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"Es genugt nicht nur, im Allgemeinen von den Naturdingen ein Wissen zu besitzen,
sondern wir missen jedes Naturding danach untersuchen, wie es sich in seiner
eigentimlichen Natur verhalt. Die Naturwissenschaft hat nicht zum Ziel, das
Tatsachliche zu berichten und einfach hinzunehmen, sondern vielmehr die Ursachen
im Naturgeschehen zu ergriinden"

Albertus Magnus, 13. Jahrhundert



Zusammenfassung

Hintergrund: Die genetische Ursache adaptiver Evolution liegt in zuféligen
Mutationen begrindet. Besonders Mutationen in cis-regulatorischen Bereichen von
Genen sind im Zusammenhang mit positiver Selektion von grof3er Bedeutung.
Wildlebende Populationen der Hausmaus (Mus musculus) stellen ein geeignetes
Modellsystem dar, um die molekularen Mechanismen von Adaptationsprozessen zu
untersuchen. Zwei Unterarten der Hausmaus, Mus musculus musculus und Mus
musculus domesticus, prégen in Mitteleuropa eine sekundare Kontaktzone aus, in der
Hybridbildung und daraus resultierende Unfruchtbarkeit vorkommen. Deswegen sind
TestisGene interessante Beispile, anhand derer man  Artbildungss und

Adaptationsprozesse in beiden Unterarten erforschen kann.

Vergleichende Studien in beiden Unterarten zu Genexpressionscharakteristika und um
Adaptationsgene zu identifizieren wurden bereits durchgefthrt. Dabel stellte sich
heraus, dass die Mitogen-Aktivierte-Proteinkinase-Kinase 7 (Mkk7) und das Orphan-
Gen LP10 zwel Gene sind, die sowohl an jingst stattgefundenen Adaptationsprozessen
beteiligt sind, als auch im Testis beider Unterarten differenziell exprimiert werden. Die
vorliegende Arbeit beschreibt eine molekulargenetische Analyse beider Gene, die als
ein langfristiger Beitrag zur experimentellen Validierung nattrlicher Selektion
angesehen werden kann.

Vorgehensweise: RACE, Northern-Blot und gRT-PCR Methoden wurden angewendet,
um die komplizierten Expressionscharakteristika verschiedener Mkk7-1soformen in
Wildmausen zu entschlisseln. Die Testis-Expressionsmuster von Mkk7 wurden in M.
m. musculus und M. m. domesticus mit Hilfe von in situ Hybridisierung untersucht. Die
Sequenzierung genomischer DNS in beiden Unterarten fuhrte zu der Entdeckung von
Mutationen, die moglicherweise eine Ursache fur die unterschiedliche Expression
darstellt. Es wurde ein Luciferase-Expressions-System entwickelt, um die Aktivitét

solcher natirlichen Varianten von Promotoren messen zu konnen. Anhand von



Western-Blot-Experimenten wurden Konsequenzen der unterschiedlichen Testis-

Expression von Mkk7 auf Proteinebene nachvollzogen.

Die Genexpression von LP10 wurde mit Northern-Blot-Experimenten in verschieden
Wildmausarten verglichen, um den evolutiven Ursprung des Genes innerhab des
M ausestammbaums beurteilen zu kdnnen. Eine konditionale LP10 Knockout-Linie zur
funktionalen Charakterisierung von LP10 in Testis wurde etabliert. Sowohl das
mannliche Fortpflanzungssystem, als auch Spermien wurden in LP10 Knockout-
Méausen phanotypisiert. Die Genexpression in den Knockout-Mausen wurde mit der in

Wildtyp-Méusen durch Microarrayanal ysen verglichen.

Ergebnisse: Mkk7al ist eine Transkript-1soform, die spezifisch fir spdte Spermatiden-
Stadien in M. m. domesticus ist. Sie kommt nicht in M. m. musculus vor und wird von
einem alternativen Promoter exprimiert. Es konnte der Zusammenhang zwischen ener
Mutation im proximalen Abschnitt dieses Promoters und einem Expressionsunterschied
beschrieben werden, der in Reportergen-Experimenten in Zellkultur gemessen wurde.
Uberdies wurde eine potentielle Insulator-Sequenz gefunden, die die Genexpression in
anderen Zelltypen aulRerhalb von Spermatiden reprimiert. Aufgrund der Proteinanal ysen
konnte das Vorhandensein einer bislang Unbekannten Funktion von MKK7 in Testis

angenommen werden. Die Tranglation eines neuartigen Peptids wurde postuliert.

Es selte sich heraus, dass LP10 im Stammbaum der M&use de novo aus
nichtkodierender Sequenz hervorgegangen ist. Eine orthologe Region ist zwar auch in
anderen Saugetieren vorhanden, wird aber nicht transkribiert. Dieses Ergebnis zeigt,
dass sogar die de novo Formation von Multi-Exon-Genen mdglich ist, ohne dass
Genduplikation involviert ist. Der Testis-spezifische Knockout von LP10 resultiert nicht
in Unfruchtbarkeit, aber vorlaufige Ergebnisse deuten daraufhin, dass LP10 einen Effekt
auf Testis-Gewicht und Spermienmotilitét haben kdnnte. Die Microarrayanalysen lassen
vermuten, dass LP10 die Expression einiger anderer Gene bee nflusst.



Abstract

Background: Random mutations in natural populations are the genetic basis of adaptive
evolution. In particular, it is thought that mutations in cis-regulatory regions of genes
are important targets for positive selection. Wild populations of house mouse subspecies
(Mus musculus) are a convenient model to study molecular mechanisms of adaptation.
The two subspecies Mus musculus musculus and Mus musculus domesticus form a zone
of secondary contact in middle Europe. In this contact zone hybrid formation as well as
hybrid infertility have been documented. Therefore testis genes are an interesting
subject for investigating ongoing speciation and adaptation processes in both

subspecies.

Surveys to compare expression signatures in both subspecies and to find adaptive trait
genes were performed previously. Mitogen activated protein kinase kinase 7 (Mkk7)
and the orphan gene LP10, were identified as adaptive trait genes differentially
expressed in testis of Mus musculus musculus and Mus musculus domesticus. The work
presented here describes a molecular genetic analysis of both genes as part of a long

term approach to provide experimental evidence for natural selection.

Approach: RACE, Northern blot and gRT-PCR experiments were performed to resolve
the details of the complex expression pattern of different isoforms of Mkk7 in wild
mice. Testis expression of Mkk7 in M. m. musculus and M. m. domesticus was
examined by situ hybridization. Genomic sequencing of both subspecies identified
mutations possibly contributing to cis regulatory differences. A luciferase expression
system was developed for testing expression strength of Mkk7 promoter variants.
Western blot experiments were performed to follow consequences of Mkk7 expression

changes at the protein level.

LP10 expression in different mouse species was assessed in Northern blot experiments
to track the origin of the gene in the mouse lineage. A LP10 conditional knock-out

mouse line was established to study LP10 function in testis. The male reproductive



organs and spermatozoa of LP10 knock-out mice were phenotyped. Testis expression of

knock-out mice and wild-type mice was compared by microarray analysis.

Results: The Mkk7al transcript is an isoform specifically expressed in late spermatids
in M. m. domesticus. It does not occur in M. m. musculus and is driven by an alternative
promoter. A single proxima mutation in this promoter was identified as a possible
cause of expression differences in cell culture reporter gene experiments. A potential
insulator sequence was found that represses expression in non-testis cells. Evidence for
a so far unknown function of MKk7 in testis is deduced from protein anaysis. The
trandation of anovel peptide is postul ated.

It appears that LP10 has evolved de novo from a non-coding sequence in the mouse
lineage. An orthologous region is present in other mammals, but is not transcribed. This
result show that even a locus with multiple exons can form de novo, without any gene
duplications involved. The knockout of LP10 in testis does not lead to infertility, but the
preliminary results suggest an effect on testis weight and sperm motility. The
microarray analysis suggests that a small number of other genes are affected in LP10

knockout mice.
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1 Introduction

How random mutations in the genomes of organisms lead to adaptation and speciation
is of great interest to evolutionary biologists. To compliment genome wide surveys
exploring genera mechanisms of evolution, understanding the contribution of changes
in individual genes to adaptation and speciation is also of great importance. In a
growing number of cases it has been possible to decipher the role of individual genesin
adaptations. One of the classic examples is the radiation of Darwin's finches.
Differences in the development of beak shapes were found to be related to differencesin
expression levels of the calmodulin gene in beak primordia of Darwin's finches
(Abzhanov et a., 2006). Warfarin resistance in rat evolved through selection of
mutations in a vitamin K reductase gene (Kohn et al., 2000, 2003; Pelz et al., 2005). In
humans, the beta-globin gene which is target of selection related to malaria resistance
(Hanchard et a., 2007) and the FOXP2 gene which is involved in the evolution of
speech (Enard et al., 2002) are two prominent examples. However, in order to build a
more comprehensive understanding of evolutionary mechanisms it will be a future
challenge for biologists to dissect more examples of such genotype-phenotype

relationships in wild populations in afunctional and ecological context.

1.1 Evolutionary biology in the era of modern genomics

A reasonable approach to investigate the genetics of evolutionary changes is the
comparison of wild populations of closely related species, subspecies or subpopulations.
The era of modern genomics provides new technologies that facilitate such comparisons
(Ellegren and Sheldon, 2008). Acquisition of large amounts of genomic sequence data
from wild population samples brings new insights into genome evolution. It also offers
the possibility to screen wild populations for so called selective sweep loci. These are
genomic regions containing a beneficia mutation that has been target of natura
selection leading to fixation of the alele and its linked flanking regions — a process
called genetic hitchhiking which results in reduced sequence variability in the vicinity
of the sweep (Smith and Haigh, 1974). Selective sweeps can be identified for example



via microsatellite analysis (lhle et al., 2006; Kauer et al., 2003; Wiehe et al., 2007) or
with statistical tests based on genomic sequence data (Fu, 1997; Kim and Stephan,
2002; Tagima, 1989). The invention of microarray technologies alowed the
consideration of large amounts of gene expression data. Measuring the expression
differences between closely related species can establish a basis for understanding the
contribution of expression variation to evolutionary processes (Rottscheidt and Harr,
2007; Voolstra et al., 2007). In the near future, next generation sequencing will gather
importance in expression profiling (Torres et al., 2008) and will open up the possibility
to compare sequence and expression data, also in non-model organisms and samples of

wild populations.

1.2 Thehouse mouse asa model in evolutionary biology

Among mammals, the house mouse Mus musculus (LINNAEUS, 1758) is the best
established model organism. It offers a lot of genomic resources, it serves as a genetic
model for human traits and, in particular, it provides a large variety of fundamental and
unique tools for experimental application, such as homologous recombination in
embryonic stem cells. In addition to the research that has been carried out using inbred
strains, studies involving wild mice have amassed basic knowledge about the ecology
and population structure of this species making it aso an attractive model for
evolutionary studies.

The taxon Mus is split into different sub-taxa (Chevret et al., 2005), which have spread
over the entire globe. The house mouse lineage itself consists of different subgroups.
This phylogenetic diversification is believed to be the result of a radiation that took
place in the Northern part of the Indian sub-continent (Boursot et a., 1993). The three
best characterized subgroups within the Mus musculus lineage are Mus musculus
domesticus (Western Europe and areas that have been colonized by Western European
nations), Mus musculus musculus (Eastern Europe and Northern Asia) and Mus
musculus castaneus (Southeast Asia). These groups can also be seen as the progenitors

of the common laboratory strains, which are mostly genetic mixtures of all three
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Figurel Geographical distribution and routes of colonization of different mouse species and subspecies. The

illustration isan original picturefrom “Trendsin Genetics’ (Guenet and Bonhomme, 2003).

subspecies (Bonhomme et al., 1987). Questions regarding the origin and the ancestra
populations of Mus musculus and questions of whether the subpopulations should be
regarded as distinct species or as different subspecies are still the subjects of ongoing
debate. In the following, the subgroups of Mus musculus will be called subspecies as

commonly used in the literature.

Figure 1 illustrates the geographical distribution and colonization routes of the main
subspecies. The different subspecies are separated by contact zones in which hybrid
formation occurs. A well-defined hybrid zone between mouse subspecies is formed by
M. m domesticus and M. m. musculus (Hunt and Selander, 1973; Sage et a., 1986;
Teeter et al., 2008). Both lineages were separated roughly 0.9 million years ago
(Boursot et al., 1996) and formed a zone of secondary contact across Central Europe
3000 years ago (Cucchi et al., 2005). This hybrid zone reaches from Denmark to the

Black sea and crosses Germany, the Czech Republic, Austria and the Balkans. Among



hybrids between M. m. musculus and M. m. domesticus a certain degree of hybrid
sterility can be observed in wild mice and inbred strains (Britton-Davidian et a., 2005;
Forgt, 1996). Nevertheless, the hybrid zone is characterized by a narrow cline and gene
introgression in both directions has been reported, but some regions of the genome,
particularly sex chromosome markers, introgress less fast and less far suggesting the
existence of incompatibility factors involved in reproductive isolation and speciation
(Macholan et a., 2007a; Teeter et a., 2008; Tucker et al., 1992). A recent study
supports this theory by showing that fertilization occurs significantly faster in
conspecific versus heterospecific matings and that M. m. musculus sperm consistently
out-competed M. m. domesticus sperm (Dean and Nachman, 2008).

1.3 Aim of thethesis

This thesis presents different examples of potentially adaptive trait genes in house mice.
All projects focus on genes that are differentially expressed between wild popul ations of
Mus musculus. In case that those expression differences are caused by cis-effects, the
advantage of investigating them instead of protein mutations is the availability of
experimental strategies to measure gene expression. The disadvantage is the poor
understanding and characterization of cis regions in comparison to coding regions.
Reporter constructs can help to relate genotype and phenotype, by identifying the
regulatory sequences that are responsible for the expression differences (McGregor et
al., 2007).

With regard to the reproductive isolation of M. m. musculus and M. m. domesticus and
to other sex related processes like sexual selection and adaptation through sperm
competition which presumably occurred within the two lineages, it is informative to
look at gene expression levels in the testes of both subspecies. The projects described in
this thesis are embedded in a series of studies to investigate the contribution of changes
in gene expression to adaptation. As shown in Figure 2, one long term goa of the

overal approach is to define the differences of an adaptive trait gene between both



subspecies and explain the functiond

Identifying conseguences of the difference in order

candidate genes

to understand the selective forces that |ed

to the differences.

Defining the
differences

Understanding

the function Two parts of the thesis will each describe

a gene that was found to be differentialy

expressed in  previous microarray

Explaining th
seloctive forces analyses of testes from M. m. musculus

and M. m.  domesticus (MAP

Figure2 Approach and long term goal kinase kinase 7 and LP10). Both loci
also display strong evidence of a selective sweep in one of the subspecies. They were
chosen for further analysis in an unbiased way, according to their significance in
expression difference and nucleotide polymorphisms, and not according to their
function in testis, which remains unclear. The aim of the two projects was to perform
molecular and functional characterization of both loci and to demonstrate how the
technological tools that are available for mouse can be used to help answer evolutionary

guestions in a functional context.

Map kinase kinase 7 is a well known gene and is extensively described in the literature.
A characteristic of this gene is its complex regulation and the existence of different
isoforms. The work presented in this thesis focuses on analyzing its regulation in testis.
RACE experiments, Northern blotting and quantitative rea time PCR were used to
define different isoforms and their different expression behavior in wild mice. Genomic
sequencing identified mutations possibly involved in cisregulatory differences. A
reporter system was developed to test their influence on gene expression. Western blot
experiments were performed to estimate the consequences of Map kinase kinase 7

expression on protein level in wild mice.

In contrast to Map kinase kinase 7, nothing is known about regulation and function of

LP10. A conditional knock-out mouse line of LP10 is presented. Phenotypic analysis of



LP10 knock-out mice was done to understand its role in the male reproductive system.
Microarray analysis comparing wild type and LP10 knock-out mice was addressed to
discover potential influence on regulation of other genes. Northern blot experiments

lead to new insights into the evolution of LP10.

Finally, the results are discussed with regard to the general approach to find

experimental evidence for natural selection.



2 Mitogen activated protein kinase kinase 7

2.1 Mkk7 and M AP-kinase cascades

Mitogen activated protein kinase (MAPK) pathways are conserved eukaryotic multistep
signaling cascades mediating transcriptional response upon reception of certain
extracellular stimuli (English et a., 1999). They are composed of different kinases
which activate their downstream targets through phosphorylation. MAPK cascades
contain a least three kinasess MAP kinase kinase kinases (MKKK), which
phosphorylate MAP kinase kinases (MKK), which can activate the MAPKs. There are
numerous different MAPK pathways that can be interlinked in a complex way and
contribute to many important cellular functions (Chang and Karin, 2001). The best
characterized MAPK pathways are the extracellular signal related kinase (ERK), the
p38 and the c-Jun N-terminal kinase (JNK) pathways. The murine mitogen activated
protein kinase kinase 7 (MKK7) belongs to the JNK group of kinases (Holland et al.,
1997; Tournier et a., 1997). It is activated upon phosphorylation of the serine and
threonine residues in an S-K-A-K-T motive by MKKKSs, including MEKK1 and
MEKK?2, after docking to a DVD-motive at the C-terminus of Mkk7 (Takekawa et al.,
2005; Wang et a., 2007). As dua specificity kinases, Mkk7 and Mkk4 are both able to
phosphorylate JINK at threonine and tyrosine residues in the phosphorylation motive
threonine-proline-tyrosine in a synergistic manner. Mkk7 is a specific activator of JNK,
but displays higher substrate specificity towards the threonine residue, while Mkk4
preferentially phosphorylates tyrosine and can aso activate p38 (Fleming et al., 2000;
Kishimoto et al., 2003; Tournier et a., 2001; Wang et a., 2007).

The IJNK pathway responds to different stimuli. Cellular stress like UV and gamma
irradiation, osmotic shock and drug treatments on the one hand and different
inflammatory cytokines such as tumor necrosis factor (TNF), interleukin-1 or
interleukin-3 on the other hand lead to JNK activation (Chang and Karin, 2001; Foltz et
al., 1998; Moriguchi et a., 1997; Nishina et a., 2004). Downstream targets of JNK
include transcription factors (Yang et al., 2003b) as well as other proteins, for example



microtubule-associated proteins (Chang et a., 2003) and members of the Bcl-2 family
(Deng et d., 2003; Lei et a., 2002). The INK pathway has several major functions in
physiology and cellular processes, for example an involvement in the immune system
and in apoptosis, and moreover it is also important for developmental processes (Dong
et a., 2000; Nishinaet a., 2004; Sabapathy et al., 1999; Wada et a., 2004; Wang et al.,
2007). Thus, double mutant mice lacking the INK1 and JNK2 isoforms and Mkk?7 total

knockout mice die during embryogenesis.

2.2 MKK7isapotential adaptivetrait gene

A previous study showed that a testis specific Mkk7 expression difference between M.
m. musculus and M. m. domesticus is associated with a selective sweep in M. m.
domesticus (Harr et al., 2006). An elevated level of Mkk7 RNA in domesticus compared
to M. m. musculus was first noticed through a microarray analysis and was confirmed by
guantitative real time PCR. The signature of a selective sweep was seen after genomic
sequencing of the MKk7 locus in wild mice. The expression difference and the
differences in nucleotide diversity are consistent within both subspecies. A cis-trans test
via allele specific expression analysis in F1 hybrids of both subspecies demonstrated
that the expression change is caused by a cis-acting sequence difference. The attempt to
demonstrate the expression difference using Northern blotting revedled that an
additional testis specific band is representing the higher Mkk7 transcription in M. m.
domesticus.

These findings about Mkk7 raise the question about their cause and effect. A detailed
knowledge about the molecular mechanisms leading to the expression differences and
about its functional consequences might help to understand if and how the changes of
MKkK7 transcription are contributing to evolutionary processes. The definition of the
different Mkk7 mRNA variants in testis and the description of their expression levels
are prerequisites for the formulation of further questions dealing with mechanistic
aspects. Determining the transcript structure is the first step in identifying the cis-

regulatory sequences underlying the subspecies specific differences, which are possibly



the target of selection and the cause of the selective sweep in the M. m. domesticus
lineage.

Unraveling the transcriptional differences of Mkk7 between M. m. musculus and M. m.
domesticus will open up the possibility to discover more about the function of Mkk7 in
testis. It would be of great interest to describe the mechanisms by which Mkk7 acts in
testis and particularly to know whether Mkk7 is involved in spermatogenesis. The

following disquisition will approximate those questions.

2.3 Isoformsof Mkk7 transcriptsin testis

2.3.1 Different Mkk7 transcriptsin M. m. musculusand M. m. domesticus

To demonstrate the expression of Mkk7 in testis, total RNA from M. m. domesticus, M.
m. musculus and from the standard |aboratory strain Black6 was analyzed with Northern
blotting. Figure 3A shows the result. All lanes contain two bands indicating the
existence of different isoforms. One band appears at nearly 4 kb and a smaller one at
roughly 1.6 kb. The larger band is stronger in M. m. musculus, whereas the smaller band
is very strong in M. m. domesticus and very weak in M. m. musculus. The striking
disparity of the smaller bands reflects the overall expression difference previousy
detected in the microarray and real time PCR experiments. The band pattern of the
Black6 sample is consistent with the one from M. m. domesticus. 92% of the Black6
genome is of M. m. domesticus origin (Frazer et a., 2007) and the Mkk7 locus is most
likely originated from M. m. domesticus as well. Figure 3B shows a Northern blot
anaysis from a prior study (Tournier et a., 1997) that revealed the widespread
expression of Mkk7 among different organs in lab strain mice. In this paper, the
additional testis specific band is noted but not further discussed. Taken together from
the results of both Northern blots, it can be concluded that a different expression of
MkKk7 isoforms restricted to testis is responsible for the expression difference between
M. m. musculus and M. m. domesticus.
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Figure 3 MKkk7 Northern blots (A) A Northern blot comparing testis total RNA of M. m. domesticus (from
France), M. m. musculus (from Austria and Czech Republic) and Black6 lab strain. The blot was hybridized
with a cDNA probe representing all exons that contain the kinase domain of Mkk7. Two bands are visible in
each lane. The ~4kb band is stronger in M. m. musculus, while a ~1.6kb band is much stronger in M. m.
domesticus. The Black6 result matches the band pattern of M. m. domesticus. The size standard indicates bp.
(B) An Mkk7 RNA of ~4kb in size is expressed in many mouse organs. The additional 1.6kb band is testis
specific. The size standard indicates kb. This pictureistaken from Tournier et al. (1997).

In order to understand the cause and consequences of this phenomenon, it is necessary
to define the Mkk7 isoforms that correspond to the different bands. Analysis of the
annotation of the Mkk7 locus reveals that this is not a self-evident problem that can be
solved intuitively, because MkKk7 is a gene locus of high complexity. Figure 4A gives an
overview about the EST-genes and mRNAS that are annotated in the MGI genome
browser for this locus (http://www.informaticsjax.org/). A closer look at the
annotations clarifies that the length of the transcript is mainly determined by aternative
splicing in the 3' region and by different transcript endings. The 5 promoter region
determines the expression strength and aso the expression difference between M. m.
musculus and M. m. domesticus which is caused by cis acting factors (Harr et al., 2006).
Unfortunately, there are different transcription start sites indicating the existence of

different promoters. It is unclear which 5'- and 3'-variants are combined in testes of
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Figure4 Exonsof the murine Mkk?7 locus (A) Annotation of EST-genes and cDNASs ar e shown in the genomic
context of chromosome 8. Sour ce: http://www.infor matics.jax.org/, 2008 (B) M odel of Mkk7 isofor ms modified
according to Tournier et al. (1999).

different wild mice and which variants account for the bands that came up in Northern
blots.

