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1. INTRODUCTION 

 

For a better understanding this thesis should be divided into two parts: one concerning the 

analysis of the expression and function of two insulin-like genes namely Insl5 and Insl6, and 

the second part about the verification of interactions between PELO and its putative 

interacting proteins. 

 

1.1. Expression and function of insulin-like genes 

 

The insulin superfamily encompasses the insulin (INS), insulin-like growth factors I and II 

(IGF-I and II), relaxin-1 to 3 (RLN1-3); and the insulin-like (INSL) peptides, INSL3, INSL4, 

INSL5, and INSL6 (Blundell und Humbel, 1980; Adham et al., 1993; Laurent et al., 1998; 

Conklin et al., 1999; Hsu, 1999, Lok et al., 2000; Bathgate et al., 2002a, 2002b; Sherwood, 

2004; Halls et al., 2007b).  

Members of this family share conserved cysteine residues as well as a similar primary peptide 

structure, which consists of a signal sequence, a B-chain, a connecting C-peptide and an A-

chain (Conklin et al., 1999; Wilkinson et al., 2005; Bathgate et al., 2006a) (Fig. 1). The signal 

peptide facilitates the translocation of the prohormone into the endoplasmic reticulum and the 

connecting C-peptide mediates correct folding of the protein and the formation of the two 

inter-chain and one intra-chain disulfide bonds between six invariant cysteine residues in the 

active hormone (Sherwood, 2004; Wilkinson et al., 2005). In proinsulin, prorelaxin and 

proinsulin-like peptides, the B- and A-chains are located at the N- and C-terminal, 

respectively, and are separated by a long C-peptide. The active insulin, relaxin (Sherwood 

2004), relaxin-3 (Bathgate et al., 2002a) and INSL3 (Bullesbach and Schwabe, 2002) are 

formed by the cleavage and removal of the C-peptide and the formation of two disulfide 

bridges between the B- and A-chains (Bathgate et al., 2006a). In contrast, the proIGF-I and 

proIGF-II contain a small C-peptide and two additional domains (D and E) at the C-terminus 

of which the E-peptide is removed during processing while the C-peptide is maintained in the 

active protein (Blundell and Humbel, 1980; Fawcett and Rabkin, 1995; Duguay et al., 1998). 

Based on primary sequence similarity, the native structures of INSL4, INSL5 and INSL6 

should be similar to insulin and relaxin, but to date this has not been confirmed (Wilkinson et 

al., 2005; Wilkinson and Bathgate, 2007). 
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Fig. 1. The members of the insulin superfamily. Primary structure organization (preprohormone) of the human  

insulin (A) (Bell et al., 1979), IGF-I (B) (Jansen et al., 1983), IGF-II (C) (Bell et al., 1984), relaxin (D) (Hudson 

et al., 1983, Hudson et al., 1984), relaxin-3 (E) (Bathgate et al., 2002; Kizawa et al., 2003), INSL3 (F) 

(Burkhardt et al., 1994), INSL4 (G) (Chassin et al., 1995), INSL5 (H) (Conklin et al., 1999) and  INSL6 (I) (Lok 

et al., 2000) are shown.  

 

The expression analysis of the genes belonging to the insulin superfamily revealed that some 

of them are ubiquitously expressed such as relaxin, IGF-I and IGF-II (Sherwood, 1994; 

Daughaday and Rotwein, 1998; Sherwood, 2004; Bathgate et al., 2006a; Bondy et al., 2006). 

Others genes show tissue-specific expression such as insulin, which is expressed in β–cells of 

pancreas (Pictet and Rutter, 1972; Chan and Steiner, 2000; Bondy et al., 2006), or relaxin 3, 

which is expressed in the brain (Burazin et al., 2000; Tanaka et al., 2005). 

- 

- 
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Members of the insulin superfamily are known to have regulatory role in cell growth and 

differentiation, metabolism, and reproduction (Adham et al., 1993; de Pablo and de la Rosa, 

1995; Conklin et al., 1999; Liu and Leroith, 1999; Lok et al., 2000; Bathgate et al.,2006a). 

Insulin regulates peripheral energy homeostasis by acting on multiple tissues to control 

carbohydrate, lipid and protein metabolism (Chan and Steine, 2000; Cantley et al., 2007). The 

IGF-I and IGF-II are involved in cell growth and differentiation as autocrine/paracrine factors 

(O'Dell and Day, 1998; Reinecke and Collet, 1998; Liu and Leroith, 1999). Relaxins (RLN) 

are multifunctional hormones, which play important role in growing of reproductive tissues, 

collagen remodeling, regulation of cardiovascular function, and allergic responses (Chan and 

Steine, 2000; Hsu et al., 2002, Bathgate et al., 2003; Sherwood, 2004; Bathgate et al., 2006a). 

Females deficient for RLN1 exhibited undeveloped mammary gland nipples and increased 

parturition time during pregnancy (Zhao et al., 1999). Male-specific abnormalities were 

detected in renal and cardiac function of the older RLN1-deficient animals. Furthermore, the 

testes, epididymes, and prostate of Rln1-/- mice showed delayed tissue maturation and growth 

associated with increased collagen deposition (Bathgate et al., 2003; Samuel et al., 2005). 

INSL3 is essential for testicular descent and gubernacular development (Zimmermann et al., 

1999; Nef and Parada, 1999). It has also role in oocyte maturation and suppression of male 

germ cell apoptosis in rats (Kawamura et al., 2004). INSL3-deficient male mice showed 

bilateral cryptorchidism with abnormal spermatogenesis and gubernaculums feminization 

during embryogenesis (Zimmermann et al., 1999; Nef and Parada, 1999). Female Insl3-/- mice 

exhibited impaired fertility associated with extension of the estrous cycle length (Nef and 

Parada, 1999; Ivell and Bathgate, 2002; Gambinari et al., 2007) and accelerated follicular 

atresia and luteolysis, with the premature loss of corpora lutea in ovaries, probably due to 

increased apoptosis (Spaniel-Borowski et al., 2001; Gambinari et al., 2007). The insulin-like 

4 gene is highly expressed in the human placenta but a role of its peptide has not been 

determined. Janneau et al. (2002) suggested that INSL4 can play a significant role in 

trophoblast development. The functions of Insl5 and Insl6 genes are not known, therefore our 

work was concentrated to study their expression and functions. 
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1.2. The pelota gene  

 

The Pelo gene was first identified in Drosophila melanogaster in 1993 (Castrillon et al., 

1993) and then the orthologe gene has been isolated and characterized in several species 

including Methanococcus jannaschii (Bult et al., 1996), Sulfolobus solfataricus (Ragan et al., 

1996), Saccharomyces cerevisiae (Davis and Engebrecht, 1998), Caenorhabditis elegans 

(Gen Bank, Accession No.Z36238), Arabidopsis thaliana (Gen Bank, Accession No.T20628), 

Homo sapiens (Shamsadin et al., 2000) and Mus musculus (Shamsadin et al., 2002). 

Comparison of the predicted amino acid and nucleotide sequences of the Pelo reveals that the 

pelota gene is highly conserved during evolution. The amino acid sequence of archaebacteria, 

yeast, A. thaliana, C. elegans, D. melanogaster and mouse protein are 23%, 36%, 51%, 57%, 

70%, 90% identical to human pelota, respectively (Adham et al., 2003). The expression 

analysis of Pelo in Drosophila, mouse and human revealed that the gene is widely expressed 

in adult tissues as well as during embryonic development (Eberhart and Wasserman, 1995; 

Shamsadin et al., 2000 and 2002). 

 

Davis and Engebrecht (1998) reported that the pelota of S. cerevisiae contains three regions 

that display similarity to conserved motifs (Fig. 2): (1) A putative nuclear localization signal 

(NLS) is located at residues 173-177 of the yeast protein. This sequence PKKKR (nuclear 

localization signal) is similar to PKKKRK of simian virus 40 (SV40) large T antigen. (2) 

PELO protein contains three eEF1α-like domains. The eEF1α-like domain is present in 

several proteins such as the translation elongation factor eEF1α and the translation release 

factors eRF1 and eRF3, which are involved in the termination step of protein synthesis 

(Frolova et al., 1994).(3) A putative leucine zipper motif is located at the C-terminus of S. 

cerevisiae protein. Leucine zippers have been suggested to mediate protein-protein 

interactions in a diverse set of functionally unrelated proteins (Busch and Sassone-Corsi, 

1990). Alignment of PELO from different species revealed that the pelota proteins share the 

NLS, eRFI and leucine zipper motifs (Sallam, 2001). 
 
 

 
 
 

Fig. 2. Schematic representation of human PELO protein structure. PELO protein contains three regions that 

display similarity to conserved motifs: (1) Residues 1-131, 136-268 and 271-371 are highly similar to a portion 
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of eukaryotic peptide chain release factor subunit 1 (eRF1). (2) A putative nuclear localization signal (NLS) is 

located at residues 168-172. This sequence is similar to that of simian virus 40 (SV40) large T antigen NLS 

(DOM34, PKKKR; SV40, PKKKRKV). (3) A putative leucine zipper (LZ) motif is located at the C-terminus of 

PELO protein. 

 
 

A phylogenetic analysis of Pelo primary amino acid sequences from different species using 

the TreeFam database supports of the idea that all Pelo genes are derived from the same 

ancestral gene (Buyandelger, 2006). 

 

The function of Pelo gene was first studied in Drosophila. Male mutants were found to be 

infertile (Eberhart and Wasserman, 1995). During Drosophila spermatogenesis, germ cells 

undergo four rounds of mitosis, an extended premeiotic G2 phase and two meiotic division. In 

male homozygous for mutations in pelota, the germline mitotic divisions are normal. The 16 

spermatocytes undergo a premeiotic S-phase and duplicate their DNA content. However, 

spermatocytes in the mutant arrested prior to full chromosome condensation, spindle pole 

organization, and nuclear breakdown. Metaphase and anaphase figures of the meiotic 

divisions, which are clearly recognized in squashed preparations of wild type testis, were not 

observed in testis of the Pelo mutant. Although meiotic division arrests in Pelo-deficient 

spermatocytes, germ cell differentiation continues, resulting in 4N spermatids with head and 

tail structures. These results indicate that the Pelo is required for the meiotic cell division 

during the G2/M transition (Eberhart and Wasserman, 1995). Beside the effect of the mutation 

concerning the progression of spermatogenesis, the eyes of the Pelo homozygotes are up to 

30% smaller than those of wild type siblings. These results suggest that Pelo is required for 

Drosophila eye development (Castrillon et al., 1993; Eberhart and Wasserman, 1995). Also, 

the ovaries of Pelo homozygous flies are very small. The mitotic zone of ovaries appears 

disorganized and often contains degenerating cells. Later stages of oogenesis are also 

affected. The female mutants produce less than 50% eggs compared with wild type. These 

result suggest that pelota is also required for mitotic division in the ovary (Eberhart and 

Wasserman, 1995).  

Analysis of mitotic and meiotic division in the Dom34 mutant of Saccharomyces cerevisiae, 

which has a mutation in the Pelo orthologous gene, reveals that deletion of Dom34 causes 

growth retardation, defective sporulation and reduces polyribosomes. The yeast mutant also 

fails to segregate chromosomes properly (Davis and Engebrecht, 1998). Introduction of the 
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Drosophila wild type Pelo transgene into a Dom34 mutant was found to result in substantial 

rescue of the Dom34 growth and sporulation defects (Eberhart and Wasserman, 1995). 

To analyze the function of pelota in mammalian species, Pelo gene was disrupted by 

homologous recombination in the mouse (Adham et al., 2003). This knock-out causes early 

embryonic lethality of the Pelo-/- pups between E3.5 and E7.5. However, heterozygous Pelo+/-
 

mice show no apparent abnormalities in development or fertility, indicating that one 

functional copy of the pelota gene is sufficient for normal development (Adham et al., 2003). 

 

To get more information about the possible function of Pelo, we have started to identify the 

putative interaction partners of PELO protein. In order to find out putative interaction partners 

of human PELO protein, the yeast two-hybrid screening was performed by Linda Ebermann 

(Ebermann, 2005). The human prostate expression library was screened using human PELO 

protein as bait. Several PELO binding partners were identified. They were classified 

according to their structure and function into three categories: 

 Cytoskeleton associated proteins [Filamin A, α-Actinin 1, Filamin C, Fibulin 4] 

 LIM-domain containing proteins, which play a role in actin polymerization [Four and 

a half LIM domains 2 (FHL2)] 

 Proteins, which are involved in cell cycle control or cancerogenesis [Cyclin-dependent 

kinase 2 associated protein 1 (CDK2AP1), Eukaryotic translation initiation factor 3, 

subunit G (EIF3G) and Sushi-repeat-containing protein, X-linked (SRPX)] 

The most interesting putative pelota interaction partners were proteins involved in the cell 

cycle control. Therefore in the present thesis we have been concentrated to verify the 

interactions between PELO and CDK2AP1, EIF3G and SRPX. 
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1.3. Objectives of this study 

 

1. The functional analysis of the Insl5 and Insl6 genes. Scientific approaches undertaken in 

this study were as follows: 

 Expression analysis of Insl5 gene during the pre- and postnatal life using RT-PCR 

 Generation and characterization of the Insl5-deficient mice 

 Expression analysis of Insl6 gene during the pre- and postnatal life using RT-PCR and 

Northern blot 

 Generation and characterization of the Insl6-deficient mice  

 Identification of the cause of male infertility in the Insl6-deficient mice 

 

2. Verification of the interactions between PELO and CDK2AP1, EIF3G and SRPX. The 

specific topics of the study were: 

 Colocalization of PELO and its putative interaction partners in HeLa cells 

 Coimmunoprecipitation of PELO protein and its putative interaction partners 

 GST Pull-down assay to determine which domain of PELO is responsible for binding 

to CDK2AP1, EIF3G and SRPX 

 Subcellular localization of PELO-interacting protein complexes using Bimolecular 

Fluorescence Complementation (BiFC) assay 
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2. MATERIALS AND METHODS 

 

2.1. Materials 

 

2.1.1. Chemicals and reagents 

 

Acetic acid      Merck, Darmstadt 

Acrylamide/Bisacrylamide    Roth, Karlsruhe 

Agar       Roth, Karlsruhe 

Agarose      Invitrogen, Karlsruhe 

Ammonium acetate     Fluka, Neu Ulm 

Ammonium persulfate    Sigma, Deisenhofen 

Ampicillin      Sigma, Deisenhofen 

Ampuwa      Fresenius, Bad Homburg 

Aqua Poly/Mount      Polysciences, Inc, USA 

Aprotinin       Sigma, Deisenhofen 

Bacto-tryptone     Roth, Karlsruhe 

Bacto-Yeast-Extract      Roth, Karlsruhe 

BCIP       Applichem, Darmstadt 

Benzonase       Merck, Darmstadt 

Blocking powder     Roth, Karlsruhe 

Bromophenol blue     Sigma, Deisenhofen 

BSA       Biomol, Hamburg 

Cell culture media     Gibco-BRL, Karlsruhe 

Chemiluminescent substrate     Pierce, Rockford, IL 

Chloromphenicol      Sigma, Deisenhofen 

Chloroform      Merck, Darmstadt 

Coomassie G-250     Sigma, Deisenhofen 

Crystal violet      Sigma, Deisenhofen 

Dextran sulfate     Amersham, Freiburg 

Dextrose (glucose)     Fisher, Schwerte 

Diethylpyrocarbonate (DEPC)   Sigma, Deisenhofen 

Dimethylformamide     Sigma, Deisenhofen 
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Dimethyl sulfoxide (DMSO)    Merck, Darmstadt 

Dithiothreitol      Sigma, Deisenhofen 

DNA markers      Invitrogen, Karlsruhe 

dNTPs (100 mM)     Invitrogen, Karlsruhe 

Ethanol      Baker, Deventer, NL 

Ethidium bromide     Roth, Karlsruhe 

Eukitt-quick hardening mounting medium   Fluka, Neu Ulm 

FCS       Invitrogen, Karlsruhe 

Ficoll 400       Applichem, Darmstadt 

Formaldehyde      Merck, Darmstadt 

Formamide      Sigma, Deisenhofen 

Glutaraldehyde     Sigma, Deisenhofen 

Glycerol      Invitrogen, Karlsruhe 

Glycine      Biomol, Hamburg 

Goat serum      PAN-Systems, Nürnberg 

HCl       Roth, Karlsruhe 

HEPES       Merck, Darmstadt 

H2O2        Merck, Darmstadt 

Horse serum       PAN-Systems, Nürnberg 

Ionophore A23187     Calbiochem, Bad Soden 

IPTG       Biomol, Hamburg 

Isoamyl alcohol      Fluka, Neu Ulm 

Isopropanol      Merck, Darmstadt 

IVF media      Medicult, Berlin 

Kanamycin      Sigma, Deisenhofen 

KCl       Merck, Darmstadt 

Klenow DNA polymerase     Amersham, Braunschweig 

L.A.B. solution      Polysciences, Inc., Warrington, USA 

Leupeptin       Sigma, Deisenhofen 

Lipofectamine 2000 TM     Invitrogen, Karlsruhe 

Lysozyme       Sigma, Deisenhofen 

Methanol      Merck, Darmstadt 

Methyl benzoate     Fulka, Neu Ulm 

MgCl2       Merck, Darmstadt 
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Milk powder       Roth, Karlsruhe 

MOPS       Applichem, Darmstadt 

β-Mercaptoethanol     Serva, Heidelberg 

NaCl        Merck, Darmstadt 

NaHCO3      Merck, Darmstadt 

Na2HPO4       Merck, Darmstadt 

NaH2PO4       Merck, Darmstadt 

NaN3        Merck, Darmstadt 

NaOH       Merck, Darmstadt 

NBT       Applichem, Darmstadt  

Nonidet P40       Fluka, Neu Ulm 

NuPAGE LDS sample buffer (4x)    Invitrogen, Karlsruhe 

NuPAGE Novex Bis-Tris 4-12% Gel   Invitrogen, Karlsruhe 

NuPAGE MES running buffer (20x)   Invitrogen, Karlsruhe 

NuPAGE MOPS running buffer (20x)   Invitrogen, Karlsruhe 

NuPAGE SDS sample buffer    Invitrogen, Karlsruhe 

OptiMEM I       Invitrogen, Karlsruhe 

Orange G       Sigma, Deisenhofen 

Paraformaldehyde      Merck, Darmstadt 

PBS        PAN-Systems, Nürnberg 

Penicillin/Streptomycin     PAN-Systems, Nürnberg 

Peptone      Roth, Karlsruhe 

Phalloidin       Sigma, Deisenhofen 

Phenol       Biomol, Hamburg 

Phosphoric acid     Merck, Darmstadt 

Picric acid       Fulka, Neu Ulm 

Protein A/G PLUS agarose     Santa Cruz Biotechnology, Heidelberg 

Protease cocktail      Sigma, Deisenhofen 

Protein marker      Invitrogen, Karlsruhe 

Proteinase K       Applichem, Darmstadt 

 [α32P]-dCTP       Amersham, Braunschweig 

RediprimeTM II     Amersham, Freiburg 

RNase A       Qiagen, Hilden 

RNAse away       Biomol, Hamburg 
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RNase Inhibitor      Boehringer, Mannheim 

RNA length standard      Invitrogen, Karlsruhe 

Saccharose (Sucrose)     Roth, Karlsruhe 

Salmon sperms DNA     Sigma, Deisenhofen 

SDS       Serva, Heidelberg 

Select peptone      Invitrogen, Eggenstein 

S.O.C medium      Invitrogen, Karlsruhe 

sodium acetate      Merck, Darmstadt 

sodium citrate      Merck, Darmstadt 

SuperScript II       Invitrogen, Karlsruhe 

T4 DNA ligase      Promega, Mannheim 

TEMED       Serva, Heidelberg 

TRI reagent       Sigma, Deisenhofen 

Tris base      Sigma, Deisenhofen 

Triton X-100      Serva, Heidelberg 

Trypsin       PAN-Systems, Nürnberg 

Tween-20       Sigma, Deisenhofen 

Vectashield (DAPI)     Vector, Burlingame 

X-Gal        Biomol, Hamburg 

Xylene       Merck, Darmstadt 

 

All those chemicals, which are not mentioned above, were ordered from either Merck, 

Darmstadt or Roth, Karlsruhe. 

 

2.1.2. Buffers and solutions 

 

2.1.2.1. Agarose gel electrophoresis 

 

5X TBE buffer      450 mM Trisbase 

450 mM Boric acid 

20 mM EDTA (pH 8.0) 

 

Glycerol loading buffer      10 mM Tris/HCl (pH 7.5) 
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10 mM EDTA (pH 8.0) 

0.025% Orange G 

30% Glycerol 

 

2.1.2.2. SDS-PAGE 

 

40% Acrylamide stock solution   Acrylamide 29.2% (w/w) 

Bis-acrylamide 0.8% (w/w) 

10% Ammonium persulfate  

solution in H20 

 

10% Ammonium persulfate solution in H20 

 

Coomassie solution:      30% (v/v) Methanol 

(staining solution)      10% (v/v) Acetic Acid 

0.5% (w/v) Coomassie G-250 

 

Coomassie Blue      45% Methanol  

(destaining solution)      10% Acetic acid 

 

Running buffer (5x)      25 mM Tris/HCl (pH 8.3) 

192 mM Glycine 

0.1% SDS 

 

Separating gel buffer (4x)     1.5 M Tris/HCl (pH 8.3) 

0.4% SDS 

 

Stacking gel buffer (4x)     0.5 M Tris/HCl (pH 6.8) 

0.4% SDS 
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2.1.2.3. Frequently used buffers and solutions 

 

All standard buffers and solutions were prepared according to Sambrook et al. (1989). 

 

AP buffer       100 mM Tris-HCl (pH 9.5) 

100 mM NaCl 

50 mM MgCl2 

 

BCIP-Solution      50 mg/ml BCIP 

70% Dimethylformamide 

 

Blocking solution I      60 μl of Horse serum,  

(immunostaining)     150 μl of 10%Triton X-100  

2790 μl PBS 

 

Blocking solution II     10% Goat serum in 0.2% PBT  
(immunostaining) 
 

Bouin’s solution      15 volume of Picric acid (in H2O) 

5 volume Formaldehyde 

1 volume Acetic acid 

 

Carrier DNA       sonicated salmon sperm DNA,  

5 mg/ml 

 

dNTP-Mix (10 mM)      10 mM dATP 

10 mM dGTP 

10 mM dCTP 

10 mM dTTP 

 

Denaturation solution     1.5 M NaCl 

0.5 M NaOH 

 

Denhardt´s solution (50x)     1% BSA 
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1% Polyvinylpyrrolidon 

1% Ficoll 400 

 

Depurization solution     0.25 M HCl 

 

E-buffer (10x)      300 mM NaH2PO4 

50 mM EDTA 

 

Elution buffer       1.5 M NaCl 

20 mM Tris/HCl (pH 7.5) 

1 mM EDTA 

 

Hybridization Solution     5x SSC 

5x Denhardt´s solution 

10% Dextran sulfate 

0.1% SDS 

 

IPTG        0.1 M in ddH2O  

filter sterilized and stored at 4°C 

 

Ligation buffer (10x)      600 mM Tris/HCl (pH 7.5) 

80 mM MgCl2 

100 mM DTT 

 

Lysis buffer I       100 mM Tris/HCl (pH 8.0) 

100 mM NaCl 

100 mM EDTA 

0.5% SDS 

 

Lysis buffer II      100 mM Tris/HCl (pH 8.0) 

5 mM EDTA 

200 mM NaCl 

0.2% SDS 

100 μg/ml Proteinase K 
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Lysis buffer A      10 mM Tris/HCl (pH 8.0) 

1 mM EDTA 

2.5% SDS 

1 mM PMFS 

 

Lysis buffer B      50 mM Tris/HCl, (pH 7.5) 

150 mM NaCl 

1% Nonidet P40 

0.5% Sodium deoxycholate 

1 Protease inhibitor cocktail tablet 

 

10X MOPS buffer      41.8 gm MOPS 

16.6 ml 3 M Sodium acetate 

20 ml 0.5 M EDTA 

in 1 liter of DEPC water 

adjust pH to 6.75 

 

NBT- Solution      75 mg/ml NBT 

70% Dimethylformamide 

 

Neutralization solution     1.5 M NaCl 

1 M Tris/HCl (pH 7.0) 

 

P1 buffer      50 mM Tris/HCl, pH 8.0  

(Mini prep)      10 mM EDTA 

100 μg/ml RNase A 

 

P2 buffer      200 mM NaOH  

(Mini prep)      1% SDS 

 

P3 buffer      3.0 M Natrium acetate (pH 5.5)  

(Mini prep) 
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PBS buffer       130 mM NaCl 

7 mM Na2 HPO4 

4 mM NaH2 HPO4 

 

PBT buffer I      0.2% Tween-20 in PBS (1x) 

 

PBT buffer II      0.02% Tween-20 in PBS (1x) 

 

Protein lysis buffer      150 mM NaCl 

10 mM EDTA 

50 mM Tris/HCl pH7.6 

1% Triton X-100 

1% Sodium deoxycholate 

 

Semidry transfer buffer (1x)     25 mM Tris pH 8.3 

150 mM Glycin 

10 % Methanol 

 

SSC (20x)       3 M NaCl 

0.3 M Trisodium citrate (pH 7.0) 

 

Stop-Mix       15% Ficoll 400 

200 mM EDTA 

0.1% Orange G 

 

TE buffer (10x)     10 mM Tris/HCl (pH 8.0) 

100 mM EDTA 

 

Washing solution I      2x SSC 

0.1% SDS 

 

Washing solution II      0.2x SSC 

0.1% SDS 
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2.1.3. Laboratory materials 

 

The laboratory materials, which are not listed here, were bought from Schütt and Krannich 
(Göttingen). 

 

Cell culture flask      Greiner, Nürtingen 

Culture slides       BD Falcon, Heidelberg 

Dialysis hoses      Serva, Heidelberg 

Disposable filter Minisart NMI    Sartorius, Göttingen 

Filter paper 0858      Schleicher and Schüll, Dassel 

Hybond C       Amersham, Braunschweig 

Hybond N       Amersham, Braunschweig 

Microcentrifuge tubes     Eppendorf, Hamburg 

Petri dishes       Greiner, Nürtingen 

Pipette tips       Eppendorf, Hamburg 

RotiPlast paraffin      Roth, Karlsruhe 

Superfrost slides      Menzel, Giser 

Transfection flask      Lab-Tek/Nalge, Nunc, IL, USA 

Whatman blotting paper     Schleicher and Schüll, Dassel 

(GB 002, GB 003 and GB 004) 

X-ray films       Amersham, Braunschweig 

 

2.1.4. Sterilization of solutions and equipment 

 

All solutions that are not heat sensitive were sterilized at 121°C, 105 Pa for 60 min in an 

autoclave (Webeco, Bad Schwartau). Heat sensitive solutions were filtered through a 

disposable sterile filter (0.2 to 0.45 μm pore size). Plastic wares were autoclaved as above. 

Glassware were sterilized overnight in an oven at 220°C. 
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2.1.5. Media, antibiotics and agar-plates 

 

2.1.5.1. Media for bacteria 

 

LB Medium (pH 7.5):     1% Bacto-trypton 

0.5% Yeast extracts 

1% NaCl 

 

LB-Agar:       1% Bacto-trypton 

0.5% Yeast extracts 

1% NaCl 

1.5% Agar 

 

The LB medium was prepared with distilled water, autoclaved and stored at 4°C. 

 

2.1.5.2. Media for cell culture 

 

HeLa or 15P1 cells medium: 

Dulbecco´s Modified Eagles Media (DMEM) 
2 mM L-Glutamine 
10% FCS 
1% Penicillin/Streptomycin 

 

HepG2 cells medium: 

      RPMI 1640 medium  

2 mM L-Glutamine 
10% FCS 
1% Penicillin/Streptomycin 

 

For long time storage of the cells in liquid nitrogen, the following freezing medium was used: 

 

Freezing medium     30% culture medium 

50% FCS 

20% DMSO 
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2.1.5.3. Antibiotics 

 

Stock solutions were prepared for the antibiotics. The stock solutions were then filtered 

through sterile disposable filters and stored at –20°C. The antibiotic was added to the 

autoclaved medium after cooling down to a temperature lower than 55°C. 

 

Antibiotics   Master solution  Solvent  Final concentration 

Ampicillin   50 mg/ml  H2O   50 μg/ml 

Chloroamphenicol   12,5 mg/ml   ethanol  12,5 μg/ml 

Kanamycin    25 mg/ml   H2O   50 μg/ml 

Penicillin    0.1 mg/ml   PBS   10 μg/ml  

Streptomycin    0.1 mg/ml   PBS   10 μg/ml 

 

2.1.5.4. IPTG/X-Gal plate 

 

LB-agar with 50 μg/ml ampicillin, 100 μM IPTG and 0.4% X-Gal was poured into Petri 

dishes. The dishes were stored at 4°C. All other antibiotic plates were prepared similarly. 

  

2.1.6. Bacterial strains 

 

E. coli BL21 (DE3)      B strain, F-ompT hsdSB(rB-mB-) gal, Dcm 

Novagen, Darmstadt    

    

E. coli DH5α       K-12 strain, F- Φ80d lacZΔM15 endA1 

recA1 hsdR17 (rk-, mk+) sup E44 thi-1 

d- gyrA96 Δ(lacZYA-arg) 

Invitrogen, Karlsruhe 

 

2.1.7. Cell lines 

 

15P1  Sertoli cell line ,Rassoulzadegan et al., 1993 

HeLa   Human cervical adenocarcinoma cell line, ATCC, Rockville, USA 

HepG2  Human hepatocellular liver carcinoma cell line, ATCC, Rockville, USA 



MATERIALS AND METHODS   

 20

MA10   Mouse Leydig tumor cells, Ascoli, 1981 

 

2.1.8. Plasmids 

 

FPCA-V1       Prof. Dr. S. Hoyer-Fender, Göttingen 

FPCA-V2       Prof. Dr. S. Hoyer-Fender, Göttingen 

pBluesript SK (+/-)      Stratagene La Jolla, USA 

pcDNATM 3.1/myc-His A(+)     Invitrogen, Darmstadt, Germany 

pCMV-HA      BD Biosciences, Heidelberg 

pCMV-Myc       BD Biosciences, Heidelberg 

pGEM-T Easy      Promega, Wisconsin, USA 

pET 41a(+)       Novagen, Darmstadt, Germany 

pPNT        Tybulewicz et al., 1991 

pZERO-2       Invitrogen, Darmstadt, Germany 

 

2.1.9. Synthetic oligonucleotide primers 

 

The synthetic oligonucleotide primers used in this study were obtained from OPERON (Köln, 

Germany) and dissolved in water (Ampuwa) to a final concentration of 100 pmol/μl. 

