perform 
poorly in ENU mutagenesis screens because of a combination of increased sensitivity 
to the toxicity of the mutagen and poor breeding properties [4]. Still, many researchers 
prefer working with inbred animals because of the homogenous genetic background 
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to assess the phenotypic consequences of mutant alleles. Notably, mutagenesis using 
ZFN-mediated or transposon-based technology does allow for the generation of 
mutant alleles in di$erent rat strains, including inbred [9].

!e successful isolation and propagation of pluripotent rat ES cells and multipotent 
SSCs do o$er a possibility to produce frozen archives of mutant alleles without the 
need to generate large collections of living animals. In vitro mutagenesis of ES cells or 
SSCs may also overcome the problem of strain background preferences observed with 
in vivo ENU mutagenesis, although availability of ES cells or SSCs of di$erent strains 
is limited. Di$erent mutagenic chemicals can be tested to determine the most optimal 
one for in vitro mutagenesis. For example, although it has been shown that ENU is the 
most e%cient mutagen for treating rodents [21], treatment of cultured cells with ethyl 
methanesulfonate (EMS) may be preferred because of higher mutation frequency and 
a more suitable mutation spectrum, primarily G/C to A/T transitions. In addition, 
RNAi can be easily applied to cultured cells to knockdown DNA repair systems, like 
DNA mismatch repair or nucleotide excision repair, prior to mutagenesis, allowing for 
the e%ciency of mutagenesis to be optimized without the need for ES cells or SSCs in 
which speci"c genes have been knocked out. Cultured cells can be mutagenized in a 
petri dish, clonally expanded and divided for DNA isolation and cryopreservation. ES 
cells or SSCs carrying mutations in a gene-of-interest can be easily revived, expanded 
in culture and placed back in, respectively, blastocysts or recipient males for germ line 
transmission. Primarily, however, optimal conditions for in vitro chemical mutagenesis 
should be determined, including the in&uence of the load of DNA damage on the 
pluripotency of ES cells and the ability of SSCs to generate sperm in recipient males.

Mutation discovery

Another crucial technical challenge in ENU target-selected mutagenesis remains 
the e%cient retrieval of mutations that a$ect protein function in genes-of-interest.  
Although every F1 animal (or colony of mutagenized ES cells or SSCs) contains many 
nonsynonymous mutations, because of the randomness of ENU, complete exomes 
have to be resequenced to retrieve these mutations. !e recent development of 
massive parallel sequencing technology provides promising opportunities to achieve 
this. Indeed, we show in Chapter 6 that a larger collection of preselected genes can 
be screened in multiple F1 animals in a single sequencing run by combining massive 
parallel sequencing with microarray-based enrichment.

!e main question is if it is preferable to put a lot of e$ort in identifying all 
nonsynonymous mutations in every individual F1 animal or colony of mutagenized 
ES cells or SSCs or to screen a large collection of mutants for all the nonsynonymous 
mutations in a single or small subset of genes-of-interest. An advantage of knowing all 
nonsynonymous mutations in a mutant animal is that all the background mutations that 
are all ENU-induced mutations other than the mutation of interest are known. Isolating 
the mutation-of-interest will be much easier because outcrosses can be accompanied 
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by genotyping for ‘background’ mutations closest to the mutation of interest. Because 
this can limit the number of outcrosses before assessing the phenotype speci"cally 
induced by homozygosity of the mutation-of-interest, it can save considerable time 
and cost. However, whole exome or genome sequencing is still expensive, and it is not 
cost-e$ective for isolating allelic series of a speci"c gene. In contrast, screening a subset 
of genes in a large archive will enable the isolation of allelic series of genes-of-interest. 
!is method will be particularly e$ective for screening frozen archives because these 
can be screened inde"nitely. However, there are still major technical challenges, like 
pooling multiple samples for next generation sequencing and enriching for genes-
of-interest. Although Chapter 6 provides the proof-of-principle that it is feasible, the 
method has to be considerably scaled.