Tournier and colleagues identified different isoforms of Mkk7 by screening testis cDNA
clones from laboratory mice and implemented a nomenclature (Tournier et a., 1999).
They found three different 5 versions (alpha, beta, gamma) and two 3’ variants (1 and
2) in al possible combinations. Both 3 forms represent a short (~1.6kb) version of
Mkk7. Thus, the model lacks an explanation for the long transcript; but among the
annotated transcripts, thereisjust one 3' variant that is long enough to be the large band
in the Northern blot. In the following, this variant will be caled variant 3. Beta and
gamma are driven by the same promoter and differ in the absence or presence of the
aternatively spliced exon 3. Translation begins in both cases at a start codon in exon 1,
while the presence of exon 3 does not change the reading frame. The transcription of
alpha starts from a promoter located in the first intron of both beta and gamma variants

11



and begins with exon 2, which does not contain a start codon. An aternative start codon
can be found in exon 4 leading to a shorter N-terminus. The length of the C-terminus
depends on which 3’ exons are used. Variants 1 and 3 generate the same C-terminus by
sharing a stop codon, but variant 3 overlaps with the polyA signa of variant 1 and
creates a longer 3' untranslated region (UTR) of exon 13. Variant 2 uses the same
polyA signal as variant 3, but a large piece is spliced out generating an additional exon
14. In this case the splice donor lies upstream of the stop codon that is used in the
variants 1 and 3. Instead, another stop codon in exon 14 is used. This leads to a longer
C-terminus. The exons 4 — 12 are shared by all variants. A graphical overview of the
adjusted Tournier-model is shown in Figure 4B. This nomenclature of Mkk7 isoforms

serves as basis for following experiments.

In order to define different Mkk7 isoforms in wild mice RACE experiments were
carried out. RACE templates were generated with total testis RNA from M. m. musculus
and M. m. domesticus. In the case of complicated loci like Mkk7 there is a risk that
some of the variants will be missed due to technical limitations. 5 and 3 RACE-PCRs
with MKkk7 specific primers were run as gradients with different annealing temperatures
to minimize this risk. A fraction of al PCRs was run on an agarose gel to inspect the
PCR products. The DNA was transferred onto a membrane by Southern blotting and
hybridized with an Mkk7 probe. This control experiment verifies the specificity of the
PCR products and allows visualization of very week bands because of its high
sensitivity. The results are shown in Figure 5. The gene specific primer used in the
5 RACE-PCR lies 784 bp downstream of exon 4. In both subspecies the 5 RACE
produced a band of nearly 1 kb at any annealing temperature and an additional shorter
band at low annealing temperatures (Figure 5A). The Southern blot shows that the
shorter band does not belong to Mkk7, but the larger band is derived from Mkk7
transcripts. The blot also shows that Mkk7 fragments with different sizes which are too
weak to be seen in the gel are present at higher annealing temperatures. Only the PCR
reactions that were run with annealing temperatures of 69.4°C and 70.7°C (lanes 9 and
10) were pooled separately for M. m. domesticus and M. m. musculus to exclude a
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Figure 5 RACE-PCRs for M. m. domesticus and M. m. musculus. Gradient PCRs (left site) were run at
following annealing temperatures (from left): 55°C, 55.4°C, 56.5°C, 57.8°C, 59.8°C, 62.2°C, 65.1°C, 68.3°C,
69.4°C, 70.7°C, 71.7°C, 72°C. PCRs were done in 10 pl reaction volumes. 1 pl per reaction was loaded on an
agarose gel. The size standards indicate kb. The gradients were blotted on a membrane and Mkk7 specific
bands were detected with a DIG labeled probe (right site). (A) 5 RACE was performed with 2 minutes
elongation time. It shows one specific band of 1 kb and additional weak signals at high annealing

domesticus

musculus

domesticus

musculus

temperatures. (B) 3 RACE was performed with 2 minutes elongation time (every second lane starting left-
aligned) and with 4 minutes elongation time (staggered between the lanes of the first gradient starting in
second right behind thefirst lane). It shows a specific band at roughly 1 kb and additional weak bands at high
annealing temperatures. A clear band that corresponds to the long transcript was not obtained although a

prolonged elongation timewastried.
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disturbing amount of DNA from the unspecific band. Both pools were each cloned into
a PCR cloning vector and transformed into E. coli. 48 clones of each subspecies were

picked and sequenced for further analysis.

Figure 5B displays the results of the same experimental setup for Mkk7 3° RACE. The
RACE-PCR produced one visible band at roughly 1 kb in all temperature steps of the
gradient. The blot indicates that this band is indeed an Mkk7 fragment. The gene
specific primer binds 862 bp upstream of exon 13 implying that the PCR band may
represent one of the 3 variants 1 or 2; but it is too small to be a product of the long
variant 3. Also, a PCR with prolonged elongation time does not enhance the generation
of a larger RACE fragment. On the other hand, the blot reveas the existence of a
number of weak intensity bands that are larger or smaller than 1 kb. Based on these
results, al PCR reactions were pooled separately for M. m. musculus and M. m.
domesticus. 60 RACE clones of each subspecies were obtained for sequencing as
described above. The sequence data of the RACE clones can be found in the digital

supplement. Table 1 summarizes the outcome of the RACE experiment.

The result corroborates the complex regulation of the Mkk7 locus. Start sites can be
found within six different exons apart from the common ones. A multitude of transcript
end points resulting in shorter RNAS were also detected. A broad overview of different
isoforms is obtained, as a result of the cloning of PCR pools followed by the analysis of
a large number of clones instead of cloning or direct sequencing of PCR bands. This
method diminishes the risk of missing a certain variant, but it aso increases the
occurrence of non-specific PCR products, short fragments and unusual sequences such
as potential trans-splicing forms. Those clones are listed as “artifacts” in Table 1. The
most important outcome of the experiment is the description of common MkK7 variants
as they are shown in Figure 4B. The data indicates that at least some of the bands that
were obtained in the RACE-PCRs are mixtures of different variants with same length.
The aphavariant is most common among all 5’ variantsin M. m. domesticus whileit is
absent among the M. m. musculus clones. On the other hand, the beta variant is most

abundant in M. m. musculus, but less so in M. m. domesticus. The gamma variant is not



5" RACE 3" RACE

‘apha 7 0 1 2 0

alpha 7 0

beta 2 5 2 2 3

gamma 0 0 3 0 0
Other transcript Other transcript

start positions in: endsin:

Exon 5 0 1 Exon 9 1 1

Exon 6 1 0 Exon 10 0 3

Exon 7 0 1 Exon 12 1 0
Exon 8 0 1 Exon 13 3 0
Exon 9 4 2 artifacts 27 53
Exon 10 2 1 Total 60 60
artifacts 32 37

Total 48 48

Tablel Analysisof Mkk7 5 RACE and 3' RACE clones from M .m. domesticus (dom) and M. m. musculus
(mus) testis. The number of different transcript start variants (5 RACE) and transcript end variants (3’

RACE) wer e counted. Non-specific clones or clonesthat cannot be identified are categorized as artifacts.

detected at al. Almost half of the 3' clones from M. m. domesticus correspond to variant
1, while variant 2 is rather rare. The second variant is also rare in musculus, but it is the
only version that was detected in this subspecies. As expected, variant 3 could not be
identified in either of the subspecies, since the PCR bands were not large enough to
explain the long transcript. In order to prove the existence of variant 3 another RACE-

PCR was performed.

Obvioudy, the 3'-RACE PCR reaction preferentially amplifies shorter transcripts in a
competitive manner. Moreover the subsequent ligation of PCR pools into cloning
vectors enriches short artifactual fragments. To circumvent this, a different gene
specific primer placed in exon 13 was chosen. It binds downstream of the transcript end

of variant 1 and upstream of exon 14 from variant 2. Thus, the amplification of both
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isoforms is excluded. The assumed length of
the PCR product of variant 3 is 1676 bp. A
gradient PCR for both subspecies was pooled

domesticus musculus

and run on an agarose gel (Figure 6). The
bands at roughly 1.6 kb were extracted from
the gel and sequenced directly. The sequence
raw datais attached in the digital supplement.
It revealed that the PCR band indeed reflects
variant 3. Severa dternative hypotheses are
raised by these RACE experiments. The

Figure 6 3 RACE gradient PCR pools from
domesticus and musculus. The size standard

indicates kb. length of Mkk7 transcripts is determined by
aternative splicing in the 3' region and by the usage of different stop or polyadenylation
sites. The short testis specific band in Mkk7 Northern blots consists of a mixture of
different equally long variants. Variant 2 is an infrequent short variant in both
subspecies. Mkk7al seems to be a M. m. domesticus specific short variant. It is the
dominant form in M. m. domesticus testis and might be the reason for the expression
difference. The larger band in the Northern blot can be explained with the Mkk733
variant which is present in M. m. musculus and M. m. domesticus. Mkk7y seems to be
rare in testis. Furthermore, a BLAST search querying the gamma associated exon 3
against the NCBI mouse RNA and EST databases does not result in any testis hits. This
fact endorses the conclusion that the gamma variant does not account for a significant
proportion of the total Mkk7 RNA in testis. Therefore, Mkk7y is not considered further
with regard to the expression differences between M. m. musculus and M. m.
domesticus.

2.3.2 Quantification of different Mkk7 transcript variantsin wild mice

RACE-PCR is a powerful tool to obtain an overview of different isoforms, but it is not
useful for quantification of isoforms. The PCR reaction favors the amplification of
certain fragments that are shorter than others and the subsequent ligation reaction also

biases the cloning. Therefore in order to verify the hypotheses that Mkk7al is M. m.
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Figure 7 Exon specific MkK7 Northern blots. 10ug of testis RNA from M. m. domesticus (D) and M. m.
musculus (M) is hybridized with different probes against certain parts of Mkk7. Probe positions of the
respective blotsareindicated with grey arrows. The size standard on the |eft displays kb.

domesticus specific and causes the expression difference, comparative Northern blots
with probes binding to certain regions of the Mkk7 transcripts were performed (Figure
7). Hybridization with an exon 2 probe confirms that the alpha variant is highly
expressed in M. m. domesticus while absent in M. m. musculus. The promoter of the
alpha variant predominantly drives the expression of a short transcript. Only a very
small signal of alarge band can be guessed. The promoter that initiates transcription of
MKkK7 beta drives the expression of long and short transcripts in both subspecies. The
large band is dlightly weaker in M. m. domesticus as can be observed in Figure 3A. In
addition, the short band is stronger in M. m. domesticus, but the proportion of the small
band in comparison to the large is far less than in Figure 3A or than the effect of the
alpha variant. Another probe is designed to bind to the 3’ variant 1, but not to variant 2
by placing it in exon 13 directly downstream of the splice position. It detects variant 3
equally strongly in both subspecies while variant 1 exclusively appears in M. m.
domesticus. A probe against exon 14 hybridizes the variants 2 and 3 equally strong.
From these Northern blots it can be concluded that Mkk7a1 is indeed associated with
the M. m. domesticus lineage. The Mkk7 apha promoter is responsible for the
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Figure 8 SYBR-green qRT-PCR of Mkk7 testis cDNA from M. m. musculus and M. m. domesticus. Relative
expression of different amplicons (about 100 bp in size) is shown. Two amplicons span neighboring exons (4-5;
10-11). Positions of the different amplicons are indicated by black areas in the exon map. The respective
expression values are displayed as bars above. The numbers on top of the bars represent the ratio of the

domesticus to the musculus value.

difference in total Mkk7 RNA levels between M. m. domesticus and M. m. musculus.
Transcripts expressed from the apha promoter usually become short variant 1. The
length of the variant is caused by the use of an early polyadenylation signal in exon 13,
which is not used in M. m. musculus. Northern blots with probes against total Mkk7
(Figure 3A) and exon 1 (Figure 7) show a large band which is dlightly weaker in M. m.
domesticus. This can be explained by a dlightly reduced activity of the Mkk7 beta
promoter in M. m. domesticus. It can also be explained by the fact that a proportion of
transcripts that exist as variant 3 in M. m. muscul us use the early polyadenylation signal

in exon 13 and are converted into variant 1 in M. m. domesticus.

A more precise quantification of the different isoforms can be achieved by quantitative
real-time-PCR (gQRT-PCR). The amplification of different Mkk7 exons from M. m.
domesticus and M. m. musculus cDNA was detected with SYBR-green. The results are
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shown in Figure 8. They reinforce the conclusions from RACE and Northern
experiments. Exon 1 is slightly higher expressed in M. m. musculus. A large expression
difference in exon 2 can be measured. The alpha related expression difference is
maintained in the following exons, but the ratio becomes lower towards the 3' end. This
can be explained with numerous transcription start sites in later exons as described in
Figure 4A and Table 1. Those additional transcripts are obviously diluting the
expression difference. The region between the first splice site in exon 13 and the end of
variant 1 displays an exception. The amplicon at this position shows a higher ratio
compared to the three amplicons in front of it. This can be explained by variant 1, which
does not exist in M. m. musculus. Nevertheless, the gRT-PCR of exon 2 raises the
guestion of whether the apha promoter is really absent in M. m. musculus. To answer
that question, a gradient PCR on 3' RACE template from M. m. domesticus and M. m.
musculus was performed using a forward primer which binds to exon 2 and a reverse
primer that binds to the oligo-dT RACE linker. The PCR reaction was loaded on an
agarose gel that is shown in Figure 9. This non-quantitative method reveals that at |east
avery small amount of exon 2 is present in M. m. musculus. This might mean that the

musculus promoter has avery weak and basal activity in musculus as well.

55°C B U
1500 — - — — - domesticus
850 mm
1500 = musculus
850 =

Figure9 Gradient PCR of M . m. domesticus (top) and M. m. musculus (bottom) 3' RACE template. Gradient
ranges from 55°C to 72°C annealing temperature (increasing from left to right). The forward primer is placed
in the Mkk7 alpha specific exon 2. Thereverse primer bindsto the oligo-dT RACE-linker. Size marker bands
indicate kb.

In summary, it can be stated that the Mkk7al is a testis specific isoform predominantly
expressed in M. m. domesticus, but not expressed in M. m. musculus.



2.4 Sequence polymorphism in Mkk7 exon 13

The RACE experiments showed that all transcripts of Mkk7 variant 2 end at the same
nucleotide position. However, the transcripts of the M. m. domesticus specific Mkk7
variant 1 do not. The positions of polyadenylation cleavage sites vary within a stretch of
21 bases. The genomic region encompassing 215 bases upstream and 137 downstream
of this stretch was sequenced in 12 animals of M. m. domesticus and M. m. musculus
respectively. The consensus sequences were aligned against a Black6 database sequence
(www.ENSEMBL.org) and are presented in Figure 10. As expected, the Black6
sequence is identical to M. m. domesticus. A common polyadenylation signal motive
(A(AIT)UAAA) is not found in the proximity of the polyadenylation cleavage region,
and therefore, a non-canonical mechanism must be used.

Polyadenylation is a widespread and complex process involving the interaction of
numerous cis- and trans-acting factors (Graber et a., 1999; Venkataraman et al., 2005).
Alternative polyadenylation signals are used in a cell type and developmental stage
dependent manner. Particularly during mammalian spermatogenesis there is an
enhanced usage of non-canonical polyadenylation that |eads to shortened 3' untranslated
regions (Liu et a., 2007). The most prominent polyadenylation signals are located
within ~40 nucleotides upstream of the cleavage site, but other co-acting cis-elements
can be ~100 nucleotides away on both sides (Hu et a., 2005; Lee et a., 2007;
Venkataraman et al., 2005).

Two fixed SNPs between M. m. domesticus and M. m. musculus can be found 66 and
126 nucleotides upstream of the polyadenylation cleavage site. The SNPs are not
embedded in any obvious polyadenylation signal. It is not possible to state whether
these SNPs are capable of initiating the early termination in the M. m. domesticus
lineage because too little is known about non-canonical polyadenylation mechanisms.
Therefore, it remains unclear whether variant 1 occurs in M. m. domesticus due to

different cis- or to different trans-factors.



Genomic sequence alignment of the early termination site in Mkk7 exon 13
10 20 30 40 50 60 70
N R L T T T e T e T I L
Black6 CCCCCCCCCA ACCTGGCCAR CCCAGCTGOC CATCAGGGGA CCTGGGACCT GGACGACTGC CAAGGACTGA
domesticus CCCCCCCCCA ACCTGGOCAR CCOCAGCTGOC CATCAGGGGA CCTGGEGACCT GGACGACTGC CAAGGRCTGEA
musculus CCOCCCCCCA ACCTGGCCAR CCCAGCTGCC CATCAGGGEGA CCTGGEACCT GGACGACTGC CAAGGACTGA
80 90 100 110 120 130 140
T e o e I P U I I
Blacks GGACAGAAAG TAGGGGGTTE CCATCCAGCT CTGACTCCCT GCCTACCAGC TGTGGACAAA AGGGCATGCT
domesticus GGACAGAAAG TAGGGGGTTE CCATCCAGCT CTGACTCCCT GCCTACCAGC TGTGGACAMAA AGGGCATGCT
musculus GGACAGARAG TAGGGGEETTT CCATCCAGCT CTGACTCCCT GCCTACCAGC TETGEACAAR AGGECATECT
150 160 170 180 150 200 210
T O e L (P T
Blacks GGTTCCTAAT CCCTCCCACT CTGGGGTCAG CCAGCAGTGT GAGCCCCATC CCACCCCGAC AGACACTGTG
domesticus GGTTCCTAAT CCCTCCCACT CTGGGGTCAG CCRAGCAGTGT GAGCCCCATC CCACCCCGAC AGRACACTGTG
musculus GGTTCCTAAA CCCTCCCACT CTGGGGTCAG CCAGCAGTGT GAGCCCCATC CCACCCCGAC AGACACTGTG
220 230 240 250 260 270 280
T T I T e Y A I
Blacké AACGGRAAGAC AGCAGGCCAT GAGCAGACTC GCTATTTATT CAATCATAAC CTCTGGECTGS GEETAACCCC
domesticus AACGGAAGAC AGCAGGCCAT GAGCAGACTC GCTATTTATT CAATCATAAC CTCTGGGCTG GGGTAACCCC
musculus AACGGAAGAC AGCAGGCCAT GAGCAGACTC GCTATTTATT CAATCATAAC CTCTGGGCTG GGGETAACCCC
250 300 310 320 330 340 350
T T e I T
Blacké CAGGGEGECAGA GAGAARGCCC CTTGTCCCCA TCCCCCCAAA CTCCCAGTGT CTGTCCCCTC CACCTTCTCT
domesticus CAGGGEECAGA GAGARAAGCCC CTTGTCCCCA TCCCCCCARR CTCCCAGTGT CTGTCCCCTC CACCTTCTCT
musculus CAGGGGCAGA GAGAAAGCCC CTTGTCCCCA TCCCCCCAAA CTCCCAGTGT CTGTCCCCTC CACCTTCTCT
360 370
A I T IS
Blacke CGCACACATE CTTGCTCTAC GTC
domesticus ~ CGCACACATG CTTGCTCTAC GTC
miusculus CGCACACATG CTTGCTCTAC GTC

Figure 10 Genomic sequence alignment of a proximal part of Mkk7 exon13 including the transcription
terminus of Mkk7e1. Consensus sequences of 12 animals each from M. m. musculus and M. m. domesticus are
aligned against Black6 database sequence. Relative base pair positions are indicated. SNP positions are

highlighted with grey background color. The Mkk7al terminus ranges from position 216 to position 236
(marked with grey box).

2.5 Characteristics of the Mkk7 alpha-promoter
251 Expression pattern of Mkk7 alphain testis

Testis tissue mainly consists of seminiferous tubules, which are the location of
spermatogenesis. Spermatogonial stem cells adjacent to the inner tubule wall divide and
form spermatocytes which undergo meiosis. After meiosis the spermatocytes develop
into spermatids and change morphologically from round spermatids to elongated
spermatids before the generation of mature spermatozoa is completed. The three main
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Figure 11 Scheme of spermatogenesis. A) Anatomy of testis and epididymis B) Cross section of seminiferous
tubules C) Gametogenic epithelium D) Stages of spermatogenesis. lllustration is taken from (Cooke and
Saunder s, 2002)).

stages, spermatogonia, spermatocytes and spermatids, are classified into further sub-
stages (Russdll et al., 1990). Sperm precursor cells are embedded in sertoli cells which
define the shape of the spermatogenic epithelium and support the germ cells. Through
the influence of sertoli cells, developing sperm precursor cells proceed towards the
lumen of seminiferous tubules according to their degree of maturation. Termina
spermiation releases the sperm cells into the luminar fluid of the tubules that transfers
them to the epididymis. Hence, ring-shaped zones representing different cell stages can
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Figure 12 In situ hybridization of a Mkk7 probe to testis sections of M. m. domesticus (left) and M. m.
musculus (right). Pictures were taken at 50 fold magnification (upper row) and 100 fold magnification (lower
row).

be distinguished in a transverse section of seminiferous tubules. At the outer ring small
spermatogonia cells can sporadically be seen attached to the basal membrane. A medial
zone contains spermatocytes and early round spermatids. The inner ring close to the
tubular lumen comprises late round spermatids, elongated spermatids and spermatozoa.
Spermatogenesisis schematicaly illustrated in Figure 11.

In situ hybridization on testis sections of M. m. musculus and M. m. domesticus was
performed in order to investigate the localization of Mkk7 mRNA in testicular cells
(Figure 12). A strong staining of spermatids can be observed in M. m. domesticus. The
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detailed view at higher magnification shows that the staining ranges from late round
spermatids to elongated stages in the inner circle. In contrast, Mkk7 expression pattern
in M. m. musculus is restricted to earlier stages (Figure 12). Note that the signal in M. m.
musculus needed at least four days of incubation before it was clearly visible, while the
signal in M. m. domesticus appeared within afew hours. Incubation of M. m. domesticus
sections for 4 days lead to strong over-staining and tissue corruption due to substrate
precipitation. So, it was not possible to rule out if Mkk7 mRNA is also present in earlier
stages as found in M. m. musculus. The strong expression difference between M. m.
domesticus and M. m. musculus is due to the apha promoter. Therefore the fact that the
spermatid specific staining in M. m. domesticus arises quickly, while it is still absent in
M. m. musculus after much longer staining, implies that the alpha promoter is spermatid
specific. Moreover, it can be stated that MkK7 is not expressed in late spermatids in the

M. m. musculus lineage.

2.5.2 Sequence polymor phism in the Mkk7 alpha promoter region

As mentioned above, it is known that the expression difference between both subspecies
derives from cis-effects (Harr et a., 2006). Therefore, it is worthwhile to look at
sequence polymorphism between M. m. domesticus and M. m. musculus in order to
search for candidate mutations that might be responsible for the enhancement of Mkk7
alpha expression in M. m. domesticus. According to the transcript structure, the basal
alpha promoter must be located in intron 1. Therefore, the Mkk7 intron 1 and flanking
regions were sequenced in Black6, M. m. domesticus and M. m. musculus. Consensus
sequences of 8 animals per subspecies were generated and aligned with Black6
(Supplement A). The result obtained from the sequence data is summarized in Table 2.
Assuming that the expression difference between M. m. musculus and M. m. domesticus
was the target for natural selection, it can be expected that the mutation which caused
the effect is fixed between the populations compared. Five fixed differences between M.
m. musculus and M. m. domesticus can be found, but only one fixed SNP is present in a
500 bp window upstream of the transcription start. Empirical data provide evidence that
specific transcription activity in reproductive tissues and particularly in spermatogenesis



Polymorphism in Mkk7 intron 1

Position of SNP

relative to Allele frequenciesin | Allele frequenciesin

Type of SNP
transcription M. m. domesticus M. m. musculus
start

-12 Transition AlO G|1 A | 0.0625 || G | 0.9375
-84 Transversion | A | 1 T]0 A|O T11
-297 Transition T|0 cl1 T |0.0625||C | 0.9375
-466 Transversion | G| 0.125 ||T | 0875 |G| O T11
-488 Indel A | 05625||- | 04375]A |0 -1
-502 Transversion | C | O Al Cl|1 AlO
-702 Transversion | T | 0.25 A | 0.75 T/1 A|O
-734 Transversion | C | O G|1 cl1 G|O
-762 Transition c|o T/1 Cl|1 T|0
-1035 Transition A|0.125 [|G|0875 [A|O G|1
-1052 Transition A|O G|1 All G|O
-1087 Transversion | G| 0.125 ||T | 0875 |G| O T11

Table 2 Frequencies of SNPs in M. m. musculus and M. m. domesticus, type of SNPs and their positions
relative to the transcription start of Mkk7al. SNPsthat are fixed in both subspecies are highlighted with grey

background.

isregulated by very short proximal promoters (Blaise et al., 2001; Han et a., 2004; Li et
a., 1998; Reddi et a. 1999; Scieglinska et al., 2004; Topaoglu et al., 2001;
Zambrowicz et a., 1993). Those studies demonstrated that proximal promoters shorter
than 300bp, or even less than 100bp, are sufficient to drive spermatid specific
expression in mice. Unique mechanisms of gene regulation are postulated to exist in
post-meiotic cells (Acharya et a., 2006; Somboonthum et al., 2005). Additiondly, it
was recently shown that a 5-ACACAC motive ~170 bp upstream of the transcription



start serves as in insulator in the spermatid specific expression of the mouse SP-10 gene
and it was suggested that insulators might generally play an important role in
maintaining spermatid specific transcription (Abhyankar et a., 2007; Acharya et a.,
2006; Reddi et al., 2003; Reddi et a., 2007).