 

Primer name      Sequence 

CDK2AP1_LF 5’ AGG CAA GCT TTG TCT TAC AAA CCG AAC TTG GC 3’ 

CDK2LIV 5’ TCC TGG ATC CGT GTT ACA GGT CTG GCT CAT TTC 3’ 

CDK2AP1_LR 5’ GGG AGA TCT CTA GGA TCT GGC ATT CCG TTC CG 3’ 

CDK2AP1_LVI_F1 5’ GGG CTC GAG ATG TCT TAC AAA CCG AAC TTG GCC 3’ 

CDK2AP1_LVI_R1 5’ TCC TGG ATC CGA TCT GGC ATT CCG TTC CGT TTC 3’ 

C-Insl5-FcDNA 5’ GCT GAC CAC ATT GCT TCT CA 3’ 

C-Insl5-RcDNA 5’ TTT TGC ACA GCA CTC GAA AC 3’ 

eIF3g_F1 5’ CGA CTT TGA CTC GAA GCC CAG 3’ 

eIF3g_R1 5’ GCT TTC TGT CTG TCC TGA GGG 3’ 

eIF3F2  5’ GCC ACC ATC CGT GTC ACT AAC 3’ 

eIF3R2  5’ GCT TTC TGT CTG TCC TGA GGG 3’ 

eIF3F1anew 5’ CGT GAG CCT GTA CTT TCA GCC 3’ 
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eIF3R1anew 5’ CCA CGC ATA CTC AAA GTC GCC 3’ 

eIF3G_pPNT_linker_F2  5’ GGC CAA CTC GAG AGT CGA CAG CGG CCG CA 3’  

eIF3G_pPNT_linker_R2  5’ TTG AGC TCT CAG CTG TCG CCG GCG TAG CT 3’ 

eIF3_LF 5’ AGG CAA GCT TTG CCT ACT GGA GAC TTC GAT TCG 3’ 

eIF3_LR 5’ GGG AGA TCT CTA GTT GGT GGA CGG CTT GGC CCA C 3’ 

hPelo_F20  5’ CCC TCT AGA CTT CCT TGG CCA TGA AGC TCG 3’ 

hPelo_LR 5’ TCC TGG ACT CTC CTC TTC AGA ACT GGA ATC ACC 3’ 

HPelo_LVI_F2  5’ GCC CTC GAG ATG AAG CTC GTG AGG AAG AAC ATC 3’ 

HPelo_LVI_R2 5’ TCC TGG ATC CTC CTC TTC AGA ACT GGA ATC ACC 3’ 

hPelo_R20  5’ GGG TCT AGA CTT GCA GCT TTC TGT CAC AAG  3’ 

I5KO-F1  5’ CCA CTA GAG GTC TTA GGA TCC 3’ 

Insl5F 5’ GCT GAC CAC ATT GCT TCT CA 3’ 

Insl5-F8 5’ CGG ATC TCT CAG GAL AGG AG 3’ 

Insl5R  5’ TTT TGC ACA GCA CTC GAA AC 3’ 

Insl5-R9  5’ ACC TCA GCA CAG GGA GAA GA 3’ 

Insl6_ext4_F 5’ GGA CCA ATG TGC TGA GTG TG 3’ 

Insl6_ext4_R 5’ GGT ACA GAA TGC CAC CTG CT 3’ 

Insl6_ext5_F 5’ TGA GTC TTG ATG GGG ATG AC 3’ 

Insl6_ext5_R 5’ TCT CCA TGA AGG AAA GTG ATG 3’ 

Insl6_F2 5’GTG CTA GAG GGA GAG ATG GTG 3’ 

Insl6_R2 5’CGA ACT CAG AAA TCC GCC TGC 3’ 

Insl6_F2cDNA  5’ AGA GGA AGA GGA ATC CAG ACC 3’  

Insl6_R1cDNA 5’ CGA GCA TAG TTC CTA CGA CAG 3’ 

Insl6_TA_F1 5’ TCT AGA GAT GAA GCA GCT GTG CTG TTC 3’  

Insl6_TA_R1 5’ AAG CTT ACA TCT CTA TCA CCA GTG ATG 3’  

Insl6_TA_R1a 5’ TTC GAA ACA TCT CTA TCA CCA GTG ATG 3’ 

Insl6TR_genF1:  5’ TTT GGA CTA TAA AGC TAG TGG 3’ 

Insl6TR_genR1:  5’ CGT CTT TTC AAA CTG ATA GTC 3’ 

KO6F 5’ GGG TCA GTA TCG GCT TAT CGG 3’ 

KO6R 5’ CCC AGT CAT AGC CGA ATA GCC 3’ 

LOXP_S1 5’ CTA GTG AAT TCA TAA CTT CGT ATA GCA TAC ATT  

ATA CGA AGT TAT A 3’ 

LOXP_A1 5’ CTA GTA TAA CTT CGT ATA ATG TAT GCT ATA CGA 

AGT TAT GAA TTC A 3’ 
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mCcna1_F  5’ GAG AAG AAC CTG AGA AGC AGG 3’ 

mCcna1_R  5’ GTG TCG ACT TCA TAC ACA TCC 3’ 

mGAPDH_F  5’ CAC CAC CAA CTG CTT AGC C 3’ 

mGAPDH_R  5’ CGG ATA CAT TGG GGG TAG G 3’ 

mHPRT_F:  5’ CCT GCT GGA TTA CAT CAA AGC ACT G 3’ 

mHPRT_R:  5’ GTC AAG GGC ATA TCC TAC AAC AAA C 3’ 

pcDNApeloF1 5’ GTG GAA TTC TCC TTG GCC ATG AAG CTC GTG 3’ 

pcDNApeloR1 5’ AGA CTC GAG ATC CTC TTC AGA ACT GGA ATC ACC 3’ 

Pelo_LZ 5’ CAC TGT CCC ACT GTT TCT TGG 3’ 

Pelo_pET_F2 5’  CCC CGA ATT CGA TGT GGC AGC TGT GGT CAT G 3’ 

Pelo_pET_R2 5’ CTC GAG TTA ATC CTC TTC AGA ACT TGA ATC C 3’ 

PET_PELOLZ_F 5’ CCC GAA TTC AAG CTC GTG AGG AAG GAT ATC GAG 3’ 

PET_PELOLZ_R 5’ GCT TCC CAG TGC CAG AAC TTT AAC TCG AGC CC 3’ 

PGK-1  5’ TCT GAG CCC AGA AAG CGA AGG 3’ 

PGK-3  5’ GGA TGT GGA ATG TGT GCG AGG 3’ 

Relaxin1_F 5’ CCA GCA GAT TTT TGC TCC AGC 3’ 

Relaxin1_R  5’ GGG AAC AGA AAG AGG CCA TCA 3’ 

Riken_F 5’ GGG ACA CTC CTG TTT GCC TTC 3’ 

Riken_R 5’ CCC TTC TGG CTT TCT CAA GGC 3’ 

SP6  5’ AGG TGA CAC TAT AGA ATA C 3’ 

SRPX_AsSaBH_S1 5’ GTA CCA AGT CGA CG 3’ 

SRPX_AsSaBH_A1 5’ GAT CCG TCG ACT TG 3’  

SRPX_IN_F1 5’ GCT TTA GAG GCT CTG TCT CAC 3’ 

SRPX_IN_F2 5’ CTG CTG CTG CCT CAA GTA CTG 3’ 

SRPX_IN_R1 5’ GGG TCT GAT GTA CAA CCT CTG 3’ 

SRPX_IN_R2 5’ CTC AGC CTG CAG GAT CAT CTC 3’ 

SRPX_KOF1 5’ CCG GTT TCC AGA AAG AAG GGG 3’ 

SRPX_KOF2 5’ CGG GCAGAG AAT TCT ATC TGG- 3’ 

SRPX_KOR1 5’ GGA GCC ACA CTC CTC TTT CAG 3’ 

SRPX_KOR2 5’ GCT GAT TCA GCG AGT CTT GGG 3’ 

SRPX_LF  5’ AGG CAA GCT TTC AAT GCC CCA GAG AAT GGT TAC 3’ 

SRPX_LF2 5’ GGG AGA TCT TCA GGT GTT ACA GTT CTG GCT CA 3’ 

SRPX_LR2  5’ GGG AGA TCT TCA GTA ACC ATT CTC TGG GGC ATT GA 3’ 

SRPX_LR3  5’ GGG AGA TCT TCA ACT GGT GGG CTC CGT GCC AGA 3’ 
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SRPX_LVI_F1 5’ CTC CTC GAG ATG AAT GCC CCA GAG AAT GGT TAC 3’ 

SRPX_LVI_F2 5’ GCG CTC GAG ATG CTG CTG CTG CTG CTG CCG CCT 3’ 

SRPX_LVI_R1\R2 5’ TCC TGG ATC CGT GTT ACA GGT CTG GCT CAT TTC  3’ 

SRPX_RNA_Full_F 5’ CTT AAG TGA GCT GTG CAG CCT 3’ 

SRPX_RNA_Full_R 5’ CAG CAC ATC AGA CGT TGG AAG 3’ 

SRPX_RNA_ISOF_R 5’ TCT CAC TTG GGC ACT TGA TTC 3’ 

SRPX_SpXhNo_S1 5’ CTA GTA ACT CGA GGC 3’ 

SRPX_SpXhNo_A1 5’ GGC CGC CTC GAG TTA 3’ 

SRY_F 5’ AAG ATA AGC TTA CAT AAT CAC ATG GA 3’ 

SRY_R 5’ CCT ATG AAA TCC TTT GCT GCA CAT GT 3’ 

Sycp1_F 5’ CCG TTT AAA CTG TTC GTG CCG 3’ 

Sycp1_R 5’ GGT GTT CTC TGC TTG CAC ACG 3’ 

Sycp2_F 5’CCA GTG AGA CCA GAC CTC CAA 3’ 

Sycp2_R 5’GCT TCC ACA ATG CCT ACC TGT 3’ 

Sycp3_F2 5’ CCA GGT TTC CTC AGA TGC TTC 3’  

Sycp3_R2 5’ CGA ACA TTT GCC ATC CTC TGC 3’ 

T7  5’ TAA TAC GAC TCA CTA TAG GG 3’  

 
2.1.10. Genomic and cDNA probes 

 

Acr cDNA probe     Kremling et al., (1991) 

β-actin cDNA probe      Clontech, France 

Ccna1 cDNA probe     generated in present study 

Eif3g cDNA probe      generated in present study 

Eif3g_pZero probe     generated in present study  

Insl6_4 external probe    generated in present study 

Insl6 cDNA probe     generated in present study 

Neo probe       generated in present study 

Pgk2 cDNA probe     Chen et al., (2004) 

Sycp3 cDNA probe     Lammers et al., (1994) 

Tnp2 cDNA probe     Meetei et al., (1996) 
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2.1.11. Mouse strains 

 

Mouse strains C57Bl/6J, 129/Sv, CD-1 and NMRI were initially ordered from Charles River 

Laboratories, Wilmington, USA and further bred in the Animal Facility of Institute of Human 

Genetics, Göttingen. 

 

2.1.12. Antibodies 

 

Goat anti-mouse IgG alkaline phosphatase conjugate  Sigma, Deisenhofen 

Goat anti-mouse IgG Cy3 and FITC conjugate   Sigma, Deisenhofen 

Goat anti-rabbit IgG alkaline phosphates conjugate  Sigma, Deisenhofen 

Goat anti-rabbit IgG Cy3 and FITC conjugate   Sigma, Deisenhofen 

Goat anti-rabbit IgG horse radish preoxidase conjugate  Sigma, Deisenhofen 

Mouse monoclonal anti-c-Myc     Santa Cruz Biotechnologie,  

Heidelberg 

Mouse monoclonal anti-GCNA1    Santa Cruz Biotechnologie,  

Heidelberg 

Mouse monoclonal anti-Insulin     Sigma, Deisenhofen 

Mouse monoclonal anti-α-Tubulin     Sigma, Deisenhofen 

Rabbit anti-mouse IgG horse radish preoxidase conjugate  Sigma, Deisenhofen 

Rabbit polyclonal anti-Apg1     Santa Cruz Biotechnologie,  

Heidelberg 

Rabbit polyclonal anti-Glucagon    Chemicon, Schwalbach 

Rabbit polyclonal anti-GLUT2    Chemicon, Schwalbach 

Rabbit polyclonal anti-HA-tag     BD Biosciences, Heidelberg 

Rabbit polyclonal anti-Insl5      The Antibody Facility at the  

Medical University of South  

Carolina,USA 

Rabbit polyclonal anti-Pelota      Institute of Human Genetics 

Rabbit polyclonal anti-Prm3      Grzmil et al., 2008 

Rabbit polyclonal anti-SCP3 (Syp3)     Abcam, Cambridge, UK 
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Polyclonal anti-Pelota antibodies were generated in the Institute of Human Genetics by 

immunization of rabbits with GST-Pelota. 

 

2.1.13. Enzymes 

 

Alkaline phosphatase      New England Biolabs, Frankfurt am Main 

Collagenase (Type II)     Sigma, Deisenhofen 

DNase       Qiagen, Hilden 

Immolase DNA Polymerase     Bioline, Luckenwalde 

Klenow Fragment      Invitrogen, Karlsruhe 

Platinum Taq polymerase     Invitrogen, Karlsruhe 

Proteinase K       Sigma, Deisenhofen 

Restriction enzymes (with supplied buffers)  Invitrogen, Karlsruhe  

RNase A       Qiagen, Hilden 

RNase H       Invitrogen, Karlsruhe  

RNase inhibitor      Invitrogen, Karlsruhe  

Superscript-II       Invitrogen, Karlsruhe  

T4 DNA ligase      Promega, Mannheim 

Trypsin       Invitrogen, Karlsruhe  

 

2.1.14. Radioactive substances 

 

α-32P-dCTP       Amersham, Braunschweig 

 

2.1.15. Kits 

 

ApoAlert DNA fragmentation Kit    BD Clontech, Palo Alto 

Endo Free Plasmid Maxi Kit     Qiagen, Hilden 

BugBusterTM GST-bindTM Purification Kit   Novagen, Darmstad 

Immunoprecipitation Kit (protein G)   Roche, Penzberg  

In Situ Cell Death Detection Kit, POD   Roche, Penzberg 

Maxi Plasmid Kit      Qiagen, Hilden  

Megaprime DNA Labeling Kit    Amersham Pharmacia, Freiburg 
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Midi Plasmid Kit      Invitrogen, Karlsruhe 

Mini Plasmid Kit      Qiagen, Hilden 

Montage PCR clean-up columns    Millipore, USA 

QIAquick Gel Extraction Kit    Qiagen, Hilden 

PCR Purification Kit      Qiagen, Hilden  

pET GST Fusion Systems 41    Novagen, Darmstad 

pGEM-T Easy cloning system    Promega, Mannheim 

Protein Refolding Kit     Novagen, Darmstadt  

RediprimeTM II Random Prime 

Labeling System      Amersham Pharmacia, Freiburg 

 

2.1.16. Instruments 

 

Autoclave       Webeco, Bad Schwartau 

Biophotometer      Eppendorf, Hamburg 

CASA system      Hamilton Thorne Research 

Centrifuge 5415D     Eppendorf, Hamburg 

Centrifuge 5417R      Eppendorf, Hamburg 

Cryostat
TM       

Leica, Solms 

DNA Sequencer Modell Megabace 1000   Amersham, Freiburg 

GeneAmp PCR System 9600    Perkin Elmer, Berlin 

Histocentre 2 embedding machine    Shandon, Frankfurt aM. 

Inverted Microscope IX81     Olympus, München 

Microscope BX60      Olympus, München 

Microtiterplate-Photometer     BioRad laboratories, München 

Microtom Hn 40 Ing.      Nut hole 

Molecular Imager FX     BioRad laboratories, München 

Neubauer cell chamber     Schütt Labortechnik, Goettingen 

Phosphoimager Screen     BioRad laboratories, München 

Pipette       Eppendorf, Hamburg 

Refrigerated Superspeed Centrifuge RC-5B  Sorvall, Langenselbold 

Semi-Dry-Blot Fast Blot     Biometra, Göttingen 

Spectrophotometer Ultraspec 3000    Amersham, Freiburg 
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SpeedVac concentrator SVC 100H    Schütt, Göttingen 

Thermomixer 5436      Eppendorf, Hamburg 

TurboblotterTM      Schleicher & Schüll, Dassel 

UV StratalinkerTM1800     Leica, Nußloch 

Video-Documentation system    Herolab, Heidelberg 

X-Ray Automatic Processor Curix 60   Agfa, München 

 

2.2. Methods 

 

2.2.1. Isolation of nucleic acids 

 

2.2.1.1. Isolation of plasmid DNA 

 

2.2.1.1.1. Small - scale isolation of plasmid DNA (Mini preparation, adapted from Birnboim 

and Doly, 1979) 

 

A single Escherichia coli colony was inoculated in 5 ml of LB medium with the appropriate 

antibiotic and incubated in a shaker for 8 - 12 hrs at 37°C with a speed of 160 rpm. 0.7 ml of 

this culture was used for making glycerol stocks and rest of the culture was centrifuged at 

5000 x g at 4°C for 20 min. The pellet was resuspended in 100 μl of resuspension solution P1.  

Then, the bacterial cells were lysed with 200 μl of lysis solution P2, incubated at RT for 5 min 

and neutralized with 150 μl of neutralization solution P3. The precipitated solution was 

incubated at RT for 5 min and centrifuged at 13000 x g at RT for 15 min. The supernatant was 

transferred into a new tube and centrifugation was done again. The supernatant was 

transferred again into a new tube and 1 ml of 100% ethanol was added to precipitate the 

DNA. Mixture was then incubated at -20°C for 1 hr, centrifuged at full speed for 30 min, and 

finally the pellet was washed with 0.5 ml of 70% ethanol and after air-drying it was dissolved 

in 30 - 50 μl of Ampuwa. DNA was stored at -20°C. 

 

 P1:  50 mM  Tris/HCl, pH 8.0 

 10 mM  EDTA 

 100 μg/ml  RNase A 
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 P2:  200 mM  NaOH 

 1%  SDS 

 

 P3:  3.0 M  KAc, pH 5.5 

 

2.2.1.1.2. Preparation of bacterial glycerol stocks 

 

Bacterial glycerol stocks were made suspending 700 μl bacteria in 300 μl of 80% (v/v) sterile 

glycerol. The suspension was mixed well and stored at –80°C. 

 

2.2.1.1.3. Large - scale preparation of plasmid DNA (Midi preparation) 

 

 QBT:  750 mM  NaCl  

 50 mM  MOPS pH 7.0  

 15 %  Ethanol  

 0.5 %  Triton X-100  

 

 QC:  1 mM  NaCl  

 50 mM  MOPS pH 7.0  

 15%  Ethanol  

 

 QF: 1.25 M  NaCl  

 50 mM  Tris/HCl pH 8.5 

 

A single clone was inoculated in 5 ml LB medium with appropriate antibiotic as a preculture 

for 8 hrs at 37°C in a shaker. This preculture was added in a dilution 1:100 fold into 100 ml 

LB medium with appropriate antibiotic and incubated overnight at 37°C with shaking. Next 

day, the culture was centrifuged at 6000 x g for 15 min at 4°C. The pellet was resuspended in 

4 ml of solution P1 and cells were then lysed with 4 ml of P2 buffer. After incubation on ice 

for 5 min, reaction was stopped by adding 4 ml of P3 buffer and incubation 15 min on ice. 

The precipitated solution was centrifuged at 20000 x g for 30 min at 4°C. Meanwhile, the 

provided column (Qiagen, Hilden) was equilibrated with 10 ml of QBT solution. After 

centrifugation, the lysate was poured into this equilibrated column to allow the DNA to bind 
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with the resin present in the bed of the column. The column was then washed twice with 10 

ml of solution QC. Finally, the DNA was eluted with 5 ml of QF solution. To precipitate the 

DNA, 3.5 ml of isopropanol was added to the eluent and mixed thoroughly. The mixture was 

then centrifuged at 14000 x g for 30 min at 4°C. The DNA pellet was washed with 70% 

ethanol, air-dried and dissolved in 50 - 100 μl of TE buffer. DNA was stored at -20°C and 

was further used for transfection, sequencing, restriction analysis and subcloning.  

 

2.2.1.1.4. Endotoxin free preparation of plasmid DNA  

 

Endotoxins, also known as lipopolysaccharides (LPS), are cell membrane components of 

Gram-negative bacteria (e.g. E.coli). During lysis of bacterial cells for plasmid preparations, 

endotoxin molecules are released from the outer membrane into the lysate. Endotoxins 

strongly influence transfection of DNA into primary cells and sensitive cultured cells like 

embryonic stem (ES) cells. Increased endotoxin levels lead to sharply reduced transfection 

efficiencies. EndoFree plasmid preparation kit integrates endotoxin removal into standard 

plasmid preparation procedure.  For this isolation, a single clone was inoculated in 5 ml LB 

medium with appropriate antibiotic as a preculture for 8 - 12 hrs at 37°C in a shaker. The 

preculture was diluted 1:500 into 200 ml LB medium with appropriate antibiotic, and 

incubated overnight at 37°C with shaking. The saturated culture was centrifuged at 6000 x g 

for 15 min. The pellet was resuspended in 5 ml of solution P1 and cells were lysed with P2 

and P3 as described above. The precipitated solution was centrifuged at 20000 x g for 30 min 

at 4°C and supernatant was filtered through a QIAfilter cartridge (provided in kit). Then, it 

was incubated on ice for 30 min with a specific Endotoxin Removal buffer (patented by 

Qiagen). After incubation, sample was poured into an equilibrated column (QIAGEN-tips) to 

allow the DNA to bind with the resin present in the bed of the column. The column was then 

washed twice with 10 ml of solution QC. Finally, the DNA was eluted with 5 ml of QF 

solution. To precipitate the DNA, 3.5 ml of isopropanol was added, mixed thoroughly and 

then centrifuged at 14000 x g for 30 min at 4°C. The DNA pellet was washed with 70% 

ethanol and dissolved in 100 μl of TE buffer. DNA was stored at -20°C and was further used 

for electroporation of ES cells. 
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2.2.1.2. Isolation of genomic DNA 

 

2.2.1.2.1. Isolation of genomic DNA from mouse tails (Laird et al., 1991) 

 

Routinely, 0.5 to 1 cm of the mouse tail was incubated overnight in 700 μl of lysis buffer I 

containing 35 μl proteinase K (10 μg/μl) at 55°C in thermomixer. The tissue lysate was 

centrifuged at 13000 x g for 10 min at RT and the supernatant was transferred into a new e-

cup. After transferring, DNA was precipitated by adding an equal volume of isopropanol and 

mixed by inverting several times and centrifuged at 13000 x g for 20 min at RT. Pellet was 

washed with 0.5 ml of 70% ethanol, dissolved in 50 - 100 μl of Ampuwa and incubated at 

60°C for 10 min. DNA was stored at 4°C. 

 

2.2.1.2.2. Isolation of genomic DNA from tissue samples  

 

100 mg of the mouse tissue was incubated overnight in 700 μl of lysis buffer I containing 35 

μl proteinase K (10μg/μl) at 55°C in thermomixer. Then, the equal volume of phenol was 

added to the tissue lysate, mixed by inverting several times, and centrifuged at 13000 x g for 

15 min at RT. After transferring the upper aqueous layer into a new tube, the same procedure 

was repeated, first with 1:1 ratio of phenol and chloroform, and then with chloroform alone. 

Finally, the DNA was precipitated with 0.7 volume of isopropanol, washed with 70% ethanol, 

and dissolved in 50 - 100 μl of Ampuwa and incubated at 60°C for 15 min. DNA was stored 

at 4°C. 

 

2.2.1.2.3. Isolation of genomic DNA from ES cells  

 

The Es cells grown in a 24-well plate were washed with PBS and incubated overnight in 500 

μl of lysis buffer II at 37°C. After transferring into a new e-cup, DNA was precipitated by 

adding an equal volume of isopropanol and incubation for 15 min at RT. Then, it was 

centrifuged for 20 min at maximal speed and washed with 70% ethanol. Pellet was dissolved 

in 80 – 100 μl of Ampuwa H2O and incubated at 60°C for 10 min. DNA was stored at 4°C 

and  used for Southern blot. 
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2.2.1.3. Isolation of total RNA 

 

2.2.1.3.1. Isolation of total RNA from tissue samples and cultured cells 

 

Total RNA isolation reagent is an improved version of the single-step method for total RNA 

isolation described first by Chomczynski and Sacchi (1987). The composition of reagent 

includes phenol and guanidine thiocyanate in a monophase solution. In order to avoid any 

RNase activity, homogenizer used for RNA isolation was previously treated with RNase away and 

DEPC-dH2O and special RNase free Eppendorf cups were used during the procedure. 100 - 200 

mg of tissue sample was homogenized in 1 - 2 ml of cold TRI Reagent by using a glass-

Teflon homogenizer. The sample volume should not exceed 10% of the volume of reagent 

used for the homogenization. The homogenate was mixed and incubated on ice for 5 min to 

permit the complete dissociation of nucleoprotein complexes. Then, 0.2 ml of cold chloroform 

was added, mixed vigorously, and stored on ice for 10 min. After centrifugation at 12000 x g 

for 15 min at 4°C, the colourless upper aqueous phase was transferred into a new tube. The 

RNA was precipitated by adding 0.5 ml of cold isopropanol and centrifugation at 14000 x g 

for 15 min at 4°C. Finally, the pellet was washed twice with cold 75% ethanol and dissolved 

in 30 - 100 μl of RNase free water or DEPC-dH2O. RNA was stored at -80°C. 

 

Total RNA from eukaryotic cultured cells was isolated with the RNeasy Mini Kit (Qiagen, 

Hilden) according to the supplier’s instructions. The total RNA was treated with RNase-free 

DNase I (Qiagen, Hilden) according to the user manual and resuspended in 30 -100 μl RNase-

free water. It was stored at -80°C. 

 

2.2.2. Determination of nucleic acid concentration  

 

The concentration of nucleic acids was determined spectrophotometrically by measuring 

absorption of the samples at 260 nm. The quality of nucleic acids i.e. contamination with salt 

and protein was checked by measurements at 230, 280, and 320 nm. The concentration was 

calculated according to the formula: 

 

 C = (E 260 – E 320)fc 

 C = concentration of sample (μg/μl) 
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 E 260 = ratio of extinction at 260 nm 

 E 320 = ratio of extinction at 320 nm 

 f = dilution factor 

 c = concentration (standard)/absorption (standard) 

 For double stranded DNA: c = 0.05 μg/μl 

 for RNA : c = 0.04 μg/μl 

 for single stranded DNA : c = 0.03 μg/μl 

 

2.2.3. Gel electrophoresis 

 

Gel electrophoresis is a technique by which mixtures of charged macromolecules, especially 

nucleic acids and proteins, are resolved in an electrical field according to their mobility which 

is directly proportional to macromolecule’s charge to mass ratio. 

 

2.2.3.1. Agarose gel electrophoresis of DNA  

 

Agarose gels are used to electrophorese nucleic acid molecules from as small as 50 bases to 

more than 20 kb, depending on the concentration of the agarose. Usually, 1 gm of agarose was 

added to 100 ml of 0.5x TBE buffer and boiled in the microwave to dissolve the agarose, then 

cooled down to about 60°C before adding 3 μl of ethidium bromide (10 mg/ml). This 1% 

agarose gel was poured into a horizontal gel chamber. 0.5x TBE buffer was used as 

electrophoresis buffer. The samples were mixed with about 0.1 volume of loading buffer, 

loaded into the wells of the gel and electrophoresis was carried out at a steady voltage (50 - 

100 V). Size of the DNA fragments on agarose gels was determined using 1 kb DNA ladder, 

which was loaded with samples in parallel slots. DNA fragments were observed and 

photographed under UV light. 

 

2.2.3.2. Agarose gel electrophoresis of RNA (Hodge, 1994) 

 

Single-stranded RNA molecules often have complementary regions that can form secondary 

structures. Therefore, RNA was run on a denaturing agarose gel that contained formaldehyde, 

and before loading, the RNA was pre-treated with formaldehyde and formamide to denature 

the secondary structure of RNA. 2 mg of agarose was added to 20 ml of 10x MOPS buffer 
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and 148 ml DEPC-H2O, and dissolved by heating in a microwave. After cooling it to about 

50°C, 33.2 ml of formaldehyde (37%) was added, stirred and poured into a horizontal gel 

chamber. RNA samples were prepared as follows: 

 

 10 – 20 μg RNA 

 2 μl 10x MOPS buffer 

 3 μl Formaldehyde 

 7 μl Formamide (40%) 

 6 μl Loading buffer  

 

Samples were denatured at 65°C for 10 min and chilled down on ice before loading into the 

gel. The gel was run at 30 V at 4°C for 12 - 16 hrs. 

 

2.2.3.3. DNA and RNA molecular weight ladders 

 

To determine the size of the nucleic acid fragments on agarose gels, molecular weight ladders 

were loaded in parallel.  

 1 kb DNA ladder Invitrogen, Karlsruhe  

 100 bp DNA ladder Invitrogen, Karlsruhe  

 0.24-9.5 bp RNA ladder Invitrogen, Karlsruhe 

 

2.2.4. Cloning techniques 

 

2.2.4.1. Enzymatic modifications of DNA 

 

2.2.4.1.1. Restriction enzyme digestion of DNA 

 

Restriction enzyme digestions were performed by incubating double-stranded DNA with an 

appropriate amount of restriction enzyme in its respective buffer as recommended by the 

supplier, and at the optimal temperature for the specific enzyme. Standard digestions included 

2 - 10 U enzyme per microgram of DNA. These reactions were usually incubated for 1 - 3 hrs 

or overnight (genomic DNA) to ensure complete digestion at the optimal temperature for 

enzyme activity, which was typically 37°C. 



MATERIALS AND METHODS   

 34

2.2.4.1.2. Filling-up reaction (Costa and Weiner, 1994) 

 

To blunt overhanging ends, 0.1 - 4 μg of digested DNA was mixed with 0.05 mM dNTPs and 

1 - 5 U of Klenow fragment with reaction buffer in a total volume of 50 μl. The reaction was 

incubated at 37°C for 15 min, then stopped by heating at 75°C for 10 min. DNA was 

subsequently purified by phenol/chloroform extraction and ethanol precipitation. 

 

2.2.4.1.3. Dephosphorylation of 5’ ends of DNA 

 

To prevent the recircularization of linearized plasmids without the insertion of foreign DNA, 

alkaline phosphatase treatment was performed. Alkaline phosphatase catalyses the hydrolysis 

of 5'-phosphate residues from DNA. The following items were mixed:  

 

 1 - 5 μg vector DNA,  

 5 μl 10 x reaction buffer,  

 1 μl alkaline phosphatase (1 U)  

 

in a total volume of 50 μl and incubated at 37°C for 1 h. The reaction was then stopped by 

heating at 85°C for 15 min. The dephosphorylated DNA was purified by phenol/chloroform 

extraction and ethanol precipitation. 

 

2.2.4.2. Purification of DNA 

 

2.2.4.2.1. Purification of DNA by phenol/chloroform extraction and ethanol precipitation 

 

Protein impurities were removed by vigorous shaking of nucleic acid solution with an equal 

volume of phenol/chloroform mixture (1:1). The emulsion was then centrifuged for 10 min at 

13000 x g at RT, and the upper aqueous phase was collected, mixed with an equal volume of 

chloroform and centrifuged as above. Finally, the upper aqueous phase was collected, mixed 

with NaAc (final conc. 0.3 M) and 2.6 volume of absolute ethanol and centrifuged for 30 min 

at 4°C with maximal speed. The pellet was washed with 70% ethanol and centrifuged at 

13000 x g for 5 min at 4°C. The pellet was air-dried and resuspended in 10 - 100 μl Ampuwa. 
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2.2.4.2.2. Purification of DNA fragments from agarose gel 

 

2.2.4.2.2.1. QIAquick gel extraction method 

 

This method is designed to extract and purify DNA of 70 bp to 10 kb in length from agarose 

gels. Up to 400 mg agarose can be processed per spin column. The principle of this method 

depends on selective binding of DNA to uniquely designed silica-gel membranes.  

 

After electrophoresis, a fragment of agarose gel containing the desired DNA was excised with 

a scalpel, weighed and incubated with 3 volumes of QG buffer at 50°C for 10 min. After the 

gel slice was dissolved completely, the solution was applied over a QIAquick column and 

centrifuged for 1 min. The flow-through was discarded and the column was washed with 0.75 

ml of PE buffer. After drying the column, it was placed into a fresh microcentrifuge tube. To 

elute DNA, 30 - 50 μl of EB buffer was applied to the centre of the QIAquick membrane and 

centrifuged for 1 min. DNA was stored at -20°C, further checked on agarose gels and used for 

subcloning or as a probe for Northern or Southern blot experiments. 

 

2.2.4.3. Ligation of DNA fragments  

 

The ligation of an insert DNA into a vector (digested with appropriate restriction enzyme) 

was carried out in the following reaction mix: 

 

 30 ng vector DNA (digested) 

 50 - 100 ng insert DNA (1:3, vector: insert ratio) 

 1 μl ligation buffer (10x) 

 1 μl T4 DNA ligase (5 U/μl) 

 in a total volume of 10 μl 

 

Blunt-end ligations were carried out at 16°C for overnight, whereas overhang-end ligations 

were carried out at 4°C overnight. 
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2.2.4.4. TA-Cloning (Clark, 1988; Hu, 1993) 

 

Taq polymerase and other DNA polymerases have a terminal transferase activity that results 

in the non-template addition of a single nucleotide to the 3' ends of PCR products. In the 

presence of all 4 dNTPs, dATP is preferentially added. This terminal transferase activity is the 

basis of the TA-cloning strategy. For cloning of PCR products, the pGEMTeasy vector system 

that has 5‘ dT overhangs was used. The following substances were mixed: 

 

 50 ng of pGEMTeasy vector 

 150 ng PCR product 

 5 μl of T4 DNA Ligase buffer (2x) 

 1 μl of T4 DNA Ligase 

 in a total volume of 10 μl 

 

The substances were mixed by pipetting and reaction was incubated overnight at 4°C. For 

transformation of the ligation reaction, DH5α competent cells were used (Invitrogen). 

 

2.2.5. Preparation of competent E. coli bacteria (Dagert and Ehrlich, 1979) 

 

The competent bacterial cells are generated by a physical cell wall modification that facilitates 

DNA uptake. LB medium (100 ml) was inoculated with a single colony of E.coli (strain 

DH5α) and the culture was grown at 37°C to OD600 = 0.6. Bacteria were centrifuged (10 

min, 4°C, 3000 x g), and the pellet was resuspended in 50 ml of sterile 50 mM CaCl2 solution 

(4°C) and incubated on ice for 30 min. The suspension of bacteria was centrifuged (10 min, 

4°C, 3000 x g) and the pellet was resuspended in 10 ml of sterile 50 mM CaCl2 (4°C) with 

15% glycerol. The mixture was dispensed into aliquots of 100 μl, the cups were frozen 

quickly in liquid nitrogen and stored at -80°C. Mostly, competent DH5α were purchased from 

Invitrogen. 

 

2.2.6. Transformation of competent bacteria  

 

Transformation of bacteria was done by gently mixing one aliquot of competent bacteria (50 

μl) with 5 - 10 μl of ligation reaction. After incubation for 30 min on ice, bacteria were heat 
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shocked for 45 sec at 37°C or 42°C, cooled down for 2 min on ice and 450 - 900 μl of S.O.C 

medium were added. Bacteria were subsequently incubated with shaking for 1 – 2 hrs at 

37°C. 50 μl and 100 μl cell suspensions, respectively, were plated out on LB-agar plates 

containing appropriate antibiotic (50 μg/ml), and whenever required 1 mM IPTG and X-Gal 

40mg/ml, X-Gal for “Blue - White” selection. The plates were then incubated overnight at 

37°C. The single colonies were picked and inoculated into 5 ml LB medium supplemented 

with 50 μg/ml appropriate antibiotic. The cell suspension was further used for plasmid 

preparations or preparation of bacterial glycerol stocks. 

 

2.2.7. Polymerase Chain Reaction (PCR) 

 

The polymerase chain reaction (PCR) represents an important technique in the field of 

molecular biology. It is a very sensitive, powerful technique (Saiki et al., 1988) which is 

widely used for the exponential amplification of specific DNA sequences in vitro by using 

sequence specific synthetic oligonucleotides (primers). The general principle of PCR starts 

from a pair of oligonucleotide primers that are designed so that a forward or sense primer 

directs the synthesis of DNA towards a reverse or antisense primer, and vice versa. During the 

PCR, the Taq DNA polymerase (a heat stable polymerase) (Chien et al., 1976) catalyses the 

synthesis of a new DNA strand that is complementary to a template DNA from the 5’ to 3’ 

direction by a primer extension reaction, resulting in the production of the DNA region 

flanked by the two primers. It allows the rapid and unlimited amplification of specific nucleic 

acid sequences that may be present at very low concentrations in very complex mixtures. 