CONCLUSIONS

Although the technology to generate rat knockout models is relatively new, these 
models have already been implemented in a variety of biomedical "elds, including 
tumorigenesis [22,23,24], behavioral biology [25], metabolism [26] and immunology 
[27] (discussed in Chapter 1). Because multiple techniques are currently available to 
generate knockout rats and large mutagenesis screens are being conducted, it can be 
expected that rat reverse genetics will become a general tool to investigate speci"c 
aspects of human physiology and disease. For the future, the question will be how far we 
want to push the "eld of rat reverse genetics. Currently, large-scale mutagenesis screens 
are conducted, but ZNF-mediated targeted approaches are also used, with the purpose 
of generating a lot of mutant rat models. Is one of the goals to generate a knockout for 
every gene in the rat genome, similar to what is being done in mice [3], and are these 
models worth the e$ort? Furthermore, is it possible to isolate knockout alleles for every 
(relevant) gene given the speci"c biases of all the techniques? For example, can HR 
take place at every genomic locus and still give rise to germ line transmission, or can 
ZFN-mediated DSBs be introduced everywhere when the epigenetic landscape is taken 
into account? ENU mutagenesis is considered to be the most random, unbiased form 
of mutagenesis, but what is still not known is to what degree. Possibly, the enormous 
amounts of data from massive parallel sequencing will tell.

ENU target-selected mutagenesis will continue to play an important role in 
generating rat knockout models. Although mutations cannot be targeted, the technique 
has proven to be compatible with important technological developments in the "eld 
of genetics, including massive parallel sequencing. Its unique property of generating 
highly e%cient single point mutations can have a signi"cant impact on developing 
mutant animals to understand human physiology and model human disease.
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NEDERLANDSE SAMENVATTING
Het breken van de genetische code

Genetische informatie is opgeslagen in het DNA van elke cel in een 4-letterige code, 
waarin alle instructies voor het normaal functioneren van een organisme liggen 
opgeslagen. Als er een fout zit in deze code dan kan dat leiden tot ziekte. Inmiddels 
kennen we de volgorde van de genetische sequentie van de mens, maar dit betekent niet 
dat we de code ook begrijpen. Om de menselijke genetische code te breken, maken we 
gebruik van model organismen. Door de genetische sequenties te bepalen van andere 
organismen en deze te vergelijken met die van de mens, kunnen we de overeenkomsten 
en verschillen bepalen en speculeren over het functioneel belang hiervan. Uit deze 
studies kan bijvoorbeeld blijken dat een genetisch element, zoals een gen dat codeert 
voor een eiwit, geconserveerd is in vele organismen. Wanneer deze organismen 
evolutionair zowel dicht als ver van de mens staan, kan dit betekenen dat dit element 
een belangrijke functie vervult. Immers als het element een essentiële fysiologische rol 
speelt, zal een verandering in de code die de functie beïnvloedt niet compatibel zijn 
met leven. Er ligt dan een evolutionair negatieve druk1 op veranderingen in de code 
van dit element die de normale functie hiervan beïnvloedt. Echter kunnen sequentie 
verschillen in genetische elementen tussen organismen de fenotypische2 verschillen 
tussen die organismen mogelijk verklaren. Om deze hypotheses over het functioneel 
belang van genetische elementen te testen, wordt gebruikt gemaakt van gerichte 
genetische modi"caties in model organismen.

Over het algemeen kunnen technieken om genetische elementen te manipuleren 
onderverdeeld worden in twee klassen welke a*ankelijk zijn van de onderzoeksvraag: 
fenotype- of gen-gedreven genetica. Klassieke fenotype-gedreven genetica begint met 
het vaststellen van een fenotype, een meetbaar verschil dat voorkomt in de populatie van 
een bepaald model organisme. Door middel van moleculaire biologische technieken 
kunnen vervolgens de genetische elementen die ten grondslag liggen aan het fenotype 
van interesse geïdenti"ceerd worden. In het algemeen wordt de genetische variatie in 
een populatie verhoogd door onwillekeurige mutagenese3, bijvoorbeeld middels het 
toedienen van een chemische stof die puntmutaties4 aanbrengt zoals ENU. Hoofdstuk"2 
behandelt de technische details van een dergelijke fenotype-gedreven screen.