Based on these facts, it is possible that the fixed SNP at -84 bp relative to the Mkk7
alpha transcription start might raise the expression level in M. m. domesticus. A 5'-
ACACAC motif can be found at position -259 in the Mkk7 apha promoter. The
following sections address the question of whether the mutation at -84 and the 5'-
ACACAC mative at -259 influences the cis-regulatory properties of the Mkk7 apha
promoter. Therefore, a suitable reporter gene system was established to test this.

25.3 Establishing areporter system for in vivo applications

To investigate cis-regulatory differences such as the Mkk7 example it is necessary to
use reliable and sensitive reporter assays to test single mutations that may influence
gene expression. Future studies will probably raise more such examples of differentially
expressed adaptive trait genesin mice that will be candidates for follow-up experiments.
A reporter system for those genes has to fulfill certain requirements. It must offer the
potential for precise measurement of expression levels and expression pattern. It should
be applicable in vitro and in vivo. Most promoters can easily be tested in appropriate
cell culture models, but some tissue specific promoters might not, because appropriate
cell culture models are difficult or not available. A suitable reporter system was chosen
and developed with regard to its application in future studies. The results are presented

in the following.

Luciferases offer very good performance for the quantification of gene expression and
they are commonly used for that purpose (Sadikot and Blackwell, 2005). The
bioluminescence of luciferases can precisely be measured as a rate of expression
strength after substrate application. The most popular luciferases are the firefly

luciferase (from Photinus pyralis) and renilla luciferase (from Renilla reniformis) (Zinn



et a., 2008). Both luciferases catayze different substrates, namely luciferin for firefly
and coelenterazine for renilla, and can be used for parallel measurementsin cell culture
experiments and for live imaging in vivo (Bhaumik and Gambhir, 2002; Perkinton et al.,
2004; Ray and Gambhir, 2007). It was reported that hrLuc, a novel synthetic variant of
renillaluciferase, is more sensitive than other common luciferases. The recent invention
of new substrates for in vivo application of renillaluciferasesimproved their application
spectrum (Otto-Duessel et al., 2006). Thus, hrLuc was chosen as the reporter gene in
this study.

Luciferase is an optimal tool for the quantification of gene expression, but it does not
allow precise distribution of gene expression patterns in tissues. Evolutionary changes
of cis regulatory regions might affect the expression strength and the expression pattern
of genes. Therefore, a MY C-tag (EQKLISEEDL) (Evan et a., 1985; Hilpert et a.,
2001) was fused to the C-terminus of hrLuc. Antibody staining can detect this tag
within tissues (Hald et al., 2003) and help to investigate the cell-type specificity of the
anayzed promoter. The resulting reporter was named Luc-MY C. Luc-MY C and hrLuc
were cloned into an expression plasmid under the control of a CMV-promoter. The
activity of Luc-MY C was compared to normal hrLuc in cultured C2C12 myoblast cells
(Yaffe and Saxel, 1977). Figure 13 shows that the MY C tag does not negatively affect

the luciferase activity. Therefore Luc-MYC was used in the following experiments.

Figure 13 Activity of the hrLucin comparison to the

Performance Of the MY C-tagged variant Luc-MYC. Both reporter genes

were cloned into a mammalian expression plasmid

LUC'MYC reporter under the control of CMV promoter and transfected
10 - into C2C12 myoblast cells. Reative light units (RLU)
8 - ]- were measured after the application of substrate.
5 6 - '|' Luc-MYC represents the median of 6 independent
z 4 - J_ J_ measurements, hrLuc and blank (no vector)
2 - represent both the median of 3 independent
0 transfections. Error bars represent standard

Luc-MYC hrLuc blank deviations.



Reporter gene expression in cell culture systemsis an easy and commonly used method
(Birgersdotter et al., 2005; Shiffman and Porter, 2000). The expression of reporter genes
generated through transgenesis for imaging in living mice is far more sophisticated. A
common technique to express reporter genes in vivo is the generation of conventiona
transgenic mice by pronucleus injection (Gordon et a., 1980; Okabe, 2001; Saunders,
2003). The disadvantage of conventional transgenic mice is that the reporter genes are
present at variable numbers of random integrants. Typing of founder animals is time
consuming. Different copy numbers and the local effects of different integration sites
may influence the activity of reporter genes. A more defined way to obtain in vivo
reporter mice is achieved by gene targeting via homologous recombination in
embryonic stem (ES) cells (Doetschman et al., 1987; Thomas and Capecchi, 1987). On
the other hand, this method is also very labor intensive. The availability of ES cells
from M. m. domesticus and M. m. musculus wild or wild derived mouse strains could
facilitate the comparison of natural promoter variants by gene targeting, but such cell
lines do not exist yet. In recent years, bacteria artificial chromosome (BAC) targeting
increased in importance as a new technique in mouse transgenesis (Yang et al., 1997).
BACs containing the gene of interest can be modified by site directed recombination in
Escherichia coli (Cotta-de-Almeida et a., 2003; Muyrers et al., 1999). Thereby,
reporter genes can be inserted into the target locus. The modified BACs can be used as
large targeting vectors in highly efficient ES cell transfections and save time by
avoiding molecular cloning of targeting vectors (Vaenzuela et a., 2003). In most cases,
Black6 BAC libraries (Osoegawa et a., 2000) can serve as a source for M. m.
domesticus DNA and a M. m. musculus derived PWD-strain BAC library is available
(Jansa et al., 2005), but screening of BAC libraries is time consuming and has to be
repeated in every new experiment. Moreover, the screening and characterization of
recombinants is costly and time consuming. An alternative approach is site directed
mutagenesis in ES cells mediated by recombinases (Araki et a., 1997). Therefore,
established mouse ES cell lines that contain a recombinase recognition site are co-
transfected with a vector that contains the same site and another vector expressing the

respective recombinase. The recombinating vectors can be used as shuttles to integrate
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Figure 14 Description of the Luciflip reporter plasmid. (A) Promoter fragments can be inserted upstream of
the renilla-M Y C-tag luciferase (Luc-MYC) by a single cloning step using the unique EcoRlI site. A 3’ intron
and a polyA signal from therabbit beta globin gene (r bG pA) are placed downstream of the Luc-M Y C coding
sequence in order to enhance the trandation efficiency of the gene product. A cassette containing a splice
acceptor site (SA) followed by two SV40 polyA signals (2x SV40pA) avoids disturbance potentially caused by
upstream cis effects. (B) The plasmid Luciflip can be used to generate single copy reporter insertions in
combination with the C2 mouse embryonic stem cell line. C2 cells contain a hygromycin resistance cassette
lacking a promoter and a functional start codon (hygro(R)) downstream of the collagen type | alpha 1 locus
(ColAl). FRT sitesin the genomic locus and in the Luciflip plasmid enable site directed recombination of the
Luciflip vector DNA with the genome after co-transfection of C2 cellswith Luciflip and a FL Pase expression
vector leading to the insertion of the reporter construct. After recombination, a PGK promoter and a start

codon (PGK ATG) complete the hygromycin resistance cassette allowing selection for positive clones.
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DNA sequences of choice into the genome of ES cells. Such systems are available using
the Cre/loxP system and the FLPase/FRT system (Beard et al., 2006; Masui et al.,
2005). The C2 and KH2 ES cdll lines have a FRT site inserted downstream of the
collagen A1 locus (Beard et a., 2006). Co-transfection of these ES cells with a FLPase
expression plasmid and an FRT containing shuttle vector leads to FLPase mediated site
directed integration of the shuttle vector downstream of the collagen A1 locus. This
“flip-in” procedure is highly efficient and it was already shown that it is suitable for the
defined expression of genes in vivo (Beard et al., 2006). C2 and KH2 ES céll lines are
derived from F1 hybrids of different mouse strains. Therefore, they can be used for
microinjection into tetraploid blastocysts. Animals that are raised by this technique are
not chimeric and can directly be analyzed or mated for later experiments (Nagy et al.,
1993). This FRT/FLPase system was chosen to be modified for fast luciferase reporter
construction, because of its high efficiency and its methodical benefits.

The pBS31' plasmid (Beard et a., 2006) was modified and the resulting vector was
named Luciflip. The full vector sequence of Luciflip is avalable in the digita
supplement. In order to test cis-regulatory sequences, promoter fragments can be cloned
into a solitaire ECoRI restriction site upstream of the Luc-MY C coding region (Figure
14A). A cassette consisting of a splice acceptor and two SV40 polyA signals protects
the reporter expression from transcriptiona upstream activity. An intron stabilizes the
expression of Luc-MY C. Luciflip can serve as shuttle vector for site directed insertions
in combination with C2 or KH2 ES cells (Figure 14B). To control for the functionality
of Luciflip, a CMV promoter was cloned into the EcoRI site. NIH/3T3 fibroblast cells
(Todaro and Green, 1963) were transfected with the Luciflip-CMV construct and with
empty Luciflip plasmid. The CMV promoter provoked a very high luciferase activity
while the pure Luciflip plasmid without promoter gave only low background activity
(Figure 15). This result demonstrates that Luciflip can aso be used to quantify

expression strength in common cell culture experiments.



Figure 15 Performance of the Luciflip reporter plasmid.
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25.4 Characterization of the Mkk7 alpha promoter by Luciferasereporter Assay

The question of whether the transversion at -84 and the 5-ACACAC motive at -259
influences the cis-regulatory properties of the Mkk7 apha promoter was attempted to be
answered with the help of a luciferase expression assay in cultured cells. The Mkk7
alpha expression which is of most interest in this context is restricted to late spermatids.
Culturing this type of cells is very difficult due to its haploid post meiotic stage with
condensed chromatin. An established spermatid cell culture model was not available.
Alternative cell lines have the disadvantage that they will most likely not recognize the
Mkk7 apha promoter. In the absence of better options, the NIH/3T3 fibroblast cell line

was chosen for the experiment.

Relative to the transcription start, -487/+43 wild type fragments of the Mkk7 apha
promoter were generated by PCR. The only fixed difference between M. m. domesticus
and M. m. musculus within this region is the transversion at position -84. It cannot be
expected that this fragment is sufficient to drive luciferase expression in non-spermatid
cells, but it is likely that the expression level can be raised by deleting the 5-ACACAC

motive at -259, if the assumption is correct, that this sequence maintains spermatid



specific transcription by acting as an insulator in other cells. Thus, -487/+43 fragments
lacking the 5-ACACAC motive at -259 were generated as well. It can be assumed that
the -487/+43 fragments do not contain enhancer elements which promote expression in
fibroblasts. Therefore, a CMV enhancer was ligated upstream to both versions. All four
constructs (wild type, deleted insulator, CMV enhancer + wild type, CMV enhancer +
deleted insulator) were created as M. m. domesticus variants with an adenine at position
-84 and as M. m. musculus variants with a thymine at position -84. The 8 different
constructs were cloned into the Luciflip plasmid. NIH/3T3 cells were transfected with
the reporter constructs in 8 technical replicates of each. A firefly luciferase expression
plasmid was co-transfected to normalize the renilla signals. Reporter activity was

measured after substrate application.

Figure 16 summarizes the result of the reporter assay. The M. m. domesticus variant

generates significantly higher signals compared to M. m. musculus in every scenario.
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Figure 16 Reporter assay with different variants of Mkk7 alpha promoter. M. m. musculus and M. m.
domesticus promoter fragments (-487/43) were tested as wild type, with deleted insulator, as wild type and
upstream enhancer and with deleted insulator and upstream enhancer. Each fragment was co-transfected
together with a firefly luciferase expression vector into NIH/3T3 fibroblast cells in 8 independent replicates.
Luciferase activity was measured after substrate application. The renilla signals were normalized with the
firefly signals to eliminate disturbing variation caused by different transfection efficiencies. The values
represent the median of the 8 replicated transfections for every construct. Error bars indicate standard

deviations.
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The different replicates are consistent, indicated by relatively small standard deviations.
Deletion of the 5'-ACACAC motive at -259 indeed increases the expression strength in

al variants. The presence of an enhancer potentiates the effects as expected.

These data provides strong evidence that the adenine at position -84 enhances the
activity of the basal promoter. For this reason it can be supposed that a contribution of
this mutation to the expression difference between M. m. domesticus and M. m.
musculus in late spermatids is very likely. The sequence 5-ACACAC represses the
action of an adjacent enhancer to a certain extent. This finding supports the hypothesis
that it acts as an insulator in the Mkk7 a pha promoter.

2.6 Relation of Mkk7 expression to protein statusin testis

The role of Mkk7 in the MAP signaling cascades is described in section 2.1. So far, the
only known function of Mkk7 is the activation of JNK. Western blotting with
antibodies against JNK and

D200 M200 - + D60 M60 phosphorylated JNK  was
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36 mm evaluate the contribution of
22 JNK activation in tedtis
P (Figure 17). High amounts of
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Figure17 JNK Western blot. 200 ug and 60 ug testis protein of M. was applied for detection.
m. musculus (M 200, M 60) and of M. m. domesticus (D 200, D 60
( : ( ) Cdl extract of UV-treaed

was blotted and stained with anti-phospho-JNK antibody. Extracts

of UV-treated 293 cells (+) and untreated 293 cells (-) served as 293 cells (Graham e 4.,
controls. The blot was stripped and re-probed with an anti total 1977) served as a positive
JNK antibody. Protein ladder bands indicate kDa. Arrows indicate
the positions of phosphorylated JNK (pJNK) and total INK (JNK).

control for JNK activation.
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Figure 18 Mkk7 Western blot. 40 pug and

D40 M40 D60 M60 60 ug testis protein of M. m. musculus (M

65 mm 40, M 60) and of M. m. domesticus (D 40, D

50 == 60) was blotted and stained with anti-

36 == w  <€— Mkk7 Mkk7 antibody. The blot was stripped and

22 == re-probed with an anti-tubulin antibody.
Protein ladder bands indicate kDa.
Arrowsindicate the positions of Mkk7 and

65 == tubulin.

0= & ® @ @ < tubdln

36 ==

22 ==

was used as negative control. No phosphorylated JNK protein was detected in the testis
samples and in the untreated 293 cell extracts, while the UV-treated cells triggered a
clear staining. As a control, the same blot was re-probed with an anti-total-JNK
antibody. Total JNK was detected in all lanes athough the concentration of JNK in
testis is very low despite the huge amount of testis protein that was loaded on the gel.
On that account, it can be reasoned that the INK pathway does not have a consistent
function in spermatogenesis.

Detection of Mkk7 protein in testis by Western blot yielded an unclear picture (Figure
18). Two different concentrations of total testis protein from M. m. musculus and M. m.
domesticus (40ug and 60ug each) gave two different outcomes. The M. m. domesticus
sample generates a higher Mkk7 signa in comparison to M. m. musculus a low
concentrations, but the situation is different at higher concentration. Re-probing the blot
with anti-tubulin antibody showed that the amount of loaded protein in the M. m.
musculus - M. m. domesticus comparisons is equal. This paradoxical observation could
be reproduced in severa independent experiments (Daniela Haming, persona
communication). However, if the protein levels reflect the RNA levels, a striking
disparity in favor of M. m. domesticus would be expected. This can be excluded
according to the Mkk7 Western blot.



Open reading frames on the Mkk7a1 transcript:
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Figure19 Open reading frameson the Mkk7al RNA.

It can be asked why the Mkk7al transcript evolved in domesticus to be strongly
expressed in spermatids athough the protein level is not much affected. In a previous
study, the Mkk7a.1 isoform was postulated to be a kinase variant with truncated N-
terminus (Tournier et al., 1999). Within the framework of this article, Mkk7a.1 protein
was expressed in bacteria. Biochemical analyses showed that it possesses very little
capability to activate INK unlike all of the other isoforms. Thisfinding is not surprising,
because the missing part of the N-terminus contains docking sites that mediate the
interaction with INK (Ho et al., 2006). Mkk7al is a spermatid specific transcript and
the INK pathway does not seem to play a role in spermatogenesis. Therefore, a so far

unknown role of MkK7 in spermatogenesis can be inferred.

Analysis of open reading frames (ORF) in the Mkk7a.1 RNA raises a hypothesis about
the function of this Mkk7 variant. Figure 19 shows all ORFs on Mkk7a1 RNA that start
with an ATG codon and are longer than 30 amino acids. The longest ORF (346 aa /
1038 bp) represents the postulated Mkk 7ol isoform. Obviously, another short ORF (50
aa/ 150 bp) has an earlier start codon. It is designated YMkk7 (small peptide translated
by Mkk7 RNA) and codes for the following peptide:

MGAAAHHPQRAPHSTLHPPPGPATCWGSHQPCSHRAVWRASRLTRSCRRS.



Figure 20 Mkk7 Western blot. 40 pg and 60
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The peptide does not match to any known protein and does not contain any known
domains (www.expasy.org;http://blast.nchi.nim.nih.gov/Blast.cgi). The nucleotides
surrounding the start codon of YMkk7 (TGGCCAACG ATG G) matches much better to
the Kozak-consensus-sequence (Kozak, 1984, 1986, 1987) than the nucleotides
surrounding the start codon of Mkk7a1 (CCCCGCCAC ATG C). A purine at position -
3 and a guanine at position +4 are the most important sequence elements for the
initiation of trandlation. To find out whether *Mkk7 is indeed translated, an antibody
against an immunogenic stretch of the peptide (AHHPQRAPHSTLHPP) was generated
and Western blot with testis protein from M. m. musculus and M. m. domesticus (40ug
and 60ug each) was performed (Figure 20). The calculated mass of the peptide is ~5.5
kDa while the predicted isoelectric point is ~pH12.0
(http://www.expasy.ch/tools/pi_tool.html). Hence, a slower migration in SDS-page due
to positive charges is expected. The anti-*Mkk7 antibody specifically stained a band
which matches to this data. This band is significantly stronger in M. m. domesticus

compared to M. m. musculus.



Based on these findings, | propose the following hypothesis. YMkK7 is trandated in
both sub-species that were analyzed, but Mkk7a1-kinase-protein is not translated at all
or very weakly. In M. m. musculus, it is trandlated from Mkk7 beta during early stages
of spermatogenesis. In M. m. domesticus, the amount YMkk7 peptide is increased and
its presence is extended to |l ate spermatids by the expression of Mkk7a1-RNA.

2.7 Summary

Mkk7 shows a different testis expression in comparison between M. m. domesticus and
M. m. musculus. The locus exhibits clear signs of a selective sweep in the M. m.
domesticus population. Northern blotting, RACE and gRT-PCR experiments identified
the short Mkk7al isoform being specifically and very highly expressed in M. m.
domesticus. Thisisoform is determined by a non-canonical polyadenylation signal and it
is expressed by a spermatid specific promoter located in intronl. A luciferase reporter
system was established which allows the efficient localization and quantification of
reporter gene expression in cell culture and in living mice. This system was used to
show that a single nucleotide polymorphism is likely to cause the expression of
MKkk7al in M. m. domesticus. A 5 CACACA motive is responsible for repression of
Mkk7al expression in non-spermatid cells. The INK pathway is not active in testis and
therefore a so far unknown function of Mkk7 in spermatogenesis was assumed. Mkk7
protein level was not found to be different in M. m. musculus and M. m. domesticus, but
anovel small peptide with higher concentration in M. m. domesticus was discovered. It
is hypothesized that this peptide is trandated from Mkk7al RNA. Further it is
hypothesized that this peptide has a function in spermatogenesis and was the target of
natural selection in M. m. domesticus.



3 LP10

3.1 LP10isapotential adaptivetrait genewith unknown function

The gene 1700125F08Rik, designated LP10, was originally found to be differentially
expressed in a microarray screen comparing testes of M. m. domesticus and M. m.
musculus (Christian Voolstra and Diethard Tautz, unpublished data). The gene was
identified from an EST corresponding to genomic sequence on chromosome 10.
Another EST based gene with provisiona status, designated Hennes, is transcribed from
the opposite strand of the same locus. Both gene names are preliminary working titles
that were used in the laboratory. Permanent names are not determined yet, because the
function of the genesis still unclear. LP10 ESTs were isolated exclusively from testis,
while Hennes ESTs were found in testis and also visua cortex. The mRNA annotation
of both genes in the Mouse Genome Informatics database from the Jackson laboratory
(http://www.informatics.jax.org/) is shown in Figure 21. The 3' transcript structure of
Hennes in testis is not complete, because the only known full length mRNA originated
from visual cortex (AK158810). Only a few ESTs from the 5’ region have been found
in testis. The trandational status of Hennes is unclear. LP10 potentially encodes two
open reading frames on exon 3 (ORF1: 106 aa, ORF2: 128 aa). The second ORF is
predicted to be trandated in the official annotation, but without any clear reason.
Nothing is known about the function of LP10 and Hennes and similarities in protein

sequence of both LP10 ORFs with other known proteins do not exist.
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Figure 21 Exons of the mouse L P10/Hennes locus. Annotations of MRNAS are shown in the genomic context

of chromosome 10. Sour ce: http://www.infor matics.jax.org/, 2008



In the course of a study devoted to population genetics it was found that the
Lpl0/Hennes locus shows a significant signature of selection (Fabian Staubach and
Diethard Tautz, unpublished data): Tgimas D and nuclectide diversity (n) are
decreased in the M. m. musculus group compared with M. m. domesticus. The data is
based on two M. m. musculus populations (one from the area of the Kazakh city Almaty
and another one from the Czech Republic) and on two M. m. domesticus populations
(from Germany and France). The Lp10/Hennes locus is the only transcribed region in a
250 kb window. The flanking genes are situated in a distance of 100 kb and 150 kb
respectively and the reduced variation in the M. m. musculus populations peaks at the
position of Lpl0/Hennes. These findings make the locus an interesting candidate for

follow up analysis.

The chromosomal region containing LP10/Hennes is syntenic with homologous regions
of rat chromosome 20 and human chromosome 10. The neighboring genes Unc5b and
Pcbdl1 can be found in the same order in rat and humans and the genomic sequence of
LP10 and Hennes can be aligned with the rat and human genome. Nevertheless, no
orthologous genes of LP10 and Hennes have yet been annotated in other species.
Therefore it can be asked, if LP10 and Hennes are orphan genes that acquired
transcriptional activity exclusively in the mouse lineage by de novo mutations.