 

2.2.7.1. PCR amplification of DNA fragments 

 

The amplification cycles were performed in an automatic thermocycler. In general, the PCR 

reaction contains the following substances: 

 

 5 - 10 ng  template DNA 

 1 μl  forward primer (10 pmol/μl) 

 1 μl  reverse primer (10 pmol/μl) 

 1 μl  10 mM dNTPs 

 5 μl  10x PCR buffer 
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 1.5 μl  50 mM MgCl2 

 0.5 μl Taq  DNA polymerase (5 U/μl) 

 Up to 50 μl Ampuwa H2O 

 

The reaction mixture was placed in a 200 μl reaction tube and placed in a thermocycler. A 

standard PCR program is shown as follows:  

 

 Initial denaturation  94°C  5 min 

 

 Elongation  94°C  30 sec (denaturation) 

 30-35 cycles  51 - 65°C  45 sec (annealing, time depends on 

   primer’s Tm value) 

 72°C  1 min (extension, time depends on 

 the PCR product, as 1 min for 1 kb  

  DNA) 

 

 Final extension  72°C  10 min  

 

The simplest formula for calculating the Tm (melting temperature) of the primers is: 

 

Tm = 4°C x (number of G’s and C’s in the primer) + 2°C x (number of A’s and T’s in the  

 primer) 

 

2.2.7.2. Genotyping of knock-out mice using PCR 

 

The genotypes of all offspring of Insl5 and Insl6 knock-out mutant mice were analysed by 

PCR. For amplification of the wild type and the mutant allele, the DNA was extracted from 

mouse tails as described in 2.2.1.2.1. and pipetted to the following reaction mixture: 

 

  The Insl5 KO mice  The Insl6 KO mice 

 

DNA (300-500 ng)  0.5 μl  0.5 μl 

Forward primer I (10 pmol/μl)  0.5 μl C-Insl5-F8  1 μl Insl6_F2 
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Forward primer II (10 pmol/μl)  0.5 μl I5KO-F1  - 

Reverse primer I (10 pmol/μl)  0.5 μl C-Insl5-R9 1 μl Insl6_R2 

Reverse primer II (10 pmol/μl)  0.5 μl PGK_3  1 μl PGK_1 

dNTPs (10 mM)  0.5 μl  1 μl  

Taq polymerase buffer (10x)  5 μl  2.5 μl 

Taq polymerase (5 U/μl)  0.5 μl  0.25 μl 

MgCl2 50 mM  1.5 μl  0.75 μl 

Ampuwa H2O  Up to 25 μl  Up to 50 μl 

 

The mixture was subjected to the following program in the thermocycler: 

 

 The Insl5 KO mice  The Insl6 KO mice 

 

Initial denaturation  94°C for 5 min  94°C for 5 min 

 

Elongation 94°C for 30 sec  Denaturation  94°C for 30 sec 

(for 35 cycle)  58°C for 30 sec   Annealing  60°C for 45 sec 

 72°C for 45 sec   Elongation  72°C for 1 min 

 

Extension  72°C for 7 min  72°C for 10 min 

 

2.2.7.3. Reverse transcription PCR (RT-PCR)  

 

2.2.7.3.1. Reverse transcription or cDNA synthesis 

 

RT-PCR is a technique, that generates cDNA fragments from RNA templates, and thereafter 

amplifies it by PCR. It is very useful to determine the expression of genes in specific tissues 

or in different development stages. 1 - 5 μg of total RNA was mixed with 1 μl of oligo (dT)18 

primer (10 pmol/μl) in a total volume of 12 μl. To avoid the possible secondary structure of 

the RNA, which might interfere with the synthesis, the mixture was heated to 70°C for 10 

min, and then quickly chilled on ice. After a brief centrifugation, the following components 

were added to the mixture: 
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    4 μl 5x first strand buffer 

 2 μl 0.1 M DTT 

 1 μl 10 mM dNTPs 

 1 μl RNasin (10 U/μl) 

 

The content of the tube was mixed gently and incubated at 42°C for 2 min. Then, 1 μl of 

reverse transcriptase enzyme (Superscript II) was added and incubated at 42°C for 50 min for 

the first strand cDNA synthesis. Next, the reaction was inactivated by heating at 70°C for 15 

min. 1 μl of the first strand reaction was used for the further PCR reactions. 

 

2.2.7.3.2. One-Step RT-PCR 

 

To obtain specific RT-PCR products, the QIAGEN One-Step RT-PCR kit was employed 

which contains optimized components that allow both reverse transcription and PCR 

amplification to take place in what is commonly referred to as a ”one-step” reaction. 

 

Master mix:  Per reaction: 

5x Qiagen One-Step RT-PCR buffer  10 μl 

dNTP mix (containing 10 mM of each dNTP)  2 μl 

Forward primer (10 pmol/μl)  1 μl 

Reverse primer (10 pmol/μl)  1 μl 

Qiagen One-Step RT-PCR Enzyme Mix  2 μl 

RNase inhibitor (20 U/μl)  1 μl 

RNase-free water  31 μl 

 

2 μl (2 μg) of total RNA isolated from mammalian cultured cells and mouse tissues was added 

to 48 μl of prepared master mix in a PCR tube. The sample was placed in the thermocycler 

and the RT-PCR program was followed according to the user manual. Reverse transcription 

reaction was performed at 50°C for 30 min. To denaturate the DNA-RNA hybrid molecules, 

the reaction was heated to 94°C for 10 min. Thermal cycling was carried out for 35 cycles 

with denaturation at 94°C for 30 sec, annealing at 54 - 60°C for 40 sec and extension at 72°C 

for 1 min. After the amplification, the presence of a product was checked on an agarose gel. 
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2.2.8. Non-radioactive dye terminator cycle sequencing 

 

The non-radioactive sequencing was performed with the Dye Terminator Cycle Sequencing-

Kit (ABI PRISM). The reaction products were analysed with automatic sequencing 

equipment, MegaBase DNA Sequencer. For the sequencing reaction, four different dye 

labelled dideoxy nucleotides were used (Sanger et al., 1977), which, when exposed to an 

argon laser, emit fluorescent light which can be detected and interpreted. The reaction was 

carried out in a total volume of 10 μl containing 1 μg plasmid DNA or 100 - 200 ng purified 

PCR products, 10 pmol primer and 4 μl reaction mix (contains dNTPs, dideoxy dye 

terminators and Taq DNA polymerase). Elongation and chain termination take place during 

the following program in a thermocycler: 4 min denaturation followed by 25 cycles at 95°C, 

30 sec; 55°C, 15 sec, annealing; 60°C, 4 min, elongation. After the sequencing reaction, the 

DNA was precipitated with 1/10 volume 3 M sodium acetate and 2.5 volume 100% ethanol 

and washed in 70% ethanol. The pellet was dissolved in 4 μl of loading buffer, denaturated at 

95°C for 3 min, and finally loaded on the sequence gel. 

 

2.2.9. Nucleic acids blotting techniques 

 

2.2.9.1. Southern blotting of DNA to nitrocellulose filters (Southern, 1975) 

 

In Southern blotting, the transfer of denaturated DNA from agarose gels onto nitrocellulose 

membrane is achieved by capillary flow. 20x SSC buffer, in which nucleic acids are highly 

soluble, is drawn up through the gel onto nitrocellulose membrane, taking with it the single-

stranded DNA that becomes immobilized in the membrane matrix. After electrophoresis of 

DNA, the gel was treated with 0.25 M HCl for depurination. It was followed by denaturation 

solution for 30 min and 45 min in neutralization solution. The transfer of the DNA to the 

nitrocellulose membrane was done in a Turbo-Blot apparatus (Schleicher & Schuell, Dassel). 

27 Whatman filter papers (GB 003) were layered on a Stack Tray, followed by 3 Whatman 

filter papers (GB 002) and 1 Whatman filter paper (GB 002) soaked with 20x SSC. The 

equilibrated nitrocellulose filter that was soaked with 2x SSC was laid on the top. The agarose 

gel rinsed with 20x SSC, was placed on the filter and was covered with 3 Whatman filter 

papers GB 002 soaked with 20x SSC. The buffer tray was placed and filled with 20x SSC. 

Finally a wick, which was also soaked with 20x SSC, and the wick cover were put on top of 
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the blot. The transfer was carried out for overnight. Finally, after disassembling of the blot, 

the filter was dried on the air and the DNA was fixed onto the filter by either baking it at 80°C 

for at last 2 hrs or by UV-crosslinking in UV Stratalinker 1800. 

 

2.2.9.2. Dot blot of DNA to nitrocellulose filters (colony hybridization)  

 

The colony hybridization is a rapid and effective technique that detects recombinant 

sequences isolated directly from cells grown on plates and transferred to membranes. 88 mm 

nitrocellulose or nylon membranes (Optitran BA-S85, Schleicher & Schuell) were placed on 

plates for 1 - 2 min to transfer the colonies to the filters, whereas reference position points 

were marked to identify later the positive colonies. The culture plate was incubated at 37°C, 

so the colonies grow again. The marked membranes were placed on surfaces with the 

following solutions: 

 

 5 min 10% (w/v) SDS 

 7 min denaturation solution 

 10 min neutralisation solution 

 10 min 2 x SSC 

 

Finally, the filter was dried on air for 10 - 15 min and baked at 80°C for at least 2 hrs. Then, 

the membrane was ready for hybridization with a 32P-labeled probe (2.2.10). After 

hybridization, the positive colonies were localized. 

 

2.2.9.3. Northern blotting of RNA onto nitrocellulose filters 

 

For the transfer of RNA onto a nitrocellulose filter, the same procedure as described above 

(2.2.9.1) was performed. In this case, however, the gel does not need to be denaturated, but 

was transferred directly onto the filter as explained in section 2.2.9.1. 
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2.2.10. Random Prime method for generation of 32P labeled DNA (Denhardt,  

1966; Feinberg and Vogelstein, 1984) 

 

RediprimeTM II Random Prime Labeling System (Amersham Pharmacia) was used for 

labelling of DNA probes. The method depends on the random priming principle developed by 

Feinberg and Vogelstein (1984). The reaction mix contained dATP, dGTP, dTTP, Klenow 

fragment (4 - 8 U) and random oligodeoxyribonucleotides. Firstly, 25 - 50 ng of DNA were 

denaturated in a total volume of 46 μl at boiling water for 10 min and quick chilled on ice for 

5 min. After pipetting the denaturated probe in RediprimeTM II Random Prime Labelling 

System cup, 4 μl of [α-32P] dCTP (3000 Ci/mmol) was added to the reaction mixture. The 

labelling reaction was carried out at 37°C for 0.5 - 1 hr. The labelled probe was purified from 

uncorporated [α-32P] dCTP by using microspin columns (Amersham Pharmacia) and the 

specific radioactivity was measured by using a scintillation counter (Tri-Carb 1600TR, 

Packard Instruments, Warrenville, USA) and varied between 4 to 10 x 107 cpm. 

 

2.2.11. Hybridization of nucleic acids (Denhardt, 1966) 

 

The membrane to be hybridized was equilibrated in 2x SSC and transferred to a hybridization 

tube. After adding 12 ml of hybridization solution (Rapid-hyb buffer, Amersham) and 250 μl 

of sheared denaturated salmon DNA, the membrane was incubated for 2 - 4 hrs in the 

hybridization oven at an appropriate temperature, which is usually 65°C. After that, the 

labelled probe was denaturated at 95°C for 10 min, chilled on ice for 5 min, and then added to 

the hybridization solution. The hybridization was carried out overnight in the oven. Next day, 

the filter was washed for 10 min with 2x SSC at RT. Finally, the membrane was washed with 

2x SSC containing 0.1 % SDS and then with 0.2x SSC containing 0.1% SDS at the 

hybridization temperature. After air-drying the filter, it was sealed in saran wrap and exposed 

to autoradiography overnight at -80°C or to phosphoimager screen for 1 - 4 hrs. The film was 

developed in X-Ray Automatic Processor Curix 60 or the screen was scanned in 

phosphoimager. For quantification of detected bands, the program Quantity One (Bio-Rad) 

was used. If membrane has to be used again, it was stripped in 0.2x SSC at 80°C, until 

radioactive signal was no longer detected. 
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2.2.12. Protein analysis methods 

 

2.2.12.1. Isolation of total proteins from mouse tissues 

 

Proteins were extracted from 100 mg of fresh or frozen mouse tissues after homogenization in 

500 μl lysis buffer A containing protease inhibitors (1μg/μl leupeptin, 3μg/μl aprotinin). 

Lysates were sonicated on ice 2 x 2 min, and centrifuged at 14000 x g for 20 min at 4°C. 

Supernatant, containing membranes, organelles and cytosol proteins was collected, quantified 

and stored at -80°C, or used immediately. 

 

2.2.12.2. Isolation of total protein from eukaryotic cells 

 

5 x 106 cells/ml were washed with PBS and resuspended in 70 - 100 μl of lysis buffer B. The 

whole cell lysate was collected with a cell scraper, transferred to a separate Ependorf cup and 

incubated on ice for 30 min. After that, cells were sonicated gently on ice (2 x 30 sec) and 

centrifuged at 14000 x g for 20 min at 4°C. The total protein concentration of the supernatant 

was quantified and stored at -80°C in aliquots until use. 

 

2.2.12.3. Determination of protein concentration (Bradford, 1976) 

 

To determine the protein concentration, Bio-Rad protein assay was employed which is a dye-

binding assay based on the differential color change of a dye in response to various 

concentrations of protein. The assay is based on the observation that the absorbance 

maximum for an acidic solution of Coomassie Blue G-250 shifts from 494 to 595 nm when 

the binding to protein occurs. The BSA stock solution of 1 mg/ml was diluted in order to 

obtain standard dilutions in range of 10 μg/ml to 100 μg/ml. The Bio-Rad’s color reagent was 

diluted 1:5 with  Ampuwa H2O and filtered through 0.45 μm filter. In a 96-well microtiter 

plate, 20 μl of each standard dilution and the samples to be measured were pipetted with 280 

μl of the color reagent. The absorption of the color reaction was measured at 595 nm in a 

microplate reader (Microplate Reader 450, Bio-Rad) and the protein concentration was 

determined by extrapolating to the standard curve plotted with the values obtained from the 

known concentrations of the BSA. 
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2.2.12.4. SDS-PAGE for the separation of proteins (Laemmli, 1970) 

 

The NuPAGE® Pre-Cast Gel System (Invitrogen) is a polyacrylamide gel system for high 

performance gel electrophoresis and is based on SDS-PAGE gel chemistry. It consists of 

NuPAGE® Bis-Tris Pre-Cast Gels and specially optimized buffers which have an operating 

pH of 7.0, giving the system advantages over existing polyacrylamide gel systems with an 

operating pH of 8.0. The neutral pH increases the stability of the proteins and provides better 

electrophoretic results.  

To 15 μl of whole protein lysate 5 μl of 4x LDS sample buffer and 3 μl of DTT were added. 

The samples were denaturated by boiling in the water bath for 10 min, cooled to RT for 5 min 

and loaded in SDS-PAGE (NuPage 4 - 12% Bis-Tris gel). The gel electrophoresis was run in 

1x MOPS or 1x MES buffer (Invitrogen). To determine the molecular weight of the proteins 

on the gel, 10 μl of a pre-stained molecular weight standard (See Blue Plus2, Invitrogen) was 

also loaded. The gel was run at 80 - 100 V for 2 hrs at RT. 

 

2.2.12.5. Western blotting of protein onto PVDF membrane (Gershoni and Palade, 1982) 

 

 Transfer buffer  5.8 gm Tris-Cl 

       pH 9.2  2.92 gm Glycine  

 3.7 ml 10% SDS  

 20% methanol  

 dH2O to 1000 ml 

 

After electrophoresis of proteins on a polyacrylamide gel, the gel and the nitrocellulose 

membrane Hybond-C (Amersham), which was cut at the size of the gel, were equilibrated in 

transfer buffer for 10 min. Four sheets of Whatman GB003 filter paper (Schleicher & Schull, 

Dassel) were cut and soaked in the transfer buffer. The gel was placed on the membrane and 

subsequently on the presoaked filter papers. Another four sheets of presoaked filter paper 

were applied to complete the sandwich model, and it was placed into an electro-blotter 

(Biometra, Göttingen). The transfer was carried out at 10 W (150 - 250mA, 39 V) for 1-2 hrs 

at RT. After that, the blotted membrane was blocked and incubated with antibodies. 
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2.2.12.6. Staining of polyacrylamide gel 

 

To confirm transfer efficiency of proteins onto nitrocellulose membranes, the gel was 

incubated overnight in Coomassie Blue staining solution. The methanol and acetic acid in the 

staining solution cause the proteins to precipitate and thus be fixed in the gels. In acidic 

solution Coomassie Blue dye interacts chiefly with arginine residues of the proteins, resulting 

in colour development in the gel. Gel was destained in Coomassie destaining solution for 3 - 8 

hrs at RT. 

 

2.2.12.7. Incubation of protein-bound membranes with antibodies 

 

The blotted membrane was first incubated with 5% non-fat milk in PBT for 1 - 2 hrs at RT, in 

order to block unspecific binding sites, and then it was incubated overnight at 4°C with a 

primary antibody at the recommended antibody dilution in 2% non-fat milk in PBT. Next day, 

membrane was washed 3 x 10 min with 2% non-fat milk in PBT and incubated 2 hrs at RT 

with horse radish peroxidase conjugate secondary antibody diluted 1:10000 in PBT containing 

2% non-fat milk. Then, the membrane was washed three times for 10 min at RT in PBT with 

2% non-fat milk and one time for 5 min at RT in PBS. Finally, the proteins from the 

membrane were visualized by using SuperSignal® West Pico Chemiluminescent Substrate 

(Pierce, USA). Shortly, the membrane was incubated for 3 – 5 min with 1 ml of developing 

mixture (0.5 ml stable peroxidase solution and 0.5 ml luminal/enhancer solution) and then 

was wrapped in saran foil and exposed to Roentgen Films (Hyperfilm MP, Amersham, 

Braunschweg) for 0.5 to 30 min. The films were developed in X-Ray Automatic Processor 

Curix 60 and air-dried. 

 

2.2.13. Expression of recombinant proteins in the pET vector 

 

2.2.13.1. Production of the GST-PELOTA fusion proteins 

 

Plasmids with  recombinant GST-PELO (GST-PELO, GST-PELOΔ5’, GST-PELOΔ3’ and 

ST-PELOΔLZ) constructs were transformed to expression in the host bacterial strain E.coli 

BL-21(DE3). A single bacterial colony containing the pET41a vector with fusion constructs 

was picked from a freshly streaked plate into 50 ml of LB culture medium containing 
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kanamycin (50 μg/ml) and incubated for overnight culture at 37°C with shaking. Next day, 

overnight cultures were diluted into 500 ml fresh LB medium with 50 μg/ml kanamycin and 

cultured further at 37°C until OD600 reached 0.6 - 0.8. Non-induced samples were collected 

for control. IPTG from a 100 mM stock was added to a final concentration of 1 mM and the 

incubation step was continued for 4 – 6 hrs. Then, the induced samples were removed and 

flasks were placed on ice for 5 min. Cells were harvested by centrifugation at 5000 x g for 15 

min at 4°C, and stored as a frozen pellet at –80°. 

 

2.2.13.2. Isolation and purification of GST-PELOTA fusion proteins 

 

2.2.13.2.1. Preparation of cell extracts with BugBuster™ protein extraction reagent   

 

Soluble fraction 

 

Frozen cell pellet was slowly thawed on ice for 10 – 30 min and resuspended in the 

BugBuster solution at RT, using 20 ml reagent for cells from a 500 ml culture. Cell 

suspension was incubated on a shaking platform at a slow setting for 10 min at RT and for 

next 10 min on ice. Then, lysate was sonicated on ice 6 times, 1 min each with an interval of 2 

min to avoid heat. Insoluble cell debris (pellet) was removed by centrifugation at 16000 x g 

for 20 min at 4°C and saved for inclusion body purification as described below. Supernatant 

(soluble extract) was transferred into a fresh tube, purified and after checking on SDS-PAGE 

gel, it was used for further experiments.  

 

Inclusion body  
 
Pellet after isolation of soluble protein fraction was resuspendend by vortex in the same 

volume of BugBuster reagent that was used to suspend the cell pellet above. Then, lysozyme 

was added to a final concentration of 200 μg/ml and the sample was mixed by vortexing and 

incubated at room temperature for 5 min. After that, 4.6 volumes of 1:10 diluted BugBuster 

reagent (in deionized water) was added to the suspension and vortexed for 1 min. Suspension 

was centrifuged at 16000 x g for 15 min at 4°C to collect the inclusion bodies. Supernatant 

was removed and inclusion bodies were resuspended in ½ the original culture volume of 1:10 

diluted BugBuster. The sample was mixed by vortexing and centrifuged at 16000 x g for 15 

min at 4°C. This washing step was repeated 2 times more and the final pellet of purified 
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inclusion bodies was resuspended in 1x PBS. Sample was stored at -80°C for GST Pull-down 

assay. 

 

2.2.13.2.2. Purification of GST fusion proteins 

 

GST-fusion proteins were purified from bacterial cell extracts using the GST-binding kit 

(Novagen) according to the manufacturer’s instruction. Shortly, bacterial cell extracts were 

filtrated through 0.45 μm filter and incubated with pre-equilibrated glutathione-agarose 

(Sigma) for 1 hr at 4°C with gentle mixing. The bound resin was washed four times with PBT 

at 4°C. Thereafter, fusion protein was eluted with 3 ml elution buffer (10 mM reduced 

glutathione in 50 mM Tris/HCl, pH 7.5) and the eluate was collected into three fractions. 

Purified protein was dialyzed overnight at 4°C against PBS. Protein quality and quantity were 

checked by SDS-PAGE analysis. 

 

2.2.14. Techniques used for interaction studies 

 

2.2.14.1. GST Pull-down assay 

 

GST-fusion proteins were purified from bacterial cell extract using the GST-binding kit 

(Novagen, Darmstadt). Following reagent were combined in a 1.5 ml microcentrifuge tube on 

ice. Glutathione-agarose beads were mixed gently by inverting several times. A sufficient 

volume of beads was transferred to a clean 1.5 ml microcentrifuge tube. The beads were 

washed 3 times with 250 μl of GST Bind/Wash Buffer (4.3 mM Na2HPO4, 1.47 mM KH2PO4, 

137 mM NaCl, 2.7 mM KCl, pH 7.3) in a microcentrifuge tube and centrifuged at 800 x g for 

30 sec. The supernatant was removed by aspiration with a micropipette. Steps were repeated 

and finally, the beads were resuspended to their original volume (i.e., the original beads 

volume was transferred to microcentrifuge tube) by adding GST Bind/Wash Buffer. Then, the 

50 μl GST fusion protein (100 μg) was added to the GST-beads. To ensure adequate mixing, 

the reaction tube was rotated at room temperature for 30 min. The tube was centrifuged at 800 

x g for 1 min and the supernatant discarded. Beads were washed 2 times with lysis buffer B. 

100 μl of tissue extract (300 - 500 μg) were added to the reaction tube and the mixture was 

incubated for additional 2 hrs at 4°C on a rocking platform. Beads were washed 3 times with 

250 μl of lysis buffer B for 10 min at 4°C. Finally, the beads were resuspended in 40 - 50 μl 
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SDS-PAGE-Loading buffer, denatured with 6 μl DTT at 75°C for 15 min and loaded onto a 

SDS-PAGE minigel.  

 

2.2.14.2. Co-immunoprecipitation 

 

Immunoprecipitation is a technique that permits the purification of specific proteins for which 

an antibody has been raised. This primary antibody is either already bound to dynabeads or 

can be bound to the protein/dynabeads during the procedure in order to physically separate the 

antibody-antigen complex from the remaining sample.  

 
Total cell extract (2.2.12.2) was used to analyze putative protein-protein interactions in 

eukaryotic cells. Human cervical adenocarcinoma cells (HeLa) were cotransfected with the 

appropriate expression vectors by using Lipofectamin 2000 transfection reagent (2.2.15.5.). 

Transfected cells were grown for 48 hrs at 37°C, then collected, homogenized in 70 – 100 μl 

lysis buffer B, and total protein was isolated as described above (2.2.12.2). Co-

immunoprecipitation was done according to the manufacturer’s instruction (Roche, 

Mannheim). Shortly, to reduce background caused by non-specific adsorption of irrelevant 

cellular proteins to protein A/G-agarose, a preclearing step was done by incubation 350 - 500 

μg of lysate protein with 50 μl A/G-agarose suspension for at least 3 hrs. Then, the samples 

were centrifuged at 5000 x g for 30 sec and supernatants were transferred into fresh tubes. 10 

– 20 μl of c-Myc monoclonal antibody or HA-Tag polyclonal antibody was added and 

mixtures were incubated at 4°C for 2–3 hrs. After that, mixtures were incubated overnight at 

4°C with fresh prepared protein G or A beads. The next day, samples were centrifuged at 

5000 x g for 30 sec, and the beads were washed 3 x for 20 min with washing buffer 1. Finally, 

the beads were resuspended in 40 - 50 μl SDS-PAGE-Loading buffer, 6 μl DTT, and then 

denatured and loaded onto a SDS-PAGE minigel. Integrity of the resulting proteins was 

checked by SDS-PAGE analysis (2.2.12.). 

 
2.2.14.3. Bimolecular fluorescence complementation (BiFC) assay 

 

The bimolecular fluorescence complementation (BiFC) assay have been developed for the 

simple and direct visualization of protein interactions in living cells (Hu et al. 2002). It is 

based on the principle of protein fragment complementation, in which two non-fluorescent 

fragments derived from a fluorescent green protein (GFP) are fused to a pair of interacting 
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partners. When the two partners interact, the two non-fluorescent fragments are brought into 

proximity and an intact fluorescent protein is reconstituted. Hence, the reconstituted 

fluorescent signals reflect the interaction of two fused proteins under study. This method 

enables visualization of the subcellular locations of specific protein interactions in the normal 

cellular environment.  

Vectors (FPCA-V1 and FPCA-V2) used for these studies have been generated by Prof. Dr. S. 

Hoyer-Fender (Department of Developmental Biology GZMB, University of Göttingen, 

Göttingen) and they contain a EGFP molecule which was split between amino acid 157 and 

158. cDNA fragments containing the coding sequence of our candidate genes were used for 

generation of BiFC assay constructs. cDNAs were amplified (2.2.7.3.) using primers with 5’ 

overhang restriction sites sequences. PCR condition was as follows: 

 94 °C  5 min 

 94 °C  30 sec 

 60°C  45 sec 35 cycles 

 72°C 1 min  

 72°C   10 min 

 
The PCR products were sequenced (2.2.8.) and digested either with XhoI/BamHI enzymes for 

subcloning into FPCA-V1 vector, or with HindIII/BglI enzymes for subcloning into FPCA-V2 

vector (2.2.4.). Then, the constructs were  transformed into competent E.coli DH5α cells, and 

after large scale plasmid DNA preparation (2.2.1.1.3.) they were used for transient 

transfection of HeLa cells (2.2.15.5). 48 hrs after transfection, cells were fixed by incubation 

with cold 4% paraformaldehyde for 15 min. After washing steps (3 x 5 min) they were 

mounted with DAPI (Vector, Burfingame). Slides were stored at 4°C. Finally, fluorescent 

cells were visualized with Olympus BX60 microscope using 20X or 60X Neofluor lens, 

photographed using digital camera and analyzed by analysis 3.0 soft imaging system. 

 

HeLa cells cotransfected with FPCA-Pelota-V1 and FPCA-Cops5-V2 constructs were used as 

negative control for our BiFC assay.  
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2.2.15. Eukaryotic cell culture methods  

 

2.2.15.1. Cell culture conditions  

 

All procedures such as culturing and transfection of cell lines were done under sterile 

conditions using sterile hood (Heraeus, Hamburg). Solutions and media were sterilized by 

autoclaving or filtration and were prewarmed before use (37°C water bath). All glassware 

items like pipettes and bottles were autoclaved, and bottles with liquids were cleaned each 

time before placing under the sterile hood by whipping with 70% ethanol. All cells were 

grown in their respective growth media with L-glutamin containing 10% FCS and 1% 

penicillin/streptomycin solution. The cells were cultured at 37°C in a humidified incubator 

with 5% CO2 and grown to 80% confluency. 

 

2.2.15.2. Trypsinisation of eukaryotic cells 

 

Cells were washed twice with 2 – 5 ml sterile PBS and incubated in minimal amount trypsin-

EDTA (0.5 gm/l trypsin, 0.2 gm/l EDTA) at 37°C until they had detached from the dish. The 

process was controlled under an inverted microscope. Trypsin activity was inhibited by 

addition of growth medium in which the cells were subsequently resuspended. The trypsin 

was removed by centrifugation at 1000 x g for 5 min. Cells were resuspended in an 

appropriate volume of cell culture medium and transferred into a new flask with medium. Cell 

counting was performed, when necessary, using an improved Neubauer chamber, and the cells 

were plated out or harvested for cryopreservation. 

 

2.2.15.3. Cryopreservation and thawing of eukaryotic cells  

 

Trypsinised cells were spun down (1000 x g for 5 min at 4°C) in 4 ml of growth medium. The 

supernatant was aspirated and the cells were resuspended (1 - 5 x 10
7 

cells/ml) in ice cold 

medium (DMEM or RPMI, 20% FCS, 10% DMSO). Aliquots of the cells were kept for 2 

days at -80°C and then stored in liquid nitrogen. For revitalization, frozen cells were quickly 

thawed at 37°C  in water bath, gently transferred to disposable Falcon (BD Falcon, USA) 

tubes containing 4 ml growth medium and spun down as described above. Supernatant was 



MATERIALS AND METHODS   

 52

discarded by aspiration and cells were plated out after being resuspended in a suitable amount 

of prewarmed growth medium.  

 

2.2.15.4. Transient transfection of the eukaryotic cells with plasmid 

 

The transfection involves the introduction of foreign DNA into mammalian cells for its 

expression. The reagent used in this study was “Lipofectamine 2000 TM” (Invitrogen, 

Karlsruhe, Germany). For transfection, approximately 0.5 x 106 HeLa cells were plated in 

small flasks with 5 ml of complete DMEM medium and incubated overnight at 37°C, 5% 

CO2. 12 μl of Lipofectamine 2000 TM reagent and 4 μg of the DNA of interest were diluted 

each in a total volume of 100 μl, respectively, with OptiMEM I reduced serum medium 

(Invitrogen, Karlsruhe, Germany) and incubated at RT for 10 min. Subsequently, we have 

mixed diluted Lipofectamine and DNA together in a reaction tube and then incubated at RT 

for 30 min to allow DNA complex formation. Meanwhile, the DMEM containing cells were 

washed twice with PBS. After DNA complex formation, 800 μl of OptiMEM I medium was 

added to the reaction tube, mixed vigorously, and applied drop-by-drop to the cells in culture 

flask and incubated for 2.5-3 hrs at 37°C. Then, 1ml of OptiMEM I medium with 20% FCS 

was added and further incubated for next 3 hrs. The cells were then incubated for 24 - 48 hrs at 

37°C and 5% CO
2
. 

 

2.2.15.5. Immunofluorescence staining of eukaryotic cells 

 

The culture media was removed from the cells in microscopical chambers and they were 

rinsed with PBS. After that, 1 ml cold 4% PFA (fresh made) per chamber was added and 

incubated for 15 min at RT for fixing the cells. Then, the cells were washed 3 times for 5 min 

with PBS and blocked for 1 hr at RT with blocking solution containing 0.5% Triton X-100 

and 10% horse serum in PBS. After that, cells were incubated overnight at 4°C in humidified 

chamber with the respective diluted primary antibody in a buffer containing PBS and 5% 

horse serum. Finally, the cells were incubated with the secondary antibody for 2 hrs at RT, 

rinsed 3 x 10 min with PBS and mounted with DAPI (Vector, Burfingame). Slides were 

stored at 4°C. Fluorescent cells were visualized with Olympus BX60 microscope using 20X 

or 60X Neofluor lens, photographed using digital camera and analyzed by analysis 3.0 soft 

imaging system. 
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2.2.16. Techniques for production of targeted mutant mice (Joyner, 2000) 

 

The discovery that cloned DNA introduced into cultured mouse embryonic stem cells can 

undergo homologous recombination at specific loci has revolutionized our ability to study 

gene function in vitro and in vivo. In theory, this technique will allow us to generate any type 

of mutation in any cloned gene. Over twenty years ago, pluripotent mouse embryonic stem 

cells (ES) derived from inner cell mass (ICM) of mouse blastocysts were isolated and cultured 

(Martin, 1981; Evans and Kaufman, 1981). Using stringent culture conditions, these cells can 

maintain their pluripotent developmental potential even after many passages and following 

genetic manipulations. Genetic alterations introduced into ES cells in this way can be 

transmitted into the germline by producing chimeric mice. Therefore, applying gene targeting 

technology to ES cells in culture gives the opportunity to alter and modify endogenous genes 

and study their functions in vivo. 