Gen-gedreven genetica begint met het muteren van een bepaald gen, gevolgd 
door het vaststellen van fenotypische gevolgen van de mutatie. Deze methode hee# 
veel aan populariteit gewonnen sinds de volgorde van de genetische sequenties van 
vele organismen vastgesteld is. Homologe recombinatie in embryonale stamcellen 

1 Dit betekent dat deze verandering op den duur zal verdwijnen uit de populatie.
2 Het fenotype is het totaal aan waarneembare eigenschappen (kenmerken) van een organisme.
3 Onwillekeurige mutagenese is het aanbrengen van mutaties die overal in het genoom gelokaliseerd 
kunnen zijn zonder (of zo min mogelijk) dat deze locatie ergens door beïnvloed wordt.
4 Een puntmutatie is een verandering van een enkele base.
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in de muis is hiervoor een erg succesvolle techniek gebleken (Hoofdstuk 1). Echter 
is deze techniek (nog) niet beschikbaar voor alle model organismen. Dit komt door 
het ontbreken van pluripotente5 embryonale stamcellen. Die verschillende model 
organismen kunnen wel, a*ankelijk van de onderzoeksvraag, een voordeel kunnen 
hebben ten opzichte van de muis. Daarom zijn er alternatieve methoden bedacht om 
genetische elementen van interesse in een model organisme naar keuze te modi"ceren.

De rat als genetisch model organisme

In tegenstelling tot het genetisch model organisme de muis, wordt de rat als 
model organisme traditioneel vooral gebruikt in fysiologische, farmacologische 
en toxicologische studies. Beide organismen zijn zoogdieren en staan dus relatief 
dicht bij de mens en zijn bovendien makkelijk te fokken. De muis is momenteel het 
meest gebruikte genetische zoogdier model organisme. Dit is een gevolg van de zeer 
uitgebreide technische mogelijkheden met betrekking tot genetische modi"catie. 
Het gebruik van ratten als model organisme hee# echter enkele noemenswaardige 
voordelen. Deze hebben bijna allemaal te maken met de relatief grote omvang van 
het dier wat microchirurgie en manipulatie makkelijker maken (zie Hoofdstuk 1 voor 
enkele voorbeelden). Ook zijn sommige menselijke ziekten beter te modeleren in de rat, 
voornamelijk psychische aandoeningen maar ook pathofysiologische aandoeningen, 
zoals hypertensie. Deze voordelen maakt het rattenmodel complementair aan het 
muizenmodel, dat weer andere voordelen hee# ten opzichte van de rat. Door middel 
van fokken en selecteren op natuurlijk voorkomende fenotypische kenmerken zijn er 
vele rattenstammen gegenereerd die ieder model staan voor een humane complexe 
aandoening. Echter waren de technische middelen tot gerichte genetische manipulatie 
in de rat nog lange tijd erg beperkt. Hoofdstuk 1 behandelt recente technische 
ontwikkelingen en mogelijkheden die het veld van gen-gedreven genetica in de rat 
hee# doorgemaakt.

Chemische mutagenese als middel voor gen-gedreven genetica in de rat

Een van de eerste technieken, die gebruikt werd om genetisch gemodi"ceerde ratten te 
genereren, maakt gebruikt van onwillekeurige chemische mutagenese van de mannelijke 
spermatogoniale stamcellen door een behandeling met N-ethyl-N-nitrosourea (ENU). 
Deze stof is zeer e%ciënt in het introduceren van puntmutaties in snel delende 
cellen, zoals spermatogoniale stamcellen. Mannelijke ratten die behandeld zijn met 
ENU worden gekruist met onbehandelde vrouwelijke ratten. Hieruit ontstaat een F1 
populatie6, waarvan elk individu unieke onwillekeurige heterozygote7 mutaties in hun 