To further investigate the function of LP10/Hennes in the mouse, a knock-out line was
established by gene targeting (Thomas and Capecchi, 1987). It is possible that these
genes could be involved in spermatogenesis, because LP10 is exclusively expressed in
testis and Hennes expression is limited to testis and visua cortex. Therefore, the knock-
out mice were screened for phenotypic abnormalities of the male reproductive system.
Gene expression in testes of knock-out mice was compared to expression in wild type
mice using microarray analysis to determine whether LP10 and Hennes have influence
on the transcriptional activity of other genes. Finally, Northern blot experiments were
performed to find out whether LP10 and Hennes are expressed in different species of

the Murinae family.



3.2 Targeting strategy
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Figure 22 Strategy of LP10/Hennes conditional knock-out. A 7887 bp fragment was flanked by loxP sites.
One loxP site was placed downstream of the last L P10 exon. The second loxP site was placed into the first
intron of LP10 without affecting exons of Hennes and its promoter. The targeting vector contained an FRT-
flanked neomycin resistance cassette and a F3-flanked puromycin cassette in order to increase the co-
recombination frequency of both loxP sites after selection. Thymidine kinase served as negative selection
marker to decrease the number of random integration events. The short arm of homology was 3282 bp in
length and the long arm of homology had a size of 7941 bp. The neomycin and puromycin resistance cassettes
were removed by transient transfection of homologous recombinants with FLPase. One FRT and one F3 site
each remained in the genome. Cre mediated recombination leads to deletion of L P10 exons 1-3 and to a total
inactivation of Hennes dueto promoter disruption.

A knock-out of LP10 and Hennes was aimed at investigating their potential function in
testis. However, it was anticipated that a total knock-out of LP10 and Hennes could
result in sterility or possibly even embryonic lethality. Therefore, it was decided to
generate a conditional double knock-out of LP10 and Hennes. A common strategy for

generating conditional knock-out mice is achieved by homologous recombination in
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embryonic stem cells in combination with the Cre/lloxP system (Gu et al., 1993;
Rajewsky et al., 1996). The genome of mice carrying conditiona alelesis manipulated
in such a way that loxP sites flank important parts of the gene of interest without
disturbing its function. Crossing those animals with Cre expressing mice results in the
Cre mediated deletion of the sequence between the loxP sites. There are numerous Cre
mice available expressing Cre in a tissue specific or inducible manner, so that the
deletion can be controlled temporally and spatialy (Kos, 2004; Sauer, 2002).

The targeting strategy for LP10/Hennes is presented in Figure 22. The full sequence of
the targeting vector is available in the digital supplement. Cre mediated recombination
resultsin the deletion of LP10 exons 2 and 3 and in the deletion of the Hennes exons 1 —
3 including the putative promoter region. It is anticipated that a functional knock-out of
both genes is achieved, because LP10 ORFs are located in exon 3 and because Hennes

expression isinactivated due to promoter disruption.

3.3 Phenotypic analysis of L P10/Hennes knock-out mice

Total knock-out mice were obtained from crossing mice carrying the conditional allele
with an X-linked Cre-deleter mouse ubiquitously expressing Cre under the control of
CMV promoter (Schwenk et a., 1995). The genomic deletion was verified by PCR.
Heterozygous and homozygous LP10/Hennes mutant mice were viable and
indistinguishable from their wild type littermates in survival rate, general appearance
and behavior. Mating male knock-out mice with wild-type mice revealed that they are
not sterile. However, to determine if the knockout gave more subtle effects, a series of
further tests was performed.

Stained sections of testis and epididymis from knock-out mice and their wild-type
littermates showed no difference between both groups (Figure 23). The histological
analysis indicated that spermatogenesis proceeded normally and that al types of germ
cells were produced. Mature spermatozoa were present in the epididymal ductus. Data

on testis weight, epididymis weight, total sperm count per epididymis, total round cell



Figure 23 Histological analysis of wild type (A+C) and LP10/Hennes knock-out (B+D) mice. The upper two
pictures show testis and the lower two show epididymis. Tissue sections were stained with hematoxylin and

eosin and photoswer e taken at 50 fold magnification.

count per epididymis and sperm viability comparing 6 knock-out and wild-type mice
were collected (Table 3). This revealed a tendency for the testes and epididymis of
knock-out mice to have a higher mass, but the relatively large standard deviation points
out that a larger sample size is required to verify this observation. Values of the total
sperm varied in the single measurements due to the preparation method, but a difference
between knock-out and wild-type mice was not observed. The total number of so caled

round cells has to be considered as well when looking at the total sperm cell count.
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wild- knock-
type out
testis weight | 79.8 + 91.2+
[mg] 7.2 9.4
epididymis | 35.5+ 26.5+
weight [mg] | 13.6 2.3
total sperm | 1.108 1.156 =
count [x10°] | 0.941 0.566
total - round 0.719+ 0.506 + Figure 24  Example picture of fluorescently
fe1”06] ot 0.409 0.455 stained living sper matozoa. Alive cells are stained
A green and dead cells are stained red. Picture was
sperm 63.3 % 58.5+ taken at 400 fold magnification.
viability [%] | 12.5 34

Table 3 Measurement of key data from the male reproductive system of wild-type and L P10/Hennes KO

mice. Values were obtained by building mean and standard deviation of data from 6 mice.

Round cells defines al cells and particles different from spermatozoa that are found in
the fluid analyzed (immature sperm cells, leukocytes, debris, etc.). They are assessed in
order to control for the quality of the preparation and for healthiness of the animals.
Their number is in an acceptable range athough it aso varies remarkably in the
different animals indicated by large error bars. Sperm viability was measured by
staining of living spermatozoa simultaneously with different fluorescent colors for dead
and live cells (example picture in Figure 24). The sperm viability was not found to be

different in the animals compared.

As a further test, the sperm motility was compared in wild-type and knock-out mice.
Spermatozoa were categorized into four classes according to a protocol of the World
Health Organization (World Health Organization, 1992):

a) fast progressing cells (>20 um/s at RT)
b) slow progressing cells (<20 um/s at RT)
C) non progressing, but moving cells (<5 pm/s at RT)

d) immotilecells
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Figure 25 Sperm motility of wild-type and L P10/Hennes KO mice. Sper matozoa wer e counted by microscopy
and categorized into 4 classes (a — d) according to their motility. The categories are described in the main text.
At least 200 cells from different visual fields were counted per animal and the percentage of every category

was calculated. The graphic displays mean and standard deviation from 5 wild-type and 6 knock-out mice.

The results of the experiment are presented in Figure 25. It is evident that sperm
motility is shifted from class “a’ towards class “b” in knock-out mice. The reduction in
number of class “a spermatozoa in the knock-out mice includes cells with
morphological anomalies that can be seen with phase contrast microscopy in living cells
(Figure 26A). They are characterized by a nicked tail which hinders normal cell
movement. Such irregularities were also observed in some wild-type mice and indeed a
few knock-out mice only mildly exhibited this phenotype. The large error bars reflect
this inconsistency. Spermatozoa that were fixed on sides and stained do not show

abnormalities in knock-outs compared with those from wild-type mice (Figure 26B+C).
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Figure 26 Sperm morphology. (A) Some living sperm cells of wild-type and L P10/Hennes KO mice showed
mor phological abnormalities. Sperm tails were nicked at the position of the annulus (arrows). Picturesin A
were made using phase contrast microscopy. (B + C) Eosin staining of fixed sperm cells did not show any

differences between wild-type (B) and KO (C) animals. All Picturesweretaken at 400 fold magnification.

3.4 Expression analysis of L P10/Hennes knock-out mice

Microarray technology provides the possibility to track expression levels of large
numbers of genes (Schenaet al., 1995). The availability of LP10/Hennes double knock-
out mice allows the analysis of the regulatory influence of both genes on expression of
other genes in testis by comparing their global transcriptional status with wild-type
controls. Affymetrix Genechip arrays are widely used and well established microarray
tools for large scale expression profiling (Dalma-Weiszhausz et al., 2006; Heber and
Sick, 2006). Genechip Mouse Genome 430 2.0 arrays cover the analysis of over 39000
transcripts on a single array. They were used to compare testicular gene expression of
LP10/Hennes knock-out mice and wild-type mice. Testis RNA from 4 individua
animals of each group was used for the analysis. The RNA was controlled for quality
and integrity with Agilent Bioanalyzer Chips prior to the experiment (data is available
in the digital supplement). Microarray data was normalized with the Mas5 method
(Affymetrix, 2001; Gautier et al., 2004) and subsequently analyzed with the SAM-tool
(significance anaysis of microarrays). SAM uses non-parametric statistics to identify
significant differences in gene expression (Tusher et al., 2001). For each gene an
expected score is calculated based on the variance in expression values of al input
samples. Another score for each gene is calculated based on the factua difference in
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Figure 27 SAM-plot of LP10/Hennes KO testis microarray data. 4 knock-out animals were compared with 4
wild-type animals. 37 genes in knock-out mice (green) and 4 genes in wild-type mice (red) are significantly
differentially expressed.

variance of both comparison groups. Both scores are plotted against each other and
genes whose scored differ from each other are regarded as differentially expressed. An
overall false discovery rate (FDR) is calculated that displays the expected percentage of
falsely discovered genes. The more both scores diverge the lower is the expected FDR-
rate. Figure 27 shows a SAM plot of the analyzed data. With a FDR rate of 4%, 4 genes
are significantly higher expressed in wild-type mice while 37 genes are higher
expressed in the knock-out mice. The gene names of the significant genes were
retrieved from their probe IDs using the NetAffx tool (Liu et al., 2003). The table with
significant genesis provided in Supplement B. The gene being most significantly higher
in wild-type mice is LP10 as a result of its absence in the knock-out mice. Note that
Hennes is not represented on the chip, because a probe set is missing. According to the

data it can be assumed that either LP10 or Hennes or both of them might have a



repressing influence on expression of some genes in testis. However in most cases the
change in expression was relatively small. A gene ontology annotation of the genes up-
regulated in knock-out mice, using the MGI Gene Ontology Term Finder
(http://www.informatics.jax.org/gotoolMGI_Term_Finder.html), did not detect any
particular biologica process as being significantly affected (Supplement C). However,
19 genes belong to the class “unannotated”. An interesting candidate is
1700112E06Rik, because it is a testis specific gene and 15 fold up-regulated in knock-
out mice. The Ssty2 geneis a highly expressed gene located on the Y -chromosome and
could therefore be interesting for further studies, although its expression fold change is
only dlightly affected by LP10 knockout.

3.5 Theevolutionary origin of LP10

Orthologous genes of LP10 and Hennes are not known in other species, although the
genomic region is syntenic among mice, rats and humans. LP10 and Hennes did not
evolve by duplication, because no paralogous genes can be found in mice. The genomic
locus can be aligned with syntenic regions of rat and human. Northern blot analysis
comparing testis RNA in different closely related genera of Murinae was performed to
address the question of whether LP10 evolved de novo (Figure 28). Expression was
detected with a LP10 probe amplified from Black6 in three subspecies of Mus musculus
(musculus, domesticus, castaneus) and moreover in Mus spretus (LATASTE, 1883) (very
weak expression), Mus macedonicus (PETROV & Ruzic, 1983) and Mus cypriacus
(CuccHi, 2006). It is missing in Mus spicilegus (PETENYI, 1882), Mus famulus
(BoNHOTE, 1898), Mus caroli (BoNHOTE, 1902), Apodemus sylvaticus (LINNAEUS,
1758) and Rattus norvegicus (BERKENHOUT, 1769). Additionally, the down-regulation
in M. m. musculus compared to M. m. domesticus that was originally observed in
microarray screens is confirmed by the experiment. The blot was stripped and re-
hybridized with a tubulin probe for loading control. For another control, house mouse
and rat testis RNA was blotted and hybridized with a LP10 probe amplified from rat
genomic DNA (Figure 29).



from left to right:

Mus musculus domesticus
Mus musculus musculus
Mus musculus castaneus
Mus spretus

Mus spicilegus

Mus macedonicus

Mus cypriacus

Mus famulus

Mus caroli

Apodemus sylvaticus
Rattus norvegicus

Figure 28 Northern blot analysis of testis RNA from different genera of Murinae. The blot was hybridized
with a mouse L P10 probe and re-probed with a tubulin probe. Size marker bands represent kb.

The result implies that the sequence homology is
not too distant to detect related species. The rat
probe binds to mouse RNA but not to rat RNA.
The results from the species comparisons can be

related to previously published phylogenetic trees
shown in Figure 30 (Chevret et al., 2005; Guenet
and Bonhomme, 2003). Mus cypriacus is a
recently discovered species (Cucchi et al., 2006)

and was not included in these phylogenetic
analysis, but it is known that it diverged together

with Mus spicilegus and Mus macedonicus

Figure 29  Northern blot with testis (Macholan et a., 2007b). Based on the Northern
RNA from M. m. domesticus (D), M. m.
musculus (M) and Rattus norvegicus (R)
hybridized with a rat probe. Size
marker bands display kb. ago.

blot results and the phylogenetic data it becomes

evident that LP10 emerged de novo 2 million years
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Figure 30 Mouse phylogenetic trees. Pictures are taken from Guenet and Bonhomme (2003)

(A) and from Chevret et al. (2005) (B).
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3.6 Summary

The LP10/Hennes locus is located in the centre of a selective sweep valley in the Mus
musculus musculus lineage. Additionally, LP10 was previousy found to be
differentially expressed between Mus musculus musculus and Mus musculus
domesticus. Therefore, the locus was chosen for a functional follow up study.
L P10/Hennes double knock-out mice were generated. No significant difference between
knock-out and wild type mice was found in a phenotypic anaysis of the mae
reproductive system. A microarray analysis comparing gene expression of wild-type
and knock-out mice revealed that LP10/Hennes might have a small influence on
regulation of other genes. A genera biological function of the differentially expressed
genes was not found, but some of the genes are testis specific genes which might be
interesting candidates for further analysis. A Northern blot analysis of different species
of Murinae yielded that LP10 is a de novo evolved gene with an age of approximately 2

million years.



4 Discussion

Further investigation of two genes implicated in recent adaptation - Mkk7 and
LP10/Hennes - was presented in this thesis. Experiments to understand their
evolutionary changes were performed. Both genes had different premises in terms of
previously existing knowledge about their function and therefore different emphasis was
placed on the analyses. In the following the results of the genetic characterizations of
LP10/Hennes and Mkk7 are discussed in the broader context of the evolution of genes,

regulatory interactions and providing experimenta evidence for natural selection.

4.1 LP10and Hennes

41.1 Denovo evolution of LP10

Phylogenetic expression comparisons of different wild mice showed that LP10 is
possibly only 2 million years old and evolved de novo from non-coding DNA in a
common ancestor of Mus musculus, Mus spretus, Mus macedonicus and Mus cypriacus.
Widely accepted theories about the origin of new genes comprise gene duplication
including retrotransposition, modifications mediated by transposon insertions, exon
shuffling, horizontal gene transfer (mostly in Prokaryota, rare in Eukaryota) and gene
fusion while de novo evolution is thought to be extremely rare (Long et a., 2003).
According to the neutral theory of molecular evolution (Kimura, 1979) the mechanism
of creating new genes by gene duplication has been considered the singular and most
important one (Ohno, 1970; Ohta, 1988). The accordant “waiting model” suggests that
gene duplication relaxes the constraint on one of the duplicated copies. In succession,
the other copy can evolve neutrally before it acquires a new function. In this regard, de
novo evolution of genes from non-coding DNA is an unexpected finding. Generadly, the
evolution of new genes is importantly influenced by positive selection (Long et al.,
2003) asit was also observed for LP10.

Future analysis should address the question of whether Hennes also evolved de novo. A
Hennes Northern blot experiment was so far not possible in part because the RNA is



apparently only very weakly expressed, which did not allow recovery of a cDNA clone
suitable for blot hybridization. An interesting question is whether LP10 and Hennes
share the same cis-regulatory elements and whether the same mutation caused de novo

evolution of both transcripts.

Just very few cases of de novo gene evolution have been described to date. A pioneering
study recently identified 5 de novo genes by comparing closely related species of the
Drosophila complex (Levine et a., 2006). Subsequent publications affirmed the
existence of this phenomenon in Drosophila (Begun et a., 2007; Zhou et a., 2008). De
novo genes found in Drosophila are short spliced transcripts with short ORFs (the
trandation status remains unclear) that occur predominantly in testis (Levine et al.,
2006; Long et al., 2003; Metta and Schlotterer, 2008). Interestingly, this appliesto LP10
aswell. LP10 is thefirst gene described as de novo, which may have evolved from non-
coding DNA in mammals. The age of 2 million years is also very young for a
mammalian gene. In comparison, it seems therefore also plausible that de novo genes
evolved even in humans after the chimpanzee human split that took place 4-6 million
years ago (Hobolth et al., 2007).

LP10 offers an exciting opportunity to study the mechanism of how new genes are born
in mammals. The fact that de novo genes are predominantly expressed in testis leads to
the conjecture that testis promoters are less complex and need different regulatory
requirements as in other tissues. Testis-bias maybe also linked with altered chromatin
structure in post meiotic cells (Caron et al., 2005). 99% of male germ cell-specific genes
are expressed post meiosis (Schultz et al., 2003). The fact that testis expresses the
highest level of aternative splicing factors should be considered in this context as well
(Grosso €t al., 2008). Investigating the molecular mechanisms associated with de novo
genes and other uncharacterized transcripts in testis will be of great importance for

molecular biology in genera and evolutionary biology in particular.



4.1.2 Function of LP10 and Hennes

A LP10/Hennes knock-out mouse line was screened for phenotypic anomalies. No
significant differences were found between knock-out mice and wild-type controls. A
tendency was noticed for knock-out mice to develop testis and epididymis of higher
weights than controls, but more animals have to be analyzed in order to ascertain this
finding. A higher testis weight in knock-out mice would be interesting with regard to
the reduced expression of LP10 in the sweep population, because testis weight can
generdly be seen as a fertility factor. Another experiment showed a tendency towards
reduced sperm motility in knock-out mice. This phenotype was correlated with
abnormal sperm morphology. It occurred to different extents in knock-out and aso in
wild-type mice leading to inconsistent data. The measurement of sperm motility is
critical, because sperm cell quality is very sensitive to various factors such as
temperature and pH. Moreover the sample quality decreases rapidly with time after
preparation. The analysis was performed with technical limitations and should be
repeated using a different experimental setup. Different improved systems to evauate
sperm motility by special counting chambers for light microscopy (Imade et al., 1993;
Makler, 1978) or by full automation (Agarwal and Sharma, 2007; Slott et al., 1993) are
available. They should be considered for future experiments. Moreover, the space for
mouse breeding was limited. Therefore, the analysis should be repeated in future and a

larger sample size should be surveyed.

A clear functional role for LP10 and Hennes was not inferred by phenotypic analysis of
knock-out mice, but a regulatory effect was observed by microarray experiments. The
fold changes of the differentialy expressed genes are not very large in general and
significant grouping of the genes to shared biological functions was not found. A
relatively small number of differentially expressed genes was detected. Thus, it is very
unlikely that LP10 or Hennes act as transcription factors in a common sense, but they
might indirectly contribute to transcriptional regulation as minor modifiers. This could
be realized by modifying proteins involved in transcription, by binding to RNA or DNA
or by atering the chromatin structure at certain loci. Nevertheless, some of the



differentially expressed genes should be considered for follow up-anaysis. The gene
1700112E06Rik showed the highest fold change (15.48), but it is expressed at a very
low level. LOC100042492 and Ubiquitin Specific Peptidase 42 are more strongly
expressed and showed a moderate but clear change. Ssty2, atestis specific gene located
on the Y -chromosome, showed a low fold change (1.13), but it is highly expressed and
the expression values are consistent in both groups compared. The function of all these
genesis not known and gRT PCR analysis should be performed to verify the expression

differences before any debate about their role as LP10/Hennes downstream targets.

In summary, athough the function of LP10/Hennes remains unclear, different aspects
that can direct future avenues of study were identified. For example, analysis of testis
weight, sperm motility and regulatory effects. Moreover, it is still an important question
to determine whether LP10 is trandlated. Proteins of both LP10 ORFs have been
expressed in E. coli and were used for antibody generation. But the Western blots have
not yet yielded clear results (data not shown).

The overall goa of the experiment was to understand the function of LP10/Hennes in
order to point out a functional process as possible target for selection. A direct
assumption concerning this matter cannot be made yet. However, arole of LP10/Hennes
in fertility would be particularly interesting. LP10/Hennes knock-out mice are not
sterile, but afertility effect of the genes may be more subtle. Normal sperm cells maybe
out-compete sperm cells of LP10/Hennes knock-out mice. Direct comparison of
reproductive success of knock-out mice and wild-type mice, for example by mate

choice experiments or in vitro fertilization, would therefore be interesting.

4.2 MKK7

4.2.1 Regulation and function of Mkk7 in wild micetestis

The regulation of the Mkk7 locus is very complex. Different isoforms are expressed in a
tissue specific manner. Mkk7al is a testis specific variant of Mkk7 that was identified

in Mus musculus domesticus but is absent in Mus musculus musculus. It is responsible



for a highly elevated level of total Mkk7 RNA in Mus musculus domesticus testis that
has been previously associated with a selective event. Reporter gene experiments
identified a single mutation that is responsible for enhanced activity of the Mkk7 apha
basal promoter driving the Mkk7al transcript. The strong expression of Mkk7al is
extended towards late spermatids where no Mkk7 expression is found in Mus musculus
musculus. A future experiment using the already existing reporter constructs could
potentially verify the effect in of the mutation in vivo (see section 4.3). Northern blot
experiments comparing Mkk7 apha expression in different mouse species could show
whether this isoform is newly evolved in Mus musculus domesticus or was lost in Mus
musculus musculus. Genomic sequencing of Mkk7 apha promoter sequences from
different mouse species could correlate the mutation with the expression status in those

Species.

Interestingly, the usage of the alternative promoter implies a non-canonical
polyadenylation mechanism absent in other transcripts. RNA processing including
capping, splicing and polyadenylation are co-transcriptional processes that are
interconnected and influenced by the transcriptional machinery (Proudfoot and
O'Sullivan, 2002; Proudfoot et al., 2002). Other examples already showed the co-usage
of aternative5 and 3 UTRs (Winter et al., 2007; Yang et al., 2003a). Those aternative
UTRs are believed to play an important role particularly in spermatogenesis (Kleene,
2001; Yang et a., 2003a). It is unclear whether mutations that were found in the
proximity of the polyadenylation site in Mus musculus domesticus contribute to the non-
canonical splicing. A gRT-PCR analysis approach of hybrids between Mus musculus
muscul us and Mus muscul us domesticus could help to understand whether cis-regulatory
changes are involved in the dternative polyadenylation process in Mus musculus
domesticus.

Another interesting finding was the existence of a 5 CACACA motif in the Mkk7 alpha
promoter. It is the only insulator known from the literature that is involved in the

maintenance of spermatid specific expression and it was shown that it is able to repress



Mkk7 apha promoter expression in non-spermatid cells. It would be an interesting
subject for further analysis. In silico analysis could help to measure the abundance of
the motif among testis specific basal promoters and reporter gene expression could
address the question of whether this insulator is aso capable to repress expression of
other promoters which naturally do not contain the sequence.

The only known function of Mkk7 is the activation of JNK, however Western blot
analysis showed that the JNK pathway is not activated in testis. In general, MAP
signaling cascades are usually activated by certain stimuli and are not constantly active.
In contrast, spermatogenesis is a constant process. It is very unlikely that a unique
highly expressed variant of a gene evolves in testis whose protein product is not used.
Therefore another function for Mkk7 in testis is probable. The analysis of the protein
levels of Mkk7 in wild mice testis has so far yielded only equivocal results. Comparing
low amounts of testis protein resulted in a different outcome than comparing high
amounts of protein on the Western blot. It can be excluded that the samples were mixed,
because the result was reproducible. At present one can only speculate that either an
unknown systematic mistake occurred or an unknown biochemical effect is involved.
Other protein samples were not available for testing, but the experiment should be

repeated with more samplesin the future.