 

2.2.16.1. Production of targeted embryonic stem cell clones  

 

2.2.16.1.1. Preparation of EMFI feeder layer  

 

A frozen vial of EMFI cells was quickly thawed at 37°C and transferred to 10 ml EMFI 

medium. After centrifugation at 270 x g for 5 min, the cell pellet was gently resuspended in 

10 ml EMFI medium and plated on a 50 mm culture flask. Cells were incubated at 37°C in 

5% CO2. When the cells formed a confluent monolayer (three days), they were trypsinised, 

transferred to five 150 mm dishes and grown until they formed confluent monolayer or 

directly treated with mitomycin C. To treat the EMFI with mitomycin C, the medium was 

removed and 10 ml fresh medium containing 100 μl mitomycin C (1mg/ml) was added. After 

2-3 hrs of incubation, the monolayer of cells was washed twice with 10 ml PBS. The cells 

were then resuspended with 10 ml medium and gentle pipetting. The cells were centrifuged, 

resuspended in EMFI medium and plated onto dishes, which have been treated with 0.1% 

gelatine for 30 min. The feeder cells were allowed to attach by incubation overnight at 37°C, 

5% CO2 or used after 2 hrs of incubation. Before adding ES cells on the feeder layer, the 

medium was changed to ES cell medium. 
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2.2.16.1.2. Growth of ES cells on feeder layer 

 

One vial of frozen ES cells was quickly thawed at 37°C and cells were transferred to a 12 ml 

tube containing 6 ml ES cell medium. After centrifugation, the cell pellet was resuspended in 

5 ml ES cell medium and plated on 6 cm dishes containing EMFIs at 37°C, 5% CO2. Next 

day, the medium was changed. The second day, cells were washed with PBS, treated with 2 

ml trypsin/EDTA at 37°C, 5% CO2, for 5 min. The cells were gently pipetted up and down to 

dissolve cell clumps, resuspended with 5 ml ES medium and centrifuged. The cell pellet was 

resuspended in 10 ml ES cell medium and distributed either to 5 or 6 dishes (6 cm) or to 2 

dishes (10 cm) containing feeder layers. The cells were passaged every second day as 

described above. 

 

2.2.16.1.3. Electroporation of ES cells  

 

ES cells which have grown for two days in 10 cm dishes were trypsinised. The cell pellet was 

resuspended in 20 ml PBS and centrifuged. The cell pellet was then resuspended in 1 ml PBS. 

The 0.8 ml of cell suspension was mixed with 40 μg of linearised DNA-construct and 

transferred into an electroporation cuvette. The electroporation was performed at 240V, 500 

μF with the Bio-Rad gene pulserTM apparatus. After electroporation, the cuvette was placed 

on ice for 20 min. The cell suspension was transferred from cuvette into 20 ml of ES cell 

medium and plated onto two 10 cm dishes containing feeder layers. The medium was changed 

every next day. Two days after the electroporation, the drugs for selection were added (active 

G418 at 400μg/ml and gancyclovir at 2 μM). The medium was changed every day. After 

about eight days of selection, drug resistant colonies have appeared and were ready for 

screening by Southern blot analysis. 

 

2.2.16.1.4. Growing ES cells for Southern blot analysis 

 

The drug resistant colonies that were formed after about eight days of selection were picked 

with a drawn-out Pasteur pipette under a dissecting microscope. Each colony was transferred 

into a 24-well plate containing feeders and ES cell medium. After 2 days, the ES cells were 

trypsinised with 100 μl trypsin for 5 min and resuspended in 500 μl ES cell medium. Half of 

the cell suspension in each well was transferred to a well on two different 24-well plates, one 
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gelatinised plate, and the other containing feeder cells (master plate). The gelatinised plate 

was used for preparing DNA and the master plate was kept frozen. 

 

2.2.16.2. Production of chimeras by injection of ES cells into blastocysts  

 

The ability of mammalian embryos to incorporate foreign cells and develop as chimeras has 

been exploited for a variety of purposes including the perpetuation of mutations produced in 

embryonic stem (ES) cells by gene targeting and the subsequent analysis of these mutations. 

The standard procedure is to inject 10 - 20 ES cells from 129/Sv, which are recombinant for 

the targeted locus, into the blastocoel cavity of recently cavitated blastocysts that have been 

recovered by flushing the uteri of day 4 pregnant mice (C57Bl/6J). After injection, embryos 

are cultured for a short period (2 - 3 hrs) to allow re-expansion of the blastocoel cavity and 

then transferred to the uterine horns of day three pseudopregnant mice. Pseudopregnant 

females are obtained by mating 6 - 8 weeks old oestrous females with vasectomised males. 

 

2.2.16.3. Detection of chimerism and mice breeding 

 

The most convenient and readily apparent genetic marker of chimerism is coat color. 

Chimeric males are bred to wild type mice to ascertain contribution of the ES cells to 

germline. Once a germline chimera has been identified, the first priority will be to obtain and 

maintain the targeted allele in living animals. The chimeras were bred with C57Bl/6J and with 

129/Sv mice, respectively, to compare the phenotypes in two different genetic backgrounds. 

 

2.2.17. Generation of transgenic mice  

 

Generation of transgenic mice was performed by “Transgenic Service” of Max Planck 

Institute for Experimental Medicine in Göttingen by pronuclear microinjection of DNA. 

Method for transgenic animal production was based on Hogan et al. (1994). 

 

2.2.17.1. Preparation of DNA for pronuclear microinjection 

 

Transgenic constructs were released from cloning vector by restriction digestion. Digested 

fragments were separated by agarose gel electrophoresis (without EtBr) in the way that 25 μg 
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of digested plasmid was loaded to many slots of the gel. After separation, outer lanes were cut 

out and stained with EtBr. After staining, gel was reconstructed and appropriate gel slices 

were cut out from the rest of the gel under UV light. DNA was then eluted from gel with 

QIAquick extraction kit and filtered through 0.45 μm microfilter (Milipore). Concentration of 

DNA was estimated by EtBr electrophoresis of DNA aliquots in comparison with Smart 

ladder marker (defined DNA amounts in each band). For microinjection, DNA was diluted to 

4 ng/μl in microinjection buffer (10 mM Tris, pH 7.5; 0.1 mM EDTA, pH 8.0). 

 

2.2.18. Determination of sperm parameters 

 

2.2.18.1 Sperm count in epididymes, uterus and oviduct 

 

Epididymes of wild type and KO mice were dissected under aseptic condition and put in 0.5 

ml of in vitro fertilization (IVF) medium. Spermatozoa were allowed to swim out of the 

epididymes for 1 hr at 37°C, 5% CO2. Sperm suspension was diluted 10 - 40 times with PBS 

before counting, when necessary. 5 μl of this suspension was put into Neubauer counting 

chamber and spermatozoa were counted in 8 independent fields (each having an area of 

0.0025 mm2) under the microscope (Olympus BX60) with 20x magnification. Total 

spermatozoa were calculated by following formula:  

 

Total Sperm = average No. of sperm x 10 x 500 x D (D is the dilution factor) 

 

For determination of sperm number in the uterus and the oviduct female wild type mice were 

mated with KO males. The uteri and oviduct of those mice, which were positive for vaginal 

plug, were dissected in IVF medium and the sperm were flushed out. The number of 

spermatozoa was calculated as described above. 

 

2.2.18.2 Determination of sperm abnormalities 

 

For the determination of sperm abnormalities, sperm suspensions from wild type and KO 

mice were spread onto Superfrost slides, air-dried and fixed in cold 4% PFA for 10 min at RT. 

Slides were then washed in H2O for 1 min and then stained in hematoxylin for 15 min. Next, 

slides were washed in running tap water for approximately 10 min and finally stained with 
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eosin (0.1% + 2% acetic acid) for a 1 min and again washed in H2O for 1 min. 200 

spermatozoa were counted and percentage of normal or abnormal (normal or unusual sperm 

head shape) sperm was determined. 

 

2.2.18.3 Sperm motility analysis 

 

10 μl of sperm suspension from wild type and KO mice was put on a dual sided sperm 

analysis chamber. Sperm motility was quantified using the computer assisted semen analysis 

(CASA) system (CEROS version 10, Hamilton Thorne Research). Then, 6000 - 10000 

spermatozoa from mutant and wild type males were analyzed using the following parameters: 

average path velocity (VAP), straight line velocity (VSL), curvilinear velocity (VCL), lateral 

head amplitude (ALH), beat frequency (BCF) and straight forward movement (STR). 

Frequencies of these six sperm motility parameters were examined by probability plots 

categorized by mouse type (wild-type/mutant) and by time of observation (1.5, 3.5 and 5.5 hrs 

after preparation) for statistical analysis. 

 

2.2.18.4 Acrosome reaction 

 

Spermatozoa were isolated and capacitated by incubating for 1 hr at 37°C with 5 % CO2. 

Sperms were transferred into two microcentrifuge tubes and centrifuged for 2 min at 3000 x g. 

The supernatant was aspirated, leaving only 50 μl for resuspension of sperms. 2.5 μl of 

Ionophore A23187 (final concentration 10 μm in DMSO) was added to sperm suspension. For 

negative control, 2.5 μl of phosphoric acid (5 mM) was added and incubated at 37°C for 1 hr. 

The sperms were then fixed in 500 μl of 2 % formaldehyde (in PBS) for 30 min at 4°C. After 

completion of fixation, sperms were centrifuged at 4000 x g for 2 min. Sperms were further 

washed twice with 0.15 mM ammonium acetate. Finally, sperms were resuspended in 100 μl 

of PBS and 30 μl of suspension was spread on superfrost slides and air-dried. The slides were 

stained with Coomasie G-250 in 3.5 % H2O2
 
for 2.5 min. Unbound dye was removed by 

washing several times with water. The slides were mounted with 30% glycerol and observed 

under microscope. At least 200 sperms with and without blue head were counted. Here, blue 

head sperms represent those sperms, which failed to undergo acrosome reaction. The 

acrosome reaction was calculated as follows: 
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Acrosome reaction  Number of sperms without blue head 
(in percentage) =  X 100 
 Total numbers of sperms 

 

2.2.19. Studies of estrus cycle 

 

2.2.19.1. Vaginal cytology 

 

Monitoring of vaginal cytology was performed with virgin female mice (3 months old) for at 

least 4 consecutive estrus cycles prior to the mating test. Vaginal smears were collected daily 

between 09:00 and 10:00 a.m. for identification of the estrus cycle phase. The mean duration 

of the estrus cycle of young adult female mouse is 4 days, comprising the 4 phases; proestrus 

(P), estrus (E), metestrus (M), and diestrus (D) that are characterized via changes in the 

vaginal cytology (Fig. 3). Vaginal cells were collected with a plastic pipette tip filled with 200 

μl of 0.9% NaCl. The vagina was flushed 2 - 3 times, or until the saline became milky. The 

vaginal fluid containing the suspended cells was then transferred onto Superfrost slides and 

closed with cover slide. To determine the estrus cycle phase, the unstained native vaginal cell 

suspension was evaluated under a light microscope (Zeiss, Germany) by using the 20x 

objective. In the vaginal samples three types of cell populations are present: -proestrus: round-

shaped, nucleated, large epithelial cells (Fig. 3A); -estrus: large irregular shaped, anucleated, 

cornified cells (Fig. 3B); -metestrus and diestrus: leukocytes (Fig. 3C and D).  



MATERIALS AND METHODS   

 59

 
Fig 3. Photomicrographs of the vaginal smears collected from female mice at proestrus (A); estrus (B); metestrus 

(C); and diestrus (D). All photos were taken at the same magnification (20x). Scale bar = 50 μm. 

 

2.2.19.2. Mating behavioral testing procedure 

 

Five 4-month old wild type and Insl5-/- females were mated with ten infertile adult Insl3-

deficient males (ratio 1:1), for least 35 days. During this time, the mating pairs were observed 

for sexual activity and every morning, females were checked for the presence of a vaginal 

plug. In this study, the presence of a vaginal plug was used as an indicator of positive mating 

behavior as previously described (Cicero et al., 2002).  

 

2.2.19.3. Superovulation and isolation of oocytes 

 

Seven to twelve-week old female mice were superovulated by intraperitoneal injections of 5 

IU of pregnant mare’s serum gonadotropin (PMSG), followed 44 - 48 hrs later by 5 IU of 

human chorionic gonadotrophin (HCG; Sigma). After the second injection, females were 
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housed overnight with males and were checked by a vaginal plug the following morning. The 

E0.5 was considered to be 12:00 noon at the day of vaginal plug.  

 

2.2.20. Histological and immunocytochemical analysis 

 

2.2.20.1. Tissue preparation for electron microscopy 

 

For conventional electron microscopy, freshly isolated mouse testes were fixed with 1% 

paraformaldehyde and 3.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 8 - 12 hrs 

at 4°C. Fixed testes were cut into small pieces and thoroughly washed over 3-4 days at 4 °C in 

0.1 M cacodylate buffer containing 0.1 M saccharose. After that, testes were treated with 1% 

OsO4 in cacodylate buffer for 2 hrs, washed three times, dehydrated and embedded in epoxy 

resin. Ultrathin sections were contrasted using uranyl acetate and lead citrate and examined 

with a Leo 906 electron microscope.  

 

2.2.20.2. Tissue preparation for paraffin embedding 

 

The freshly prepared tissues were fixed in Bouin’s solution or 4% (w/v) paraformaldehyde for 

24 - 72 hrs to prevent alterations in the cellular structure. The tissue to be embedded in 

paraffin should be free of water. The dehydration process was accomplished by passing the 

tissue through a series of increasing alcohol concentrations. For this purpose, the tissue was 

let in 70%, 80%, 90%, 95% and 100% ethanol for at least 2 hrs at RT. Later, the alcohol was 

removed from the tissue by incubating it in isopropanol or methylbenzoat for overnight. 

Tissue was then washed in different mixtures of isopropanol/xylol (histoclear) in ratios 3:1, 

1:1 and 1:3 for 30 min to 1 hr at RT. After that, tissue was incubated overnight in 100% xylol. 

Further, tissue was incubated in paraplast at 60°C overnight. Before embedding, paraplast was 

changed at least three times. Finally, the tissue was placed in embedding mould and melted 

paraffin was poured into the mould to form a block. The block was allowed to cool and was 

then ready for sectioning or stored at 4°C. 
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2.2.20.3. Sections of the paraffin block 

 

The paraffin blocks were pre-cut to the optimal size and clamped into the microtome (Hn 40 

Ing., Nut hole, Germany). The cut-thickness of the sections was 7 μm. The sections were 

floated on 40°C water to allow actual spread and subsequently put onto Superfrost slides. A 

fine brush was used to transfer the sections to the slides. After complete evaporation at 37°C 

for 1 - 3 days, slides were stored at RT for further analysis. 

 

2.2.20.4. Immunostaining of mouse tissues 

 

Fixation and subsequent treatment of mouse tissue were performed as described in section 

2.2.20.2. Tissue sections (7 μm) were incubated twice for 5 min in xylol to remove the 

paraffin. Then, sections were rehydrated in a decreasing ethanol series (100%, 95%, 80%, 

70%, and 50%) for 2 min each. For immunstaining, slides were washed in PBS and then 

incubated with a blocking solution containing 10% goat serum in PBT for 1 hr at RT. After 

blocking, sections were incubated overnight with primary antibodies in a humidified chamber 

at 4°C. Tissue sections were rinsed three times for 5 min in PBT and subsequently incubated 

with appropriate secondary antibody for 2 hrs in a humidified chamber at RT. Finally, 

sections were washed three times for 5 min in PBT and mounted with DAPI or AquaMount 

medium. Immunostaining of the sections was examined using a fluorescence equipped 

microscope (BX60; Olympus). 

 

2.2.20.5. Immunocytochemical staining of germ cell suspensions 

 

Germ cell suspensions were prepared from mouse testes by using the collagenase/trypsin 

method according to published procedure (Romrell et al., 1976). Testes from 60 days old 

mice were collected in serum-free culture medium, rinsed in 0.1 M PBS, pH 7.2. After 

removal of the tunica albuginea, seminiferous tubules were enzymatically dissociated by the 

addition of 1 ml collagenase (1mg/ml). The slurry maintained at 37°C for 30 min was 

triturated every 5 min. 5 ml of Hank’s solution was added and then spun at 350 x g to 

sediment the dissociated cells. The pellet was resuspended in 3 ml trypsin, incubated for 5 – 

10 min and then trypsin was inactivated by adding 5 ml FKS. The slurry was passed through 

80 μm nylon mesh. The filtrate was spun at 350 x g to sediment the cells. Cells were 
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resuspended in 1 ml PBS and spread onto superfrost slides, air-dried and fixed in 4% PFA for 

10 min at RT. Next, they were washed twice in PBS and immunostained as described above 

(2.2.15.5). 

 

2.2.20.6. Hematoxylin-eosin (H&E) staining of the histological sections 

 

Tissue sections were first incubated three times in xylol for 3 min each, followed by 

incubation three times in 100% for 3 min, 95%, 80% and 70% ethanol for 2 min each. 

Thereafter slides were washed in dH2O for 5 min and stained for 3 min in hematoxylin. This 

staining was followed by rinsing with deionised water and washing in running tap water for 

10 min. The treated slides were dipped fast in acid ethanol (1ml concentrated HCl in 400 ml 

70% ethanol) for 8 - 12 times to destain, rinsed in running tap water for 2 min and in 

deionised water for 2 min, stained in eosin for 15 - 30 sec and then incubated in 70%, 80% 

90%, 95% and 100% ethanol for 3 min each. Finally, the stained slides were incubated two 

times in xylol for 15 min and mounted with Eukitt-quick hardening mounting medium. 

 

2.2.20.7. TUNEL-assay for detection of apoptotic cells  

 

Testes were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were cut at 5μm. 

TdT- mediated nick labeling (TUNEL) staining was performed using the In Situ Cell Death 

Detection Kit (Roche Diagnostic GmbH, Mannheim) according to the manufacturer’s instructions. 

After rehydration, the sections were incubated in 2x SSC at 80°C for 20 min followed by washing 

twice with water and once with proteinase K buffer (29 mM Tris/HCl, pH7.5, 2mM CaCl) for 5 

min each. The slides were then treated with proteinase K (10μg/ml) at 37°C for 30 min. An 

aliquot of 3’-end labeling reaction mixture containing 4 μl of 5x terminal deoxynucleotidyl 

transferase (TdT) buffer, 0.1 μl of digoxigenin-11-ddUTP (10 nmol/μl) 0,2 μl of ddATP (5 mM), 

1 μl of TdT and 14.7 μl nuclease-free water was applied to one section. The slides were kept in a 

humidified box, incubated at 37°C for 1 hr, and then washed three times with TBST buffer 

(10mM Tris/HCl, pH-8.0, 100mM NaCl, and 0.1%Tween-20) for 20 min each. An anti-

digoxigenin-horseradish peroxidase monoclonal antibody (DAKO, 1:200 dilution in TBST 

containing 1% BSA) was applied, and the slides were incubated in the humidified box at RT for 1 

hr and then washed three times with TBST for 5 min each time. Finally, the labeled cells were 

visualized by 3,3’-diaminobenzidine tetrahydrochloride for 0.5 - 2 min. 
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2.2.21. German Mouse Clinic (GMC) screen 

 

27 Insl5-/- and 30 wild type males and females were subjected to general set up of the screen, 

husbandry, and multiparameter analysis in the German Mouse Clinic (GMC, Munich, 

Germany) as previously described (Gailus-Durner et al., 2005). 

 

2.2.21.1. Behavioral Screen 

 

In the behavioral screen we tested the spontaneous exploration of a novel environment by 

Insl5-/- and Insl5+/+ animals to assess locomotor activity, anxiety-related behaviour, 

exploratory pattern, arousal and object recognition memory in a single short test. To this end 

we used our standard procedure of the modified Hole Board test as previously described in 

detail (Galy et al., 2006; Kallnik et al., 2007; and Bender et al., 2008). 

 

2.2.21.2. Neurological Screen 

 

In the primary neurological analysis a modified SHIRPA-protocol for the general assessment 

of basic neurological functions was used as described previously (Schneider et al., 2006). 

 

2.2.21.3. Nociceptive Screen 

 

In the nociceptive screen we tested the pain reactivity of Insl5-/- and Insl5+/+ animals to 

different type of pain stimuli. We studied the reaction of the intact animals to thermal pain 

(Hargreaves, hot plate and tail flick tests) and to mechanical (von Frey test) stimulus.  

The hot plate test was performed as previously described (Eddy and Limbach, 1953) using a 

hot plate analgesia meter (TSA GMBH, Germany) heated to 50°C (±0.2ºC). The cut-off time 

was 60 s. The latency until mice showed first signs of discomfort (paw shaking, licking or 

lifting) was recorded.  

The Hargreaves test was performed with an apparatus which consists of multiple chambers 

with transparent glass floors, under which a mobile radiant heat source can be focused 

accurately on a mouse paw (Hargreaves et al., 1988). The animals were first acclimatized to 

the apparatus for approximately 60 min one day before measurement and 30 min on the test 

day. The light source was than moved using a targeting system directly under the paw. The 
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intensity of the heat source was set to produce the desired (RI=40) baseline response time (7 

sec). To prevent tissue injury, 15 sec cut-off time was used. The test was repeated for 3-5 

times at any animal. 

To determine the tail flick latencies the Hargreaves apparatus was used. The procedure was 

identical with that described above, but the tail was targeted instead of the paw, and the 

intensity of the used stimulus was larger (RI = 70). The response latency is determined to the 

nearest 0.1sec. When the tail of a mouse is exposed to a noxious heat, a spinally-mediated 

withdrawal reflex (a vigorous flexion of the tail) is elicited at the nociceptive threshold 

(D'Amour and Smith, 1941). Although the behavioral response consists of a spinal reflex, it is 

affected by descending pain-modulating inputs.  

With the help of von Frey filament test, we examined the responses of the animals to 

mechanical noxious stimuli. For this measurement, we used an apparatus of Ugo-Basile 

(Italy). This instrument consists of a mobile pressure-actuator, which can exert a user-defined 

force, or a continuously increasing force on the mouse paw. For the test, mice were placed in 

the transparent test chamber with a wire mash floor and allowed to acclimatize for 

approximately 30 min. The tip of the filaments or force actuator was applied to the middle of 

the plantar surface of the mouse. Withdrawal threshold was measured 4 times pro trial and 

expressed as tolerance level in gram (Chaplan et al., 1994; Hofmann et al., 2003). 

 

2.2.22. Glucose and insulin tolerance tests 

 

For intraperitoneal glucose tolerance tests (IPGTT), animals were fasted overnight (12-16 hrs) 

and then injected with glucose (2 g/kg body weight, i.p.). Glucose was measured in the tail 

vein blood at 0, 20, 40, 60, and 120 min after injection using Haemogluco-Test (Boehringer-

Mannheim, Germany). 

For insulin tolerance tests, mice were fasted for 5 hours and then injected with human 

recombinant insulin (0.75 U/kg of body weight i.p.; Novo-Nordisk, Copenhagen, Denmark) 

The tail vein blood glucose was measured at 0, 20, 40, 60, and 120 min after injection. 

 

2.2.23. Computer analysis 

 

For the analysis of the nucleotide sequences, programs like BLAST, BLAST2, 

MEGABLAST and other programs from National Center for Biotechnology Information 
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(NCBI) were used (www.ncbi.nlm.nih.gov). And for restriction analysis of DNA NEBcutter 

V2.0 programm was used (http://tools.neb.com/NEBcutter2/index.php). Information about 

mouse alleles, phenotypes and strains were used from Jackson Laboratory webpage 

(www.informatics.jax.org). For protein studies ExPASy tools (www.expasy.ch) and Promega 

Biomath calculator (http://www.promega.com/biomath/) were used. Mouse genome sequence 

and other analysis on mouse genes, transcripts and putative proteins were downloaded from 

Celera discovery system (www.celera.com). Statistical analysis was performed using 

Statistica software (Statsoft®, http://www.statsoftinc.com). 
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3. RESULTS 

 

3.1. Expression and functional analysis of Insl5 gene  

 

3.1.1. Expression analysis of mouse Insl5 gene by RT-PCR 

 

In previous studies, the tissue-specific expression of the mouse Insulin-like 5 gene (Insl5) was 

detected in thymus and colon (Conklin et al., 1999). In order to confirm these results, a more 

sensitive method (RT-PCR) was used. RT-PCR was performed on total RNA from different 

tissues (brain, thymus, colon, rectum, heart, lung, liver, kidney, spleen, stomach, testis, and 

ovary) using primers Insl5F and Insl5R amplifying a 650-bp fragment of Insl5 gene. The 

quality of RNA was checked using HPRT primers (Fig. 4A, B). The Insl5 transcript was 

detectable in almost all of the investigated tissues, except heart and liver (Fig. 4A, B). To 

examine the expression of the Insl5 gene during prenatal development, RNA was extracted 

from embryos at 9.5 to 15.5 dpc and analyzed for the presence of Insl5 transcript by RT-PCR. 

Insl5 expression was detected from E11.5 to E15.5 (Fig. 4C). 

 
 

  
Fig. 4. RT-PCR expression analysis of Insl5 in different tissues (A, B), and prenatal developmental stages (C). 

Insl5-specific primers Insl5F and Insl5R were used to amplify a 650-bp fragment of Insl5 transcript. Expression 

was detected in all of the investigated tissues, except heart and liver. The level of Insl5 transcript is increased 

during prenatal development. RT-PCR for HPRT transcript was performed for control of RNA quality. Control: 

negative control (no-template probe). 

A 

B C 
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3.1.2. Generation and analysis of Insl5-deficient mice 

 

Insl5 knock-out construct and Insl5-deficient mice on a C57BL/6J x 129/Sv hybrid genetic 

background were generated by Dr. K. Shirneshan (Shirneshan, 2005). The targeting construct 

was designed to replace a genomic fragment containing sequence of exon 2, encoding amino 

acids of the A- and C-chain regions, by the Neomycin resistance gene (neor) under the control 

of the Phosphoglycerate kinase (Pgk) promoter (Fig. 5). 

 
Fig. 5. Targeted disruption of the Insl5 gene. Structures of the wild type allele, targeting vector and recombinant 

allele are shown together with the relevant restriction sites. The construct contains 4.2-kb of the 5’and 2.8-kb of 

the 3’ region of Insl5 gene. A pgk-neo selection cassette (NEO) replaces exon 2. The 3’ external probe used to 

identify wild type and targeted allele in Southern blot analysis and the predicted length of the detected fragments 

are also shown. The primers F8, R9, F1 and PGK3, which were used to amplify the wild type and targeted allele 

by PCR are also indicated by arrows. Abbreviations: TK: Thymidine kinase cassette; E1: exon 1; E2: exon 2; B: 

BamHI; E: EcoRI; S: SalI; Sp: SpeI; X: XhoI; F8: primer Insl5-F8; R9: primer Insl5-R9; F1: primer I5KO-F1.  

 

3.1.2.1. Phenotypic analysis of Insl5 knock-out mice  

 

Primary analysis of Insl5 mutant mice on a C57BL/6J x 129/Sv hybrid genetic background 

did not show obvious abnormalities (Shirneshan, 2005), therefore we analyzed the phenotype 

of Insl5-deficient mice in collaboration with the German Mouse Clinic (GMC). In the GMC 

Insl5-/- and wild type mice were subjected to an open access platform for standardized 

phenotyping (Gailus-Durner et al., 2005). Several hundred parameters including analysis of 
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morphology, organ pathology, neurology, behavior, cardiovascular and lung function, 

immunological status, vision and eye and nociceptive behavior were assessed.  

In the behavioral screen, homozygous Insl5-/- mutants displayed a significant reduction of 

rearing activity characterized by reduced rearing frequency (Insl5-/- vs. Insl5+/+, 11.4±2 vs. 

22.19±2.57, p< 0.01) and increased rearing latency (Insl5-/- vs. Insl5+/+, 122.25±17.53 vs. 

53.93±4.13, p< 0.001) as well as increased risk assessment behavior characterized by an 

increased number of stretched attend postures (Insl5-/- vs. Insl5+/+, 2.1±0.61 vs. 0.7±0.17, p < 

0.05). The analysis of Insl5-deficient mice with the modified SHIRPA-protocol in the 

neurological screen revealed less transfer arousal (p< 0.05) in the arena and diminished tail 

elevation (p< 0.05) (Tab. 1). The most interesting differences between Insl5-/- mice and their 

wild type littermates were observed in the nociceptive behavior.  

 

Tab. 1. Significant differences in transfer arousal and tail evaluation in Insl5-deficient mice. 

Transfer arousal  Tail elevation Genotype of 
mice Extended 

freeze 
Brief 
freeze 

Immediate 
movement 

 Dragging Horizontally 
extension 

Elevated/ 
Straub tail 

Insl5+/+ 6 8 1  0 4 11 
Insl5-/- 7 8 0  2 6 7 

  

3.1.2.1.1. Nociceptive behavior in Insl5-deficient mice 

 

The nociceptive screen was performed (2.2.21.3) on 7-month old Insl5+/+ and Insl5-/- mice. 

We examined the response to noxious thermal stimuli using hot plate, Hargreaves and tail 

flick tests and to mechanical stimuli by von Frey filament test. The hot plate and Hargreaves 

test was used to examine a supraspinal and spinal involvement in nociception, respectively, 

and the tail flick test was used to evaluate the spinal reflexes at the lumbar and sacral levels. 

In these screen, Insl5-deficient mice showed significant delay of hind paw licking (p< 0.001; 

n = 27-30 animals for each genotype) and hind paw shaking (p< 0.05) in response to hot plate 

test as compared with wild type mice (Fig. 6A, B). Paw withdrawal responses of Insl5-/- mice 

in Hargreaves test was slightly faster than that of wild type mice (p< 0.05; n = 29-30 animals 

for each genotype; Fig. 6C), while nociceptive response in the tail flick test demonstrated no 

significant difference (p> 0.05) between wild type (n = 29) and mutant mice (n = 30) (Fig. 

6D). Also no differences were found between genotypes in response to mechanical stimuli 

(Fig. 6E). Thus, Insl5-/- mice showed delayed latency for antinociceptive behavior and showed 

faster paw withdrawal latency what could indicate impairment of descending inhibitory 

antinociceptive inputs to the spinal cord. 
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Fig. 6. Responses of Insl5+/+ and Insl5-/- mice to noxious stimuli. Responses of Insl5+/+ and Insl5-/- mice to 

noxious stimuli were determined in the hot plate (A, B), Hargreaves (C), tail flick (D) and von Frey filament 

tests (E). Shaking (A) and licking (B) latencies in hot plate test were significantly increased in Insl5-/- mice. In 

contrast, paw withdrawal latency in the Hargreaves test (C) was highly decreased in Insl5-/- mice. (D) Tail flick 

latency was similar between both genotypes. No significant differences were shown between Insl5+/+ and Insl5-/- 

in pain response to mechanical stimuli in the von Frey filament test (E). Data are presented as the mean±SD. *, 

p< 0.05; ***, p< 0.001; n = 27-30 for each genotype. 

 

To provide a complete picture of the pain reactivity of Insl5 mutant mouse line, we have 

repeated hot plate and Hargreaves tests on younger (3-month old) wild type and Insl5 knock-

out mice (20 animals per genotype). Nociceptive response in both tests demonstrated no 

significant differences between young wild type and mutant mice (p> 0.05) (Fig. 7). 

Summarizing these data, we have observed that in younger animals there were no significant 

differences in nociception response between Insl5-/- and Insl5+/+ mice (p> 0.05, Fig. 7), 

whereas in older mice the differences were clearly visible (p< 0.05, Fig. 6). 
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Fig. 7. Responses of 3-month old Insl5+/+ and Insl5-/- mice to noxious stimuli were determined in repeated hot 

plate (A, B) and Hargreaves (C) tests. Insl5 knock-out mice showed no different pain reactivity in both tests.  

 

3.1.2.1.2. Expression of INSL5 in brain and spinal cord 

 

To determine the expression pattern of INSL5 in the mouse hypothalamus and to confirm the 

inactivation of Insl5 at protein level, an immunohistochemical analysis was performed. 

Immunohistochemical staining of brain sections revealed that the INSL5 is densely expressed 

in the regions of the anterior hypothalamus overlapping with the preoptic area and in the 

paraventricular hypothalamus (Fig. 8A), while no immunostaining could be detected in these 

regions of INSL5-deficient brain (Fig. 8B). The expression profile of INSL5 in these areas of 

brain confirmed the results of previous studies using other polyclonal anti-Insl5 antibodies 

(Dun et al., 2006). We further analyzed the expression of INSL5 in the brain nuclei that are 

involved in the processing of painful stimuli, such as midbrain, pons, medulla oblongata and 

spinal cord. A particular dense expression of INSL5 was observed in the ventral nuclei of the 

periaqueductal gray locating in the midbrain (Fig. 8C), and the pontine Kölliker-Fuse nucleus 

and lateral parabrachial nuclei of the pons (Fig. 8D). Other areas within the medulla oblongata 

including the medullary raphe nuclei, the lateral reticular nucleus and the nucleus of the 

solitary tract showed only weak expression of INSL5. In contrast, the dorsal horn of the spinal 

cord did not show Insl5-immunoreactivity (data not shown). 
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Fig. 8. Confocal scanning images of mouse brain section labeled with anti-Insl5 antibody. INSL5-possitive 

neurons appear green. (A) Expression of INSL5 in the anterior hypothalamus/preoptic area (LAH/PO) and 

paraventricular hypothalamus (PaV) in WT mice. (B) In Insl5-/- mice no expression of INSL5 in the 

hypothalamus/preoptic area and paraventricular hypothalamus was observed. (C) Expression of INSL5 in the 

ventral nuclei of the periaqueductal gray (vPAG) in WT mice. (D) Expression of INSL5 in the pontine Kölliker-

Fuse nucleus (KF) and lateral parabarachial nuclei (LPB) in WT mice. Abbreviations: Aq = aqueduct, scp = 

superior cerebral peduncle.  Sections were photographed at 10-fold magnifications. 

 

3.1.3. Generation and analysis of Insl5-deficient mice on 129/Sv inbred genetic 

background  

 

To analyze the effect of disruption of Insl5 gene on 129/Sv inbred genetic background, Insl5-/- 

homozygous line was generated. To establish this line, Insl5-/- homozygous mice on a 

C57BL/6J x 129/Sv hybrid genetic background were backcrossed with wild type mice of 

mouse strain 129/Sv. Heterozygous offspring in the first backcross generation (B1) were 

intercrossed with 129/Sv mice to give the second backcross generation (B2). This breeding 

strategy was pursued till generation B7. Then, heterozygous mice in the seventh backcross 
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generation were intercrossed to give Insl5-/- mice, which genome contains 99.1% of 129/Sv 

genetic background. 