5 De mogelijkheid om alle cellen in een organisme te vormen, maar niet extra-embryonaal weefsel.
6 De eerste generatie individuen die ontstaat na het kruizen van gemutageniseerde mannen met 
onbehandelde vrouwen.
7 Van elk gen hee# een individu twee kopieën (allelen) namelijk een van de vader en een van 
de moeder (met uitzondering van genen die gelokaliseerd zijn op de X en Y chromosomen in 
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genoom dragen. Vervolgens wordt DNA afgenomen van alle F1 dieren en worden genen 
van interesse gescreend. Er wordt hierbij gezocht naar mutaties die de normale functie 
van het genproduct8 beïnvloedt, zoals de introductie van een premature translationele 
stopcodon9 wat meestal tot een genetische knockout10 leidt. Als er een interessante 
mutatie wordt gevonden in een F1 dier dan wordt deze een aantal keer uitgekruist en 
vervolgens wordt de mutatie homozygoot gekruist. Dit betekent dat een individu in 
beide allelen van het gen de mutatie draagt. Hierdoor kan het fenotypisch e$ect van de 
mutatie in dit individu bestudeerd worden. In Hoofdstuk 2 wordt een gedetailleerde 
beschrijving van de ENU doelgerichte mutagenese techniek gegeven.

Ef!ciëntere  ENU mutagenese in DNA mismatch repair de!ciënte rat

Een van de eerste genetische ratten knockout modellen dat gegenereerd werd door 
middel van ENU doelgerichte mutagenese was voor een gen genaamd Msh6. Dit gen 
codeert voor het DNA mismatch repair (MMR) component MSH6, dat samen met 
MSH2 verkeerde basen combinaties en kleine insertie en deletie lussen (IDL’s) herkent11. 
Deze fouten kunnen optreden tijdens het repliceren van DNA, voordat een cel gaat 
delen. Zij kunnen ernstige gevolgen kunnen hebben voor het correct functioneren van 
genproducten, doordat ze bijvoorbeeld een codons genen muteren die coderen voor 
functioneel belangrijke aminozuren in eiwitten. Het is dan ook erg belangrijk dat deze 
fouten gecorrigeerd worden. Hoofdstuk 3 laat zien dat de MSH6 knockout rat een 
verhoogde spontane tumorvorming vertoont, doordat dit model geen verkeerde basen 
combinaties en IDL’s kan corrigeren.

mannelijke individuen). Als er verschillende allelen bestaan in een populatie dan kan het zo zijn 
dat een individu beiden allelen draagt. Dat individu is dan heterozygoot voor het verschil in dat 
gen. In het geval van het werk in dit proefschri# worden de genetische verschillen door middel 
van chemische mutagenese geïntroduceerd.
8 Het eiwit waar het gen voor codeert. 
9 Eiwitten bestaan uit aminozuren. In een gen wordt een aminozuur gecodeerd door een triplet 
basen (een codon; drie letters van de genetische code). De laatste aminozuur triplet wordt 
gevolgd door een stopcodon (TAA, TAG, TGA), dat niet meer codeert voor een aminozuur, 
maar aangee# dat het eiwit volledig gesynthetiseerd is. Een mutatie kan een aminozuur in het 
midden van een eiwit veranderen in een stopcodon, wat een premature stopcodon heet en tot 
gevolg hee# dat het eiwit niet meer of onvolledig gevormd wordt.
10 Een dier waarbij een gen niet meer codeert voor een functioneel eiwit.
11 Een DNA molecuul bestaat uit twee strengen. In beide strengen liggen complementaire bases 
(de vier letters in de genetische code) tegenover elkaar: een adenine (A) paart altijd met een 
thymine (T), en een guanine (G) altijd met een cytosine (C). Tijdens het proces van DNA 
replicatie, dat voor een celdeling plaatsvindt, worden de strengen gescheiden en worden er twee 
nieuwe DNA moleculen gevormd met de twee oorspronkelijke enkele strengen als mal. Het kan 
echter voorkomen dat er foutjes optreden tijdens de replicatie, zoals het verkeerd paren van 
basen of het vergeten of extra toevoegen van een base op een locaties waar veel dezelfde basen 
achter elkaar liggen. Hiervoor wordt de term IDL gebruikt.  
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Interessant genoeg worden de genetische fouten die ENU veroorzaakt en resulteren in 
mutaties, ook (in ieder geval deels) door het DNA MMR systeem herkend. Hoofdstuk"4 
beschrij# het gebruik van DNA MMR de"ciëntie in de MSH6 knockout rat om de 
e%ciëntie van ENU doelgerichte mutagenese te verhogen. Hoewel MSH6 knockout 
ratten gevoeliger zijn voor de toxiciteit van ENU, wat resulteert in afgenomen fertiliteit, 
resulteren lagere doses tot een verhoogde mutatie frequentie. Bovendien verandert het 
mutatie spectrum op dergelijke wijze dat de kans dat een ENU geïnduceerde mutatie 
in een MSH6 de"ciënte achtergrond een premature stopcodon veroorzaakt groter is 
vergeleken bij ratten met wild-type12 achtergrond.