However, other experiments gave more clear results. The synthesis of a novel peptide,
PMkk7, by trandation of a different reading frame was assumed. An antibody against
this peptide specifically stained a band in Western blot experiments which had the
expected size and was constantly stronger in Mus musculus domesticus. The experiment
lacks so far the unequivocal proof that the band indeed reflects Mkk7, although thisis
likely. The attempt to generate a positive control by in vitro transcription/translation of
Mkk7al1 ¢cDNA using rabbit reticulocyte extract failed and was therefore not included
into the presented work. The finding that different peptides are potentially transated
from the same RNA would deserve closer attention, because this would contradict a

common paradigm.



In summary, it was not possible to determine the molecular function of MkK7 in testis.
Immunoprecipitation of the peptide stained with the anti ®Mkk7 antibody and
subsequent Edman degradation or mass spectrometry can be performed to identify the
peptide. The same procedure can be applied to proteins that were co-precipitated with
an anti Mkk7 antibody after cross-linking of natively isolated testis protein in order to
identify potential interacting proteins of Mkk7. Conditional knock-out mice of Mkk7
are in preparation. They can boost the effort to explain the function of Mkk7 in testis
and they will also be avery useful negative control in Mkk7 protein analysis. Moreover,
the construction of a knock-out that constitutively deletes the Mkk7 apha promoter
without altering the other isoformsis part of ongoing work. These mice will answer the
question of whether the Mkk7al transcript provides a benefit in reproductive success by

comparing them with wild-type control mice or with wild mice.

4.2.2 MKkk7isan examplefor promoter evolution

The emergence of a new promoter in MKK7 is the first example of a single nucleotide
mutation in a cis-regulatory region that changes expression, and has been a possible
target for positive selection, in mammals. The question of how genetic changes
contribute to adaptive evolution of form and function is a controversially discussed
subject. A common theory that has been developed over decades suggests a
predominance of cis-regulatory changes in evolutionary divergence (Britten and
Davidson, 1969; Carroll, 2008; Davidson, 2001; Rockman and Stern, 2008; Wray,
2007), however, others have proposed that, while cis-regulatory changes are important,
the role of coding changes is underestimated (Hoekstra and Coyne, 2007; Lynch et al.,
2008; Wagner and Lynch, 2008).

The main argument in this debate is the role of pleiotropic effects due to genetic
changes. The proponents of cis-evolution argue that protein changes are more likely to
cause deleterious pleiotropic effects, because they are affecting each cell type in which
the respective protein is made. The coding-evolution proponents question the idea that

pleiotropic effects of protein changes are more likely to be deleterious than pleotropic



effects of temporal and spatial gene expression changes. However, cis-regulatory
changes affect more than temporal and spatial gene expression changes. They can
influence different levels of regulation. A recent study showed that 58% of mouse
protein coding genes have two or more promoters. 92.9% of those genes are predicted to
use distinct start codons (Carninci et a., 2006). The existence of aternative promotersis
particularly important in testis. Different UTRs in spermatogenic cells are believed to
alter trandational behavior in order to prevent cells from deleterious defects caused by
high levels of protein synthesis due to increased and atered expression patterns
(Kleene, 2001).

The Mkk7 example demonstrated how the change of a single base presumably leads to
the generation of an aternative promoter causing a new 5’ UTR that influences RNA
processing and protein trandlation. Thus, it is difficult to disentangle which effect is
more important in this case, the new promoter or the new peptide that is generated as a

consequence of it. Functional studies will be required to test these alternatives

separately.

4.3 Measuring expression of naturally occurring promoter variants

The identification of mutations which determine the expression strength of naturally
occurring promoter variants is an important subject for evolutionary research.
Therefore, a renilla luciferase expression vector was constructed, which allows
expression differences to be detected in vivo through site directed recombination. This
technology creates embryonic stem cells with single copy insertions into a defined
position of the CollagenAl locus. The plasmid can be used in combination with the C2
ES cdll line which can be used for the direct generation of fully ES cell derived animals
by injection into tetraploid blastocysts. So, the typing and backcrossing of chimeric
mice is omitted and time can be saved. Different reporter gene constructs can al be
integrated at the same position in the genome and are always single copy. This is an
advantage in comparison with conventional transgenic mice and BAC-transgenic mice

which require the laborious characterization of founder animals. Another great



advantage is that promoter fragments can be amplified by PCR or retrieved from BACs
and can easily be cloned into the Luciflip plasmid within a single ligation step. This
saves the time consuming construction of individual targeting vectors for different
genes as it would be necessary in common gene targeting experiments. A large amount
of different constructs can be generated and tested in a short time. It was shown that the
reporter plasmid is also suitable for transient transfection in cell culture experiments. As
mentioned in section 2.5.3, the “flip-in” system into the CollagenAl locus was
previously used for successful expression of genes in an inducible manner. Although it
still has to be proven that it can be applied to induce luciferase expression driven by
natural promoter variants in vivo, this system could be a useful tool for future candidate
gene characterization. A potential candidate gene for reporter gene analysis is [-
Defensin (Defb6). A synopsis about this candidate gene is presented in the addendum
following the discussion part.

44 An integrated approach to provide experimental evidence for

natural selection

The work described in this disquisition contributes to the long term goal of providing
experimental evidence for natural selection. The initial point of this approach is the
identification of candidate genes that are differentially expressed between closely
related species of wild mouse and show significant signs of recent selection at the DNA
level. Modern genomic research technology facilitates such screens. Secondly, the
candidate genes have to be carefully validated. The expression pattern has to be
characterized in detail and other factors that could be a hidden cause for the selection
event have to be considered. For example, it is expedient to exclude protein sequence
mutations in the sweep population. Furthermore, it is helpful to test whether the
expression difference is due to cis-effects rather than to trans-effects. Multiple
comparisons with related species as they were conducted for LP10 can help to relate the
expression difference with different genotypes and to trace the evolutionary origin of

the phenotype.



The next step is to understand the molecular genetic cause for the expression difference
in a functional context. Candidate genes that fulfill the requirements described above
are not chosen according to their functional properties. Decisions for genes that are
biased towards existing knowledge about function may ostensibly help to explain fitness
benefits, but they may also obstruct an objective view. Moreover, choosing genes
according to objective parameters underlines the significance of the whole approach in
the long run. However, the functional consequences of the expression differences need
to be unraveled. This can be demanding as it was evinced by the examples given in this

iswork.

It is facilitating the analysis if the expression difference of the candidate genes is
restricted to certain tissues. Testisis a suitable organ to find such genes. There are many
testis specific transcripts. Those genes are acting in unique processes which can only be
found in testis. Comprehending the function of testis specific genes is anyway of great
importance for the understanding of evolution. The drawback of investigating testis
specific genes is the lack of appropriate cell culture models. Thus, reporter studies to
identify the mutation causing the expression difference may have to be performed in

Vivo in some cases. This can be done as discussed above.

Once the cis-regulatory variant that causes the expression difference is identified it can
be attempted to show that it causes an increased fitness as well. House mice offer the
advantage that they can be genetically modified in a directed manner using homologous
recombination in embryonic stem cells. Therefore, it is possible to generate almost
identical clonesthat differ in just one base position. Mouse genomes can be manipul ated
in away that a single mutation is inserted without any remaining traces of foreign DNA
or other alterations (Cohen-Tannoudji and Babinet, 1998). Mouse lines that differ in just
one position can be analyzed for fitness differences in direct comparisons. Releasing the
mice into large enclosures can simulate natural conditions. So, it can be measured
whether a mutation provides a selective benefit, for example an increased reproductive

success. In some cases is would certainly be desirable to look in wild strain



backgrounds. Therefore, the establishment of wild-mouse derived embryonic stem cell

linesis aspired.

This work has built a platform for further studies investigating the adaptation of Mkk7
and LP10 and the approaches and findings can be applied to other such candidates. The
described methods offer a very promising approach to prove examples of natura

selection as they were suggested by Charles Darwin (Darwin, 1859).



5 Addendum

Beta-DefensinG - A potential candidate for future analysis

Mammalian B-Defensins comprise an important family of innate host defense peptides
with pleiotropic activities (Patil et a., 2005). More than 30 different B-Defensins are
encoded in the mouse genome. They evolved by gene duplication and have been the
target of numerous selection events leading to a high degree of variation (Maxwell et
al., 2003; Semple et a., 2006). Beside their role as antimicrobial peptides they have
various functions that are not well understood. For example, the dog B-Defensin103
(orthologous to mouse Defb14) is involved in coat color determination (Candille et al.,
2007). The sperm coating protein DEFB126 facilitates penetration of cervical mucus in
Macaques (Tollner et a., 2008). A role of human B-Defensin2 in intestinal wound
healing is presumed (Otte et al., 2008) and human B-Defensin3 isinvolved in activation
of antigen-presenting cells (Funderburg et a., 2007). However, the expression
properties of B-Defensins are as variable as their functional roles and their genomic
copy numbers. Tissue specificity and regulation of gene expression differs drastically

between different paralogs of B-Defensins (Kaiser and Diamond, 2000).

Defb6 was previoudly identified in aregion that has been subject to a selective sweep in
Mus musculus domesticus (lhle et al., 2006). The amino acid sequence does not differ
among the subspecies compared indicating that selection has possibly targeted the
regulatory sequences of this gene. Defb6 is expressed in various epithelia, in throat and
oral cavities, but predominantly in skeletal muscle tissue (Yamaguchi et a., 2001).
Expression in skeletal muscle is unique among those B-Defensins for which expression
has been analyzed. Over-expression of Defb6 in transgenic mice impairs lifespan and
growth and results in a number of muscle abnormalities, as seen in human muscular
dystrophy (Y amaguchi et al., 2007). Expression analysis using SY BRgreen based qRT-
PCR comparing the Defb6 expression in esophagus of M. m. domesticus and M. m.

musculus demonstrated that expression levels were somewhat significantly different



domesticus musculus

3 o D - - T ”-“"q
3 — | |

Figure31 Sequencelength polymorphism of Defb6 promoter. Size standard displays kb.

(Thle, 2003). The expression measurement in esophagus was repeated with an ABI
TagMan-assay. This technology is more accurate than SYBRgreen PCRs. A
significantly lower esophagus expression in M. m. domesticus was observed with afold
change of 29.3. In order to find cis-regulatory differences related to the expression
difference, the promoter region of Defb6 in 8 individuals of M. m. domesticus and M. m.
musculus was amplified by PCR for sequencing. Subsequent gel electrophoresis
revealed a distinct length polymorphism (Figure 31). 6 M. m. musculus animals were
homozygous for the insertion, one animal was heterozygous and another one didn’t
have the insertion at al. On the other hand al M. m. domesticus animas were
homozygous for the short allele. Sequencing of the PCR fragments revealed an 829 bp
insertion (-2527 base pairs relative to the transcription start) to be the cause of the
length polymorphism (Supplement D). Repbase — a database of known repetitive
elements - was searched using the CENSOR online tool to identify similar entries
(Kohany et al., 2006). The Defb6 promoter insertion matched the sequence of mouse
specific LTR retrotransposon RLTR13B2. Retrotransposon insertions have important
effects on the regulation of gene expression (Buzdin et a., 2005; Hasler et a., 2007).
Thus, the Defb6 promoter insertion would be an interesting subject for reporter gene
analysis using the Luciflip system. A preliminary test to answer the question of whether
the expression difference is also present in skeletal muscle would be possible since a
cell culture model for this cell type is available (Y affe and Saxel, 1977). If it could be
shown that the transposon causes differential expression in muscle cells, it could be

argued that purifying selection has eliminated the transposon alele in M. m. domesticus



due to the deleterious effects of high Defb6 expression in skeletal muscles that were
described in a transgenic mouse model. On the other hand, if this is not the case,
because the expression difference is indeed restricted to epithelial cell types in
esophagus or elsewhere, it would be very difficult to explain why alower expression in
M. m. domesticus can be the target of positive selection. Moreover, sequencing of the
Defb6 promoter region revealed the existence of several other sequence differences
between M. m. musculus and M. m. domesticus (Supplement D). Investigating their
potential contribution to the expression difference complicates the scenario. The
existence of synergistic effects is likely and would handicap the identification of

mutations that are responsible for the expression difference and how they act.



6 Materials and methods

6.1 Animals

6.1.1 Wild mice

The Mus musculus musculus animals used in Northern blotting, Western blotting and in
situ hybridization belong to the JPC 2821 wild derived strain from Czech Republic.
Wild-caught Mus musculus musculus animals from Austria were used for quantitative
real time PCR, RACE and additionally for the total-Mkk7 Northern blot. All used Mus
musculus domesticus animas were derived from wild-caught mice from the
Cologne/Bonn area. Mus musculus castaneus mice belong to the CIM-strain. These
animals were kindly provided and previously described by Ruth Rottscheidt
(Rottscheidt, 2007). Mus spretus animals used for Northern blotting derived from
laboratory breedings of wild animals caught in Spain (Voolstra et al., 2007). Wild mice
were kept in cages in open shelves under non-sterile conditions.

6.1.2 Laboratory mice

C57BL/6J (Black6) mice, LP10 conditional and knock-out mice and Cre-deleter mice
were sterilely kept in isolated ventilated racks in the mouse facility of the Institute for

Genetics, Cologne.

6.2 Reagents

6.2.1 Chemicalsand Kits

If not specified separately, standard chemicals were obtained from Applichem
(Darmstadt), Sigma-Aldrich (St. Louis), VWR international (Darmstadt) or Carl Roth
(Karlsruhe). MinElute PCR Purification Kit, QIAquick PCR Purification Kit (both
Qiagen, Hilden) and NucleoSpin Extract Il (Macherey-Nagel, Diren) were used for
PCR purification and DNA gel-extraction. QlAprep Spin Miniprep Kit, QIAGEN
Plasmid Midi Kit, QIAGEN Plasmid Maxi Kit (all from Qiagen, Hilden) and


http://www1.qiagen.com/Products/DnaCleanup/GelPcrSiCleanupSystems/MinElutePCRPurificationKit.aspx
http://www1.qiagen.com/Products/DnaCleanup/GelPcrSiCleanupSystems/QIAquickPCRPurificationKit.aspx
http://www.mn-net.com/tabid/1452/default.aspx
http://www1.qiagen.com/Products/Plasmid/QIAprepMiniprepSystem/QIAprepSpinMiniprepKit.aspx
http://www1.qiagen.com/Products/Plasmid/QIAGENPlasmidPurificationSystem/QIAGENPlasmidMidiKit.aspx
http://www1.qiagen.com/Products/Plasmid/QIAGENPlasmidPurificationSystem/QIAGENPlasmidMidiKit.aspx
http://www1.qiagen.com/Products/Plasmid/QIAGENPlasmidPurificationSystem/QIAGENPlasmidMidiKit.aspx
http://www1.qiagen.com/Products/Plasmid/QIAGENPlasmidPurificationSystem/QIAGENPlasmidMaxiKit.aspx

NucleoSpin Plasmid QuickPure (Macherey-Nagel, Duren) were used for Plasmid
purification. TOPO-TA Cloning Kit, Zero Blunt TOPO Cloning Kit (both from
Invitrogen, Carlsbad) and pGEM-T easy Vector system (Promega, Mannheim) were
used to clone PCR products into plasmids for amplification and preservation purposes.
All other kits that were used are listed separately in the context of procedure
descriptions. The ssRNA ladder (New England Biolabs, Ipswich) was loaded on RNA
gels to measure band sizes. Protein mass was estimated with the SeeBlue Plus2 Pre-
Stained Standard (Invitrogen, Carlsbad). Band sizes and masses in DNA gels were
determined with one of the Low Range, Middel Range or HighRange FastRuler DNA
Ladders (Fermentas, St.Leon-Rot) or with 2-Log DNA Ladder (New England Biolabs,
[pswich).

6.2.2 Enzymes

Restriction enzymes, arctic phosphatase and proteinase K were obtained from New
England Biolabs (Ipswich). T4-DNA-Ligase was received from Roche (Basd). All
other enzymes that were used are listed separately in the context of procedure

descriptions.

6.2.3 Antibodies

rabbit-anti-Mkk7 (Cell Signaling, Danvers), working dilution 1:1000
rabbit-anti-SAPK/Jnk (Cell Signaling, Danvers), working dilution 1:1000
rabbit-anti-phospho SAPK/Jnk (Cell Signaling, Danvers), working dilution 1:1000
mouse-anti-a tubulin (Sigma-Aldrich, St. Louis), working dilution 1:4000
rabbit-anti-*Mkk7 (Eurogentec, Cologne), working dilution 1:1000
anti-rabbit-1gG, HRP-linked (Cell Signaling, Danvers), working dilution 1:10000
anti-mouse-1gG, HRP-linked (Cell Signaling, Danvers), working dilution 1:2000

anti-DIG, AP-linked (Roche, Basdl), working dilution 1:3000


http://www.mn-net.com/tabid/1384/default.aspx

6.2.4 Primer list

All primers were obtained from Metabion (Martinsried). The following list contains all

primers (P) that are named in the course of procedure descriptions.

Primer name

Primer sequence

P26 CTGCAAGCAAATGAACGTGC

P27 GGCCTGACATCGAGGAGGAT

M 13forward CGCCAGGGTTTTCCCAGTCACGAC

M13reverse TCACACAGGAAACAGCTATGAC

P34 CCTGGGTTCTTTTCCAACG

P35 CTAGCAAAATAGGCTGTCCC

P36 GGATCCCTGCTCGTTCTTCAGCACGC

P37 CGCCTCCTGGATCACTACAAGTA

P45 GTGTTTGTCTACCCCGGACT

P47 CGTGGAAGACTTTGTCCAGA

P49 AATTAACCCTCACTAAAGGGGAGCATCGAGATTGACCAGA
P50 TAATACGACTCACTATAGGGGCTCGGATGTCATAGTCAGG
P55 CTCCTGACATACGGTCCTGT

P58 TGCCCATGTAGGTCACTAAG

P83 ACCTTCTCTCGCACACATGCT

P85 GTAATGTTTAGCTGCTTGTGGTG

P86 AGGCCAGAGTATTGGGATGC

P107 AGTCTGGAGGAGTCTCCCACTT

P113 GAATTCTTACAGATCCTCTTCAGAGATGAGTTTCTGCTCCTGCTCGTTCTTCAGCACGC
P114 CCAAAGTGTGAAGTGTTCTGCCT

P121 CCTGTAGGGAGGAATAAATCCTGG

pP122 CACTGAGTTCCTGGAGGTGTTTAGT

P123 AGCACACTCCTTTGGAGCAA

P124 GTCCTGTGATCCATCCAATAGCT

P125 TCAGAACTGAGGGACTGAGGTG

P126 AATGAATAAATGAGCATGTATGAATCTG

P142 GGGTTGACCAAAGGTTTGAA

P144 TAATGACCAGAGAAAGGCAAGAG

P145

CAGTGCCTTATATAGTGCCAGGT

P149

TCATGTCCTTGCCATAGTTCCTA

P171

TTTAAAAAGGGAAGAGGGCAACA

P177

GTCTTCCGTTCACAGTGTCTGTC

P180

CTTTGTCCTAGGATGGCTTTGTG

P182

AGTCTGGAGGAGTCTCCCACTTC

P183

AGGGAAGGGTTTTATTCTCAAGC

67



P184

AAAGATCACAGGAAGAGACCAAAGT

P199

AGGCCCAAAGACAGTAGGCTCAG

P263 CTCATGGCAGCGGCCAGC

P270 AATTAACCCTCACTAAAGGGAACACAGAGGGCAGAAGTCC
P271 TAATACGACTCACTATAGGGGGGCTCTGCTAGGCTGCTGG
P288 ACGGTATCGATAAGCTTGCAG

P290 GAGGGTCCATGGTGATACAAG

pP292 GATCTGTAGGGCGCAGTAGTCC

P293 GAAAGACCGCGAAGAGTTTGTC

P302 CTGGCCTGACTGACCTTCAC

P303 TAATACGACTCACTATAGGGCTCTGGGTATCTCCAGTTCCTG
P304 CTACCCCGGACTGACGGGTG

P305 TAATACGACTCACTATAGGGGTGGGCTGATATCCAAGTTGA
P306 TAGAACCCTATTCCCAACCCTGT

P312 CCCCCTCCATATAACATGAATTT

P316 CAATTGTTACAGATCCTCTTCAGAGATG

P317 GAATTCGCCACCATGGCTTCCAAGGT

P318 CTCGAGTGACCAACTACTTTTCACTATTGCTG

P319 CAAGCTGTGAAGGTCAGTCAGG

P320 TGGTGGACAAGCTGGATCTAGAAAGGAAGAGGAAGCACT
P321 CTCTTCCTTTCTAGATCCAGCTTGTCCACCATGACC

P322 CTCGAGCGCGTTACATAACTTACGGTAAA

P323 CTCGAGCAAAACAAACTCCCATTGACG

P324 CTTCACAGCTTGATCATCTTCC

P325 AAGAAACTCCCAGGAAGGAAA

P326 CTCCCTGGAGCAGAAGCTGT

P327 GTGGGCTGATATCCAAGTTGA

P328 CCCATCAACCTTGTTCACAC

P329 GTCAGGTACCCTGTCTGCTTC

P330 TGACTATGACATCCGAGCTGA

P331 CAAAGTCCGTCTTGCAGTTCT

P332 CACAGCTTCATCAAGCACTATG

P333 TGCTGACTCAGGACTCCACTA

P334 AGGACAGAAAGTAGGGGGTTC

P335 CAGAGTGGGAGGGATTAGGA

P338 AGTTGAGAAACCTTGCTGGAA

P342 CCCTCTGACCTCCTCCTCAG

P343 AGGGTTTTATTCTCAAGCGTCT

P344 TTGTCTTTGTCTACTGCCCTCT

P345 TGGTGACAGAGGGAAGGACTTG

P346 CAGTAGTCCAGGGTTTCCTT
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P347

GAATTCCTCGATCCAGACATGATAAGATA

P348 GATGTACGGGCCAGATTTAC
P349 CTTTACCAACAGTACCGGATT
P352 TAGTCTCGTGCAGATGGACAGC
P353 CTCTTGCCGGACTTACCCATT
P354 TTAGAATGGGAAGATGTCCCTTG
P355 CTACACCCTGGTCATCATCCTG
P356 CCTGGCTCACAAATACCACTGA
P357 CGAGGTGCCGTAAAGCACTAA
P358 GCGTGCTTCTCGGAATCATAGT
P360 CATCTGCCCTTCTTCAGGTAGC
P361 CCTTCCACTGAGGGTAGAGTGG
LOH forward TGCCAAATCACCCTGCTTGC
LOH reverse TGTGCAAGCTGTAACCATCC
ROH forward AGCCATAGCCTTGTCCAGAG
ROH reverse CAGCTGCTTCTATTGGAAAGG
Cre forward CGCATAACCAGTGAAACAGCAT
Crereverse GAAAGTCGAGTAGGCGTGTACG
rat LP10 forw GTGAGGTCAGCCTGAGGAAG
rat LP10 rev CCTGGACAGCAAGCCTAGAA
tubulin for GTCTCCAGGGCTTCTTGGTTTT
tubulin rev ACGCTTGGCATACATCAGATC

6.3 DNA samples

Wild mouse genomic DNA was used to obtain population sequence data and to amplify
promoter fragments for reporter gene construction. DNA from Mus musculus musculus
animals (Czech Republic) and Mus musculus domesticus animals (Cologne/Bonn area)
was kindly provided by Meke Teschke and Sonja lhle. All individuals were
independently collected using a sampling strategy that eliminates the chance of
collecting related animals by ensuring a minimal distance of 1 km between each
collected mouse (Ihle et al., 2006). Rat genomic DNA was kindly provided by the

department of Human Genetics (University of Cologne).
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6.4 RNA Samples

Testis RNA from Mus spicilegus, Mus macedonicus, Mus cypriacus, Mus famulus and
Mus caroli was kindly provided from Bettina Harr. Testis RNA from Apodemus
gylvaticus was kindly provided from Fabian Staubach. Testis RNA from Rattus
norvegicus was obtained from Applied Biosystems/Ambion (Austin). Other RNA

samples were freshly isolated from mouse organs (see below).