Genotyping of progeny for Insl5 was performed by PCR assay (2.2.7.2). A 300-bp fragment 

of the wild type allele was amplified with primer pair Insl5-F8/Insl5-R9, whereas the primer 

pair I5KO-F1/PGK3 amplified a 220-bp fragment of the mutant allele (Fig. 9). 
 

 
 

Fig. 9. Genotyping results of Insl5 knock-out animals. Genomic DNA was extracted from mouse tails. PCR was 

performed using primers Insl5-F8 and Insl5-R9, which detect the wild type allele, and I5KO-F1 and PGK3 

amplify the recombinant allele. In wild type animals (+/+) a 300-bp product was obtained, in homozygous (-/-) 

animals only a 220-bp product was detected, while both products were visible when DNA from heterozygous 

mice was used (+/-). The PCR products were electrophoresed on 1.5% agarose gel and stained with EtBr. 

Control: negative control (no-template probe). 

 

3.1.3.1. Phenotypic analysis of Insl5-/- mice on 129/Sv inbred genetic background 

 

Heterozygous F1 mice (129/Sv inbred genetic background) were intercrossed to obtain F2 

generation. PCR analyses showed a distribution of 21.4% Insl5+/+, 53.4% Insl5+/-, and 25.2% 

Insl5-/- mice within 103 offspring analyzed. The ratio of three genotypes in F2 generation was 

consistent with Mendelian transmission, indicating that INSL5 is not essential for embryonic 

development.  

 

3.1.3.1.1. Analysis of fertility of Insl5-deficient mice 

 

3.1.3.1.1.1. Fertility test experiments  

 

To establish the Insl5-/- homozygous line on a 129/Sv inbred genetic background, 

homozygous males and females were intercrossed. Seven of twelve breeding pairs were 

infertile during a 4-month mating period, while the remaining five pairs gave only one or two 
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litters with reduced litter size compared to that of their wild type littermates (2.1±1.0 versus 

5.9±2.4). Therefore, the fertility of homozygous mutant mice of both sexes was more 

accurately monitored using the following protocol. 

In mating test, 15 sexually mature homozygous mutant males and 15 sexually mature 

homozygous mutant females were bred with wild type mice of mouse strain CD-1. During the 

2-month mating period, females were checked for the presence of vaginal plugs and 

pregnancy. The number and size of litters sired by each group of males and females were 

determined. The control for Insl5-/- males in mating test was wild type cross between 5 males 

of mouse strain 129/Sv and 5 females of mouse strain CD-1, while wild type cross between 5 

females of mouse strain 129/Sv and 5 males of mouse strain CD-1 was the control in mating 

test for Insl5-/- females. 

As summarized in Table 2, fertility of both male and female Insl5-/- mice showed significant 

differences in comparison with wild type mice, indicating that Insl5-/- mice have reduced 

reproductive capacity. Approximately 80% (12 of 15) of homozygous mutant males had 

impaired fertility. Eight of them did not produce a single litter during the 2-months mating 

period, while the remaining four males showed significantly reduced litter size compared to 

that of wild type control breeding (2.1±1.5 versus 9.6±2.5, p< 0.05). Only 20% of Insl5-/- 

males (3 of 15) appeared to be normally fertile, since the average litter size (8.5±2.7) 

observed was not significantly different from that observed with the wild type control 

intercrosses (p> 0.05). 

The fertility of Insl5-/- females was also affected. Seven of fifteen homozygous Insl5-deficient 

females (46%) had dramatically impaired fertility. Five of them did not produce a single litter 

during the 2-month period, and the remaining two females showed dramatically reduced litter 

size compared to the control cross (2.3±1.3 versus 7.6±2.8, p< 0.05). The other eight Insl5-

deficient females (53.3%) produced normal litter size compared to that observed with the 

control (5.8±2.1versus 7.6±2.8,  > 0.05). 

Our results indicate that the fertility of Insl5-deficient mice is heterogeneous. 
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Tab. 2. Fertility test analysis of wild type and Insl5-deficient mice on 129/Sv inbred genetic background 

Genotype  and group No of matings 
(%) 

Average litter size 

Wild type males (129/Sv)
 a

 5 (100%)
 a

 9.6±2.5
 a

 
 

Insl5-/-  infertile males  
 

8 (53.3%) 
 

0 
4 (26.7%) 2.1±1.5 Insl5-/-  subfertile males 

Insl5-/- fertile males 3 (20%) 8.5±2.7 
   

Wild type females (129/Sv)
 b

 5 (100%)
 b

 7.6±2.8
 b

 
 

Insl5-/- infertile females 
 

5 (33.4%) 
 

0 
Insl5-/- subfertile females 2 (13.3%) 2.3±1.3 
Insl5-/- fertile females 8 (53.3%) 5.8±2.1 

 

a
, wild type breeding between  male of mouse strain 129/Sv and female of mouse strain CD-1 

b
, wild type breeding between  female of mouse strain 129/Sv and male of mouse strain CD-1 

 

Insl5-deficient males and females were intercrossed with wild type mice of strain CD-1 

 

3.1.3.1.1.2. Histological analysis of Insl5-deficient gonads 

 

To search for a cause of the decreased fertility of Insl5-deficient mice, ovaries and testes were 

isolated from wild type and Insl5-/- mature animals, and histological analysis was performed 

(2.2.20).  

Testes and ovaries of Insl5-deficient mice were of normal size and weight. No abnormalities 

were noticed in their shape. Analysis of hematoxylin-eosin (H&E) stained sections revealed 

normal spermatogenesis in Insl5-deficient testis compared to that of wild type (Fig. 10). 

Histological analysis of ovaries from Insl5-/- mice revealed the presence of all stages of 

follicle development (Fig. 11). These results suggest that the impairment of male and female 

fertility is not due to defects in germ cell development. 
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Fig. 10. Histological examination of Insl5 knock-out and wild type testes. The testicular sections from mutant 

males did not show any abnormalities, as compared with wild type sections. Germ cells from all stages of 

spermatogenesis are present in the seminiferous tubules of Insl5-/- testes. A, C: testis sections of infertile Insl5 

mutant male; B, D: wild type control. A, B: 10-fold magnification; C, D: 20-fold magnification. 

 

 
 

Fig. 11. Histological examination of wild type and Insl5 knock-out ovaries. Paraffin sections from infertile 

mutant females (A, C) did not show obvious abnormalities, as compared with wild type (B, D) sections. A, B: 

10-fold magnification; C, D: 20-fold magnification. 

DC 

A B

DC 

A B 
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3.1.3.1.1.3. Determination the number of 2-cell stage embryos recovered from breeding of  

Insl5-/- males with impaired fertility 

 

To further determine the cause of Insl5-/- male infertility on 129/Sv inbred genetic 

background, 20 eight week-old wild type females of mouse strain CD-1 were superovulated 

(2.2.19.3.) and mated with 5 wild type and 5 infertile mutant males, respectively. Oocytes 

from oviduct of females with a copulatory plug were isolated at E0.5 (2.2.19.3), cultured 

overnight in M16 medium and number of 2-cell stage embryos was counted (Fig. 12). As 

shown in Table 3, significant differences were found between wild type and knock-out males 

(p< 0.05). 328 of 442 embryos (74.2%) harvested from females inseminated by wild type 

males were at 2-cell stage, whereas only 4 of 419 cells (0.9%) isolated from females 

inseminated by Insl5-/- males were at 2-cell stage. 

 

Tab. 3. E1.5 embryos collected from wild type females inseminated by Insl5+/+ or Insl5-/- males.  

Genotype of 
males used for 
insemination 

Total no. of E1.5 
embryos 

No. of E1.5 
embryos at one 

cell stage 

No. of E1.5 
embryos at two 

cell  stage 

No. of degraded 
cells 

 

Insl5+/+ 
 

442 
 

79 
 

328 
 

35 

Insl5-/- 419 331 4 84 
 

 

 
 

Fig. 12. Light microscope images of E1.5 embryos collected from wild type females inseminated by Insl5-/- (A, 

C) or Insl5+/+ (B, D) males. A, B: 10-fold magnification; C, D: 20-fold magnification. 

BA 

C D
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3.1.3.1.1.4. Sperm analysis of Insl5 knock-out mice 

 

To study the causes of Insl5-/- male infertility, different sperm parameters were analyzed 

(2.2.18). Sperm number was determined in the cauda epididymidis of 4 wild type and 5 

infertile mutant males as well as in uteri and oviducts of wild type females inseminated by 6 

infertile Insl5-/- and 6 wild type males, respectively. As shown in Table 4, no statistically 

significant differences (p> 0.05) in epididymal sperm number and sperm number in uterus 

were found. However, in oviducts of females mated with Insl5-/- males no sperm was 

observed. This result let us to suggest that the migration of Insl5-deficient spermatozoa 

through the female genital tract is disturbed. Therefore, spermatozoa from 3 wild type and 3 

mutant males were isolated and their motility was measured after 1.5 hr of incubations in vitro 

(2.2.18.3). Highly significant differences (p< 0.001) between the motility of spermatozoa of 

wild type and knock-out mice were observed (Tab. 5). Proportion of motile spermatozoa of 

Insl5-/- mice was reduced compared with wild type (31.8±7.3% versus 61.8±6.8%) and 

proportion that exhibited progressive movement in sperm of Insl5-deficient mice was also 

significantly reduced compared with those of wild type mice (16.6±4.2% versus 41±5.3%) 

(Tab. 5). For further investigation of sperm motility, the following parameters were evaluated: 

curvilinear velocity (VCL), average path velocity (VAP), straight line velocity (VSL), beat 

cross frequency (BCF), straightness (STR) and lateral head displacement (ALH) (Fig. 13). 

Mann-Whitney U-Test was done and statistically significant differences were observed for 

VCL, VAP, VSL, and ALH (p < 0.05) (Fig. 13).  

 

Tab. 4. Sperm analysis of the Insl5+/+ and Insl5-/- mice on 129/Sv inbred genetic background.  
 

No. of sperm in: 
 

Genotype 
of mice Cauda epididymidis 

(107)  
Uterus 
(106) 

Oviduct 
 

 

Percentage of 
abnormal 

spermatozoa 

 

Percentage of 
acrosome reacted 

spermatozoa 

 

Insl5+/+ 
 

1.4±0.4 
 

2.9±1.5 
 

724±186.8 
 

3.6±2.5 
 

95.2±3.4 

Insl5-/- 0.9±0.2  2.8±1.5 0* 4.5±1.8 74.1±3.1* 

Data for sperm analysis represent the means±SD for the numbers of individual measurements.  

*, value in Insl5-/- mice is significantly different from that in Insl5+/+ mice (p< 0.05 by Student’s t test). 
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Tab. 5. Motility analysis of sperm from Insl5-deficient males on 129/Sv genetic background. Highly significant 

differences (p> 0.001) in motility and progressive movement between mutant and wild type mice were observed. 
 

 

Genotype of mice 
 

Percentage of motile spermatozoa 
 

Percentage of spermatozoa with 
progressive movement 

 

Insl5+/+
 

 

61.8±6.8 
 

41±5.3 
Insl5-/- 31.8±7.3* 16.6±4.2* 

 

 

  

  

Fig. 13. Computer-assisted analysis of sperm motility. The results of analyses of wild type and Insl5-/-

spermatozoa on 129/Sv inbred background are shown. Sperm velocities (micrometers/second), forward 

movement (percent), lateral head displacement (micrometers), and beat cross frequency (hertz) were measured 

after 1.5hr incubation in vitro. For all parameters the medians and percentiles are shown. The Insl5-deficient 
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spermatozoa exhibit statistically significantly reduced velocities and lateral head displacement in comparison to 

wild type sperm (p<0.05 by Mann-Whitney U-Test). Middle points represent median value, boxes represent 25% 

-72% percentiles range and the whiskers represent 5% - 95% percentiles of the nonoutliers range. Abbreviations: 

VAP: Average Path Velocity; VSL: Straight Line Velocity; VCL: Curvilinear Velocity; ALH: Lateral Head 

Displacement; BCF: Beat Cross Frequency; STR: Straightness. 

 

To determine whether the Insl5-deficient spermatozoa have structural abnormalities, light 

microscope analysis was performed (2.2.18.2). No abnormalities were observed in sperm head 

shape in Insl5 infertile mutants as compared to wild type controls (Tab. 4). 

To address the question whether the fertility of Insl5-/- mice might be influenced by defect in 

acrosome reaction, we examined the response of spermatozoa from infertile mutant and wild 

type mice to the calcium ionophore A23187 (2.2.18.4) (Fig. 14). As shown in Table 4, 

percentage of acrosome reacted spermatozoa of Insl5-/- mice was significantly reduced 

compared to wild type controls (74.1±3.1% versus 95.2±3.4%, p< 0.05). 

 

 
Fig. 14. Examination the response of spermatozoa from Insl5-/- (A, C) and wild type (B, D) mice to the calcium 

ionophore A23187. Significant differences in the assay of acrosome reaction between Insl5-/- and wild type 

spermatozoa were found (p< 0.05). A, B: 10-fold magnification; C, D: 20-fold magnification. 

A 

C 

B

D
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3.1.3.1.1.5. Ovulation studies of Insl5-deficient mice  

 

To further analyse the reproductive defect in infertile Insl5-/- females on the 129/Sv inbred 

background, the number of oocytes, which were collected from superovulated and not 

superovulated wild type and Insl5-deficient females, were calculated. No significant 

differences (p> 0.05) between mice of both groups were observed (Tab. 6). 

 

Tab. 6. Number of oocytes collected from superovulated and not superovulated females. 
 

No. of oocytes collected from: 
  

Genotype of 
mice Superovulated mice Not superovulated mice 

 

Insl5+/+ 
 

55.7±3.8 6.8±2.1 

Insl5-/- 51.7±20.8 3.2±2.2 
 

To verify whether Insl5-deficient females have normal sexual behaviour, five 3-month old 

Insl5-/- and Insl5+/+ females were mated with sterile Insl3 mutant males during a 5-week 

period. The presence of vaginal plug was checked and noticed every day. One of five 

homozygous mutant females did not mate during the 5-week period, whereas the remaining 

four Insl5-/- females mated irregularly. In contrast, Insl5+/+ females mated every 10 days (Fig. 

15). 

 

 
Fig. 15. Seminal vaginal plug frequency in Insl5-/- and Insl5+/+ animals. Insl5-/- females mated individually to 

sterile Insl3 mutant males were checked daily for seminal vaginal plug, indicated by a filled box corresponding 

to the day on which the plug was found. Five irregular vaginal plug patterns for Insl5-/- mice were found (lines 1 

to 5). Mean data representative of the pattern obtained from the mating of five Insl5+/+ females to sterile males 

are shown below. 

 

The irregular mating pattern of mutant females (Fig. 15) can indicate an alteration of oestrous 

cycle. Therefore, to determine whether Insl5 knock-out females present normal oestrous 

cycle, monitoring of vaginal cytology was performed with five 4-month old wild type and 

knock-out females (2.2.19.1). Insl5-deficient mice exhibited altered oestrous cycle as 

compared with wild type controls. In one of five knock-out females estrus stage was not 
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detected during a 5-week period while in the remaining four homozygous mutant females, 

estrus phase was found irregularly. In contrast, Insl5+/+ female mice had estrus phase every 4 

days (Fig. 16). 

 

 
Fig. 16. Estrus stage frequency in female ovulation cycle of Insl5-/- and Insl5+/+ mice determined by vaginal 

smear. Black squares demonstrate the day on which estrus was found. 

 

3.1.3.1.2. Glucose homeostasis in Insl5-deficient mice 

 

During breeding of Insl5-deficient mice on 129/Sv inbred genetic background, we found in 

the three cages with Insl5-/- mice an increased amount of urine, which may be due to diabetes. 

Measurement of fasted blood glucose level from these three animals revealed increased 

glucose level, which was more than 500 mg/dL. Therefore, the blood glucose level and body 

weight were measured from 1-, 3-, 6-, 9-, and 12-month old fasted wild type and Insl5-

deficient mice (six to eight mice per group). No significant difference was observed in fasted 

blood glucose concentration in 1-month old Insl5-/- mice compared to control mice. However, 

at 3 months of age, the blood glucose level of Insl5-deficient mice in the fasted state was 

significantly higher than in control mice (117.6±14.94 versus 84.16±5.74, p< 0.05). This 

difference increased after 6, 9, and 12 months of age (Fig. 17A). In contrast, no significant 

differences in body weight were observed between mutant and wild type animals at different 

postnatal stages (Fig. 17B). 
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Fig. 17. Fasted blood glucose concentration (A) and body weight curves (B) for wild type and Insl5-deficient 

mice at the indicated ages. Graphs show mean±SD from at least six Insl5+/+ and Insl5-/- mice in each age. WT, 

wild type mice; KO, Insl5-deficient mice; *, p< 0.05; ***, p< 0.001. 

 

The ability of Insl5 knock-out mice to handle a glucose load was assessed by intraperitoneal 

glucose tolerance test (IPGTT). It was performed on 1-, 3-, 6-, 9-, and 12-month old Insl5-

deficient and wild type mice (six to eight mice per group) (2.2.22), which were fasted for 12 

hrs. The glucose concentration in tail blood was measured immediately before glucose 

injection (defined as time zero) and at 20, 40, 60, 90, and 120 min after injection (Fig. 18). 

A trend toward glucose intolerance was found in Insl5-deficient mice at all ages. However, in 

younger Insl5-/- animals (1- and 3-month old) significantly higher blood glucose levels, 

compared with wild type animals, were noticed only at 20 and 120 min after glucose injection 

(Fig. 18A and B, respectively). Whereas, in older Insl5 mutant mice (6-, 9- and 12- month 

old) blood glucose levels were significantly higher, compared with wild type mice, at 20 min 

after an intraperitoneal glucose injection and remained significantly higher at the all tested 

time-points during IPGTT (Fig. 17C, D, and E, respectively). These results suggest that older 

Insl5 mutant mice are less able to metabolize glucose from the bloodstream than younger 

Insl5-/- mice and that progressive impairment of glucose tolerance in Insl5-deficient mice is an 

age-dependent. 

 

B A 
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Fig. 18. Intraperitoneal glucose tolerance tests, results at one (A), three (B), six (C), nine (D) and twelve (E) 

months of age in Insl5-deficient and wild type mice. Values are means±SD; n=6 to 8 mice per group in each age; 

WT, wild type mice; KO, Insl5-deficient mice; *, p< 0.05; ***, p< 0.001. 

 

To determine whether impairment of glucose homeostasis in Insl5-deficient mice is associated 

with lower insulin level or systemic resistance to insulin, we have done insulin tolerance tests 

(ITT) on 3- and 9-month old wild type and Insl5 knock-out mice (six to eight mice per group) 

(2.2.22). Animals were intraperitoneally injected with insulin and blood glucose levels were 

measured immediately before insulin injection (defined as time zero) and at 15, 30, 45, 60, 90 

and 120 min after injection (Fig. 19). 

During insulin tolerance test, Insl5-/- mice showed normal response to insulin injection 

compared to control mice. In both genotypes of 3- and 9-month old mice were observed 

decreases in plasma glucose concentration at 15, 30, 45, and 60 min after intraperitoneal 

administration of insulin (Fig. 19). Admittedly, blood glucose concentration in 3- and 9-

month old Insl5-deficient mice was still significantly higher at the all tested time points 

compared with control mice, but trend toward decrease of blood glucose level in Insl5 mutant 

mice was similar to that observed in wild type animals (Fig. 19A and B, respectively). These 

observations suggest that sensitivity to insulin is not altered in Insl5-deficient mice, which in 

turn suggests that the higher glucose levels observed in IPGTT might reflect reduced insulin 

secretion in Insl5 knock-out mice.  

E 
12-month old mice 
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Fig 19. Intraperitoneal insulin tolerance tests, results at 3 (A) and 9 (B) months of age in Insl5+/+ and Insl5-/- 

mice. Values represent mean±SD; n= 6 to 8 mice per group; WT, wild type mice; KO, Insl5-deficient mice; *, 

p< 0.05; ***, p< 0.001. 

 

Impairment of glucose homeostasis is often associated with alterations in organization and 

morphology of pancreatic islets of Langerhans. Therefore, to determine whether these 

parameters are affected in Insl5-deficient mice, we examined the histology and number of 

pancreatic islets in three serial pancreatic sections from 9-month old Insl5+/+ and Insl5-/- mice 

(4 animals per group). Furthermore, area of at least 15 randomly chosen islets from each 

section was measured to estimate mean area of pancreatic islets (Fig. 20 and 21). 

 

A B 
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Fig. 20. Histological analysis of pancreatic islets of Insl5-deficient mice. Representative histological sections 

were obtained from 9-month old Insl5-/- (A, C) and Insl5+/+ (B, D) mice and stained with hematoxylin-eosin. A, 

B, 10-fold magnifications; C, D, 20-fold magnifications. 

 

No significant alterations in pancreatic islet morphology of Insl5-/- mice were observed 

compared to wild type animals (Fig. 20). However, mean islets area in Insl5-deficient mice 

was 1.6-fold smaller than in wild type controls (85.8±49.3 versus 141.9±64.3). Moreover, 

significant differences (p< 0.05) in number of islets in Insl5-/- mice compared to that in control 

mice were noticed (49.2±20.1 versus 112.8±14.4, Fig. 20 and 21).  
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Fig. 21. Reduction in the number of pancreatic islets in Insl5-deficient mice. In Insl5-/- mice (KO) nearly 1.3-fold 

less pancreatic islets was observed compared with wild type controls (WT). Graph shown means±SD from at 

least four 9-month old mice of each genotype. ***, p< 0.001. 
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To estimate alterations in islets organization and number of α- and β-cells in pancreas of 

Insl5-deficient mice, double immunofluorescence staining was performed (2.2.20). Sections 

from 9-month old Insl5+/+ and Insl5-/- mice (3 animals per genotype) were stained with anti-

glucagon (green signal) and anti-insulin (red signal) antibodies, which are markers for α- and 

β-cells, respectively. Number and percentage of glucagon-positive and insulin-positive cells 

were calculated from the total number of stained cells from at least 10 islets from each three 

mice of each genotype (Fig. 22 and Tab. 7). 

Double immunostaining revealed the presence of insulin-producing cells in pancreas of Insl5-/- 

mice. However, the number of insulin-positive β-cells was decreased in the islets of Insl5-/- 

mice compared with wild type controls, and the proportion of α-cells to β-cells, seem to be 

affected by Insl5 deficiency (Fig. 22 and Tab. 7). 
 

 

 

Fig. 22. Endocrine area in pancreas of Insl5-deficient mice. Representative sections were obtained from 9-month 

old Insl5-/- (A, C) and Insl5+/+ (B, D) mice and double stained with anti-insulin (green) and anti-glucagon (red) 

antibodies. Sections were photographed at 10-fold magnifications. 
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C D 
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Tab. 7. Percentage of insulin-positive cells and glucagon-positive cells in wild type and Insl5-deficient mice. 

Genotype 
of mice 

Percentage of 
glucagon-positive 

cells 

Percentage of 
insulin-positive 

cells 

Total no. of 
stained cells 

No. of glucagon-
positive cells 

 

No. of insulin-
positive cells 

 
 

Insl5+/+ 
 

39 
 

62 
 

3343 
 

1303 
 

2044 

Insl5-/- 58 42 2239 1296 943 
Number of glucagon-positive cells and insulin-positive cells were counted in islet sections stained with anti-

glucagon and anit-insulin antibodies, which are markers for α- and β-cells, respectively. Percentage of glucagon-

positive or insulin-positive cells was calculated from the total number of stained cells. Cells from at least 10 

islets from each of three mice of each genotype were counted. 
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3.2. Functional characterization of Insl6 gene using mouse as a model  

       system 

 

3.2.1. Transcriptional analysis of mouse Insl6 gene 

 

To study the expression pattern of mouse Insl6 gene, Northern and RT-PCR analysis were 

performed with total RNA samples isolated from different mouse tissues, ES cells, prenatal 

developmental stages (E8.5 to E14.5), testes of mouse at different postnatal developmental 

stages and testes of mutants with spermatogenesis defects at different stages of germ cell 

development (2.2.1.3). Northern blots were hybridized with a 32P-labelled 577-bp Insl6 cDNA 

probe, which was generated by Dr Shirneshan (Shirneshan 2005), and RT-PCRs were 

performed using Insl6_F2cDNA and Insl6_R1cDNA primers amplifying 577-bp fragment of 

Insl6 gene. In order to exclude genomic contamination, our primers for RT-PCR were located 

in two different exons (exon 1 and 2). RNA quality and integrity was checked using a β-actin 

cDNA probe for rehybridization of Northern blots (Fig. 23A-C) or using HPRT primers for 

RT-PCR (Fig. 23D, E). 

A Northern blot analysis revealed that Insl6 was expressed only in testis; no expression in 

others adult tissues and in embryos at 10.5 to E14.5 dpc was detected (Fig. 23A and data not 

shown, respectively). However, Insl6 transcript could be detected by RT-PCR assay in male 

and female embryos at different developmental stages (embryonic day E8.5 to E14.5) and in 

all analyzed postnatal tissues (Fig. 23B, C). These results demonstrated that Insl6 is expressed 

in all of the investigated organs and prenatal developmental stages, but at low level, which is 

not detectable by Northern blot. Only in the testis expression of Insl6 is strong enough to be 

detected by Northern blot hybridization.  

Evaluation of Insl6 expression during testis development revealed that Insl6 transcript could 

be detected first at day 15 of postnatal development. Thereafter, an increased level of Insl6 

expression was observed (Fig. 23B). Moreover, Insl6 transcript was present in the cryptorchid 

testes of Insl3-/- mutant mice, in which spermatogenesis is arrested at the stage of pachytene 

spermatocytes (Zimmermann et al., 1999), and in testes of olt/olt and qk/qk mutant mice, in 

which spermatogenesis is arrested at the spermatid stage (Bennett et al., 1971; Moutier, 

1976). Whereas, no transcript could be detected in the testes of W/Wv mutant mice, which lack 

germ cells (de Rooij and Boer, 2003), and in testes of Tfm/Y mutant mice, in which the 

spermatogenesis is arrested at the primary spermatocyte stage (Lyon and Hawkes, 1970) (Fig. 
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23C). These results clearly demonstrated that the expression of Insl6 gene in the testis is 

restricted to germ cells and starts at the pachytene spermatocyte. 
 

 
 

 
 

 
 

          
 

Fig. 23. Expression analysis of mouse Insl6 gene. Northern blot expression analysis of Insl6 gene in different 

tissues of adult mice (A), in postnatal developmental stages of mouse testis (D) and in testes of mutants with 

spermatogenesis arrests at different stages of germ cell development (E). Total RNA was hybridized with the 

mouse Insl6 cDNA fragment and rehybridized with mouse β-actin, as a RNA quality control. RT-PCR 

expression analysis of Insl6 in different mouse tissues (B) and prenatal developmental stages (C) was carried out 

using Insl6 specific primers: Insl6_F2cDNA and Insl6_R1cDNA. RT-PCR for HPRT transcript was performed 

as positive control of RNA quality. Control: negative control (no-template cDNA). 

A 

D E 

B 
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3.2.2. Targeted inactivation of mouse Insl6 gene  

 

One of the best ways to elucidate gene function is analysis of an animal model deficient in the 

gene of interest. In this study such a model mouse has been generated by targeted inactivation 

of the Insl6 gene. Phenotypic analysis would help us to understand the role of Insl6 gene in 

spermatogenesis and fertilization. 

 

3.2.2.1. Construction of the Insl6 knock-out construct 

 

Insl6 knock-out construct was generated by Dr. K. Shirneshan (Shirneshan, 2005). The 

targeting construct was designed to replace a 4.3-kb BamHI/EcoRI genomic fragment 

containing exon 1 by the Neomycin resistance gene (neor) under the control of the 

Phosphoglycerate kinase (Pgk) promoter (Fig. 24). The deletion of exon 1, which contains the 

translation initiation site ATG and the coding sequence of A-chain, is predicted to generate a 

null allele. 

 
 

Fig. 24. Targeted disruption of the mouse Insl6 gene. The structures of the wild type allele, targeting vector, and 

recombinant allele are shown together with the relevant restriction sites. The 4.3-kb BamHI/EcoRI fragment 

containing exon 1 of the gene was replaced by the pgk-neo selection cassette (NEO). The 5’ and 3’ 

external probes used and the predicted length of EcoRV and SstI restriction fragments in Southern blot analysis 

are shown.  The primers Insl6_1 (1), Insl6_2 (2), and PGK1 used to amplify the wild type and targeted allele by 

PCR are also indicated by arrows. Abbreviations: TK: Thymidine kinase cassette; E1: exon 1; E2: exon 2; B: 

BamHI; E: EcoRI; Ev: EcoRV;  N: NotI; S: SpeI; St: SstI; X: XhoI. 
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3.2.2.2. Generation of a 5’ external probe 

 

A 5’ external probe for screening of ES cells was generated to distinguish between wild type 

and recombinant clones. For this purpose, a 431-bp fragment located in the 5’ flanking region 

of the Insl6 gene was amplified by PCR assay, using Insl6_ext5_F and Insl6_ext5_R primers 

and genomic DNA from 129/Sv mice as a template. The PCR product was subcloned into 

pGEM-T Easy vector, sequenced, and cut out with EcoRI restriction enzyme. Then, the 431-

bp fragment was extracted from the agarose gel and used as a 5’ external probe. This external 

probe recognizes a 10-kb fragment in case of wild type and a 4-kb fragment in case of 

recombinant allele in Southern blot hybridization after digestion of genomic DNA with 

EcoRV enzyme (Fig. 24 and 25A). 

 

3.2.2.3. Generation of a 3’external probe 

 

A 3’ external probe for screening of ES cells was generated to distinguish between wild type 

and recombinant clones. For this purpose, a fragment of 652-bp downstream to Insl6 gene 

was amplified by PCR, using primers Insl6_ext3_F and Insl6_ext3_R and genomic DNA 

from 129/Sv mice as a template. The PCR fragment was cloned in pGEM-T Easy vector, 

sequenced, then isolated using EcoRI restriction enzyme. Purified insert was used as a 3’ 

external probe. This external probe recognizes a 14-kb fragment in case of wild type and 12-

kb in case of recombinant allele in Southern blot hybridization after digestion of genomic 

DNA with SstI enzyme (Fig. 24 and 25B). 

 

3.2.2.4. Electroporation and screening of RI ES cells for homologous recombination events 

 

RI embryonic stem (ES) cells were grown in Dulbecco’s modified Eagle’s medium 

(2.2.16.1.2). The Insl6 targeting vector was linearized with NotI enzyme and 40 μg of purified 

DNA was electroporated into RI embryonic stem cells, as it was described in section 

2.2.16.1.3. The cells were plated on fibroblast feeder layer and after 10 days of selection 

around 600 drug-resistant clones were picked into 24-well plates and replicated. Genomic 

DNA was isolated from recombinant ES cell clones (2.2.1.2.3) and used for Southern blot 

hybridization (2.2.11). DNA from each clone was digested with EcoRV enzyme, 

electrophoresed and blotted onto Hybond-XL membrane (2.2.9.1). Blots were then hybridized 
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with radioactively labelled 5´external probe. Two bands were recognized in case of 

homologous recombination, 10-kb wild type allele and 4-kb recombinant allele. When no 

recombination has occurred or non-homologous recombination had taken place, only wild 

type band could be detected. After screening of all the ES cell clones, two putative 

recombinant clones were identified, namely Insl6-114 and Insl6-123 (Fig. 24 and 25A).  

In order to confirm the successful targeting at the Insl6 locus, DNA from putative 

heterozygous ES cells was digested with SstI enzyme, electrophoresed and transferred onto a 

Hybond-XL membrane. This blot was hybridized with radioactively labelled 3´external probe, 

which detected two expected bands, 14-kb wild type allele and 12-kb recombinant allele (Fig. 

24 and 25B). Then the blot was rehybridized with a 32P-labelled Neomycin probe to rule out 

any multiple integration of targeting vector into the genome (Fig. 25C). The results of 

Southern blot analysis using 5’ external probe, 3’ external probe and Neomycin probe 

collectively confirmed the successful targeting of Insl6 gene. Therefore, both clones, Insl6-

114 and Insl6-123, were used for blastocyst injection. 
 

                  
Fig. 25. Genomic Southern blot analysis for screening the ES cells. (A) Genomic DNA of ES cell clones was 

digested with EcoRV and hybridized with 32P-labelled 5’ external probe shown in Fig. 24. This probe detected 

10-kb fragment (wild type allele) and 4-kb fragment (targeted allele). (B) Genomic DNA of Insl6-114 and Insl6-

123 ES cell clones was digested with SstI and hybridized with 32P-labelled 3’ external probe shown in Fig. 24. 

The external probe detected two expected bands in each clone (14-kb wild type allele and 12-kb recombinant 

allele). (C) The same blot was rehybridized with Neomycin resistance gene specific probe to prove if the 

construct was integrated into mouse genome by single homologous recombination. As expected for correct 

homologous recombination event, the probe only detected the 12-kb fragment. 

 

A B C 
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3.2.2.5. Generation of chimeric mice  

 

ES cells from two recombinant clones (Insl6-114 and Insl6-123) were injected into 3.5 dpc 

blastocysts derived from C57BL/6J female mice. Blastocysts were then transferred into 

pseudopregnant CD-1 females in order to generate chimeric mice. This work was performed 

in the Max Planck Institute for Experimental Medicine in Göttingen.  