G eiwit gekoppelde receptoren mutanten

De e%ciëntie van ENU doelgerichte mutagenese in een DNA MMR de"ciënte 
achtergrond is getest door in een grote groep genen, die coderen voor G eiwit 
gekoppelde receptoren (GPCR’s), te zoeken naar interessante mutaties in F1 dieren. 
Hoofdstuk 5 beschrij# de resultaten van dit experiment. Er is een aantal redenen 
waarom genen die coderen voor GPCR’s interessant zijn om te screenen door middel 
van ENU doelgerichte mutagenese. GPCR’s zijn de grootste familie van membraan 
gebonden receptoren die een groot spectrum van signaal sto$en kan binden, zoals 
hormonen en neurotransmitters, maar ook licht en protonen. Dit maakt dat deze soort 
receptoren erg belangrijke functies vervult in de menselijke fysiologie. Daarnaast zijn 
zij ook vaak betrokken bij pathologie. Bovendien vormen GPCR’s de grootste groep 
van receptoren waar de huidige medicatie zich op richt. Ten slotte is de typische 
structuur van zeven transmembrane domeinen met een extracellulaire N-terminus13 
en een intracellulaire C-terminus14 erg geconserveerd tussen de verschillende GPCR’s. 
Dit maakt bioinformatische voorspellingen betre$ende eventuele e$ecten van de ENU 
geïnduceerde mutaties mogelijk. Het genereren van GPCR mutanten door middel van 
ENU doelgerichte mutagenese in een DNA MMR de"ciënte achtergrond blijkt erg 
e$ectief. Er zijn meerdere knockout allelen gevonden voor genen met een bekende 
functie, zoals de melanocortin 4 receptor (MC4R). Daarnaast zijn er ook knockout 
allelen gevonden voor receptoren met nog onbekend ligand15 en functie. 

Een van de grote voordelen van ENU mutagenese is dat het de mogelijkheid 
biedt allelische series te genereren. Dit betekent dat er verschillende ongelinkte 
mutaties gevonden kunnen worden in hetzelfde gen, die verschillende functionele 