6.5 Procedures

All laboratory techniques that are not specified explicitly were handled according to
common laboratory procedures that were previously described together with the
composition of standard buffers and solutions as they were used for this work
(Sambrook et a., 1989).

6.5.1 Dissection of mice

For the isolation of mouse organs, mice were sacrificed by cervica dislocation. Then
they were wetted with 70% ethanol for disinfection and to avoid that hair spreads onto
the organs when the mice are cut open. A cut was made into the abdominal wall from
which on the skin was cut open without damaging the muscle layer below. The muscle
layer was then cut open with a clean pair of scissors and the organs were taken out. For

the storage of the organs, they were shock frozen in liquid nitrogen and kept at —-80°C.

6.5.2 Extracting RNA from Mousetissue

Mouse organs were homogenized in Trizol Reagent (Invitrogen, Carlsbad) using the
TissueRuptor system (Qiagen, Hilden). RNA extraction was performed by following the
Trizol Reagent manufacturer’s manual. RNA pellets were dissolved in pure nuclease
free water (Applied Biosystems/Ambion, Austin). Photometric measurement of RNA
concentration was performed with NanoDrop 1000 (Fisher Scientific, Hampton).
Samples were stored at -80°C.



6.5.3 Extracting protein from mousetissue

Mouse organs were homogenized in RIPA buffer (0.2 M NaCl, 1% TritonX-100, 0.1%
sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCI pH 7.5, 1 mM EDTA, 1 tablet of
complete protease inhibitor cocktail — EDTA free (Roche, Basel) per 50 ml) using the
TissueRuptor system (Qiagen, Hilden) at 4°C. The lysate was separated from fat and
debris by centrifugation at 4°C. Protein concentration in the cleared lysate was
measured according to Bradford (Bradford, 1976). Samples were mixed with denaturing
sample buffer (Laemmli, 1970) and stored at -20°C.

6.5.4 Extracting genomic DNA from Mousetissue

Mouse tissue was lysed in 500 pl homogenization buffer (80 mM EDTA, 100 mM Tris-
HCI pH 8.0, 0.5% SDS) with 10 pl proteinase K (10mg/ml) by shaking at 56°C over
night. The lysate was cleared by centrifugation and genomic DNA in the supernatant
was precipitated with the salt and acohol method. DNA was whashed and resuspended
in 10 mM Tris-HCI pH 8.0 and stored at 4°C.

6.5.5 Polymerase chain reaction

Two different polymerases were used for polymerase chain reactions (Mullis et al.,
1986): Qiagen Multiplex PCR Kit (Qiagen, Hilden) and Phusion Hot Start High-Fidelity
DNA Polymerase (Finnzymes, Espoo). The two polymerases are abbreviated with PCR
Kit and Phusion in the following. For PCR Kit reactions 10 ng of template DNA were
utilized in a 10 pl total reaction volume containing 5 pl of PCR Kit Master Mix and 0.2
pl of 10 uM dilutions from each primer. Cycling protocol: 15 min initial activation at
95°C, 40 cycles of 30 s denaturation at 94°C, 90 s annealing and 1 min / kb elongation
a 72°C followed by 10 min final extension at 72°C. Phusion PCR reactions were
composed of 4 ul 5x Phusion HF Buffer, 10 mM dNTPs, 0.5 uM per primer, 0.6 pl
DMSO, 0.2 pl Phusion Hot Start DNA Polymerase and 200 ng of template DNA in a
total volume of 20 pul. Cycling protocol: 30 s initial denaturation at 98°C, 30 cycles of
10 s denaturation, 30 s annealing and 30 s/ kb elongation at 72°C followed by 10 min



final extension at 72°C. A standard annealing temperature of 63°C was used for most
reactions. Annealing temperature was optimized by gradient PCR for some of the
primer pairs. Thermal reactions were run in PTC-225 Peltier Thermal Cyclers (MJ
Reasearch, Waltham) or in Gene Amp PCR System 9700 (Applied Biosystems, Foster
City).

6.5.6 DNA sequencing

DNA sequencing reactions were composed of 0.5 ul sequencing primer (10 uM), x ng
DNA, 1.5 ul 5x Big Dye sequencing buffer and 1 pl BigDye terminator mix version 3.1
(both from Applied Biosystems, Foster City) and brought to a final volume of 10 pl
with pure water. For direct sequencing of plasmid DNA, 200 ng of purified DNA was
used as template. Otherwise, DNA fragments to be sequenced were pre-amplified by
PCR. Subsequently, 0.12 ul exonuclease | (20000 U / ml, New England Biolabs,
Ipswich), 0.45 ul shrimp akaline phosphatase (1 U / ul, Promega, Mannheim) and 2.43
pl of pure water were added to 10 pl of a PCR reaction. The mix was incubated for 20
min at 37°C and heat activated by 70°C for 15 min in order to dephosphorylate any
dNTPs and remove remaining primers. 10 ng of thusly “EXO-SAP’ treated DNA was
used as template in sequencing reactions. Thermal cycling was run in Gene Amp PCR
System 9700 (Applied Biosystems, Foster City) at following conditions: 1 min at 96°C
followed by 30 cycles of 10 s at 96°C and 255 s at 60°C. Sequencing reactions were
analyzed with an ABI 3700 DNA capillary sequencer. Sequence data was further
analyzed using the CodonCode Aligner program (CodonCode Corporation, Dedham)
and the Vector NTI software (Invitrogen, Carlsbad).

6.5.7 Sequencing of wild mouse genomic regions

MKkK7 intronl and flanking regions from 8 individual animals of M. m. musculus and M.
m. domesticus and from one Black6 anima were PCR-amplified by the PCR Kit using
the primer pair P45 / P306. The resulting fragments were sequenced with primers P45,
P47, P58, P55 and P306.



Mkk7 non-canonical polyadenylation sites and flanking regions from 12 individual
animals of M. m. musculus and M. m. domesticus were PCR-amplified by the PCR Kit
using the primer pair P360 / P361. The resulting fragments were sequenced with the
primers P360 and P361.

Beta-Defensiné promoter regions from 8 individual animals of M. m. musculus and M.
m. domesticus were PCR amplified by Phusion and with the primer pair P144 / P145.
The resulting fragments were sequenced with the primers P144, P121, P122, P123,
P142, P124, P125, P126, P145. The retroposon in M. m. musculus animals was
additionally sequenced with primer P149.

Sequence data was edited using the CodonCode Aligner program (CodonCode
Corporation, Dedham) by annotating homozygous and heterozygous SNPs and indels
and removing low quality sequence stretches. The Bioedit sequence editor was used to
generate alignments (Hall, 1999).

6.5.8 RACE

Determining the 5 and 3’ ends of transcripts was achieved via the RACE technique
(rapid amplification of cDNA ends). RNA was reverse transcribed into cDNA, while
linkers were added exclusively to those RNA molecules that had an intact 7-
methylguanosine-cap (5° RACE) or an intact polyA tail (3 RACE) (Frohman et a.,
1988; Volloch et al., 1994). The RACE cDNA was used as template in a subsequent
PCR reaction using one primer that binds to the linker and another gene specific primer.
RACE procedure was conducted using the GeneRacer Kit (Invitrogen, Carlsbad)
according to the manufacturer’s manual. P50 was used as gene specific primer in 5
RACE. P49 was used as gene specific primer in 3 RACE. RACE-PCR reactions were
performed with the PCR Kit and pooled as described in section 2.3.1. Pools were cloned
in PCR cloning vectors and transformed into chemical competent NEB5alpha E. coli
cells (New England Biolabs, Ipswich) which were subsequently streaked out on growth
plates. Single clones were picked (5° RACE: 48 clones per subspecies, 3 RACE: 60



clones per subspecies) into 100ul water and colony PCR using the PCR Kit was run
with M 13 forward and M 13 reverse primers. The PCR fragments were sequenced with
both M 13 primers and some 3' RACE clones had to be re-sequenced with P184.

P83 served as gene specific primer to amplify Mkk7 variant 3 (section 2.3.1, page 16,
Figure 6) in gradient RACE-PCR using the PCR Kit. All reactions of the PCR gradient
were pooled and the RACE-PCR fragments were retrieved from a gel after
electrophoresis. PCR fragments were directly sequences with the primers P180, P85,
P86, P338, P107 and P171.

All sequence data was analyzed with the CodonCode Aligner program (CodonCode
Corporation, Dedham) and different isoforms were counted. The sequence raw data is
attached in the digital supplement.

6.5.9 Generation of cDNA

Generation of cDNA was achieved by reverse transcription of 2 pg total RNA using 200
ng of random hexamers (Fermentas, St.Leon-Rot) and Superscript 1ll Reverse
Transcriptase (Invitrogen, Carlsbad) during a 60 min incubation at 50°C according to
the manufacturer’s instructions. cDNA samples which were compared in subsequent
gRT-PCR experiments were reverse transcribed in parallel and equally treated reactions
starting from RNA samples that were carefully controlled for equal concentrations.

6.5.10 Quantitativereal time PCR with SYBR green

An Austrian M. m musculus sample and a German M. m. domesticus sample were
compared using primer pairs that bind at different positions to Mkk7 cDNA: P326 /
P327 to exon 1, P324 / 325 to exon2, P328 / P329 to exons 4 and 5, P330 / P331 to
exons 10 and 11, P332 / P333 to the 5’ region of exon 13 (upstream of variant 2 splice
donor), P334 / P335 to exon 13 (in between the variant 2 splice donor and alternative
polyadenylation site of Mkk7a1), P344 / 345 to 3’ region of exon 13 (spanning variant 2
splice acceptor) and P342 / P343 to exon 14. Each amplicon is ~100 bp in length and



was amplified in parallel triplicates for each animal. SYBR-Green reaction was set up
with the QuantiFast SYBR Green PCR Kit (Qiagen, Hilden) according to the
manufacturer’s manual and run with an ABI 7900 HT cycler (Applied Biosystems,
Foster City). Cycle threshold (Ct) values were obtained from the ABI PRISM software
(Applied Biosystems, Foster City). The mean of the Ct values from the triplicates were

built and relative expression was calculated using the formula 2.

6.5.11 TagMan Assay for Defb6 quantification

TagMan Gene Expression Assays (Applied Biosystems, Foster City) were used to
quantify Defb6 expression in esophagus of M. m. musculus and M. m. domesticus.
cDNA of 2 Czech M. m. musculus animals and of 3 German M. m. domesticus animals
were used as templates in TagMan qRT-PCR reactions. All samples were analyzed with
an assay for Defb6 (Assay number MmO00651498 ml) and an assay for TBP as
endogenous control (Assay number Mm01277042_ml). Each gRT-PCR reaction
contained 6 pul TagMan Gene Expression Master Mix (Applied Biosystems, Foster
City), 0.6 ul TagMan Gene Expression Assay and 5.4 ul cDNA (diluted 1:10). Every
reaction was run as triplicate in paralel with an ABI 7900 HT cycler (Applied
Biosystems, Foster City). Ct values were obtained from the ABI PRISM software
(Applied Biosystems, Foster City). The Ct mean from the triplicates were built. For
every individual animal the Ct of the endogenous control TBP was subtracted from the
Ct of Defb6 resulting in delta Ct (ACt). The mean of ACt was formed for both

subspecies and the relative fold change (Fc) was cal culated according to the formula:
Fc=2 '(ACtdom%ticus B ACtmus;culus)

6.5.12 Histological techniques

Freshly prepared testes were incubated over night in 4% paraformaldehyde in PBS. The
organs were paraffinized by consecutive incubations in different solutions: (at 4°C) 2x 1
h Formaldehyde, 1.5 h 70% EtOH, 1.5 h 80% EtOH, 1.5 h 96% EtOH, 3x 1h EtOH, 2x
1.5 h xylene and (at 60°C) 2x 2h Paraffin. Paraffinization was processed by the TP



1020 Tissue processor (Leica, Wetzlar). Organs were embedded in Paraffin using the
EG 1150H device and cut into 7 pum sections with a RM225 microtome (both from
Leica, Wetzlar). Sections were floated in a water-bath to spread the tissue (Leica,
Wetzlar), transferred onto superfrost plus slides (Menzel-Glaser, Braunschweig) and
dried on awarm plate (Leica, Wetzlar).

Sections were deparaffinized by incubation of 2x 10 min in xylene for subsequent
hematoxylin-eosin (HE) staining. Afterwards they were hydrated in an alcohol seria
(100%, 95%, 90%, and 70% EtOH for 5 minutes each). The blue staining of the nuclei
was achieved by incubation for 3 minutes in hematoxylin followed by blueing under
running tap water. The connective tissue is stained red by incubation in Eosin for 3—-5
minutes. Afterwards, the slides are dehydrated in series of increasing alcohol content
(70%, 90%, 95% and 100% EtOH for 5 min each) and terminated with clearing for 10

min in xylene. Sections were mounted with Canada balsam (Merck, Darmstadt).

6.5.13 In situ hybridization

In situ detection of Mkk7 RNA was performed by hybridization with a digoxigenin
(DIG) labeled probe (Tautz and Pfeifle, 1989). For probe generation, a fragment
spanning Mkk7 exons 5-10 was amplified from testis Black6é cDNA with primers P49
and P50 using the PCR Kit and cloned into a PCR cloning vector. The correctness of the
insert was controlled by sequencing with M13 primers. The DNA fragment was re-
amplified with primers P49 and P50 from a pure plasmid clone. Reverse transcription to
generate a DIG labeled probe was set up by adding 200 ng of purified PCR product to 2
pl DIG RNA Labeling Mix, 2 ul transcription buffer, 2 ul T7 polymerase, 0.5 ul RNase
inhibitor (all 5 from Roche, Basel). Pure water was added to the reaction mix to obtain a
final volume of 20 ul. The reaction mix was incubated for 2 h at 37°C followed by a
treatment with 1ul Turbo DNAse for 15 min at 37°C to remove the DNA template. The
probe was precipitated with the salt and a cohol method, washed and re-suspended in 40
pl of 50% formamide diluted in nuclease free water (Applied Biosystems / Ambion,
Austin).



All buffers and tools that were used for the following procedure were kept RNAse free.
Paraffinized sections (see 6.5.12) were dewaxed in xylene for 2x 10 min, washed for 5
min in ethanol, rehydrated in a series of decreasing ethanol concentration (95%, 90%,
70%, 30%; 3 min each) and washed for 5 min in PBS before postfixing them for 1 hin
4% paraformaldehyde in PBS. After postfixation the tissue was washed in PBS for 2x 5
min and partially digested with 10 ug/ ml proteinase K in 100 mM Tris-HCI pH 7.5 for
10 min at 37°C. Digestion was stopped with 0.2% glycine in PBS. 2x 5 min washing in
PBS was followed by 15 min incubation in 0.1 N HCI and another 2x 5 min washing in
PBS was performed previous to blocking of positively charged amino acids by 0.25%
acetic anhydride in 0.1 M triethanolamine pH 8.0 for 10 min. Afterwards slides were
washed for 5 min in PBS and for 5 min in pure water before pre-hybridization for 2 h at
65°C in pre-hybridization buffer (50% formamide, 5x SSC, 1x Denhardt’'s, 0.1%
Tween-20). 1 ul of DIG labeled probe was diluted in 100 pl pre-hybridization buffer
containing 400 ng tRNA (Sigma-Aldrich, St. Louis) and denatured at 70°C for 5 min.
The hybridization mix was applied to the sections and covered with coverdips. Slides
were incubated over night at 65°C in a moist chamber. Next day, the sections were
washed in 50% formamide containing 5x SSC and 1% SDS at 70°C for 30 min and
subsequently with 50% formamide containing 2x SSC and 0.2% SDS for another 30
min at 65°C. Afterwards the sections were washed for 3x 5 min in MABS (100 mM
maleic acid, 150 mM NaCl, 0.1% Tween-20 and 2 mM levamisole; adjusted to pH 7.5
with NaOH). Samples were blocked with 1% blocking reagent (Roche, Basel) in
MABS. Anti-DIG-AP antibody was applied in 1% blocking reagent in MABS by
overnight incubation at 4°C. Next day, the sections were first washed 3x 10 min and
then 3x 30 min in MABS. Subsequently, pH was adjusted by incubating for 3x 10 min
in NTMLT buffer (100 mM Tris-HCI pH 9.5, 50 mM MgCl,, 100 mM NaCl, 100 mM
levamisole, 0.1% Tween-20). BM purple solution (Roche, Basel) was applied as
substrate for the anti-DIG antibody coupled akaline phosphatase. Tissue was stained
until the desired degree of signal was observed. Slides were washed 1 min in water and

mounted with Kaiser’s glycerol gelatin.



6.5.14 Microscopy

Light microscopy including fluorescent and phase contrast microscopy was performed
with an Axiophot 2 / Axioplan 2 microscope system (Carl-Zeiss, Oberkochen). Pictures
were captured with an Axiocam camara and processed with Axiovision software (Carl-
Zeiss, Oberkochen).

6.5.15 Northern blotting

Detection of RNA in Northern blotting (Alwine et a., 1977) was performed with
radioactively labeled probes. Generation and cloning of a probe for total Mkk7
detection is described in section 6.12.13. The same fragment was used for total Mkk7
detection in Northern blot. Different additional probes were made for Mkk7 Northern
blot experiments and were amplified from Black6 genomic DNA using the PCR Kit and
the following primer pairs: Mkk7 exonl with P304 / P305; Mkk7 exon2 with P302 /
P303; 5’ region of Mkk7 exon 13 specifically for Mkk7 variants 1 and 3 with P177 and
P263; Mkk7 exon 14 with P182 / P183. The mouse LP10 probe was amplified on
Black6 testis cDNA with PCR Kit and primers P270 / P271. LP10 rat probe was
amplified on rat genomic DNA with PCR Kit and primers rat LP10 forw and rat LP10
rev. Alpha tubulin probe was amplified on Black6 testis cDONA with PCR Kit and
primers tubulin for and tubulin rev. All probe fragments were cloned into PCR cloning
vectors. The correctness of the inserts was controlled by sequencing with M13 primers.
The probe fragments were re-amplified from a pure plasmid clone with the same
primers that were initially used for probe amplification and extracted after gel

electrophoresis.

Probes were labled with a*P-dCTPs (Hartmann Analytic, Braunschweig) by the use of
the Rediprime 11 DNA Labeling Kit (GE Healthcare Life Science, Little Chalfont)
according to the manufacturer’s manual. Labeled probes were cleaned up with
MicoSpin S-200 HR columns (GE Healthcare Life Science, Little Chalfont) according
to the manufacturer’s manual.



10 pg of total RNA per sample were diluted in 15 pl nuclease free pure water (Applied
Biosystems/Ambion, Austin) and mixed with 10 pl sample buffer (50% formamide,
5.18% formaldehyde, 2.5x MOPS, 0.1 mg/ml ethidiumbromide and 2.5x blue marker).
Samples were heat-denatured for 5 min at 70°C and separated on an agarose gel (1.2%
agarose, 0.666% formadehyde, 1x MOPS). The RNA lanes were blotted through
conventional upward blot onto a Amersham Hybond N+ membrane (GE Healthcare
Life Science, Little Chalfont) by neutral transfer (20x SSC) over night. Membranes
were baked for 2 h a 80°C and pre-hybridized in ExpressHyb (Clontech, Mountain
View) at 65°C for 1h. Radioactively labeled probe was added to the pre-hybridized blot
and hybridization took place over night at 65°C in arotating oven. Next day, the blots
were washed 10 — 40 min in 2x SSC containing 0.05% SDS at RT and subsequently
washed for 5 — 30 min with 0.1x SSC containing 0.1% SDS at 50°C. After washing the
blots were dipped in 2x SSC, sedled in a plastic bag and analyzed via autoradiography
using Kodak Biomax-MS films (Kodak, Rochester).

6.5.16 Southern blotting

Detection of Mkk7 DNA after Southern blotting (Southern, 1975) was performed with a
non-radioactively labeled probe. The Mkk7 probe is described in section 6.5.13. DNA
was separated on a 0.8% agarose gel. The gel was equilibrated in 0.4 M NaOH and
subsequently in transfer buffer (0.4 M NaOH, 0.6 M NaCl) before blotting through
conventional upward blot onto a Amersham Hybond N+ membrane (GE Hedthcare
Life Science, Little Chalfont) by alkaline transfer over night. Membranes were baked
for 2 h at 80°C and pre-hybridized in 10 ml ExpressHyb (Clontech, Mountain View) at
55°C for 1h. 1 pl DIG labeled probe was added into the solution and hybridization took
place over night at 55°C in arotating oven. Next day, the blot was washed 30 min in 2x
SSC containing 0.05% SDS at RT and subsequently washed for 20 min with 0.1x SSC
containing 0.1% SDS at 50°C. Membrane was dipped into 2x SSC. The reagents that
are named in the following are described in section 6.5.13. The membrane was washed
for 3x 5 minin MABS buffer and blocked for 30 min in 1% blocking reagent in MABS.
Anti-DIG-AP antibody was applied in 1% blocking reagent in MABS for 1 h at RT.



Afterwards the blot was washed 3x 10 min in MABS without levamisole and
equilibrated in NTMT. Bands were visualized with BM purple.

6.5.17 Western blotting

The extracts from 293 cells and 293 cells irradiated with UV for INK and phospo JNK
Westerns were obtained from New England Biolabs (Ipswich). 15ul of each extract was
used for the experiment. The other protein extracts used are described in section 6.5.3.
Proteins in 1x sample buffer were denatured for 5 min at 95°C and separated in
discontinuous Tris/Glycine buffered SDS-PAGE (15%) prior to Western blotting.
Protein gels were blotted onto Amersham Hybond-P PVDF membranes (GE Healthcare
Life Science, Little Chalfont) using a Trans-Blot semi-dry transfer cell (Biorad,
Hercules). After blotting, the membrane was blocked in 5% non-fat dried milk powder
dissolved in PBS-T for 1 h a RT. Membranes were washed in PBS-T. The antibodies
were applied in Can Get Signal Immunoreaction Enhancer Solutions (TOYOBO,
Osaka). Primary antibody was applied over night in solution 1 at 4°C. Next day the
membranes were washed 6x 5 min in PBS-T and secondary antibody was applied in
solution 2 for 1 h a RT. Subsequently, membranes were washed 6x 5 min a RT.
Chemiluminescence was catalyzed by horseradish peroxidase linked to the secondary
antibody after incubation of the membranes with ECL detection reagent (GE Healthcare
Life Science, Little Chalfont). The signals were visuaized by exposing the membranes
to Amersham Hyperfilm ECL (GE Healthcare Life Science, Little Chalfont).

6.5.18 Molecular cloning and testing of hrLuc-MYC

MY C-tagged hrLuc (Luc-MY C) coding sequence was obtained by PCR including the
MY C-tag into the reverse primer sequence. Luc-MY C was amplified using the Phusion
polymerase and pGL7.40 hrLuc plasmid (Promega, Mannheim) as template with
primers P35 and P113 and cloned into a PCR cloning vector. The correct sequence was
verified by sequencing with M13 primers as well as primers P37 and P26. The GFP
coding sequence downstream of a CMV promoter in the phrGFPII-1 plasmid (Agilent
Technologies, Santa Clara) was replaced with Luc-MY C coding region by molecular



cloning using the restriction sites EcoRI and Hindlll. A control plasmid expressing the
non-tagged hrLuc under the control of CMV was generated by retrieving the hrLuc
coding sequence with Kpnl and Nael from the pGL7.40 hrLuc origina plasmid. GFP
was removed from phrGFPII-1 with Kpnl and EcoRV. Luc-MY C-insert and CMV -
vector were ligated.