After three independent injections of ES cells from Insl6-114 and Insl6-123 recombinant 

clones, 16 male and 7 female chimeras were obtained. Their chimerism was estimated in 

percentage according to the coat colour: 100%, 2x 95%, 2x 90%, 70%, 25%, 2x 20%, 15%, 

3x 10%, and 3x 5% for males and 55%, 40%, 2x 20%, and 3x 5% for females. Five high 

percentage male chimeras (100%, 2x 95%, and 2x 90%) were intercrossed with C57BL/6J 

and 129/Sv females in order to obtain F1 generation on a C57BL/6J x 129/Sv hybrid 

background and on a 129/Sv inbred genetic background, respectively. All the five male 

chimeras transmitted Insl6 recombinant allele to the germline on both backgrounds. 

Transmission was checked by PCR genotyping (2.2.7.2), using primers shown in Figure 24 

and genomic DNA isolated from tail biopsies of mice. A 374-bp fragment of the wild type 

allele was amplified with primer pair Insl6_2/Insl6_1, whereas the primer pair PGK1/Insl6_1 

amplified a 548-bp fragment of the mutant allele (Fig. 26). 

 

 
Fig. 26. PCR genotyping of progeny. Genomic DNA was extracted from mouse tails. PCR was performed using 

primers Insl6_2 and Insl6_1, which detect the wild type allele, and PGK1 and Insl6_1 were used for 

amplification of the recombinant allele. Product of 374-bp was obtained in case of wild type animal (+/+), 548-

bp product was amplified in case of homozygous (-/-) animals, while both products were visible when DNA 

from heterozygous (+/-) mice was tested. The PCR products were electrophoresed on 1.5% agarose gel and 

stained with EtBr. Control: negative control (no-template probe). 
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3.2.3. Generation and analysis of the Insl6-deficient mice 

 

F1 animals, heterozygous for a null Insl6 allele, were used for further crossing in order to 

obtain F2 animals and establish Insl6-/- homozygous lines on both C57BL/6J x 129/Sv and 

129/Sv backgrounds. F2 animals were genotyped as described above (Fig. 26). The statistical 

analysis is summarized in Table 8. 

In both genetic backgrounds mice heterozygous for the Insl6 mutant allele grew to adulthood, 

were fertile, and appeared phenotypically normal. PCR analyses (Fig. 26) showed that the 

ratio of the three genotypes in F2 generation was consistent with Mendelian transmission of 

the two alleles. Among 186 offspring, 55 (30%) were wild type, 90 (48%) were heterozygous 

and 41 (22%) were homozygous mice (Tab. 8) in a C57BL/6J x 129/Sv hybrid genetic 

background, while in case of 129/Sv inbred background, 50 (30%) were wild type, 72 (48%) 

were heterozygous and 32 (22%) were homozygous mice out of 155 animals genotyped (Tab. 

8). Also the sex ratio of these animals was not affected (as it was shown by χ2 test, p> 0.05; 

Tab. 8). Insl6-/- mice were indistinguishable from their wild type littermates in appearance and 

gross behavior. These data demonstrate that Insl6 is not essential for embryonic development 

in spite of its expression during embryogenesis (Fig. 23C).  

 

Tab. 8. Statistical analysis of genotype distribution of Insl6 null allele within mice from F2 generation. χ2 

analysis clearly demonstrated that genotype distribution from +/- x +/- breedings on both backgrounds does not 

differ from expected Mendelian ratio (p > 0.1). Also no change in the sex ratio of offspring of heterozygous mice 

was noticed (χ2 test, p > 0.05). χ2, chi square; ♂, male; ♀, female. 
 

No. of progeny with genotyping 
 

Background 
 

Total no. of progeny 
 

Insl6+/+ 
 

Insl6+/-
 

 

Insl6-/- 

 

Average 
litter size 

      

                 186 55 (30%) 90 (48%) 41 (22%) 9.3±2.0 
 

104 ♂ 
 

82 ♀ 
 

28 ♂ 
 

27 ♀ 
 

54 ♂ 
 

36 ♀ 
 

22 ♂ 
 

19 ♀  
 

C57BL/6J x 129/Sv 

     

      
                155 50 (30%) 72 (48%)  33 (22%) 6.9±2.1 

 

88 ♂ 
 

67 ♀ 
 

28 ♂ 
 

22 ♀ 
 

40 ♂ 
 

32 ♀ 
 

20 ♂ 
 

13 ♀  
 

129/Sv 

     
 

 

3.2.3.1. Analysis of Insl6 expression in knock-out mice  

 

In wild type mice the strongest tissue-specific expression of mouse Insl6 gene was detected in 

testis (Fig. 23). Therefore, to confirm that the engineered disruption of Insl6 gene had 
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generated a null allele, Northern and RT-PCR analyses were performed with total RNA 

samples isolated from testes of mice of the three genotypes. 

 Insl6-cDNA probe (Shirneshan 2005) detected a strong testicular expression of Insl6 gene in 

Insl6+/+ mice, and weaker in Insl6+/- mice. No expression was detected in testes of Insl6-/- mice 

(Fig. 27A). Rehybridization with a ß-actin probe proved the integrity and the amount of RNA 

used in this experiment (Fig. 27A). RT-PCR with primers located in exons 1 and 2 confirmed 

the absence of Insl6 transcript in testis of Insl6-/- mice, indicating that, due to the integration 

of the Neomycin cassette, the expression of Insl6 gene is completely disrupted (Fig. 27B). 

  
 

Fig. 27. Transcriptional analyses of Insl6-deficient mice. (A) Northern blot analysis of testicular RNA from three 

genotypes. Hybridization with mouse Insl6 cDNA probe revealed a 1.2-kb specific transcript prominent in 

Insl6+/+, reduced in Insl6+/- and absent in Insl6-/- mice. Rehybridization of the blot with β-actin probe confirmed 

integrity and amount of RNA used in this experiment. (B) RT-PCR analysis. RT-PCR using Insl6_F2cDNA and 

Insl6_R1cDNA primers was performed with testicular RNA from wild type (Insl6+/+), heterozygous (Insl6+/-) 

and homozygous for null allele (Insl6-/-) animals. Insl6 specific product (577-bp) was obtained from RNA of 

Insl6+/+ and Insl6+/- animals, but no band was visible in case of Insl6-/- mice. Integrity of RNA was verified by 

HPRT primers amplification. 

 

3.2.3.2. Reproductive functions of Insl6 gene 

 

Most studies were performed with homozygous mutants on a C57BL/6J x 129/Sv mixed 

genetic background. 

 

3.2.3.2.1. Analysis of fertility of Insl6-deficient mice 

 

During generation of Insl6 knock-out line on a C57BL/6J x 129/Sv hybrid genetic 

background, homozygous males and females were intercrossed. Three of seven breeding pairs 

were infertile during a 4-month mating period, while the remaining four pairs produced 

A 

B 
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smaller litter size compared to that of their wild type littermates (3.6±1.2 versus 7.3±2.2, 

p<0.05). Therefore, the fertility of Insl6-null mice of both sexes was more accurately 

monitored by intercrossing with wild type mice of strain CD-1. The control for Insl6-/- males 

in mating test was wild type cross between 5 males of C57Bl/6J strain and 5 females of CD-1 

strain, while wild type cross between 5 C57Bl/6J females and 5 CD-1 males was the control 

in mating test for Insl6-/- females. During the 3-month mating period, females were checked 

for the presence of vaginal plugs and pregnancy. The number and size of litters sired by each 

group of males and females were determined. 

As summarized in Table 9, homozygous Insl6-/- females showed no reproductive defects and 

produced litters of approximately normal size (average litter size, 8.1±1.7; average wild type 

litter size, 9.4±2.0, p> 0.05). In contrast, approximately 57% (40 of 70 mice) of Insl6-null 

males in F2 generation had impaired fertility. Nineteen of them did not produce a single litter 

during the 3-month mating period, while the remaining 21 Insl6-deficient males produced 

significantly reduced litter size compared to that of wild type control breeding (5.05±1.9 

versus 14.1±2.1, p< 0.05). The other 30 Insl6-deficient males (43%) produced normal litter 

size compared to that observed with the control (12.1±1.7 versus 14.1±2.1, p> 0.05). These 

results revealed that male fertility was heterogeneous and that null mutant males fall into two 

classes, as follows: group I males were infertile, whereas group II males were fertile. 

Subfertile animals were included into the first group of males, because they became infertile 

during the lifetime. Therefore, we focused the subsequent experiments on infertile and fertile 

groups of males. 

 

Tab. 9. Fertility test analysis of wild type and Insl6-deficient mice on C57BL/6J x 129/Sv hybrid background 

Genotype  and group No of matings 
(%) 

Average litter size 

Wild type males (C57BL/6J)
 a

  5 (100%)
 a

  14.1±2.1
 a

 
 

Insl6-/-  infertile males   
 

19 (27%)  
 

0 
 21 (30%)  5.05±1.9 Insl6-/-  subfertile males 

Insl6-/- fertile males  30 (43%)  12.1±1.7 
     

Wild type females (C57BL/6J)
 b

  5 (100%)
 b

  9.4±2.0
 b

 
 

Insl6-/- females 

 

 
 

10 (100%)  
 

8.1±1.7
 

 

a
, wild type breeding between  male of mouse strain C57BL/6J and female of mouse strain CD-1 

b
, wild type breeding between  female of mouse strain C57BL/6J and male of mouse strain CD-1 

 

Insl6-deficient males and females were intercrossed with wild type mice of strain CD-1 
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3.2.3.2.2. Sperm analysis of Insl6 knock-out mice 

 

To study the causes of Insl6-/- male infertility, different sperm parameters were analyzed 

(2.2.18). Sperm number was determined in the cauda epididymidis of 4 wild type, fertile and 

infertile mutant males as well as in uteri and oviducts of wild type females inseminated by 2 

wild type, 3 fertile Insl6-/- and 3 infertile Insl6-/- males, respectively (Tab. 10).  

 

Tab. 10. Sperm analysis of Insl6+/+ and Insl6-/- mice. 
 

No. of sperm in: 
 

Genotype of 
mice Cauda 

epididymidis  
(107) 

 

Uterus 
(106) 

    Oviduct 
(102) 

 

Percentage of 
motile 

spermatozoa 

 

Percentage of 
spermatozoa 

with progressive 
movement 

 

Insl6+/+ 
 

1.73±0.47 (4) 
 

5.3±0.42 (2) 
 

9.0±3.1 (2) 
 

61.7±9.07 (3) 
 

42±6.08(3) 
Insl6-/-      
        fertile 0.34±0.26* (4) 

 

2.4±1.42 (3) 3.91±3.1(3) 56.67±7.77(3) 31±8(3) 

        Infertile 

 

0.06±0.03* (4) 0.49±0.34* (3) 0* (3) 24.56±11.26*(3) 12.56±7.83*(3) 

Data for sperm analysis represent the means±SD for the numbers of individual measurements indicated in 

parentheses. *, value in Insl6-/- mice is significantly different from that in Insl6+/+ mice (p< 0.01 by Student’s t 

test). 

 

As shown in Table 10, significant reduction (p< 0.01) in the mean number of spermatozoa 

collected from the cauda epididymides of both groups of fertile and infertile Insl6-deficient 

mice was observed. Sperm number in uteri and oviducts of females mated with fertile Insl6 

mutant males was not significantly different (p> 0.05) from that counted from females 

inseminated by age matched wild type males (Tab. 10). In contrast to that, sperm number in 

uteri of females inseminated by infertile Insl6 knock-out males was decreased to about 9.2% 

of that in wild type controls. Moreover, in oviducts of the same females no sperm was 

observed (Tab.10). These results suggest that the migration of Insl6-deficient spermatozoa 

through the female genital tract might be disturbed. Therefore, spermatozoa from adult mutant 

(fertile and infertile) and control animals were isolated and their motility was measured using 

the CASA system after 1.5 h of incubations in vitro (2.2.18.3). 

Highly significant differences (p< 0.001) between the motility of spermatozoa of wild type 

and Insl6 knock-out mice were only observed in group of infertile Insl6-/- males (Tab. 10). 

Proportion of motile spermatozoa of Insl6-/- infertile mice was reduced compared with wild 

type (24.56±11.26% versus 61.7±9.07%) and proportion that exhibited progressive movement 

in sperm of infertile Insl6-/- mice was also significantly reduced compared with those of wild 

type mice (12.56±7.83% versus 42±6.08%), (Tab. 10). For further investigation of sperm 
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motility, following parameters were evaluated: curvilinear velocity (VCL), average path 

velocity (VAP), straight line velocity (VSL), beat cross frequency (BCF), straightness (STR) 

and lateral head displacement (ALH) (Fig. 25). Mann-Whitney U-Test was done and 

statistically significant differences (p< 0.05) were observed for VCL, VAP, VSL, and ALH 

between spermatozoa of infertile Insl6-/- and wild type males (Fig. 28).  

 
 

 
 

 

Fig. 28. Computer-assisted analysis of sperm motility. The results of analyses of wild type and Insl6-/-

spermatozoa on C57BL x 129/Sv hybrid genetic background are shown. Sperm velocities (micrometers/second), 
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forward movement (percent), lateral head displacement (micrometers), and beat cross frequency (hertz) were 

measured after 1.5 h incubation in vitro. For all parameters the medians and percentiles are shown. The Insl6-

deficient spermatozoa exhibit statistically significantly reduced velocities and lateral head displacement in 

comparison to wild type sperm (p<0.05 by Mann-Whitney U-Test). Middle points represent median value, boxes 

represent 25% -75% percentiles range and the whiskers represent 5% - 95% percentiles of the nonoutliers range. 

Abbreviations: VAP: Average Path Velocity; VSL: Straight Line Velocity; VCL: Curvilinear Velocity; ALH: 

Lateral Head Displacement; BCF: Beat Cross Frequency; STR: Straightness. 

 

To determine whether the Insl6-deficient spermatozoa have structural abnormalities, light 

microscope analysis was performed (2.2.18.2). No abnormalities were observed in sperm head 

shape from both groups of Insl6 mutants as compared to wild type mice (Tab. 11). 

 

Tab. 11. Acrosome reaction and analysis of sperm morphology of Insl6-deficient mice. 
 

Genotype of mice 
 

Percentage of abnormal 
spermatozoa 

 

Percentage of acrosome reacted 
spermatozoa 

 

Insl6+/+
 

 

4.03±3.02 (3) 
 

95.1±5.8 (2) 
 

Insl6-/-   

fertile 2.87±0.5 (3) 93.25±3.18 (2) 

infertile 7.33±3 (3) 81.03±8.61 (4) 

Data for sperm analysis represent the means±SD for the numbers of individual measurements indicated in 

parentheses. Values in Insl6 mutant mice are not significantly different from those in wild type mice (p> 0.05 by 

Student’s t test). 

 

To address the question whether the fertility of Insl6-/- mice might be influenced by defect in 

acrosome reaction, we examined the response of spermatozoa from infertile and fertile Insl6 

mutant and wild type mice to the calcium ionophore A23187 (2.2.18.4) (Fig. 29). This 

analysis showed that there is no significant difference in percentage of acrosome reacted 

spermatozoa between the mutant (fertile and infertile) and control strains (Tab. 11). 
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Fig. 29. Examination of the response of spermatozoa from wild type (A), fertile Insl6-/- (B) and infertile Insl6-/- 

(C) mice to the calcium ionophore A23187. No significant differences in percentage of acrosome reacted 

spermatozoa between the Insl6-/- mutant (fertile and infertile) and control mice were observed (p> 0.05). A, B, C: 

10-fold magnification. 

 

3.2.3.2.3. Histological analysis of Insl6-deficient mouse testes  

 

To further define the causes of impaired fertility in Insl6-deficient males, testes were isolated 

from wild type and infertile Insl6-/- mature animals and morphological and histological 

analyses were performed (2.2.20).  

Examination of infertile Insl6-deficient mice revealed that the Wolffian duct derivatives had 

differentiated normally (Fig. 30) and testes are descended in scrotum. However, testes from 

adult Insl6-/- males were much smaller than those of wild type mice and they weighed on 

average 48% less than wild type testes (68±4 mg versus 131±6 mg, p< 0.01, n = 5) (Fig. 30 

and 32). 

 

C 

A B
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Fig. 30. Morphology of reproductive organs from infertile Insl6 mutant and wild type mice. The seminal vesicle 

(white arrowhead), vasa differentia (white arrow) and epididymis (black arrow) differentiated normally and 

testes (black arrowhead) are descended. The testes from Insl6-deficient mice are markedly smaller than those 

from wild type controls. 

 

Analysis of hematoxylin-eosin (H&E) stained sections revealed clear differences between 

testes of wild type and infertile Insl6-/- mice (Fig. 31). Seminiferous tubules from wild type 

animals showed a normal pattern of spermatogenesis, with the presence of all spermatogenic 

stages from spermatogonia to spermatozoa (Fig. 31 A and C). In contrast, testes of Insl6 

mutant mice exhibited seminiferous tubular degeneration (Fig. 31 B and D). Histological 

analyses showed that many seminiferous tubules were completely devoid of elongated 

spermatids and spermatozoa, whereas spermatogonia, spermatocytes and round spermatids 

were visible. The number of pachytene spermatocytes and round spermatids was far fewer in 

Insl6-/- than in that of Insl6+/+. The percentage of postmeiotic-free tubules varied in different 

Insl6-/- mice from 30% to 80% (approximately 300 tubules from 5 adult Insl6-/- mice were 

analyzed), and corresponded to partially or completely impaired fertility of these animals. We 

frequently observed seminiferous tubules where meiosis does not progress beyond the first 

meiotic division. These tubules contained degenerated cells at prophase I, and bi- or 

multinucleated giant cells. The seminiferous epithelium was vacuolated, and immature germ 

cells were present in lumen (Fig. 31 B and D). 
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Fig. 31. Spermatogenesis of Insl6+/+ and Insl6-/- infertile mice. Staining with hematoxylin-eosin reveals hypo 

spermatogenesis with a strongly reduced number of pachytene spermatocytes, round and elongated spermatid in 

the seminiferous tubules of Insl6-/- mice (B, D) compared to wild type littermates (A, C). Degenerated 

spermatogenic cells and vacuoles (arrows), a decreased diameter of tubules and the presence of multinucleated 

giant cells (arrowheads) were observed in testes of infertile Insl6-/- mice (B, D). Scale bars: panel A and B, 100 

μm; panel C and D, 50 μm. 

 

3.2.3.2.4. Stage specific histological analysis of Insl6-deficient mouse testes  

 

To define the onset of the disruption of spermatogenesis in Insl6-deficient mice, the 

progression of the first wave of spermatogenesis was examined in wild type and Insl6 mutant 

testes at different developmental stages (at least 4 testes from each age). Testes of 5- and 10-

days old wild type and mutant mice were indistinguishable in weight (Fig. 32). In contrast, 

Insl6-/- testes from mice at 15-, 20-, 25- and 90-days of age weighted significantly less than 

testes from their control littermates (Fig. 32). 
 

 

Fig. 32. Comparison of testes weights from 5-, 10-, 15-, 20-, 25- and 90-days old Insl6+/+ and Insl6-/- mice. The 

testis weights of Insl6-/- are significantly smaller than those of Insl6+/+ mice after postnatal day 15. Data are 

presented as the mean±SD of at least 4 testes from each age; *, p < 0.05; **, p < 0.001. 
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Examination of H&E stained tubular cross sections at postnatal day 5 and 10 revealed that the 

histology of wild type and Insl6-/- testes were similar, with seminiferous tubules containing 

only Sertoli cells and spermatogonia (data not shown). At day 15, when the spermatogenesis 

progresses to mid and late pachytene spermatocytes, in Insl6-/- testes drastically reduced 

number of pachytene spermatocytes was counted as compared to wild type controls (Fig. 33A 

and B). At day 20, the most advanced germ cells in seminiferous tubules of wild type were 

round spermatids (Fig. 33 C). However, progression of spermatogenesis was delayed in Insl6-/- 

testes, and the most advanced germ cells were primarily still at the pachytene spermatocyte 

stage (occasional tubules showed the presence of round spermatids) (Fig. 33 D). Early signs 

of Sertoli cell vacuolization were observed. At day 25, when tubules of wild type siblings 

contained germ cells at the elongated spermatid stage (Fig. 33 E), Insl6-/- testes displayed 

severe depletion of germ cells and Sertoli cell vacuolization was more evident. Very few 

round spermatids and no elongated spermatids were present in the epithelium of Insl6-/- males. 

Moreover, a drastically reduced number of spermatocytes (mainly pachytene spermatocytes) 

was visible in mutant testes (Fig. 33 F). Thus, absence of mouse INSL6 appears to induce the 

spermatogenesis arrest at first meiotic prophase of most of germ cells. 
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Fig. 33. Delayed and disrupted late meiotic prophase and subsequent meiotic division in the first wave of 

spermatogenesis in Insl6-deficient mice. Morphology of seminiferous tubules of testes from Insl6+/+ (A, C, E) 

and Insl6-/- (B, D, F) mice at postnatal day 15 (A, B), 20 (C, D), and 25 (E, F) is shown. At day 15, germ cell 

development progressed to pachytene spermatocyte stage (arrows) in Insl6+/+ mice (A), while very few 

pachytene spermatocytes could be observed in Insl6-/- mice (B). At day 20, meiosis has been completed and 

tubules were filled with spermatocytes and round spermatids (arrowhead) in Insl6+/+ mice (C), while in Insl6-/-, 

spermatogenesis was primarily still in pachytene spermatocyte stage and tubules displayed early signs of Sertoli 

cell vacuolization (D). At day 25, adluminal cells were primarily round and elongated spermatids in Insl6+/+ mice 

(E), while in Insl6-/- adluminal cells were still primarily pachytene spermatocytes and tubules showed the 

presence of multinucleated cells similar to those present in adult Insl6-/- mice (F). Scale bar: 100 um. 

 

3.2.3.2.5. Immunohistochemical analysis of Insl6-deficient mouse testes 

 

To confirm our histological findings (Fig. 33) we investigated whether the depletion of germ 

cells in testes of Insl6-/- mice is due to the defect in spermatogonia or due to the arrest of germ 

cells development at later stage. For these studies, immunohistochemistry with polyclonal 

antibodies (dilution 1:200) against HSPA4, which is marker for spermatogonia and HSPA4L, 

whose expression begins in pachytene spermatocytes (Held et al., 2006), was performed. 

Testis cross-sections from three 10- and 15-days old wild type and Insl6-deficient mice were 

stained (2.2.20.4) with antibodies against HSPA4 or HSPA4L, respectively. Then, sections 

were examined under the light microscope (Fig. 34). 

Immunohistochemistry detected no abnormalities in the number of HSPA4-positive 

spermatogonia in sections from 10-days old Insl6-/- males compared to Insl6+/+
 (Fig. 34A, B). 

In contrast, immunohistochemistry analysis of 15-days old testes revealed a strongly reduced 

number of HSPA4L-positive cells in Insl6-/-
 mice (only few labelled cells per microscope 

field), whereas in Insl6+/+ testes most of tubules were filled with HSPA4L-positive pachytene 
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spermatocytes (Fig. 34C, D). These results confirm that the progression of spermatogenesis in 

infertile Insl6-/- mice is delayed and that pachytene spermatocytes are the first affected cells 

population. 

 
 

 
 

 
 

Fig. 34. Immunohistochemical analysis of Insl6-deficient mouse testes. Immunohistochemical detection of 

HSPA4-positive cells in testes of Insl6+/+ (A) and Insl6-/- infertile (B) mice at postnatal day 10. No abnormalities 

in sections of Insl6-deficient mice were detected compared to wild type controls. Immunohistochemical analysis 

of HSPA4L in testes of Insl6+/+ (C) and Insl6-/- infertile (D) mice at postnatal day 15. Only few HSPA4L-

positive cells were visible in tubules of Insl6-/- mice (D). In contrast, most of tubules of Insl6+/+ mice were filled 

with pachytene spermatocytes (C). Scale bar, 50 μm. 

 

3.2.3.2.6. Detection of apoptotic cells in Insl6 mutant males 

 

To determine whether the germ cell depletion in adult Insl6-/- infertile testes is due to 

enhanced apoptosis, we performed a TUNEL assay (2.2.20.7) on cross-sections of juvenile (5-

, 10-, 15-, 20-, and 25-days old) and adult testes. For each developmental stage, testes of three 

wild type and Insl6 mutant mice were examined. 

Analysis of spermatogenesis in juvenil animals revealed that the number of apoptotic cells in 

5-, 10- (data not shown) and 15-days old (Fig. 35B) Insl6-/- testes was not significantly 

different from that observed in sections of wild type testes (Fig.35A). In contrast, dramatically 

increased number of TUNEL-positive spermatocytes was observed in 20- and 25-days old 
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Insl6 mutants compared to wild type controls (Fig. 35C-F). The accumulation of apoptotic 

cells in these developmental stages coincides with the appearance of clearly impaired 

spermatogenesis in juvenile testes of Insl6-/- mice as detected by hematoxylin and eosin 

staining (Fig. 33C-F). 

In 3-month old mice, the frequency of TUNEL-positive cells was variable among tubules, but 

overall we have observed significantly more apoptotic cells in the semineferous tubules of 

infertile Insl6-/- males than in those of wild type littermates (Fig. 35G, H). At higher 

magnification, most of these TUNEL-positive cells were seen to be in meiotic prophase, with 

a smaller number of late-stage germ cells. To confirm our observation, a statistical evaluation 

of apoptotic cells from 3-month old mice was performed by counting TUNEL-positive cells in 

at least 10 independent microscopic fields for each wild type and mutant mice (n = 3). As 

shown in Table 12, the mean value indicates significantly elevated numbers of apoptotic cells 

in Insl6 mutant mice compared with wild type controls (9.6±1 versus 1.4±0.2, p< 0.01).  

The above results suggest that the enhanced apoptosis is the cause for germ cell depletion in 

Insl6-null infertile testes. 
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Fig. 35. Increased apoptotic germ cells during the first wave of spermatogenesis in juvenile infertile Insl6-/- mice. 

Detection of apoptotic cells in testes of  Insl6+/+ (A, C, E,G) and Insl6-/- (B, D, F, H) mice at postnatal days 15 

(A, B), 20 (C, D), 25 (E, F) and 90 (G, H) was performed. At day 15, TUNEL staining for apoptotic cells (brown 

nuclei) was equal in seminiferous tubules from Insl6+/+ (A) and Insl6-/- (B) mice. At day 20, apoptotic cells were 

more common in Insl6-/- (D) than in Insl6+/+ (C) mice. At day 25, only few spermatocytes were apoptotic in 

Insl6+/+ mice (E), while the majority of tubules from Insl6-/- mice had apoptotic spermatocytes (F). At day 90, 

TUNEL staining revealed massive apoptosis of spermatocytes in Insl6-/- testes (H) compared to Insl6+/+ testes 

(G). Scale bar, 100 μm. 

 

Tab. 12. Quantification of TUNEL-positive germ cells in adult wild type and Insl6-/- infertile mice. 
 

Genotype of mice 
 

Percentage of semineferous tubules 
containing at least one TUNEL-positive 

cell  
 

 

No. of TUNEL-positive cell per 
tubule 

 

Insl6+/+ 
 

20.5±0.3 (3) 
 

1.4±0.2 (3) 
   

Insl6-/- 77.7±6.3* (3) 

 

9.6±1.0* (3)  

 

Results represent the means±SD for the numbers of individual measurements indicated in parentheses. *, value 

in infertile Insl6-/- mice is significantly different from that in Insl6+/+ mice (p<0.01 by Student’s t test). 
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3.2.3.2.7. Expression analysis of germ cell marker genes in Insl6-deficient mouse testes 

 

To further elucidate the defective stage of spermatogenesis in Insl6-deficient mice, we 

investigated the transcription level of germ cell marker genes that are transcribed in meiotic 

and postmeiotic stages. Testicular RNA was isolated (2.2.1.3) from 3-month old Insl6+/+ 

males, fertile and infertile Insl6-/- males and probed with mouse Sycp3, Pgk2, Ccna1, Acr, and 

Tnp2 cDNA (Kremling et al., 1991; Lammers et al., 1994; Meetei et al., 1996; Sweeney et 

al., 1996; Chen et al., 2004). The integrity and the amount of RNA used in this experiment 

were proved by rehybridization with a ß-actin probe (Waters et al., 1985) (Fig. 36). 

In adult testis, Sycp3 (encoding a synaptonemal complex protein 3) was found to be expressed 

from leptotene to diplotene spermatocytes (Parra et al., 2003; Kuramochi-Miyagawa et al., 

2004), and expression of testis-specific Pgk2 (encoding testis-specific phosphoglycerate 

kinase 2) begins in leptotene and peaks in pachytene spermatocytes (Goto et al., 1990; 

McCarrey et al., 1992; Yoshioka et al., 2007). Our analysis revealed that expression of Sycp3 

and Pgk2 genes in testes of fertile and infertile Insl6-/- animals was maintained at level 

comparable with that seen in wild type testes. Proacrosin transcript (Acr), which is expressed 

in pachytene spermatocytes and round spermatids (Nayernia et al., 1994), was detected in 

testes of fertile and infertile Insl6 mutants, but in decreased amounts. The expression of 

transition protein 2 (Tnp2), which is initially expressed in round spermatides (Saunders et al., 

1992; Shih et al., 2002), was weaker in Insl6-deficient testes (Fig. 36).  

In conclusion, our results suggest that development of most Insl6-/- germ cells is arrested just 

at the beginning of meiotic division (at meiotic prophase). 
 

 
Fig. 36. Analysis of gene expression in Insl6-deficient mice. The expression of stage-specific genes during 

spermatogenesis was analyzed by Northern blot. Total testicular RNA (10 μg) derived from 3-month old wild 

type (+/+), fertile Insl6 mutant (-/- F) and infertile Insl6 mutant (-/- IF) animals were hybridized with mouse 
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Sycp3, Pgk2,  Acr, and Tnp2 cDNA fragments and rehybridized with mouse β-actin, as a control for equal RNA 

loading.  

 

3.2.3.3. Generation of Insl6 knock-out mice on C57BL/6J background  

 

To further analyze the effect of the disruption of Insl6 gene on C57BL/6J genetic background, 

Insl6-/- homozygous mice on a C57BL/6J x 129/Sv hybrid genetic background were 

backcrossed with wild type mice of mouse strain C57BL/6J. Heterozygous offspring in the 

first backcross generation (B1) were intercrossed with C57BL/6J mice to give the second 

backcross generation (B2). This breeding strategy was pursued till generation B7. Then, 

heterozygous mice in the seventh backcross generation were intercrossed to give Insl6-/- mice, 

whose genome contains 99.1% of the mouse strain C57BL/6J. 

Genotyping of progeny for Insl6 was performed by PCR assay as it was described in sections 

2.2.7.2 and 3.2.2.5 (Fig. 26). To date, only 2 Insl6-/- homozygous mice were identified out of 

24 genotyped offspring, derived from the heterozygous intercrosses. However, a lot of 

animals (7 mice) failed to thrive and died between days 3 and 20 after birth (before PCR 

analysis). Therefore, more accurately phenotypic examination of Insl6-deficient mice on 

C57BL/6J background will be performed. 

 

3.2.4. Creation of transgenic mouse models for Insl6 gene  

 

3.2.4.1. Construction of RIP1-Insl6 transgenic construct 

 

To study the result of the overexpression of Insl6, we generated a transgenic construct 

containing the mouse Insl6 open reading frame (ORF) with SV40 polyadenylation signal 

under the control of rat Insulin 1 promoter (RIP1) (Fig. 37). This transgenic line should also 

be used in rescue strategy of Insl6-/- infertile males. The RIP1 is specifically expressed in pre- 

and postnatal ß-cells of the Langerhans islets (Ahlgren et al., 1998; Herrera et al., 1998). 

Therefore, we have expected that the Insl6 would be expressed in ß-cells of RIP1-Insl6 

transgenic mice. 
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Mouse Insl6 ORFRat Insulin 1 promoter

490-bp

SV40

ATGX BHB

F1 R1

557-bp

Mouse Insl6 ORFRat Insulin 1 promoter

490-bp

SV40

ATGX BHB

F1 R1

557-bp

 
Fig. 37. Schematic representation of RIP1-Insl6 transgenic construct. The construct contains the rat Insulin 1 

promoter (700-bp) fused to the mouse Insl6 ORF (557-bp) and SV40 polyadenylation signal. The primers F1 and 

R1 (arrows) were used in PCR assay for genotyping the founder animals. Abbreviation: F1, Insl6_TA_F1 

primer; R1, Insl6_TA_R1 primer; ORF, open reading frame; X, XbaI; H, HindIII; B, BamHI. 

 

 To generate the transgenic construct, mouse Insl6 cDNA was amplified (2.2.7.3) from mouse 

testis RNA using specific primers Insl6_TA_F1 and Insl6_TA_R1. A 557-bp Insl6 ORF 

fragment containing XbaI and HindIII restriction sites was subcloned into pGEM-T Easy 

vector and sequenced. Subsequently, the 557-bp XbaI/HindIII fragment was isolated and 

cloned into XbaI/HindIII digested RIP1-DIPA vector.  

 

3.2.4.2. Generation of RIP1-Insl6 transgenic mice  

 

The RIP1-Insl6 fusion fragment was isolated from the vector backbone by digestion with 

BamHI enzyme and purified as it was described in section 2.2.17.1. Then, a 1.7-kb RIP-Insl6 

BamHI fragment was microinjected into the male pronuclei of the fertilized mouse oocytes of 

C57BL/6J genetic background. The oocytes were transferred into the uteri of foster mothers. 

In order to identify transgenic mice harbouring RIP1-Insl6 transgenic allele, genomic DNA 

isolated from tail biopsies of founder mice were examined by PCR genotyping (2.2.7.) using 

Insl6TR_genF1 (F1) and Insl6TR_genR1 (R1) primers (Fig. 37and 38). A 490-bp fragment 

should be amplified in transgenic founders. Unfortunately, out of 9 genotyped pups, no 

transgenic founder was identified (Fig. 38).  
 