12 Met een wild-type achtergrond wordt bedoelt dat de individuen de twee oorspronkelijke (dus 
zonder geïnduceerde mutaties) allelen van een gen dragen. Het genproduct behoort dan normaal 
te functioneren.
13 De N-terminus of amino-terminus is het eerste aminozuur van een eiwit of polypeptide. Deze 
bevat een ongebonden aminogroep.
14 De C-terminus of carboxyl-terminus is het laatste aminozuur van een eiwit of polypeptide. 
Deze bevat een ongebonden carboxylgroep.
15 Het signaal molecuul dat de receptor bindt en de activiteit beïnvloedt.
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gevolgen kunnen hebben. Er kunnen dus knockout allelen worden gevormd door 
het introduceren van premature stopcodons. Echter kunnen mutaties die aminozuur 
veranderingen (missense) veroorzaken als gevolg hebben dat een eiwit minder tot 
expressie komt of verminderde katalytische activiteit hee# (hypomor"sch). Anderzijds 
kunnen mutaties van aminozuren die belangrijk zijn om het eiwit in een inactieve staat 
te houden, resulteren in een actievere conformatie (hypermor"sch). Verder kunnen 
mutaties ook aminozuren veranderen die betrokken zijn voor eiwit-eiwit interacties. 
Dit kan verstrekkende functionele gevolgen hebben voor de functie van deze eiwitten. 
In de screen naar GPCR mutanten zijn er missense mutanten gevonden, die door 
middel van bioinformatische analyses in al deze categorieën ingedeeld kunnen worden. 
Voor een van deze mutanten, de LPAR1M318R, wordt door middel van moleculaire, 
functionele en biologische analyses aangetoond dat de mutatie inderdaad leidt tot een 
functioneel e$ect (Hoofdstuk 7).

Identi!catie van ENU geïnduceerde mutaties

Er zijn verschillende methoden toe te passen om ENU geïnduceerde mutaties te 
identi"ceren (deze staan vermeld in Hoofdstuk 2). Lange tijd was het zoeken naar ENU 
geïnduceerde mutaties in genen van interesse in F1 dieren door middel van capillair 
sequensen16 de meest e%ciënte manier om alle mutaties in die genen te identi"ceren. 
Echter recentelijk hebben er grote technologische ontwikkelingen plaatsgevonden op 
het gebied van DNA sequensen. Deze kunnen samengevat worden onder de noemer 
“massief parallel sequensen”. Dit stelt onderzoekers in staat grote stukken DNA – tot 
hele genomen en van meerdere individuen – snel te sequensen. Hoofdstuk 6 beschrij# 
de toepassing van deze revolutionaire techniek voor ENU doelgerichte mutagenese. In 
deze studie wordt aangetoond dat het mogelijk is een grote groep genen van interesse, 
waarvoor speci"ek verrijkt wordt, te bekijken in meerdere dieren in een enkel 
experiment. Uiteindelijk biedt deze toepassing de mogelijkheid om complete exomen17 
of zelfs complete genomen van F1 individuen te sequensen. Anderzijds kan er ook door 
middel van deze techniek zeer snel en e%ciënt gezocht worden naar allelische series 
van enkele genen van interesse in een zeer grote groep F1 dieren.

Conclusies

Het veld van gen-gedreven rattengenetica hee# recentelijk vele belangrijke 
technologische ontwikkelingen doorgemaakt. In Hoofdstuk 8 wordt bediscussieerd 
wat de voor- en nadelen zijn van chemische mutagenese ten opzichte van deze 
nieuwere technieken. Ook worden de mogelijkheden van chemische mutagenese in 
het model organisme de rat besproken. Zo kan massief parallel sequensen een grote 

16 Capillair sequensen is een manier om de base volgorde van een stuk DNA te bepalen. Het 
principe van deze techniek bestaat uit het speci"ek labellen van de basen, gevolgd door het 
scheiden van de gelabelde fragmenten op grootte. 
17 Alle base tripletten in een genoom die coderen voor aminozuren.
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impact hebben op het screenen van grote verzamelingen van genen, met name als 
dit gecombineerd wordt met bevroren archieven van F1 dieren of gemutageniseerde 
embryonale stamcellen. Hoe groter het aantal gemutageniseerde genomen, hoe groter 
de kans dat je gen van interesse vaak gemuteerd wordt. Op deze manier kan chemische 
mutagenese een belangrijke rol spelen. Dit is juist omdat het onwillekeurig zeer 
e%ciënt puntmutaties in het gehele genoom aanbrengt. Ten eerste bootst dit de meest 
voorkomende vorm van genetische variatie in de mens na, namelijk enkele basenparen 
verschillen. Ten tweede kan de mogelijkheid tot het genereren van allelische series 
van genen van interesse een zeer krachtig middel zijn om de functies van genen te 
onderzoeken.
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