C2C12 cells were grown in DMEM medium containing sodium pyruvate, non essential
amino acids, L-glutamine, penicillin/streptomycin (all from Invitrogen, Carlsbad) and
10% fetal caf serum (PAN, Aidenbach) in 37°C incubation maintaining 5% CO,. One
day before transfection, 2.5 x 10* C2C12 cells were seeded into each well of 24-well
plate and grown over night to ~80% confluence. 450 pg plasmid DNA and 2 pl
Lipofectamine (Invitrogen, Carlsbad) were each mixed with 20 pl Opti-MEM medium
(Invitrogen, Carlsbad) and incubated for 5 min at RT. In the meantime, the cells were
washed with PBS and covered with 400 ul serum free medium. After incubation at RT
for 5 min, both Opti-MEM preparations were mixed and further incubated at RT. After
45 min the mix was added to the cells and cells were placed in the 37°C incubator for
the next 5 hours. After that period, 440 pl of medium containing 20% serum was added
into each well. According to this procedure 3 wells were transfected with hrLuc control,
6 wellswith Luc-MY C and 3 wells were treated with all reagents except DNA as blank
control. Next day, each well was trypsinized (Invitrogen, Carlsbad) separately and the
cells were transferred into the wells of a 96-well plate in 25 pl medium. Viviren
(Promega, Mannheim) Luciferase substrate was prepared according to the
manufacturer’s manual and 2 pl of the solution were added to 98 pl medium. 5 pl of the
diluted solution were added to each well and light emission was measured with a
Luminoskan Ascent Luminometer (Fisher Scientific, Hampton). Mean and standard
deviation were calculated for the technical replicates.

6.5.19 Molecular cloning and testing of L uciflip plasmid

The plasmid pBS31' (Beard et al., 2006) is available through the open biosystems

project (http://www.openbiosystems.com/) and was obtained from a German distributor



(BioCat, Heidelberg). It contains a PGK promoter followed by an ATG and a FRT site
which can compliment a promoter- and ATG-less resistance cassette in the ColA1 locus
of C2 ES cells. It further contains a tet-inducible promoter (Schonig and Bujard, 2003)
and a single EcoRI site downstream of that promoter. Therefore, cONAS can be ligated
into the vector by a single cloning step, transferred into the mouse genome and
expressed in vivo after doxycycline treatment. An intron followed by a polyA signd

enhances translational expression.

It was attempted to convert pBS31’ into a promoter-testing system, by removing the tet-
promoter and instead inserting the Luc-MY C coding sequence by maintaining the single
EcoRI site. An upstream double polyA signal cassette protects the expression constructs
from upstream transcriptional activity. The tet-promoter could not be removed without
destroying this cassette because appropriate restriction sites are lacking. Therefore the
double polyA signal cassette was amplified and a new EcoRI site was added to the 3’
end using PCR Kit with the primer pair P346 and P347. The product was cloned into a
PCR cloning vector and sequenced with M13 primer to verify the product. A fragment
containing the double polyA cassette and the tet-promoter was removed from pBS31’
and just the double polyA cassette was reinserted without the tet-promoter by molecular
cloning of the double polyA PCR clone using the EcoRI site and an unique upstream
Clal site. The Luc-MY C cassette was re-amplified from a previously validated clone
(see 6.5.18) using Phusion polymerase and the primers P316 and P317 to add an EcoRI
siteto the 5 end and an Mfel site to the 3' end. The fragment was cloned into a PCR
cloning vector and sequenced with M13 primers, P36 and P37. No mutations were
found. An EcoRI / Mfel fragment of a pure clone was ligated into the EcoRI site of the
modified pBS31' plasmid which lacks the tet-promoter. EcoRI sites and Mfel sites are
compatible but cannot be re-cleaved after ligation. Thus, just one EcoRI site upstream
of Luc-MYC (downstream of the double polyA cassette) remained. Luc-MY C Kozak
sequence was untouched by the procedure. The resulting plasmid was named Luciflip
and contains the following elements in the given order: PGK-promoter, ATG, FRT,
splice acceptor, double polyA signal, EcoRI site, Kozak, Luc-MYC, intron, polyA



signal. It was sequenced with the following primers: M13 forward, P26, P27, P34, P37,
P288, P290, P292, P293, P312, P113, P314, P352, P353, P354, P355, P356, P357,
P358. No mutations were found. The full sequence of Luciflip is presented in the digital
supplement.

In order to test the function of Luciflip, aCMV promoter containing EcoRI sites on both
ends was amplified from phrGFPII-1 plasmid (Agilent Technologies, Santa Clara) using
PCR Kit and the primer pair P348 / P349. The PCR product was cloned into a PCR
cloning vector and sequencing with M13 primers assured that no mutation occurred.
The CMV promoter was retrieved from a pure plasmid and cloned into Luciflip by
cutting and ligating the EcoRlI site. Correct insert orientation was controlled by Ncol

digest of the resulting plasmid and sequencing with P293 and P358.

NIH/3T3 fibroblast cells (Todaro and Green, 1963) were grown in DMEM medium
containing sodium pyruvate, non essential amino acids, L-glutamine,
penicillin/streptomycin (all from Invitrogen, Carlsbad) and 10% fetal calf serum (PAN,
Aidenbach) in 37°C incubation maintaining 5% CO,. One day before transfection, 3 x
10° NIH/3T3 cells were seeded with 70 pl medium into each well of 96-well plate and
grown over night. Cells were co-transfected with Luciflip constructs and a pGL3
plasmid (Promega, Mannheim) which contains firefly luciferase under the control of
SV40 promoter. Firefly luciferase was later used to normalize transfection efficiency.
For transfection, 0.18 pl Fugene 6 reagent (Roche, Basel) was added to 4.82 pl serum
free medium and incubated for 5 min at RT. Subsequently, 30 ng of Luciflip and 30 ng
of pGL3 DNA were mixed and added to the medium containing Fugene 6. The mixture
was incubated for 20 min and added to one well of the 96 well plate containing
NIH/3T3. The transfection was performed for the Luciflip-CMV construct and for an
empty Luciflip plasmid as blank control. Each transfection was performed in 8
replicates in paralel. Cells were incubated over night. Next day, firefly and renilla
luciferase substrates were applied using the Dual-Glo Luciferase Assay System

(Promega, Mannheim) according to the manufacturer’s manual. Relative light units



were measured with a Mithras LB 940 Luminometer (Berthold Technologies, Bad
Wildbad). For every well, the renilla luciferase signal was divided by the firefly
luciferase signal to normalize transfection efficiency. For every construct, median and

standard deviation was calculated from the 8 individual replicates.

6.5.20 Mkk7 alphareporter assay

Fragments reaching from -487 to +43 relative to the transcription start of the Mkk7
apha promoter were amplified from genomic DNA of M. m. musculus and M. m.
domesticus using PCR Kit and the primer pair P318 / P319. The resulting fragments
were cloned into a PCR cloning vector and sequenced with M13 primers. The only
difference that was found in the plasmid clone was the naturally occurring SNP at

position -84.

A two step PCR strategy using PCR Kit was pursued to generate fragments with a
deleted insulator motive. Two separate PCRs with the primer pairs P318 / P320 and
P321 / P319 were run on top of the cloned promoter fragment. The primers P319 and
P320 bind just right upstream and downstream of the insulator sequence and are tailed
with a sequence stretch which is homologous to the sequence on the opposite part
exactly beyond the insulator. The other primer is one of the primers that were used in
the first PCR. Thus, the promoter fragment is divided into two fragments each defined
by an inner and an outer primer. The inner edges overlapped, but were lacking the
insulator. Both PCR products were cleaned up and included into another PCR without
primers. After 5 cycles, the outer primers P318 and P319 were added to the reaction and
PCR continued as usual. The resulting product was cloned into a PCR cloning vector.
Sequencing with M 13 primers did not detect any unintended mutations. This was done

for M. m. musculus and M. m. domesticus respectively.

Another version of al 4 fragments, which has an additional upstream CMV enhancer,
was created. Therefore, the CMV enhancer was amplified with the primers P322 and
P323 using the phrGFPII-1 plasmid (Agilent Technologies, Santa Clara) as template.



The resulting product was cloned into a PCR cloning vector and validated by M13
primer sequencing. Both CMV primers and the upstream primer that was used for
promoter fragment generation (P318) are tailed with an Xhol restriction site overhang.
CMV enhancer fragments were retrieved by Xhol digestion and ligated into the Xhol
site of al 4 Mkk7 promoter fragments. The orientation of the insertion was controlled
by EcoRI / Ncol double digest. The assembled fragments were cut out by EcoRI
digestion and cloned into the EcoRI site of Luciflip. The orientation of the inserts was
controlled with an Xhol digest. All 8 Luci-flip constructs were sequenced with the
primers P293, P358 and P199 to control the inserts. No mutations were found.

The 8 expression constructs were transfected into NIH/3T3 cells and analyzed in 8
replicates each as described section 6.5.19.

6.5.21 Genotyping of L P10 knock-out mice

A 5 mm distal part of the tail was cut from each individual mouse for DNA isolation
(see section 6.5.4). Genotyping of genetically modified mice was done by PCR using
the PCR Kit. The primer pair LOH forward / LOH reverse flanks the loxP / FRT sites
located downstream of LP10 in targeted animals. They generate a 351 bp fragment from
wild type aleles, a 470 bp fragment from conditional alleles and no fragments from
knock-out aleles. The primers ROH forward / ROH reverse are flanking the loxP / F3
sites located in LP10 intronl in targeted animals. They generate a 326 bp fragment from
wild type aleles, a 518 bp fragment from conditional alleles and no fragments from
knock-out alleles. The primer combination LOH forward / ROH reverse generates a 436
bp fragment from knock-out alleles but no fragments from other alleles. The presence of
Cre was tested with the primer pair Cre forward / Cre reverse which generates a 600 bp
fragment from the Cre alele. Samples were genotyped by al kinds of those primer
combinations run in parallel PCRs together with positive and negative controls (samples

of known genotypes).



6.5.22 Phenotypic analysis of the male reproductive system

Male reproductive systems of 6 wild-type mice and 6 knock-out mice were phenotyped.
The workflow was conducted according to a modified version of a previously published
procedure (Behrens et al., 2002). Testis and epididymis were dissected from the right
side of each mouse and weight was measured. The cauda epididymis was excised,
immediately transferred in 250 pl human tubular fluid medium (Millipore, Billerica),
punctured and placed at 37°C. In the meantime the weight of the right testis was
measured again and subtracted from the total weight of epididymis and testis. The left
testis and epididymis were excised, transferred into 4% PFA in PBS and incubated at
4°C over night for later histological analysis (see 6.5.12).

After 5 min of incubating the punctured right epididymis at 37°C, a 6 ul drop of
medium with dispersed spermatozoa was transferred onto a warmed glass slide and
covered with a 20 x 20 mm coverslip. Progressive motility was estimated by phase
contrast microscopy at a magnification of 200x according to WHO (World Health
Organization, 1992). At least 200 sperm cells per animal (but up to 700) in different
areas of the slide were counted and the percentage of different classes of motility was
calculated per animal. The overall classification of motility was expressed as the mean

of the individual percentages from wild-type mice and knock-out mice.

Two more aliquots of medium with dispersed spermatozoa were taken for sperm

morphology 5 min after puncturing the epididymis:

Sperm morphology was studied according to a protocol presented by the Jackson
Laboratory: “A dlide is prepared by spreading 5-10 ul of a sperm suspension across the
surface. After drying, slides are fixed in 5% acetic acid in 95% ethanol for 3 min, air
dried, stained in 5% Eosin Y (Sigma) for 4 min, rinsed in 70% ethanol, air dried, and
mounted with 30 ml of Permount (Fisher). Slides are scored using bright field optics
with a 60X objective. Abnormal sperm are those that exhibit aberration of the head
(e.g. length-width ratio or shape), defective attachment of the head to the tail, defects of



tal (length, morphology) or persistence of the cytoplasmic droplet.”

(http://reproductivegenomics.jax.org/mal eprotocol .html)

Sperm viability was determined 5 min after puncturing the epididymis by dual staining
SYBR-14 in combination with propidium iodide (Garner and Johnson, 1995) using the
LIVE/DEAD® Sperm Viability Kit (Invitrogen, Carlsbad) according to the
manufacturer’s manual. Cells were examined using fluorescence microscopy. At least
200 sperm cells were counted per anima and the percentage of green fluorescing
spermatozoa was defined as viability.

The concentration of spermatozoa and round cells was measured 30 min after
puncturing the epididymis, using a Neubauer hemocytometer. At least 16 small squares
of the counting grid were taken into account.

6.5.23 Microarray analysis

Total RNA from 4 LP10 knock-out mice and 4 wild-type mice was controlled for
quality by running an Agilent RNA 6000 Nano Kit with Agilent Bioanalyzer (Agilent
Technologies, Santa Clara) following the manufacturer’s manual. All samples showed
RNA integrity numbers of beyond 8 and were used for microarray analysis. Agilent data
is attached in the digital supplement. Preparation of biotinylated cRNA samples,
hybridization of samples with Genechip Mouse Genome 430 2.0 arrays (Affymetrix,
Santa Clara), washing of arrays using the fluidic station 450, staining with Streptavidin-
Phycoerythrin and reading of data with an Affymetrix GCS 300 G scanner was
conducted at the Cologne Center for Genomics. Microarray raw-data is attached in the
digital supplement. Probe data from Affymetrix CEL-files was normalized with the
MAS5 method (Affymetrix, 2001; Gautier et al., 2004) using the R-based bioconductor
software (http://www.bioconductor.org/). The normalized probe set data was searched
for differentially expressed genes with the significance analysis of microarrays (SAM)
(Tusher et a., 2001). The resulting list of gene identifier was converted into



GeneSymbols using the NetAffx tool (Liu et a., 2003) and annotated according to gene
ontol ogies with the MGI Gene Ontology Term Finder:
(http://www.informatics.jax.org/gotoolMGI_Term_Finder.html).



7 Outside services and contribution of other people

LP10 conditional knock-out mice were generated at TaconicArtemis GmbH
(Cologne).

Microarray experiments (Sample preparation, hybridization and scanning) were
performed by the Cologne Center for Genomics. Most of this work was done by
Christian Becker, Berlin.

Daniela Haming took care of the laboratory mouse breedings, helped with their
analysis, established Western blotting in the lab and participated in the LP10

Northern blot experiments under my supervision.
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9 Supplement A

Genomic sequence alignment of Mkk7 intron 1 and flanking parts. Consensus sequences of 8 animals each
from Mus musculus musculus and Mus musculus domesticus are aligned against Black6 sequence. Relative
base pair positions are indicated. SNP positions are highlighted with grey background color. Exon positions

areindicated.

Blacké
domesticus
musculus

Blacké
domesticus
musculus

Black6
domesticus
musculus

Blacké
domesticus
musculus

Black6
domesticus
musculus

Blacké
domesticus
musculus

Blacké
domesticus
musculus

Blacké
domesticus
musculus

Blacké
domesticus
musculus

Blacké
domesticus
musculus

exon 1 40 50 60 70

I L I I e e |
ACCTCAACTT GGATATCAGC CCACAGCGGC CCAGGCCCAG TAAGCACGGC CTCGETGGGGG AGGGGCGGGC

ACCTCAACTT GGATATCAGC CCACAGCGGC CCAGGCCCAG TAAGCACGGC CTCGKGGGGG AGGGGCGGGC
ACCTCAACTT GGATATCAGC CCACAGCGGC CCAGGCCCAG TAAGCACGGC CTCGIGGGGG AGGGGCGGGC

80 90 100 110 120 130 140
R N SR R (DAY (RN IPURRRN BN RN NN IO IR IR |
GGGGCGGGEC GCGCACTGGEE AGGCCCCGOC CACCGEECAG ATCCTGCCCC CGCTTCCGGE GCGCTAGCTC
GGGGCGGGGC GCGCACTGGE AGGCCCCGCC CACCGGRCAG ATCCTGCCCC CGCTTCCGGGE GCGCTAGCTC
GGGGCGGGEC GCEGCACTGGA AGGCCCCGCC CACCGGEECAG ATCCTGCCCC CGCTTCCGGE GCGCTAGCTC

150 160 170 180 190 200 210

P O o T e L S S TR TS IR I T I |
TCCTCCCCTC CACTCTCTGT GCTGTCGGCT TGCAGGGAGA GGGTCACGGT GACCTGGAAG TCGGGTGGGC
TCCTCCCCTC CACTCTCTGT GCTGTCGGCT TGCAGGGAGA GGGTCACGGT GACCTGGAAG TCGGGTGGGC
TCCTCCCCTC CACTCTCTGT GCTGTCGGCT TGCAGGGAGA GGGTCACGGT GACCTGGAAG TCGGGTGGGC

220 230 240 250 260 270 280
P e T e e e P e I I [ |
AGTCTCCAGG GCGACTCTCT CCGCCCACGT ACCGCGGTCC CGAAGTTCAC ACCGTTGGTA CCTGAGAGC
AGTCTCCAGG GCGACTCTCT CCGCCCACGT ACCGCGGTCC CGAAGTTCAC ACCGTTGGTA CCTGAGAGCT
AGTCTCCAGG GCGACTCTCT CCGCCCACGT ACCGCGGTCC CGAAGTTCAC ACCGTTGGTA CCTGAGAGCT

290 300 310 320 330 340 350

PO T T A A AR AR IPARPR IR IR BTN [P PR IR
TAGTCCCTCA CCCTGTGGTC GGCTTCCGGA GCCTTGTCAC CTGCACCTTG CAGGCTTTCA GACTCGAAGC
TAGTCCCTCA CCCTGTGETC GGCTTCCGGA GCCTTGTCAC CTGCACCTTG CAGGCTTTCA GACTCGAAGC
TAGTCCCTCA CCCTGTGGTC GGCTTCCGGA GCCTTGTCAC CTGCACCTTG CAGGCTTTCA GACTCGAAGC

360 370 380 390 400 410 420
R R N R N (PR (RN IR EA R R IR IO R IR |
TACGCCGCTG TGACTACAAC CAAGTCTTIT AACTCTGCAA ACAGTTATAT CTCTTCTGAT TCAGTGGTTC
TACGCCGCTG TGACTACAAC CAAGTCTTTT AACTCTGCAA ACAGTTATAT CTCTTCTGAT TCAGTGGTTC
TACGCCGCTG TGACTACAAC CAAGTCTTIC AACTCTGCAA ACAGTTATAT CTCTTCTCAT TCAGTGGTTC

430 440 450 460 470 480 490
B I I I B T S I I R R I R R
CACTCCTGCC GAGTCAGTGA CTGTCAAGAG GTCCCCTCCC CTAGCAGACA GTCCACACAC GTGCATGCCT
CACTCCTGCC GWGTCAGTGA CTGTCAAGAG GTCCCCTCCC CTAGCAGACA GTCCACACAC GTGCATGCCT
CACTCCTGCC GTGTCAGTGA CTGTCAAGAG GTCCCCTCCC CTAGCAGACA GTCCACACAC GTGCATGCCT

500 510 520 530 540 550 560

PR [ e L I i e e e T e I I P
ATCTGCCCAT GTAGGTCACT AAGTCCTCAT CTACATCCGT TTTGATTGGA GGCTTCTATT TGACTTCTT

ATCTGCCCAT GTAGGTCACT AAGTCCTCAT CTACATCCGT TTTGATTGGA GGCTTCTATT TGACTTCTTT
ATCTGCCCAT GTAGGTCACT AAGTCCTCAT CTACATCCGT TTTGATTGGA GGCTTCTATT TGACTTCTTT

570 580 590 600 610 620 630

B I I I N R B I T R I I R e
GGTCATATCA GATGGCTCCT TCTAAGCTIG GAAGGACCTT GTCACTGGAC CCAGCTCACT GCCTCCTACA
GGTCATATCA GATGGCTCCT TCTAAGCTIG GAAGGACCTT GTCACTGGAC CCAGCTCACT GCCTCCTACA
GGTCATATCA GATGGCTCCT TCTAAGCTIG GAAGGACCTT GTCACTGGAC CCAGCTCACT GCCTCCTACA

640 650 660 670 680 690 700

. P I e e e I T O I e I IFTPR e |
TACAGGGGCA CCTCATATCT CTAATGACCA ACTACTTTTC ACTATTGCTG TCTAGCCCTC AGGAAACACA
TACAGGGGCA CCTCATATCT CTAATGACCA ACTACTTTTC ACTATKGCTG TCTAGCCCTC AGGAAACACA

TACAGGGGCC CCTCATATCT CTA=TGACCA ACTACTTTTC ACTATTGCTG TCTAGCCCTC AGGAAACACA
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B T e I i T e e T e I I DT e |
TAGCCATCTC TCAGCCTGGC AGCCTTTGTC TACAGGGCTC AAGTCGACTGC TACTACTACA GACACCTGTA
TAGCCATCTC TCAGCCTGGC AGCCTTTGTC TACAGGGCTC AAGTGACTGC TACTACTACA GACACCTGTA
TAGCCATCTC TCAGCCTGGC AGCCTTTGIC TACAGGGCTC AAGTGACTGC TACTACTACAR GACACCTGTA

780 790 800 810 820 830 840
[ R [ A RN [N (RN SRR (RN [N IR

ACCAGTGTAG TCCCATCGAG TAGAAACGCA CCTCCTTTCT GAGCCTACTG TCTTTGGGCC TGCCTCCTGA
ACCAGTGTAG TCCCATCGAG TAGAAACGCA CCTCCTTTCT GAGCCTACTG TCTTTGGGCC TGCCTCCTGA
ACCAGTGTAG TCCCATCGAG TAGAAACGCA CCTCCTTTCT GAGCCTACTG TCTTTGGGCC TGCCTCCTGA

850 860 870 880 850 900 910
B [ I I T I I P P I I T I |
CATACGGTCC TGTACCAAAA GTGCTTCCTC TTCCTITCTA GACACACATC CAGCTTGTCC ACCATGACCA
CATACGGTCC TGTACCAAAA GTGCTTCCTC TTCCTTTCTA GACACACATC CAGCTTGTCC ACCATGACCA
CATA¥YGGTCC TGTACCAAAA GTGCTTCCTC TTCCTTTCTA GACACACATC CAGCTTGTCC ACCATGACCA

920 930 940 950 960 970 980
RN I I I B I I IR I RN I I B
CAGTTAGCAT CCTTGTTGTA TCCCAGATAC CCCTGTICCCA AGTTGTCTTT GCTGAAAGAR TCTGGCTTTT
CAGTTAGCAT CCTTGTTGTA TCCCAGATAC CCCTGTCCCA AGTTGTCTTT GCTGAAAGAR TCTGGCTTTT
CAGTTAGCAT CCTTGTTGTA TCCCAGATAC CCCTGTCCCA AGTTGTCTTT GCTGAARAGAR TCTGGCTTTT

990 1000 1010 1020 1030 1040 1050
T I Pt [ T
TTTCTCCCCT CTCTGTCCAA CCCTTCCTCT GTCCCTCTTG ATTCAGCAGA ATGTCTTCTT TATATCCTCT
TTTCTCCCCT CTCTGTCCAA CCCTTCCTCT GTCCCTCTTG ATTCAGCAGA ATGTCTTCTT TATATCCTCT
TTTCTCCCCT CTCTGTCCAA CCCTTCCTCT GTCCCTCTTG ATTCAGCAGA ATGTCTTCTT TATATCCTCT