 
 

Fig. 38. Genotyping PCR of RIP1-Insl6 founder mice. Primers Insl6TR_genF1 and Insl6TR_genR1 amplified a 

490-bp transgenic allele. None transgenic founder was identified. DNA quality was checked by amplification a 

220-pb fragment of Pelota (Sallam, 2001). N, negative control (wild type DNA), P, positive control (transgenic 

construct DNA). 
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3.3. Verification of interactions between PELO and its putative interacting  

       proteins 

 

My work was concentrated to verify the interactions between PELO and CDK2AP1, EIF3G 

and SRPX by colocalization study and using in vitro methods (coimmunopresipitation and 

GST Pull-down assay).  

 

3.3.1. Colocalization of PELO and putative interaction partners in HeLa cells 

 

3.3.1.1. Generation of pCMV-Myc-CDK2AP1, pCMV-Myc-EIF3G and pCMV-Myc-SRPX    

 expression constructs 

 

Plasmid DNA from clones identified in yeast two-hybrid screen as interaction partners of 

PELO was extracted. Inserts, containing a part of cDNA of analyzed genes (CDK2AP1, 

EIF3G and SRPX) were amplified by PCR using sequencing primers (Y2H_5cDNA and 

Y2H_3cDNA). Amplified cDNA clones encoding CDK2AP1 (1-115 aa), EIF3G (1-320 aa) 

and SRPX (265-464 aa) were used to generate expression vectors to produce fusion proteins 

(Fig.39). 

 
Fig. 39.  Schematic representation of pCMV-Myc-CDK2AP1 (A), pCMV- Myc-EIF3G (B) and pCMV-Myc-

SRPX (C) expression constructs. Fusion proteins were expressed under the control of human cytomegalovirus 

promoter (CMV). ATG, start codon; Myc, myc epitop tag; ORF, open reading frame; SV40, SV40 

polyadenylation signal. 

 

The amplified cDNA fragments containing the coding sequences of putative interaction 

partners (CDK2AP1, EIF3G, and SRPX) were separately subcloned into pGEM-T Easy 

vector, sequenced, cut out with EcoRI and XhoI restriction enzymes and then inserted in frame 

A 

B 

C 
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into the pCMV-Myc mammalian expression vector. Nucleotide sequences of generated 

pCMV-Myc-CDK2AP1, pCMV-Myc-EIF3G and pCMV-Myc-SRPX constructs (Fig. 39) 

were confirmed by sequencing. 

  

3.3.1.2. Generation of pCMV-HA-PELO expression constructs 

 

To generate a pCMV-HA-PELO expression construct, human PELO cDNA was amplified 

(2.2.7.3) from human testis RNA using specific primers PELO_HAF1 and PELO_HAR1. A 

1.1-kb PELO ORF fragment containing EcoRI and XhoI restriction sites was subcloned into 

pGEM-T Easy vector and sequenced. Subsequently, the 1.1-kb EcoRI/XhoI fragment was 

isolated and cloned in frame into the EcoRI/XhoI digested pCMV-HA mammalian expression 

vector. Nucleotide sequence of generated pCMV-HA-PELO construct (Fig. 40) was 

confirmed by sequencing. 

 

 
 

Fig. 40.  Schematic representation of pCMV-HA-PELO expression constructs. 1.1-kb PCR product containing 

human PELO ORF was cloned in frame into the mammalian expression vector pCMV-HA using standard 

techniques (2.2.7.3). Fusion protein was expressed under the control of human cytomegalovirus promoter 

(CMV). ATG, start codon; HA, HA epitop tag; ORF, open reading frame; SV40, SV40 polyadenylation signal. 

 

3.3.1.3. Immunofluorescence analysis of subcellular colocalization of PELO and putative  

 interaction partners 

 

To verify interactions between PELO and putative interaction partners identified in yeast two-

hybrid assay, colocalization analysis was performed. Human HeLa cells were cultured onto 

coverslips and transiently cotransfected (2.2.15.4) with: pCMV-HA-PELO and pCMV-Myc-

CDK2AP1; pCMV-HA-PELO and pCMV-Myc-EIF3G or pCMV-HA-PELO and pCMV-

Myc-SRPX expression constructs, respectively. Then, 48 hrs after transfections, the 

expression of fusion proteins was determined by immunostaining (2.2.15.5) with mouse 

monoclonal anti-c-myc (dilution 1:200) and rabbit polyclonal anti-HA-tag (dilution 1:200) 

antibodies (Fig. 41). Reactivity with primary antibodies was visualized with FITC conjugated 

anti-mouse IgG (green colour, dilution 1:500) and Cy3-conjugated anti-rabbit secondary 

antibodies (red colour, dilution 1:1000), respectively. To prove that the labeling technique 
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was specific and that the primary antibodies were responsible for generation of the 

immunostaining, negative controls were performed. Untransfected HeLa cells were incubated 

with primary and secondary antibodies and observed under fluorescence microscope (Fig. 41). 

 
 

Fig. 41. Subcellular colocalization of PELO with putative interaction partners. HeLa cells were transiently 

cotransfected with: pCMV-HA-PELO and pCMV-Myc-CDK2AP1 (A-C), pCMV-HA-PELO and pCMV-Myc-

EIF3G (D-F), or pCMV-HA-PELO and pCMV-Myc-SRPX (G-I) expression constructs. The expression of 

fusion proteins was determined by staining with rabbit polyclonal anti-HA-tag (red signal, Cy3) and mouse 

monoclonal anti-c-myc (green signal, FITC) antibodies. Cells nuclei were counterstained with DAPI (blue) and 

analyzed under the fluorescence microscope. HA-PELO fusion protein (red) was localized exclusively in 

cytoplasm (A, D, G). Myc-CDK2AP1 fusion protein (green) was localized both in nucleus and in cytoplasm (B). 

Location of Myc-EIF3G and Myc-SRPX fusion proteins (green) was restricted to cytoplasm (E and H, 
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respectively). Merged images showed overlapping signals in cytoplasm of stained cells (yellow, C, F, and H). 

Negative control (untransfected cells incubated with primary and secondary antibodies) proved specificity of our 

immunostaining (J-L). A-I, 60-fold magnification; J-L, 20-fold magnification. 

 

As shown in Figure 41 A, D, G, in all cotransfected cells, HA-PELO fusion protein (red 

signal) was localized exclusively in cytoplasm. Figure 41B showed that in cells cotransfected 

with pCMV-Myc-CDK2AP1 and pCMV-HA-PELO expression constructs (Fig. 40A and 39, 

respectively), Myc-CDK2AP1 fusion protein (green signal) was localized in nucleus as well 

as in cytoplasm. Although the pattern of both fusion proteins did not overlap completely, a 

coincided localization was observed in cytoplasm of stained cells (yellow signal, Fig. 41C). In 

contrast, in cells cotransfected with pCMV-Myc-EIF3G and pCMV-HA-PELO expression 

constructs (Fig. 40B and 39, respectively), Myc-EIF3G fusion protein (green signal, Fig. 41E) 

was localized exclusively in cytoplasm and its distribution entirely overlapped with HA-

PELO fusion protein (yellow signal, Fig. 41F). A similar staining pattern was observed in 

cells cotransfected with pCMV-Myc-SRPX and pCMV-HA-PELO expression constructs (Fig. 

40C and 39, respectively). Myc-SRPX fusion protein was localized exclusively in cytoplasm 

and distribution of both fusion proteins overlapped completely (yellow signal, Fig. 41I). 

Specificity of obtained coimmunostaining was proved by negative control. As shown in 

Figure 41J-L, no positive signal was obtained in control staining untransfected cells incubated 

with anti-c-myc and anti-HA-tag primary antibodies and Cy3-conjugated anti-rabbit (Fig. 41J) 

and FITC conjugated anti-mouse IgG (Fig. 41K) secondary antibodies. Blue colour at 

overlapped picture (Fig. 41L) represented the DAPI staining of the nuclei. 

In conclusion, our results confirmed subcellular colocalization between PELO and: 

CDK2AP1, EIF3G, and SRPX (Fig. 41) suggested that PELO may form functional complexes 

with these proteins in cytoplasm. 

 

3.3.2. Coimmunoprecipitation of PELO protein with putative interaction partners  

 

The coimmunoprecipitation assay was performed to answer the question whether in vitro 

protein-protein interactions would support the interactions found between PELO and 

candidate proteins by the yeast two-hybrid screening (Ebermann, 2005). For this experiment 

HeLa cells were cultured into 6-well or 100 mm plates and transiently cotransfected (2.2.15.4) 

with appropriate pair of expression constructs: pCMV-HA-PELO and pCMV-Myc-
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CDK2AP1, pCMV-HA-PELO and pCMV-Myc-EIF3G, or pCMV-HA-PELO and pCMV-

Myc-SRPX (3.3.1.1 and 3.3.1.2). HeLa cells support with empty pCMV-HA and pCMV-Myc 

expression vectors were used as a negative control. Forty-eight hrs after cotransfection, total 

cell proteins were isolated (2.2.12.2) and subjected to coimmunoprecipitation studies 

(2.2.14.2). Coimmunoprecipitates were prepared by incubating the lysates either with rabbit 

polyclonal anti-HA-tag (10 μl) or with mouse monoclonal anti-c-myc (10 μl) antibodies and 

protein-A/G or protein-G beads, respectively. After several washing steps, finally 

immunoprecipitated fusion proteins were eluated, separated by SDS-PAGE (2.2.12.4), transferred 

to a nitrocellulose membrane Hybond-C (2.2.12.5), and immunoblotted with appropriate 

antibodies (dilution 1:200, Fig. 42 and 43). Myc-CDK2AP1, Myc-EIF3G and Myc-SRPX 

fusion proteins were detected with mouse monoclonal anti-c-myc antibodies (dilution 1:200, 

Fig. 42), whereas HA-PELO fusion protein was probed with rabbit polyclonal anti-HA-tag 

antibodies (dilution 1:200, Fig. 43). Secondary antibodies were goat anti-mouse or goat anti-

rabbit IgG conjugated with horseradish peroxidase, respectively. Immunoreactive 

polypeptides were then visualized by the SuperSignal® West Pico Chemiluminescent 

Substrate as previously described 2.2.12.7.  
 

 

Fig. 42. Coimmunoprecipitation of PELO protein with putative interaction partners. HeLa cells were 

cotransfected with pCMV-HA-PELO and pCMV-Myc-CDK2AP1, pCMV-HA-PELO and pCMV-Myc-EIF3G 

or CMV-HA-PELO and CMV-Myc-SRPX expression constructs. Fusion proteins were coimmunoprecipitated 

using anti-HA-tag antibodies and visualized by Western blot analysis using anti-c-myc antibodies. In the left 

panel, an approximately 14 kDa Myc-CDK2AP1 fusion protein was detected by immunoblotting in the whole 

cell lysate and in the precipitation pellet (IP). In second panel, an approximately 38 kDa Myc-EIF3G fusion 

protein was detected by Western blot analysis both in cell lysate and in the precipitation pellet (IP). In third 

panel, an approximately 24 kDa Myc-SRPX fusion protein was visualized in the whole cell lysate as well as in 

the precipitation pellet (IP). Control panel shows a control experiment with cotransfection of pCMV-HA and 
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pCMV-Myc vectors. The whole cell lysate was incubated with dynabeads without cross-linking with antibodies, 

demonstrating that HA-tag and c-myc epitopes do not bind unspecific to the dynabeads. Lysate- the cell lysate 

before immunoprecipitation. 

 

As shown in Figure 42, from total proteins of HeLa cells cotransfected with pCMV-HA-

PELO and pCMV-Myc-CDK2AP1 expression constructs, a 14 kDa Myc-CDK2AP1 fusion 

protein was coimmunoprecipitated together with HA-PELO using anti-HA-tag antibodies. 

The protein was visualized in Western blot using anti-c-myc antibodies. Similarly, from total 

proteins of HeLa cells cotransfected with pCMV-HA-PELO and pCMV-Myc-EIF3G or 

pCMV-HA-PELO and pCMV-SRPX expression constructs, the 38 kDa Myc-EIF3G or 24 kDa 

Myc-SRPX fusion proteins were coimmunoprecipitated together with HA-PELO using anti-

HA-tag antibodies and visualized by immunobloting with anti-c-myc antibodies (Fig. 42). 

For reverse coimmunoprecipitation HeLa cells were cotransfecred with pCMV-HA-PELO 

and pCMV-CDK2AP1, pCMV-HA-PELO and pCMV-Myc-EIF3G or pCMV-HA-PELO and 

pCMV-SRPX expression constructs. A 44 kDa HA-PELO fusion protein was 

coimmunoprecipitated together with Myc-CDK2AP1, Myc-EIF3G or Myc-SRPX fusion 

proteins using anti-c-myc antibodies. Protein was visualized in Western blot using anti-HA-

tag antibodies (Fig. 43). No specific proteins were recognized in all precipitations of control 

(Fig. 42 and 43). 

In conclusion, coimmunoprecipitation assays confirmed interactions between PELO and: 

CDK2AP1, EIF3G and SRPX.  
 

 
Fig. 43. Coimmunoprecipitation of PELO protein with putative interaction partners. HeLa cells were 

cotransfected with appropriate pair of expression constructs: pCMV-HA-PELO and pCMV-Myc-CDK2AP1, 
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pCMV-HA-PELO and pCMV-Myc-EIF3G, or pCMV-HA-PELO and pCMV-Myc-SRPX. An approximately 44 

kDa HA-PELO fusion protein was coimmunoprecipitated using anti-c-myc antibodies and visualized by Western 

blot analysis using anti-HA-tag antibodies (panels I-III). Control panel shows a control experiment with 

cotransfection of pCMV-HA and pCMV-Myc vectors. The whole cell lysate was incubated with dynabeads 

without cross-linking with antibodies, demonstrating that HA-tag and c-myc epitopes do not bind unspecific to 

the dynabeads. Lysate, the cell lysate before immunoprecipitation.  

 

3.3.3. Mapping of PELO interaction domains  

 

PELO protein contains three eEF1α-like domains: eEF1_1 (1-131 aa), eEF1_2 (136-268 aa) 

and eEF1_3 (271-371 aa), and a putative leucine zipper motif which is located at the C-

terminus (Fig. 44). To determine the regions of PELO protein involved in binding to 

CDK2AP1, EIF3G and SRPX proteins, several Glutathione S-transferase-PELO (GST-PELO) 

deletion constructs (Fig. 45) were generated and fusion proteins were overexpressed in E. 

coli. GST-PELO truncated fusion proteins were isolated and tested for ability to bind to the 

interaction partners of PELO in the GST Pull-down assay. 
 

 

 
Fig. 44. Schematic representation of PELO protein structure. PELO protein contains three eEF1α-like domains, 

nuclear localization signal (NLS) and leucine zipper (LZ) motif. NLS is located at residues 168-172 and LZ 

motif is located at the C-terminus of PELO protein. 

  

3.3.3.4.Construction of GST-PELOΔeEF1_1 and GST-PELOΔeEF1_3 expression constructs  

 

To generate GST-PELOΔeEF1_1 expressing construct (Fig. 45B), fragment encoding 

PELOΔeEF1_1 (136-385 aa) was amplified from human PELO cDNA using Pelo_pET_F2 

and Pelo_pET_R primers. These primers contained EcoRI or XhoI restriction site at the 5'-

ends, respectively. A 0.75-kb PCR product was further cloned into the pGEM-T Easy vector 

and sequenced. Then, clone containing correct insert sequence was digested with EcoRI and 

XhoI restriction enzymes and 0.75-kb EcoRI/XhoI fragment was inserted in frame into pET-

41a (+) expression vector.  

To construct GST-PELOΔeEF1_3 expression plasmid (Fig. 45D), cDNA fragment encoding 

PELOΔeEF1_3 (1-268 aa) was amplified from human PELO cDNA using primers 
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Pelo_pET_F and Pelo_pET_R2. A 0.8-kb PCR fragment containing EcoRI and XhoI 

restriction sites was subcloned into pGEM-T Easy vector and sequenced. Subsequently, the 

0.8-kb EcoRI/XhoI fragment was isolated and cloned in frame into pET-41a (+) expression 

vector.  

Both generated constructs (GST-PELOΔeEF1_1 and GST-PELOΔeEF1_3) were sequenced 

by enzymatic cycle sequencing to confirm the identity, the orientation and frame of the 

inserts. 

 

 
 

Fig. 45. Schematic representation of the constructs used for the expression of the recombinant GST-PELO fusion 

protein. GST-PELO (A) and GST-Ø (B) constructs were generously provided by L. Ebermann (Ebermann 2005). 

GST-PELOΔLZ (C) construct was kindly provided by N. Kirchenmayer (Kirchenmayer 2007). GST-

PELOΔeEF1_1 (B) and GST-PELOΔeEF1_3 (D) constructs were generated by amplification of defined cDNA 

fragments and cloning them in the EcoRI/XhoI sites of the pET41a(+) expression vector. GST, Glutathione S-

transferase; eEF1_1, eEF1α-like domain 1st, eEF1_2, eEF1α-like domain 2nd; eEF1_3, eEF1α-like domain 3rd; 

LZ, leucine zipper motif. 

 

3.3.3.5. Generation and purification of GST-PELOΔeEF1_1 and GST-PELOΔeEF1_3 fusion  

proteins 

 

GST-PELOΔeEF1_1 and GST-PELOΔeEF1_3 fusion constructs (Fig. 45B and D) were 

separately transformed (2.2.6) into competent cells BL21 and the protein expression was 

induced by addition of IPTG (2.2.13.1). Subsequently, recombinant GST-fusion proteins were 

purified from bacterial cell extract using the GST-binding kit (2.2.13.2). The expected 63 kDa 

GST-PELOΔeEF1_1 and 67 kDa GST-PELOΔeEF1_3 fusion proteins were electrophoresed 
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on SDS-PAGE gel (2.2.12.4) and visualized by Coomassie blue staining (2.2.12.6, Fig. 46). 

Purified GST-PELO fusion proteins were used for GST Pull-down assay.  
 

 
Fig. 46. SDS- PAGE gel analysis of GST-PELOΔeEF1_1 and GST-PELOΔeEF1_3 fusion proteins purified 

using GST-binding kit. 1, total cell proteins from an induced GST-PELOΔeEF1_1 sample; 2, purified GST-

PELOΔeEF1_1 protein; 3, total cell proteins from an induced GST-PELOΔeEF1_3 sample; 4, purified GST-

PELOΔeEF1_3 protein; GST, Glutathione S-transferase. 

 

3.3.3.6. GST Pull-down assay 

 

To determine which domain of PELO protein (Fig. 44) is responsible for binding to 

CDK2AP1, EIF3G and SRPX proteins, GST-PELO truncated fusion proteins (Fig. 45 and 46) 

were tested for ability to bind to the Myc-CDK2AP1, Myc-EIF3G and Myc-SRPX fusion 

proteins (Fig. 39) in the GST Pull-down assay. In all experiments purified GST protein was 

used as a negative control and purified GST-PELO fusion protein (containing full-length 

PELO) - as a positive control. Myc-CDK2AP1, Myc-EIF3G and Myc-SRPX fusion proteins 

were isolated (2.2.12.2) from HeLa cells transiently transfected (2.2.15.4) with pCMV-Myc-

CDK2AP1, pCMV-Myc-EIF3G or pCMV-Myc-SRPX expression constructs, respectively 

(2.2.15.4; Fig. 39). The in vitro GST Pull-down assay was performed as described previously 

(2.2.14.1). Briefly, purified GST, GST-PELO, GST-PELOΔLZ, GST-PELOΔeEF1_1 or GST-

PELOΔeEF1_3 fusion proteins were immobilized onto glutathione resin. Subsequently, these 

resin-bound GST or GST-fusion proteins were incubated with cellular lysate from HeLa cells 

transiently transfected with CMV-Myc-CDK2AP1, CMV-Myc-EIF3G or CMV-Myc-SRPX 
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constructs. After GST Pull-down, proteins remaining on the beads were resuspended with 

SDS sample buffer, separated by SDS-PAGE (2.2.12.4) and analyzed by Western blotting 

(2.2.12.5) using anti-c-myc  primary antibodies (dilution 1:200) and goat anti-mouse IgG 

conjugated with horseradish peroxidase secondary antibodies. Immunoreactive polypeptides 

were then visualized by the SuperSignal® West Pico Chemiluminescent Substrate as 

previously described 2.2.12.7 (Fig. 47). 

As shown in Fig. 47, GST-PELO, GST-PELOΔLZ and GST-PELOΔeEF1_1 recombinant 

proteins exhibited strong binding to 14 kDa Myc-CDK2AP1, 38 kDa Myc-EIF3G and 24 kDa 

Myc-SRPX fusion proteins, whereas GST-PELOΔeEF1_3 truncated fusion protein showed no 

interaction with above mentioned proteins. Therefore, we believe that the third eEF1α-like 

domain of PELO protein (eEF1_3; 271-371 aa) is responsible for the interaction with partner 

proteins. In the negative control of GST Pull-down assay, the GST protein was not bound to 

Myc-CDK2AP1, Myc-EIF3G or Myc-SRPX fusion proteins. This control confirmed 

specificity of GST-PELO Pull-down assay. 

In conclusion, GST PELO Pull-down assay further confirmed interactions between PELO 

and: CDK2AP1, EIF3G and SRPX proteins, and also demonstrated that all three interaction 

partners bind to the same region of PELO protein (Fig. 47).  
 

 

 

A 
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Fig. 47. GST Pull-down assay to determine the region of PELO protein involved in binding to CDK2AP1, 

EIF3G and SRPX proteins. GST-Ø, full-length and truncated GST-PELO fusion proteins (Fig. 45) coupled to 

glutathione–agarose beads were separately incubated with cellular lysate from HeLa cells transiently transfected 

with CMV-Myc-CDK2AP1 (A), CMV-Myc-EIF3G (B) or CMV-Myc-SRPX (C) constructs. After incubation 

and several washing steps, the bound complexes were analyzed by SDS-PAGE and Western blotting using anti-

c-myc antibodies. 14 kDa Myc-CDK2AP1 (A), 38 kDa Myc-EIF3G (B) and 24 kDa Myc-SRPX (C) fusion 

proteins were coprecipitated with GST-PELO, GST-PELOΔLZ and GST-PELOΔeEF1_1 recombinant proteins 

but they were not coprecipitated with GST- PELOΔeEF1_3 truncated fusion protein and with negative control 

(A-C). GST-Ø, negative control (only GST protein), GST-PELO, fusion protein containing full-length of PELO; 

GST-PELOΔLZ; truncated fusion proteins with deleted LZ motif; GST-PELOΔeEF1_1, truncated fusion 

proteins with deleted first eEF1α-like domain; GST-PELOΔeEF1_3, truncated fusion proteins with deleted last 

eEF1α-like domain; LZ, leucine zipper motif. Lisate, the cell lisate before GST Pull-down. 

 

3.3.4. Direct visualization of PELO protein interactions using Bimolecular 

Fluorescence Complementation (BiFC) assay 

 

To further support the specificity of the interactions between PELO and: CDK2AP1, EIF3G 

or SRPX and to determine the cellular localization of the interacting proteins, bimolecular 

fluorescence complementation (BiFC) assay was performed. BiFC assay has been developed 

for the simple and direct visualization of protein interactions in living cells (Hu et al. 2002). It 

is based on the principle of protein fragment complementation, in which an enhanced green 

fluorescent protein (EGFP) is divided into two parts. Each fragment itself is not fluorescent. 

These two fragments are fused with putative interaction partners and when the two partners 

interact, the two non-fluorescent fragments are brought into proximity and an intact 

fluorescent protein is reconstituted (Fig. 48). Hence, the reconstituted fluorescent signals 

reflect the interaction of two fused proteins under study. This method enables visualization of 

the subcellular locations of specific protein interactions in the normal cellular environment. 

C 
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Fig. 48. Schematic representation of the principle of the BiFC assay. Two nonfluorescent fragments (EGFP1-157 aa 

and EGFP158-239 aa) of the Enhanced Green Fluorescent Protein (EGFP) are fused to putative interaction partners 

(A and B). The association of the interaction partners allows formation of a bimolecular fluorescent complex. 

 

3.3.4.1. Generation of  EGFP expression constructs used for BiFC assay 

 

Vectors (FPCA-V1 and FPCA-V2)  used for construction of BiFC constructs were generated 

and kindly provided by Prof. Dr. S. Hoyer-Fender (Department of Developmental Biology 

GZMB, University of Göttingen, Göttingen) and they contain fragments of EGFP molecule 

which was split between amino acid 157 and 158. 

Vector FPCA-V1 (CMV-EGFP-V1) was generated on backbone of pEGFP-N1 vector. It 

contains the sequence encoding COOH -terminal fragment of enhanced green fluorescent 

protein (EGFP 158-239 aa) which was placed downstream of the multiple cloning site (MCS) 

(Fig. 49A).  

Vector FPCA-V2 (CMV-EGFP-V2) was generated on backbone of pQM-Ntag/B vector and it 

contains sequence encoding the NH2-terminal fragment of enhanced green fluorescent protein 

(EGFP 1-157 aa). This fragment of EGFP was introduced upstream of the multiple cloning 

site (MCS) (Fig. 49B).  

In both vectors, spacers were inserted between the MCS and the EGFP fragments to ensure 

that the orientation and arrangement of the fusions in space are optimal to bring the GFP 

fragments into close proximity.  
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Fig. 49. Structure of FPCA-V1 (A) and FPCA-V2 (B) vectors used for generation of BiFC constructs. They 

contain fragment of EGFP molecule which was split between amino acid 157 and 158. ATG,  translation 

initiation codon; CMV; CMV promoter; EGFP, enhanced green fluorescent protein; MCS, a multiple cloning 

site; STOP, translation termination codon. 

 

To generate CMV-PELO-EGFP-V1 construct (Fig. 50A), human PELO cDNA was amplified 

(2.2.14.3) from human testis RNA using specific primers HPELO_LVF2 and HPELO_LVR2. 

A 1.1-kb PELO ORF fragment containing ATG codon and XhoI and BamHI restriction sites 

was subcloned into pGEM-T Easy vector and sequenced. Subsequently, the 1.1-kb 

XhoI/BamHI fragment was isolated and cloned in frame into the CMV-EGFP-V1 vector (Fig. 

49A). Nucleotide sequence of generated CMV-PELO-EGFP-V1 construct (Fig. 50A) was 

confirmed by sequencing. 

To generate CMV-EGFP-CDK2AP1-V2, CMV-EGFP-EIF3G-V2 and CMV-EGFP-SRPX-

V2 constructs (Fig. 50B, C, D; respectively) primer pairs: CDK2AP1_LF/CDK2AP1_LR, 

EIF3G_LF/EIF3G_LV or SRPX_LR/SRPX_LR were used. The amplified cDNA fragments 

containing coding sequence of CDK2AP1 (full-length, 1-115 aa), EIF3G (full-length,1-320 

aa) or SRPX (265-464 aa) and STOP codon were subcloned into pGEM-T Easy vector, 

sequenced, cut out with HindIII and BglII restriction enzymes and then inserted in frame into  

CMV-EGFP-V2 vector (Fig. 49B). Nucleotide sequences of generated CMV-EGFP-

CDK2AP1-V2, CMV-EGFP-EIF3G-V2 and CMV-EGFP-SRPX-V2 constructs (Fig. 50B, C, 

D; respectively) were confirmed by sequencing. 

A 
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Fig. 50. Schematic representation of CMV-PELO-EGFP-V1 (A), CMV-EGFP-CDK2AP1-V2 (B), CMV- 

EGFP-EIF3G-V2 (C) and CMV-EGFP-SRPX-V2 (D) constructs used for BiFC assay. The cDNA sequence 

containing the ORF of human PELO without STOP codon was cloned in frame into the CMV-EGFP-V1 vector 

(A). The amplified cDNA fragments containing the ORF of CDK2AP1 (full-length, 1-115 aa, Fig. 50B), EIF3G 

(full-length, 1-320, Fig. 50C) or SRPX (part, 264-464 aa, Fig. 50D) without ATG codon were subcloned in 

frame into CMV-EGFP-V2 vector. Fusion proteins were expressed under the control of human cytomegalovirus 

promoter (CMV). ATG, translation initiation codon; EGFP, enhanced green fluorescent protein; ORF, open 

reading frame; STOP, translation termination codon. 

 

3.3.4.2. Determination of subcellular localization of PELO-CDK2AP1, PELO-EIF3G and  

  PELO-SRPX interaction complexes using BiFC assay  

 

To determine cellular localization of the PELO-CDK2AP1, PELO-EIF3G or PELO-SRPX 

protein complexes in normal cellular environment, BiFC assay was performed. Human HeLa 

cells were cultured onto coverslips (2.2.15) and transiently cotransfected (2.2.15.4) with: 

CMV-PELO-EGFP-V1 and CMV-EGFP-CDK2AP1-V2, CMV-PELO-EGFP-V1 and CMV-

EGFP-EIF3G-V2 or CMV-PELO-EGFP-V1 and CMV-EGFP-SRPX-V2 BiFC expression 

constructs, respectively (Fig. 50). After 24 hrs incubation at 37°C, transfected cells were 

moved to 30°C and let for 2 hrs. Next, the formation of the green fluorescent complexes was 

examined using standard fluorescence microscopy (Fig. 51A-I). To prove that fluorescent-

protein fragments are not able to associate with each other efficiently in the absence of an 

interaction between the proteins that are fused to these fragments, negative control was 

performed. HeLa cells were transiently cotransfected with CMV-PELO-EGFP-V1 and CMV-

A 

B 

C 

D 
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EGFP-COPS5-V2 BiFC expression construct and 24 hrs later, they were incubated 2 hrs at 

30°C and observed under fluorescence microscope (Fig. 51J-L). COPS5 (COP9 constitutive 

photomorphogenic homolog subunit 5) is one of the eight subunits of COP9 signalosome, a 

highly conserved protein complex that functions as an important regulator in multiple 

signaling pathways (Bech-Otschir et al.; 2001; Tomoda et al., 2002). PELO is not involved in 

these pathways (Kirchenmayer, 2005). 
 

 
Fig 51. Determination of subcellular localization of PELO-CDK2AP1, PELO-EIF3G or PELO-SRPX interaction 

complexes using BiFC assay. HeLa cells were transiently cotransfected with: CMV-PELO-EGFP-V1 and CMV-

EGFP-CDK2AP1-V2 (A-C), CMV-PELO-EGFP-V1 and CMV-EGFP-EIF3G-V2 (D-F) or CMV-PELO-

EGFP-V1 and CMV-EGFP-SRPX-V2 (G-I) BiFC expression constructs. Twenty-four hours after transfection 
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cells nuclei were counterstained with DAPI (blue) and the green fluorescence emissions of the cells were 

analyzed under the fluorescence microscope. The images are representative of greater than 90% of the 

fluorescent cells in each population. The transiently cotransfected cells exhibited bright green fluorescence that 

was localized to cytoplasm and cytoskeleton (B, C, E, F, H, I). Negative control proved specificity of our BiFC 

assay (J-L). A-L, 60-fold magnification; EGFP, enhanced green fluorescent protein; negative control, HeLa cells 

transiently cotransfected with CMV-PELO-EGFP-V1 and CMV-EGFP-COPS5-V2 constructs. 

 

As shown in Figure 51 A-I, green fluorescence signal was localized at the cytoskeleton and 

cytoplasm of the HeLa cells transiently cotransfected with: CMV-PELO-EGFP-V1 and 

CMV-EGFP-CDK2AP1-V2, CMV-PELO-EGFP-V1 and CMV-EGFP-EIF3G-V2 or CMV-

PELO-EGFP-V1 and CMV-EGFP-SRPX-V2, respectively.  

Negative control (Fig. 51J-L) exhibited no detectable fluorescence. It confirmed that the 

observed positive green signal depends on the physical interaction between PELO and 

CDK2AP1, EIF3G or SRPX proteins. 

In conclusion, BiFC assay further proved the specificity of the interactions between PELO 

and: CDK2AP1, EIF3G or SRPX proteins, and also demonstrated that all three interaction 

partners form a protein complex with PELO in the cytoskeleton and maybe in the cytoplasm 

(Fig. 51). It should be noted that CDK2AP1, EIF3G and SRPX do not interact with each other 

(data not shown). 
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3.4. Mouse Eif3g gene 

 

3.4.1. Expression analysis of mouse Eif3g gene by RT-PCR 

 

In order to study the expression pattern of mouse Eif3g gene, RT-PCR analysis was 

performed with total RNA isolated  from different adult mouse tissues (brain, testis, colon, 

stomach, spleen, heart, kidney, muscle, ovary, lung, and liver), and  from embryos at  

different developmental stages (E9.5 to E15.5) (2.2.1.3). RT-PCR was performed using 

primers Eif3g-F1 and Eif3g-R1, which amplify 1-kb fragment of Eif3g gene. To exclude 

genomic contamination, our primers for RT-PCR were located in two different exons (exon 1 

and 11). The quality of the RNA was proved by amplification of a 250-bp fragment of HPRT 

transcript (Fig. 52A, B). 

RT-PCR analysis with total RNA and Eif3g-specific primers showed the presence of a 1-kb 

amplified fragment in all of the investigated tissues (Fig. 52A), and in all tested prenatal 

developmental stages (starting from E9.5 to E15.5) (Fig. 52B). These results suggest that the 

Eif3g transcript is expressed ubiquitously.  
 

 
 

 
 

Fig. 52. RT-PCR expression analysis of Eif3g in different tissues (A), and prenatal developmental stages (B). 

Eif3g-specific primers Eif3g-F1 and Eif3g-R1 were used to amplify a 1-kb fragment of Eif3g gene. Expression 

was detected in all of examined tissues and in all studied stages of embryos. RT-PCR for HPRT transcript was 

performed as positive control of RNA quality. Control: negative control (no-template probe). 