1060 1070 1080 1080 1100 1110 1120
B [ I I T I I P P I I T I |
GTGATGTRAT CTTTGGAGTA TACATACTAT AGTTGICTGT GTGGTCACTA TGGTAAGAGG GGARAGGCAG
GTGATGTAAT CTTTGGAGTA TACATACTAT AGTTGICTGT GTGGTCACTA TGGTAAGAGG GGARAGGCAG
GTGATGTTAT CTTTGGAGTA TACATACTAT AGTTGICTGT GTGGTCACTA TGGTAAGAGG GGARAGGCAG

1130 1140
P I I e
CCTCCTGTAG GTGAAAATTC TGTTCACTAC CTGGCCACCT GGCCTGACTG ACCTTCACAG CTTGATCATC
CCTCCTGTAG GTGAAAATTC TGTTCACTAC CTGGCCACCT GGCCTGACTG ACCTTCACAG CTTGATCATC
CCTCCTGTAR GTGAAAATTC TGTTCACTAC CTGGCCACCT GGCCTGACTG ACCTTCACAG CTTGATCATC

exon 2

exon 2

TTCCTGAAGA GGCATTCAGG ATTCCCTCCA TCCCTACCCC TTCTGGACAA AGTCTTCCAC GTTTCCTTCC
TTCCTGAAGA GCGCATTCAGG ATTCCCTCCA TCCCTACCCC TTCTGGACAA AGTCTTCCAC GTTTCCTTCC
TTCCTGAAGA GGCATTCAGG ATTCCCTCCA TCCCTACCCC TTCTGGACAA AGTCTTCCAC GTTTCCTTCC

exon 2 1?00 I 1?10 | 1?20 | 1?30
TGGGAGTTTC TTCCAGGAAC TGGAGATACC CAGAGGTGGG GATGCATTTC ACTGATTCTG CCTGGGACCA
TGGGAGTTTC TTCCAGGAAC TGGAGATACC CAGAGGTGGG GATGCATTTC ACTGATTCTG CCTGGGACCA
TGGGAGTTIC TTCCAGGAAC TGGAGATACC CAGAGGTGGG GATGCATTTC ACTGATTCTG CCTGGGACCA

1340 1350 1360 1370 1380 1350
T T T e e e o I I I
GAGGTTGGGC CCCTGCTGGA TTCCAGGGCC ATCCCTCCAC GGCCCTGTGG ATGAGACAGG GTTGGG
GAGGTTGGGC CCCTGCTGGA TTCCAGGGCC ATCCCTCCAC GGCCCTGTGG ATGAGACAGG GTTGGG
GAGGTTGGGC CCCTGCTGGA TTCCAGGGCC ATCCCTCCAC GGCCCTGTGG ATGAGACAGG GTTGGG
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10 Supplement B

Results of the Affymetrix Genechip experiment comparing testis expression in LP10/Hennes knock-out mice
and wild-type mice. Significantly differentially expressed genes calculated by SAM analysis (FDR=4%,
delta=1.98) are presented in SAM output for mat.

higher expressed in wild type testis

q-
Score Numerator | Denominator | Fold value

Gene ID Gene Name (d) (r) (s+s0) Change | (%)

1432460_at 1700125F08Rik 24,80 1076,62 43,41 14,05 0,00
1452534 _a_at Hmgb2 9,94 488,86 49,20 1,16 0,00
1451847_s_at Arid4b 8,18 107,34 13,13 1,64 2,60
1436886_x_at Xab2 8,09 179,96 22,26 1,36 2,60

higher expressed in LP10/Hennes knock-out testis
q-
Score Numerator | Denominator | Fold value

Gene ID Gene Name (d) (r) (s+s0) Change | (%)

1419451_at Fzr1 -16,29 -322,03 19,77 0,86 0,00
1436143_at 4933425L03Rik -11,47 -444,66 38,75 0,82 0,00
1456823 _at Gm70 -10,44 -739,44 70,80 0,85 0,00
1423444 at Rock1 -10,24 -311,89 30,45 0,86 0,00
1434782_at Usp42 -9,91 -1365,43 137,84 0,78 0,00
1423293_at Rpal -9,38 -617,01 65,79 0,88 0,00
1417684 _at Thumpd3 -8,99 -491,80 54,68 0,90 0,00
1417425_at Prkrip1 -8,76 -172,12 19,65 0,88 0,00
1460000_at Shisa3 -8,66 -132,23 15,27 0,86 0,00
1423553_at Dnajb3 -8,58 -1666,54 194,24 0,89 0,00
1418757 _at Trim69 -8,56 -602,46 70,35 0,88 0,00
1416868 _at Cdkn2c -8,47 -361,79 42,73 0,88 0,00
1451470_s_at Eif5a -8,28 -1031,55 124,66 0,95 0,00
1448903_at Sep15 -7,83 -556,57 71,09 0,88 0,00
1417838 _at Ssty2 -7,52 -2549,77 339,13 0,88 0,00
1452040_a_at Cdca3 -7,45 -990,17 132,94 0,89 0,00
1432186_at 1700028J19Rik -7,43 -1325,48 178,42 0,87 0,00
1423801_a_at Aprt -7.24 -544,33 75,16 0,86 3,90
1424712 _at Ahctf1 -7,06 -1016,22 144,03 0,86 3,90
1418473 _at Cutc -7,00 -386,83 55,29 0,80 3,90
1423833_a_at Brp44 -6,91 -2732,58 395,66 0,87 3,90
1456660_a_at 0610010F05Rik -6,84 -301,44 44,05 0,89 3,90
1430886_at 1700112E06Rik -6,68 -171,27 25,64 0,06 3,90




1451337 _at Psmf1 -6,67 -1383,45 207,45 0,86 3,90
1420920_a_at Arf1 -6,66 -337,16 50,63 0,90 3,90
1420851_at Pardég -6,57 -109,90 16,73 0,77 3,90
1431086_s_at Pcmt1 -6,34 -422,94 66,76 0,91 4,59
1442871 _at LOC100042492 -6,28 -486,48 77,53 0,54 4,59
1449177 _at Ccnal -6,24 -556,35 89,17 0,81 4,59
1432353_at Larp2 -6,21 -141,24 22,75 0,81 4,59
1454726_s_at Ptpdc1 -6,07 -502,81 82,83 0,91 4,59
1452499_a_at Kif2a -6,05 -410,17 67,75 0,86 4,59
1418576_at Yipf5 -5,97 -465,00 77,93 0,84 4,59
1431871_at Txndc3 -5,95 -405,44 68,19 0,89 4,59
1416415_a_at H2afz -5,88 -2068,67 351,58 0,91 4,59
1422471 _at Pex13 -5,80 -941,83 162,30 0,89 5,57
1437535_at Ppp3r2 -5,76 -1432,61 248,93 0,89 5,57
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11 Supplement C

Gene ontology annotations of genesthat are significantly higher expressed in testis of L P10/Hennes knock-out
mice. Genelist isbased on SAM-analysis shown in supplement B.

Genome

Correcte

GOID GO_term Frequency f Gene(s)
requency | d P-value
G0:0007126 | Meiosis 0,05405 0,00171 0,0843 Fzrl,Rpal,
G0:0051327 | M phase of meiotic | 0,05405 0,00171 0,0843 Fzrl,Rpal,
cell cycle
G0:0051321 | meiotic cell cycle 0,05405 0,00173 0,0872 Fzrl,Rpal,
G0:0000279 | M phase 0,05405 0,00285 0,2311 Fzrl,Rpal,
G0:0009987 | cellular process 0,35135 0,16950 0,2705 Pex13,Cdkn2c,
Sep15,Arfl,Ahct
f1,Aprt,Rockl,Pr
kripl,Ppp3r2,Fzr
1,Eif5a,Pcmtl,R
pal,
G0:0022403 | cell cycle phase 0,05405 0,00400 0,4437 Fzrl,Rpal,
G0:0044237 | cellular metabolic 0,18919 0,06957 0,5838 Aprt,Pex13,Prkri
process pl,Ppp3r2,Sepl
5,Ahctf1,Pcmtl,
G0:0022402 | cell cycle process 0,05405 0,00494 0,6635 Fzrl,Rpal,
G0:0008152 | metabolic process 0,18919 0,07174 0,6832 Aprt,Pex13,Prkri
pl,Ppp3r2,Sepl
5,Ahctf1,Pcmtl,
G0:0015031 | protein transport 0,05405 0,00547 0,8038 Pex13,Arfl,
G0:0045184 | establishment of 0,05405 0,00550 0,8120 Pex13,Arf1,
protein localization
G0:0044238 | primary metabolic 0,16216 0,06483 1,0000 Aprt,Pex13,Ppp
process 3r2,Sepl5,Ahctf
1,Pcmtl,
G0:0008104 | protein localization | 0,05405 0,00750 1,0000 Pex13,Arf1,
G0:0007049 | cell cycle 0,05405 0,00753 1,0000 Fzrl,Rpal,
GO0:0007010 | cytoskeleton 0,05405 0,00759 1,0000 Pex13,Rock1,
organization and
biogenesis
G0:0033036 | macromolecule 0,05405 0,00785 1,0000 Pex13,Arfl,
localization
G0:0007610 | behavior 0,05405 0,00920 1,0000 Aprt,Pex13,
G0:0043170 | macromolecule 0,13514 0,05407 1,0000 Pex13,Ppp3r2,S
metabolic process epl5,Ahctfl,Pc
mtl,
G0:0048523 | negative regulation | 0,08108 0,02408 1,0000 Cdkn2c,Prkripl,
of cellular process Rock1,
G0:0044260 | cellular 0,08108 0,02602 1,0000 Ppp3r2,Sepl5,P

macromolecule
metabolic process

cmtl,




G0:0048519 | negative regulation | 0,08108 0,02637 1,0000 Cdkn2c,Prkrip1,
of biological Rock1,
process
G0:0006915 | apoptosis 0,05405 0,01426 1,0000 Rock1,Eif5a,
G0:0012501 | programmed cell 0,05405 0,01455 1,0000 Rock1,Eif5a,
death
G0:0008219 | cell death 0,05405 0,01497 1,0000 Rock1,Eif5a,
G0:0016265 | death 0,05405 0,01526 1,0000 Rock1,Eif5a,
G0:0006996 | organelle 0,05405 0,01585 1,0000 Pex13,Rockl,
organization and
biogenesis
G0O:0050896 | response to 0,08108 0,03517 1,0000 Aprt,Pex13,Ppp
stimulus 3r2,
G0:0044267 | cellular protein 0,05405 0,02255 1,0000 Sepl5,Pcmtl,
metabolic process
G0:0019538 | protein metabolic 0,05405 0,02349 1,0000 Sepl5,Pcmtl,
process
G0:0006810 | transport 0,05405 0,02414 1,0000 Pex13,Arf1,
G0:0051234 | establishment of 0,05405 0,02520 1,0000 Pex13,Arf1,
localization
G0:0043283 | biopolymer 0,08108 0,04666 1,0000 Ppp3r2,Ahctfl,P
metabolic process cmtl,
G0:0031323 | regulation of 0,05405 0,02876 1,0000 Prkripl,Ahctfl,
cellular metabolic
process
G0:0019222 | regulation of 0,05405 0,02955 1,0000 Prkripl,Ahctfl,
metabolic process
G0:0016043 | cellular component | 0,05405 0,02981 1,0000 Pex13,Rock1,
organization and
biogenesis
G0:0006139 | nucleobase, 0,05405 0,03284 1,0000 Aprt,Ahctfl,
nucleoside,
nucleotide and
nucleic acid
metabolic process
G0:0048869 | cellular 0,05405 0,03481 1,0000 Pex13,Rockl,
developmental
process
G0:0051179 | localization 0,05405 0,03561 1,0000 Pex13,Arf1,
G0:0032502 | developmental 0,08108 0,06904 1,0000 Pex13,Rock1,Eif
process 5a,
GO0:0050794 | regulation of 0,10811 0,10294 1,0000 Cdkn2c,Prkrip1,
cellular process Rock1,Ahctf1,
GO0:0050789 | regulation of 0,10811 0,10649 1,0000 Cdkn2c,Prkrip1,
biological process Rock1,Ahctf1,
G0:0048856 | anatomical 0,05405 0,05425 1,0000 Pex13,Rockl,
structure
development
G0:0065007 | biological regulation | 0,10811 0,11499 1,0000 Cdkn2c,Prkrip1,

Rock1,Ahctf1,




G0:0032501

multicellular

organismal process

0,05405

0,10411

1,0000

Pex13,Ppp3r2,

GO:XXXXX

unannotated

0,54054

0,75334

1,0000

0610010F05RIk,
Usp42,Pard6g,B
rp44,4933425L0
3Rik,Dnajb3,170
0028J19Rik,H2a
fz,Gm70,Kif2a,1
700112E06RIk,
Txndc3,Ccnal, T
rim69,Shisa3,La
rp2,LOC100042
492 ,Ptpdcl,Psm
f1,Ssty2,

G0:0008150

biological_process

0,10811

0,73391

1,0000

0610010F05RIk,
Pard6g,4933425
LO3Rik,1700028
J19Rik,Dnajb3,
H2afz,Ppp3r2,1
700112E06RIk,
Fzrl,Txndc3,Pc
mt1,Trim69,Shis
a3,Larp2,Cdkn2
¢,Sepl5,Ahctfl,
Psmfl,Rock1,Eif
5a,Cutc,Yipf5,U
sp42,Arfl,Thum
pd3,Brp44,Prkri
pl,Gm70,Kif2a,
Cdca3,Ccnal,P
ex13,LOC10004
2492, Aprt,Ptpdc
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12 Supplement D

Genomic Sequence alignment of beta-Defensin6 promoter. Consensus sequences were built of 8 individuals
from M. m. domesticus and M. m. musculus and aligned alongside Black6é database sequence
(www.ENSEMBL .org). ldentical sequences are illustrated as dashed line and mutations are indicated.
Heter ozygousindels are marked as“ X”. A 829 bp endogenousretrovirusis present in M. m. musculus. 3 out of
the 16 haplotypes that were analyzed do not have the insertion. Those three alleles are similar to the M. m.
domesticus type in terms of most SNPs and indels as well. All other alleles have M. m. musculus specific SNPs
and indels shown by ambiguity code. The transcription start is indicated by highlighting the first exon with
grey background. 17 nucleotide positions in the promoter upstream of the transcription start and the first
exons are not included into the alignment, but they are known to contain no differences between M. m.
musculus and M. m. domesticus (Sonja | hle, per sonal communication).

Bl ack6 ATAATAAAAA GATAGGAGAA TTATTTCTAG TCGATCTATT GCATGCTTAT ACCACTGAAG ATAATGAAAA
QOMBST I CUS ottt e e e e e
MUSCUl US o e e e e e

Bl ack6 GCTGCTATTA GTATAGTAAA TTTATTCAAT TTGAAGGGAT GGATATACTA ATTATTCTGT ATTGATCCTT
QOMBST I CUS ottt e e e e e
musculus ... . o L W o e e e

Bl ack6 GCCTACCATA TTTATATACT TTGATAGTAC ACAATAGTAC ACAAATATGI ATATTTACTG TGICTTATTT
QOMBST I CUS ot e e e e e
musculus .. e e R oML Yol

Bl ack6 TATTTTAAAA TCTCTTCTGI ATACCAGGIT AAAAATATGI CTACCAAGCT CAATACTGIG AGATTTTCCA
QOMBST I CUS ottt e e e e e e e
MUSCUI US oo e e e e e e

Bl ack6 ACACAGCAGT GGGAGTGAGG CATTCTAATG TGGGTGCAAA CTCTTCATTC TCCAGCCTCA AATCTCTGIG
QOMBST I CUS ottt e e e e e e
MUSCUI US o e e e e e e e

Bl ack6 CTTCGGATTC TATAGAACAC CTTTTGICAA AACTGITTAT ACATTGTAGA TTTCTTCTTA TGAGGITGIT
donesticus .......... ....... Y e
nmuscul us oS Y. e R... .. ... ...... LWL

Bl ack6 TTTTTAATCT TCCTGTAGGG AGGAATAAAT CCTGGTITAAT GTAACTTTTT TTCACTTACA AAATCCTAGT
QOMBST I CUS ottt e e e e e e
nmuscul us T e e e e

Bl ack6 CTCTCAGCTC TTGCCATGAG GTATGCATTG ATAGTCATCA ATGGITTTCT AGGATAAAAA TAAACAGCTG
QOMBST I CUS ottt e e e e e e
musculus ... L R .......... R e e

Bl ack6 GGITATGGAA TTCACAAGAG ACCTCACTCA GAGICAAGCC ACGIGECCTC CCTCAGAACA GGITTGAGCA
QOMBST I CUS ot e e e e e e
MUSCUI US Lo o e e e e e

Bl ack6 GGAGAAACAG GGAGATGGTG GAAAGGACTA GAGTCCCACT GTTATGGATT CTCATAAAAG ATTCTAAAAA
AOMBST I CUS ..ot e e e e e e e
MUSCUI US L o e e e e e

Bl ack6 GCATCTTGAC TCCTCCCCTC TGATACTCAC ATTATTTCAG AGAGTGCAGA ACCACATATC CAAATGCTAT
dOMBSLI CUS .ottt e e e e e R s
MUSCUI US oo o e e e e e

Bl ack6 CAAGTCCCAC ATTTGICCAT CCCCTTGCGG CTAGAAGTAG CTATTTACTA GITTTTTTTT CCTAAGGGAG
AOMBST I CUS ..ttt e e e e e e e
MUSCUI US Lo o e e e e e
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Bl ack6 AATAGTGCCC CATGTTCAGG TAACATGITA CTAACACATT GCTTTCTCTG AGACTGAAAA CAACACACTC
AOMBST I CUS .ttt e e e e e e
MUSCUI US oo o e e e e e

Bl ack6 ATCTGACTCC AGGTCCATCA CACTGAGITC CTGGAGGTGI TTAGTAGTAA ATGAACTTCA ACATTGAGCA
AOMBST I CUS .ot e e e e e e
musculus ... T 2

Bl ack6 GGAGCTTAGA GAAATCTATA AAACTAGGTC CATATACTGC CCTAAAGAGC TGGGAGAACC ATGACTTGGC
AOMBST I CUS ..ot e e e e e e
MUSCUI US oo e e e e e e

Bl ack6 TCCCATTCTT CTGCATTCAC CAGCTGACTG TGCCCAAGAC -----=-===- =====---==- ----------
o Lo 21213 A T o U = e
MUSCUl US .. e e e TGCCGCAGAC CTTTTGGGIC CCTATGICTG

Bl aCk6 s - ---em o s e i o oo e
(o Te] 1= T 1 L R b e
nuscul us CGTGGAACGG GGTCTCTCGA CGOGGGTGGEG CAAAGCGTGG ATGATGACAG ACAGACACAC ACGCAGGAGA

Bl aCk6 s - - -mm o s e i e oo e
(o Te] 1= 1 L R e e T
nuscul us GITTGTGTGG AATCTGAATG TAATTTTACA ACTGAGCATC AGACTTTTTA TGCAGAGGAC AATAAGGAAG

Bl aCk6 s - - -meo o s e e o oo oo
(o Te] 1= T 1 L R e e e
nuscul us TTGGGTGACA TATTCGCAAG GTACAATTGA GGTAACTGGA ATCTTACATA AAACAGAGGA ATGCAAACAC

Bl aCk6 s - - -mm o s e i oo oo e
(o Te] 1= T 1 L R e e e
nuscul us AAAAGGTCTA ACGGGAACCA CCCAGGATAG AATACATTGA TAACAGCTGG GATCAGCAAG GGCTCCACCT

Bl aCk6 s - ---mm o s oo e i o oo oo
(o Te]p =1 S 1 L R e e
nuscul us AAAATTTACT AATCTTAGAA GCCAGGGICA AGGGCTTCAT GTCCTTGCCA TAGTTCCTAT TTTAGICTCT

Bl aCk6 s - - --em o s oo e i o oo e
(o Te] 1= S 1 L R e L LT
nuscul us TGTATAGICC ACCTTCCCCT TAGGCCATTG TAAATACGTG TGTATGGGTG TAACTCTGCT ATAGTATCTA

Bl aCk6 s - - - - oo s e i o oo oo
OMBSEi CUS - - - - - - - - mm oo oo o o oo oo oo
nmuscul us TTCTGGITTC TCCTTTGGIC TGAAACTTCC TTCTTCCTAA GIGATGGTAA ATTCCTGIGI AAGGGAGTGA

Bl aCk6 s - -- - o s e i o oo e
OMBSEi CUS - --- - - - - mm oo mo oo o o o oo oo
nmuscul us CTTACGCTTTT ACAATCTTGC TGAATTCTAA ACCCTTGATC TTGGICAAGG ATGCCCTTGG ACTGITGGAA

Bl aCk6 c---me oo s e i oo oo oo
OMBSEi CUS - - - - - - - mm oo oo o o oo oo oo
nmuscul us CACTGGCGGA AGGCTTTAGC CATGTCAGAG CACTTATAAT AGGAAAATAC TGAAAGAGAG CACGIGGATC

Bl aCk6 s - --mem o s e i oo oo e
OMBSEi CUS - - - - - - - - mm oo oo oo o oo oo oo
nmuscul us CATACTCTAG ACTAGIGCGG TAATGGAACT TGGGAATGAA AAATTAATAT ATGGGTAGAG AACACTAGCC

Bl aCk6 s - --mem e s oo e i oo oo oo
OMBSEi CUS - - - - - - mmm oo oo oo o oo oo oo
nmuscul us TCCAGGAGGA GACGCTTCCTT GAAACTCTTT TGCCTCATGA GIGACTTTTA AGCTTTTCGG CTTGICCAGT

Bl ack6 = --------e- i oo C TTATGGATCT ATGAGAAATT AGTCCCCACT GAGGCCTAAG
domestiCuS ---------- —mmmmaae oo e e e e
muscul us TGACTCGACC AGAGAGCGTA GCACAAGAC. ..o i i vt v i oY
Bl ack6 CCTATTGACA GACTAAGATG ACCAAGTCTA ATGIGITGAGG TCCAGGCAAG TAAGGICCAA TTGTAACCAG
QOMBST I CUS ot e e e e e
MUSCUI US oo e e e e e e
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Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

TGAGTCTGIC CCAAGACAGC ACGGITCCCT CCAAACTAAG AAGAAGGGTA GCATGICAGG AGCCATAATG

...... M o e
CCTCTTATTA AACATATATC ACTAAGIAGT AGCACACTCC TTTGGAGCAA ATCTCTGCAG ATCCATGAAG
................................................. R oo
................................................. G.......... ..o

R o Ko e
CGEEEEEEEG GEEEEGTACT AGTTAGITCA TATTGITGIT GITCCACTTA TAGGGTTGCA GATCCCTTTA
.......... e
G..A---- ------ RR . e
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Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us
Bl ack6
donesti cus
nmuscul us

Bl ack6
donesti cus
nmuscul us

GATCATGTAT TCTGAATGAT

GITTAAGAGT

GGAGGACAAA GAGAAGAGTC AGAACTGAGG GACTGAGGTG
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Bl ack6 TGGCACTATA TAAGGCACTG AGCTCAAGTC CCTCT
domesticus .......... ... ... mmmmmmemes m-oo---
musculus ... . mmmmmee e e
Bl ack6

domesti cus

nmuscul us
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13 Digital supplement

e RACE sequences, raw data

e Agilent Bioanalyzer data of Testis RNA analysis (4 LP10 knock-out mice, 4
wild-type mice Black6)

o Affymetriy GeneChip Mouse Genome 430 2.0 raw data (4 LP10 knock-out
mice, 4 wild-type mice Black6)

e L P10 targeting vector sequence

e Luciflip plasmid sequence
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