 

3.4.2. Targeted inactivation of mouse Eif3g gene 

 

One of the best ways to elucidate gene function is generation of a knock-out animal model. 

For this purpose, Eif3g knock-out construct was generated in this study. 

A 

B 
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3.4.2.1. Identification of a BAC clone containing Eif3g genomic DNA from mouse C57BL/6J  

 BAC library 

 

Screening of a 129/Sv genomic mouse library (129/ola mouse cosmid, 121, RZPD, Berlin) 

using probes localized in 5’ region (Eif3g_5 probe) and 3’ region (Eif3g_3 probe) of Eif3g 

gene did not identify any positive genomic clone. Therefore, we have decided to generate 

Eif3g knock-out construct using genomic clone from the C57BL/6J strain. The mouse genome 

was sequenced from C57BL/6J and BAC clones containing the gene of interest could be 

simply identified. Clone RPCIB731H22369Q from RPCI-23 mouse BAC library was 

identified (http://genome.ucsc.edu) and ordered from the Resource Center and Primary 

Database (RZPD, Berlin). 

To prove that ordered clone contains Eif3g genomic DNA, Southern blot analysis was 

performed. BAC clone was digested with ApaI restriction enzyme and blotted on Hybond-XL 

membrane. Then, the membrane was separately hybridized with 363-bp Eif3g_5 probe 

located in exon 1, and 586-bp Eif3g_3 probe located in exons 9 to 11 of Eif3g gene (Fig. 53). 

These probes were performed by PCR using the primers eIF3F1anew and eIF3R1anew for the 

Eif3g_5 probe and eIF3F2 and eIF3R2 for the Eif3g_3 probe, and genomic DNA from 

C57BL/6J mice as a template. Southern blot analysis and comparison of its results with 

known genomic structure revealed that clone RPCIB731H22369Q contains the EIF3G gene 

and can be used for generation of Eif3g knock-out construct (Fig. 53). 
 

  
 

Fig. 53. Southern blot analysis of clone RPCIB731H22369Q. BAC clone was digested with ApaI and hybridized 

with 363-bp Eif3g_5 probe located in exon 1 (A) and 586-bp Eif3g_3 probe located in exons 9 to 11 (B). 

Southern blot hybridization confirmed that BAC clone is positive.1, BAC clone; 2, BAC clone diluted 1:10. 
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3.4.2.2. Construction of the Eif3g knock-out construct 

 

In order to generate the Eif3g targeting construct, a 2.4-kb NotI/BamHI fragment containing a 

sequence of exons 1 to 5 was deleted and replaced by Neomycin phosphotransferase gene 

cassette (neor) under the control of the Phosphoglycerate kinase (Pgk) promoter (Fig. 54). 

Deletion of exon 1, which contains the translation initiation site ATG, is predicted to generate 

a null allele. Introduction of a negative selection marker, the Herpes simplex virus thymidine 

kinase (Tk) gene, at the 3’ end of the construct (Fig. 54) enabled us to use negative selection 

(Mansour et al., 1998) for the proper homologous recombination event. 
 

 
 

Fig. 54. Schematic representation of the targeting strategy. The structures of the wild type allele, targeting 

vector, and recombinant allele are shown together with the relevant restriction sites. The construct contains 5.5-

kb of the 5’and 3-kb of the 3’ region of Eif3g gene. A pgk-neo selection cassette (NEO) replaced a 2.4-kb 

NotI/BamHI fragment containing exons 1 to 5. The 5’ and 3’ probes (S1 and S2, respectively) used to identify 

positive clones in colony hybridization are shown. Strategy to subclone the 5’and 3’ flanking regions of the 

Eif3g gene in the pPNTvector (clones KI to KIII) is also shown.  Modified multicloning site of pPNT vector is 

marked by red line. Abbreviations: TK, Thymidine kinase cassette; 1-11, exons 1-11; S1, Eif3_5 probe; S2, 

Eif3_3 probe; A, ApaI; B, BamHI; E, EcoRI; K, KpnI;  N, NotI; S, SalI; X, XhoI. 
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3.4.2.2.1. Modification of the cloning site of the pPNT vector 

 

To introduce (in a proper 5’-3’ orientation) a 5.5-kb XhoI/NotI fragment of clone KI (Fig. 54) 

into the pPNT vector (Tybulewicz et al., 1991), a oligonucleotide adaptor (red line in Fig. 54, 

and Fig. 55) containing sequence of NotI*-XhoI-SalI-NotI-XhoI* restriction sites was 

generated. In this adaptor at 5’ and 3’ end were located modified NotI* and XhoI* restriction 

sites, respectively. Sequence of NotI site was modified by changing the last guanine and 

cytosine to two adenines, whereas XhoI site was modified by replacement last cytosine by 

adenine (Fig. 55). After ligation with NotI/XhoI digested pPNT vector, these two altered by 

nucleotide substitutions sites were not longer recognized by restriction enzymes (Fig. 55). 

Modified pPNT vector (pPNT*) was purified and used to generate of the Eif3g knock-out 

construct. 
 

 
Fig. 55. Modification of the pPNT vector. To introduce (in a proper 5’-3’ orientation) a 5.5-kb XhoI/NotI 

fragment of clone KI (Fig. 54) into the pPNT vector, a oligonucleotide adaptor containing the sequence of NotI*-

XhoI-SalI-NotI-XhoI* restriction sites was generated, annealed and ligated with NotI/XhoI digested pPNT vector. 

Orginal NotI and XhoI restriction sites located in pPNT vector were inactivated by nucleotide substitutions. *, 

modification. A, Adenine; C, Cytosine; G, Guanine, T, Thymine, TK; Thymidine kinase cassette, NEO, Pgk-neo 

selection cassette. 

 

3.4.2.2.2. Subcloning of the 3’ wing of the Eif3g knock-out construct into the modified pPNT  

    vector 

 

BAC clone (RPCIB731H22369Q) was digested with BamHI restriction enzyme and 

restriction fragments were cloned into pZERO-2/BamHI vector. Then, using the 586-bp 

Eif3g_3 probe (Fig. 54) a clone containing 4.2-kb BamHI fragment (clone KII) was identified 

by colony hybridization. This 4.2-kb fragment contained exons 6 to 11 of the Eif3g gene. The 
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correct orientation of clone KII was confirmed by restriction digestion with KpnI enzyme. As 

expected for clone in a proper 5’-3’ orientation 4.5-kb and 3-kb fragments were obtained (data 

not shown). Then, a 3-kb BamHI/KpnI fragment was isolated from clone KII, purified from 

the agarose gel and cloned into BamHI/KpnI site of pPNT targeting vector (clone KIII; Fig. 

54). 

 

3.4.2.2.3. Subcloning of the 5’ wing of the Eif3g knock-out construct into the modified pPNT  

    vector 

 

BAC clone (RPCIB731H22369Q) was digested with ApaI restriction enzyme and restriction 

fragments were inserted into pZERO-2/ApaI vector. Then, using the 363-bp Eif3g_5 probe 

(Fig. 54) a clone containing 5.7-kb ApaI fragment (clone KI) was identified by colony 

hybridization. This 5.7-kb fragment contained the 5’-flanking region with exon 1 of the Eif3g 

gene (Fig. 54). Restriction analysis with NotI enzyme confirmed correct orientation of clone 

KI. As expected for clone in a proper 5’-3’ orientation 5.5-kb and 3.5-kb fragments were 

obtained (data not shown). The DNA of clone KI was further digested with XhoI/NotI 

enzymes and the 5.5-kb XhoI/NotI fragment was purified from the agarose gel and ligated 

with the XhoI/NotI digested clone KIII (Fig. 54). The resulting targeting construct (Eif3g-

Neo-Tk) was subjected to multiple restriction analysis in order to confirm right orientation of 

both 5’ and 3’ wings (Fig. 56). Then, the construct was linearized at the unique XhoI site 

present at the 5´multiple cloning site and will be used for transfection of ES cells (2.2.16.1). 

 
Fig. 56. Restriction analysis of the targeted vector Eif3g-Neo-Tk with EcoRI (A), XhoI/NotI (B) and 

BamHI/KpnI (C) restriction enzymes to confirm the correct orientation of the 5’and 3’ fragments of the Eif3g 

B A C 
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gene in pPNT vector. For the restriction enzymes sites location, please refer to Figure 52. (A) As expected by 

EcoRI digestion 6.7-kb, 5.1-kb, 3.7-kb and 0.3-kb fragments were obtained. (B) A correct site of 5’ wing was 

confirmed by XhoI/NotI digestion. As expected two fragments 10.4-kb and 5.4-kb were obtained. (C) A correct 

site of 3’ wing was verified by BamHI/KpnI digestion. As expected two fragments 12.8-kb and 3-kb were 

obtained. 
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4. DISCUSSION 

 

4.1. Expression and functional analysis of Insl5 gene 

 

Insulin-like peptide 5 (INSL5), a member of insulin superfamily, was first identified through a 

search of the expressed sequence tags (EST) databases for novel insulin-like sequences 

(Conklin et al., 1999; Hsu, 1999). The prepro-INSL5, a polypeptide of 135 amino acids, is 

characterized by a signal peptide, a B-chain, an A-chain, and a connecting C-peptide, which is 

the signature motif of insulin-like molecules (Conklin et al. 1999). The amino acid sequence 

of mature INSL5 peptide, which consists of the A- and the B-chain, is conserved between 

human and mouse. The human INSL5 has 71% identity to mouse INSL5, 40% identity to 

human relaxin, 34% identity to human insulin-like 3 peptide, 30% to insulin, 29% to INSL6, 

29% to IGF-2, 28% to IGF-1, and 22% to INSL4 (Conklin et al., 1999, Wilkinson et al., 

2005). The 66-amino-acid C-peptide of human INSL5 has no detectable sequence similarity 

to the C-peptide of other insulin family members, but has 48% identity to the 67-amino-acid 

C-peptide of mouse INSL5.  

In human genome, some genes of insulin superfamily are closely linked. INSL6, INSL4, 

relaxin-1 (RLN1) and relaxin-2 (RLN2) are mapped to chromosome 9p23-24.3, while INSL3 

and relaxin-3 are localized on chromosome 19p12-13.2, and insulin and IGF-2 on 

chromosome 11p15.5. In contrast, INSL5 and IGF-1 are localized alone on chromosomes 

1p22.3 and 12q22, respectively. 

 

4.1.1. Expression analysis of mouse Insl5 gene  

 

Existing reports from several groups on the expression of Insl5 are somewhat controversial. 

By Northern blot analysis human INSL5 transcripts were detected in rectum, colon and testis 

(Conklin et al., 1999). Mouse Insl5 gene was found to be expressed in colon, kidney, brain, 

and testis (Conklin et al., 1999; Hsu, 1999). Northern blot analysis in our group revealed that 

the expression of Insl5 is restricted to rectum. No transcript could be detected in thymus, brain 

and kidney (Shirneshan, 2005). Using RT-PCR, mouse Insl5 was amplified from a wide 

variety of fetal and adult tissues (Fig.4). Taken together, these results suggested that Insl5 is 

predominantly expressed in rectum, colon, kidney, brain and testis. However, in other tissues, 

Insl5 transcript is also present, but at a very low level, which is beyond the threshold level of 
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Northern blot detection. Our RT-PCR analysis revealed that the expression of Insl5 during 

prenatal development starts at embryonic day 11.5 and continues to later stages of 

embryogenesis (Fig. 4C). No expression of Insl5 could be detected in early stages as well as 

in embryonic stem cells (ES). These results suggest that the expression of Insl5 may be 

involved in organogenesis. To determine the expression pattern of Insl5 during testis 

development and in testes of different mutant mice with spermatogenesis arrested at different 

stages (Lyon and Hawkes, 1970; Bennett et al., 1971; Moutier, 1976; Zimmermann et al., 

1999; de Rooij and Boer, 2003), the RT-PCR assay was performed. The results of this study 

revealed that Insl5 is expressed in germ cells as well as in somatic cells of the testis 

(Shirneshan, 2005) and suggested its potential role in reproductive physiology.  

The cellular localization of INSL5 protein has been only determined in kidney and brain (Hsu, 

1999; Liu et al., 2005a,b; Dun et al., 2006). By immunohistochemical analysis, INSL5 protein 

was exclusively detected in the specific cells of loop of Henle, suggested that INSL5 could 

have a regulatory role in the kidney (Hsu, 1999). The immunohistochemical detection of 

INSL5-immunoreactive neurons in the paraventricular, supraoptic, accessory secretory and 

supraoptic retrochiasmatic nuclei as well as in the hypothalamus suggested an additional 

neuroendocrine function for INSL5 in the mouse (Liu et al., 2005a,b; Dun et al., 2006). Using 

an other polyclonal anti-INSL5 antibody, we have detected the expression of INSL5 in the 

anterior hypothalamus (Fig. 8). 

In conclusion, expression pattern of Insl5 suggests a non-reproductive and reproductive role 

of this gene in mice (Bathagate et al., 2006a,b; Haugaard-Jönsoon et al., 2009). 

 

4.1.2. Functional characterization of Insl5 gene  

 

4.1.2.1. Generation of Insl5-deficient mice 

 

The rapid advance of molecular techniques as well as the availability of the expressed 

sequence tag (EST) and completing of the genome databases facilitated the identification of 

five novel genes : Insl3 (Adham et al., 1993); Insl4 (Chassin et al., 1995); Insl5 (Conklin et 

al., 1999; Hsu, 1999); Insl6 (Hsu, 1999; Lok et al., 2000) and Insl7/Rln3 (Bathgate et al., 

2002a) belonging to the insulin superfamily (Bathgate et al., 2006a,b). However, there is still 

very little information regarding functions of proteins encoded by these genes (Bathgate et al., 

2002a,b, 2006a,b). Mutations in some members of the insulin superfamily revealed that these 
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peptides are involved in reproduction functions (Zhao et al., 2000; Adham et al,. 2000; 

Kappeler et al. 2008). For example, relaxin-deficient mice exhibit abnormalities in nipple 

development and the parturition process (Zhao et al., 1999). Mice with deficiency of INSL3 

show bilateral cryptorchidism due to defects in the development of the gubernaculum 

(Zimmermann et al., 1999; Nef and Parada,1999; review in Hughes and Acerini, 2008). 

Conditional knock-out of insulin-like growth factor 1 receptor (Igf1r) affected female fertility 

in mice (Kappeler et al. 2008). Therefore, to understand the biological function of Insl5 gene 

in mice, we have disrupted the gene by homologous recombination and generated Insl5-

deficient mice on two different genetic backgrounds, namely on a C57Bl/6J x 129/Sv hybrid 

background and on a 129/Sv inbred genetic background (Shirneshan, 2005; this work).  

Mice heterozygous for the Insl5 mutant allele developed to adulthood, were fertile, and 

appeared phenotypically normal. The resulting progeny from heterozygous intercrosses 

displayed a normal Mendelian ratio of the three genotypes (section 3.1.3.1) indicating that 

Insl5 is not essential for embryonic development. Northern blot analysis with total RNA 

isolated from adult rectum demonstrated that Insl5 is not expressed in rectum of Insl5-/- mice 

(Shirneshan, 2005 and data not shown). This result supported the notion that engineered 

disruption of the Insl5 had generated a null mutation. Insl5-deficient mice were viable and did 

not exhibit obvious abnormalities, although Insl5 expression has been detected at low level in 

almost all tissues of wild type mice (Fig. 4A). 

 

4.1.2.2. Insl5-deficient mice display an alternation in nociceptive behaviors on a hybrid  

background 

 

The most interesting differences between wild type and Insl5-/- mice generated on a C57Bl/6J 

x 129/Sv hybrid genetic background were observed in behavior, most notably in nociceptive 

behaviors. Alterations in nociceptive behaviors were significant in the hot plate test and in the 

Hargreaves test, but not in tail flick test. One of the major differences between these tests is 

the level of information processing (Franklin and Abbott, 1989). The nociceptive response on 

the hot plate and on the Hargreaves tests has a spinal and a supraspinal part. The central 

pathway for processing nociceptive information starts at the level of the spinal cord. Afferents 

activate the dorsal horn neurons located in the superficial spinal lamina, which project in the 

contralateral ventrolateral tracts to supraspinal sites and activate neurons in the medulla, 

mesencephalon and thalamus (Willis and Westlund, 1997). The response on the tail flick test 



DISCUSSION   

 137

is a spinal reflex (Franklin and Abbott, 1989). Our results suggested that the INSL5-

deficiency impairs neuronal pathways involved in the central mediation of pain or in 

maintenance of the balance of spinal excitatory and inhibitory processes. These findings are 

supported by expression analysis of INSL5 in central nervous system. INSL5 showed a 

particular dense expression in brain areas concerned with the central mediation of 

antinociception such as anterior hypothalamus/preoptic area (Liu et al., 2005a,b; Holden et 

al., 2005; Mobarakeh et al., 2005; Dun et al., 2006), the ventral nuclei of the periaqueductal 

gray (Sandkühler, 1996; Ossipov et al., 2000), and the pontine Kölliker-Fuss neucleus (Hodge 

et al., 1986; Jones, 1991; Nag and Mokha, 2004). The INSL5 expression in pain processing 

regions of brain such as the medullary raphe nuclei (Mason, 2001), the lateral reticular 

nucleus (Ness et al., 1998) and the nucleus of the solitary tract (Jänig, 1996) further 

strengthen the idea that INSL5 might be an important neuropeptide of central pain pathway, 

although expression was not found at the primary relays of somatic pain in the dorsal horn of 

the spinal cord. Nevertheless, an impairment of the antinociceptive system in the INSL5-

deficient mice can explain the faster latency of the paw withdrawal response in the 

Hargreaves test due to impaired descending inhibitory antinociceptive inputs to spinal cord. 

Tail elevation behaviour in a neurological screen is an additional indicator for changes in 

nociceptive behaviour. Thus, increased tail elevation can be induced by dose-dependent 

activation of the mu opioid receptor with morphine (Zarrindast et al., 2001). The decreased 

tail elevation seen in the neurological analysis supports the involvement of INSL5 in 

inhibitory antinociceptive signalling. Considering the delayed hind paw licking and shaking in 

the hot plate tests as delayed behavioral response of the antinociceptive system is also in 

accordance with the observed expression profile of INSL5 (Fig. 8). This expression pattern is 

also in accordance with the observed reduction of rearing activity in Insl5-/- mice, as for 

example the anterior hypothalamic/preoptic area is known to be involved in the control of 

rearing activity (Brudzynski and Mogenson, 1986). 

The significant differences in nociceptive behaviors between wild type and Insl5-deficient 

mice were observed on 7-month-old animals, which were derived from F2 generation (Fig. 6). 

Therefore, to provide a complete picture of differences in nociceptive behaviors in Insl5 

mutant mouse line, we have tested pain reactivity of younger (3-month old) wild type and 

Insl5-deficient mice, which were derived from subsequent generations (F6-F9). The 

nociceptive screen of these younger group of animals did not show significant differences 

between Insl5-/- and Insl5+/+ animals (Fig. 7). These results suggest that the defect in 

nociceptive behaviors of Insl5-deficient mice is dependent of the age and the genetic 
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background. These findings were supported by several studies, which revealed that the 

behavioral phenotypes of genetically modified animals is strongly influence by the age, 

genetic background of the animals as well as environmental factors (Bilkei-Gorzo et al., 2004, 

Siuciak et al., 2008). 

 

4.1.2.3. Insl5-deficient mice on a 129/Sv inbred background display male and female 

infertility and impaired glucose homeostasis  

 

Insl5-deficient mice generated on a 129/Sv inbred genetic background showed impaired 

fertility and glucose homeostasis. Analysis of Insl5-/- males revealed that spermatogenesis is 

not affected and sperm number in the cauda epididymidis as well as in uteri of wild type 

females inseminated by infertile Insl5-/- males is not reduced (Fig. 10; Tab. 4). However, no 

sperm was observed in oviducts of females mated with Insl5 mutant males. These results 

suggested that sperm of Insl5-/- are not able to migrate through the female genital tracts (Tab. 

5). The impaired sperm motility was further supported by a computer assisted semen analysis 

(CASA) system (this phenotype will be discussed more widely in section 4.2.2.3).  

Breeding of Insl5-/- males with wild type females and Insl5-/- females with wild type males 

revealed that the average litter size per Insl5-deficient male or female varied considerably, 

ranging from no pups born (infertile male or female group) to a smaller litter size than normal 

(Tab. 2). The variations in phenotype observed here might be explained by incomplete 

penetrance (Griffiths et al. 2000, Rakyan et al. 2002; Reinholdt et al., 2006; Held et al., 2006) 

which could be caused by environmental modifiers (such as nutrition or level of hormones 

during embryonic development; Juriloff and Harris, 2000, Huebner et al., 2006) and 

epigenetic regulation of expression (e.g. histone modifications, DNA methylation, genomic 

imprinting by the paternal or maternal allele; Rakyan et al. 2002; Cisneros, 2004; Bromfield 

et al., 2007; Han et al., 2008). Incomplete penetrance of infertility was also reported in other 

models of genetically modified mice. For example, in mice lacking a functional aromatase 

(Robertson et al. 1999) or in transgenic mice overexpressing insulin-like growth factor 

binding protein-1 (IGFBP-1) in the liver (Froment et al. .2002), 25–30% of 3- to 6-month-old 

males showed impaired reproduction and spermatogenesis, whereas the other males produced 

offspring. Interestingly, mice homozygous for the curly tail (ct) mutation also exhibit varied 

expressivity of their phenotype ranged from no outward phenotype to perinatal lethality with 

individuals displaying the intermediate phenotypes of spina bifida, exencephaly, or only the 
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twist in the tail (Gruneberg, 1954). Only approximately 38% of newborn homozygotes on the 

inbred STOCK ct/J background have been found to display cranial or spinal neural tube 

defects. 

Histological analysis of Insl5-/- ovaries revealed presence of different stages of follicle 

development (Fig. 11). The number of oocytes, which were isolated from superovulated and 

normally cycling Insl5-/- females, was not significantly different from that of wild type 

females. However, no 2-cell stage embryos could be found in collected embryos (E1.5) from 

Insl5-deficient females mated with wild type males. These results suggest that the maturation 

of oocytes might be affected in Insl5-deficient mice. 

During prenatal development, mammalian oocytes undergo meiosis within ovarian follicles. 

Oocytes are arrested at the first meiotic prophase and held in meiotic arrest by the surrounding 

follicle cells until a preovulatory surge of LH from the pituitary stimulates the immature 

oocyte to resume meiosis (Fan et al., 2002; Kawamura et al., 2004; Downs and Chen, 2006; 

Chen and Downs, 2008). Meiotic arrest depends on high level of cyclic adenosine 

monophosphate (cAMP) within the oocyte. Therefore, oocyte meiotic resumption is 

associated with decreased concentration of intracellular cAMP (Conti et al., 2002; Eppig et 

al., 2004; Voronina and Wessel, 2004; Chen and Downs, 2008). INSL5 is the ligand for the 

G-protein-coupled receptor 142 (GPCR142) (Liu et al., 2003a,b, 2005a, Bathgate et al., 2005, 

Tregear et al., 2009), which activates the inhibitory Gi protein to cause inhibition of cAMP 

production (Bathgate et al., 2005; Halls et al., 2007). The lack of INSL5 prevents the 

GPCR142 receptor activation, which subsequently leads to increase of cAMP level and the 

arrest of oocyte maturation. Accordingly, we suggested that INSL5-deficiency causes an 

arrest of oocyte meiotic resumption. Kawamura et al. (2004) have reported that INSL3 binds 

to a G-protein-coupled receptor, LGR8, which is expressed in germ cells and activates the 

inhibitory G protein (Gi). The activation of Gi protein leads to decrease of the intracellular 

cAMP production. These results suggested that the INSL3 may be involved in oocyte 

maturation and that therefore both INSL3 and INSL5 may cooperate in initiating oocyte 

maturation. Furthermore, detection of INSL5 and its receptor in the hypothalamus (Fig. 8; Liu 

et al., 2005a; Dun et al., 2006) suggested that observed anomalous ovulation cycle was 

caused by the unsettled feedback between ovary, pituitary gland and hypothalamus. 

Moreover, INSL5 is closely related to the RLN3 (Bathgate et al., 2002a,b, 2005; Liu et al., 

2005a,b) which was reported to play a key role in the regulation of the hypothalamo-pituitary-

gonadal (HPG) axis (McGowan et al., 2008). 
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A further significant difference between Insl5-/- and wild type mice was found in blood 

glucose level. The glucose level of INSL5-deficient mice, which are older than 6 months, was 

significantly higher than in control littermates. However, we only found three Insl5-/- mice 

with diabetes. Results of glucose tolerance test (GTT) suggest that Insl5-/- mice are less able to 

metabolize glucose from the bloodstream and that progressive impairment of glucose 

tolerance in Insl5-/- mice is age-dependent. However, results of insulin tolerance test (ITT) 

revealed that sensitivity to insulin is not altered in Insl5-deficient mice. Based on the results 

of ITT and GTT, we suggest that the observed higher glucose level might reflect reduced 

insulin secretion in Insl5-/- mice. Histological and immunohistochemical analysis revealed that 

mean islet area in Insl5-/- pancreas was 1.6-fold smaller than that of wild type controls. 

Furthermore, the number of insulin-positive β-cells was significantly decreased in the islets of 

Insl5-/- mice as compared to control littermates. These results suggest that the high glucose 

level observed in Insl5-/- mice might be due to defect in the organization of pancreatic islets 

and/or insulin secretion. Several lines of evidence revealed that G-protein-coupled receptors 

(GPCR) play an important role in regulation of islet function and insulin secretion. 

Quantitation of GPCR mRNA expression in islets by qRT-PCR has identified candidate 

receptors that might regulate insulin secretion (Regard et al., 2007). However the putative 

receptor of Insl5, namely GPCR142, was not included in this study. Analyses of knock-out 

mice revealed the role of some GPCRs in regulation of insulin secretion (Pedrazzini et al., 

1998; Fagerholm et al., 2004).   

 

4.2. Expression and functional analysis of Insl6 gene 

 

Insulin-like peptide 6 (INSL6) is another member of the insulin superfamily (Lok et al., 2000; 

Lu et al., 2005). It was identified from an expressed sequence tag database through a search 

for proteins containing the conserved sequence of  B-chain (Hsu, 1999; Kasik et al., 2000; 

Lok et al., 2000). Human, mouse and rat INSL6 encode polypeptides of 213, 191 and 188 

amino acids, respectively (Hsu, 1999; Lok et al., 2000). These orthologous sequences contain 

the B-chain, C-peptide, and A-chain motif found in other members of the insulin family (Lok 

et al., 2000; Lu et al., 2005, Bathgate et al., 2006a,b; Rosengren et al., 2009). Through the B- 

and A-chain regions, human INSL6 has 55% identity to rat INSL6, 43% identity to human 

relaxin H2, 38% identity to human INSL3, 36% identity to human insulin, 36% identity to 

human IGF-2, 33% identity to human IGF-1, 28% identity to human INSL5, and 24% identity 
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to human placenta INSL4. Human and rat INSL6 has no significant sequence similarity in the 

C-peptide with other family members, but exhibit a significant degree of similarity (43%) 

with each other (Lok et al., 2000). The human INSL6 gene is located on chromosome 9 in 

proximity to the human relaxin genes as well as to INSL4. The mouse ortholog, Insl6, is 

located on chromosome 19, which also contains the single mouse relaxin gene (Lok et al., 

2000; Lu et al., 2005, Tregear et al., 2009). This observation suggests that these genes 

originated from a single gene that underwent duplication numerous times throughout 

evolution (Kasik et al., 2000, Wilkinson et al., 2005). The function of INSL6 is unknown. 

Therefore, it was chosen as the subject of our study. 

 

4.2.1. Expression analysis of Insl6 gene 

 

The expression pattern of Insl6 has been studied in mouse, rat and human (Hsu, 1999; Lok et 

al. 2000). Northern blot analysis showed that the expression of Insl6 in mouse and human was 

highly restricted to testis (Hsu, 1999; Lok et al. 2000). In rat, Insl6 transcript was detected in 

testis and prostate (Lok et al., 2000). Our expression studies confirmed and extended the 

earlier studies. Northern blot analysis demonstrated testis-specific expression of Insl6 (Fig. 

23A). However, RT-PCR analysis revealed ubiquitous expression of Insl6 in adult tissues as 

well as during fetal development (Fig. 23B, C). The discrepancy between results obtained by 

Northern blot and RT-PCR analysis suggested, that Insl6 is predominantly expressed in testis. 

However, in other tissues, Insl6 transcript is also present, but at a very low level, undetectable 

by Northern blot analysis. These findings are in agreement with results published by Lu et al. 

(2006). Using Real-time RT-PCR assay, they confirmed predominant expression of Insl6 in 

mouse testis and revealed that the level of Insl6 transcripts in other investigated tissues 

(intestine, thymus, kidney, uterus, ovary, spleen, breast, lung, and liver) was only 1–8% of 

that observed in the testis (Lu et al. 2006). There is only one additional member of the insulin 

protein superfamily known to be expressed exclusively in the testis, namely Insl3 (insulin-like 

peptide 3; expressed in pre- and postnatal Leydig cells of testis). Its mRNA was also detected 

in theca cells of the corpus luteum, trophoblast, mammary gland and thyroid but at lower level 

than in Leydig cells (Pusch at et., 1996; Bathgate et al., 1996; Zimmermann et al., 1997, Ivell 

and Bathgate, 2002; Hughes and Acerini, 2008). 

Expression analysis of Insl6 in testes of different mutant mice, in which spermatogenesis is 

arrested at different stages of germ cell development (Fig. 23E) and testes of mice from 
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different postnatal developmental stages (Fig. 23D) revealed that Insl6 is expressed 

exclusively in germ cells. Failure to detect the Insl6 transcript in testes of W/Wv mutant mice 

(Fig. 23E), which lack all germ cells (de Rooij and Boer, 2003), suggested that Insl6 is not 

expressed in Sertoli and Leydig cells. Moreover, first appearance of Insl6 transcript in 

testicular RNA at stage P15 of mouse development (Fig. 23D), when about 82% of tubules 

contain pachytene spermatocytes (Nebel et al., 1961; Silver, 1995), clearly demonstrate that 

the expression of Insl6 gene starts at meiotic stages of spermatogenesis. These results are 

consistent with immunohistochemical data showing that the INSL6 protein is expressed in 

spermatogenic cells from pachytene spermatocytes to the spermatid stage (Lu et al., 2006). 

Many genes, whose expression is restricted to meiotic and/or postmeiotic germ cells, have 

been reported to play an important role during spermatogenesis (Liu et al., 1998; Romanienko 

and Camerini-Oterio, 2000; Kawamata and Nishimori, 2006). Therefore, expression pattern of 

Insl6 suggests that this gene may play role in male germ cell development. 

 

4.2.2. Functional characterization of Insl6 gene and its role in spermatogenesis 

 

4.2.2.1. Generation of Insl6-deficient mice 

 

To understand the biological function of Insl6 gene in mice, we have disrupted the gene by 

homologous recombination (Fig. 24) and generated Insl6-deficient mice on two different 

genetic backgrounds, namely on a C57Bl/6J x 129/Sv hybrid background and on a 129/Sv 

inbred genetic background.  

Mice heterozygous for the Insl6 mutant allele developed to adulthood, were fertile, and 

appeared phenotypically normal. The resulting progeny from heterozygous intercrosses 

displayed a normal Mendelian ratio of the three genotypes (Tab. 8) indicating that Insl6 is not 

essential for embryonic development. By Northern blot and RT-PCR analysis with total RNA 

isolated from adult testis, we clearly showed that Insl6 is not expressed in testis of Insl6-/- 

mice (Fig. 27). These results supported that engineered disruption of the Insl6 has generated a 

null mutation. Insl6-deficient mice were viable and did not exhibit obvious abnormalities, 

although Insl6 expression has been detected at low level in all tissues in wild type mice (Fig. 

23B).  

Lok et al. (2000) have mapped human INSL6 gene to the 9p24 region, which also contains an 

autosomal testis-determining factor (TDFA/SRA2) locus (Hoo et al., 1989; Bennett et al., 
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1993; Ion et al., 1998; Blecher et al., 2007). Interestingly, failure of testis development has 

been associated with rearrangement of the 9p24.1 region (Ion et al., 1998). Moreover, several 

cases of sex reversal with gonadal dysgenesis have been reported in translocation or terminal 

deletion of the distal chromosome 9p region (Flejter et al., 1998). Therefore, we have 

suggested the INSL6 might be involved in gonadal differentiation and/or testis development. 

 

4.2.2.2. Inactivation of Insl6 disrupts the progression of spermatogenesis at late meiotic  

 prophase 

 

Male infertility was the most apparent phenotype of Insl6-deficient mice. Breeding of Insl6-/- 

males with wild type females revealed that the average litter size per male varied 

considerably, ranging from no pups born (infertile male group) to a smaller litter size than 

normal (Tab. 9). Our study has also shown that the absence of Insl6 does not significantly 

affect female reproduction (Tab. 9). This result is consistent with the expression profile of 

Insl6 mRNA in mouse tissues, which is strong in germ cells of the mature testis but weak in 

ovaries (Fig. 23A, B). The variability in the expression of fertility impairment is only shown 

among Insl6-deficient mice with a hybrid C57BL/6J x 129/Sv genetic background but not in 

those with the inbred 129/Sv genetic background (data not shown). Furthermore, a high 

incidence of male infertility was observed among lnsl6-/- mice in the F2 generation, which 

contains a high level of genetic variability between offspring (Silver, 1995; Krameret et 

al.,1998; Packert and Kuhn, 1998). The decreased incidence of male infertility in subsequent 

generations would impose a selection bias against that genotype (Kelada et al., 2001; 

Moritorio et al., 2003). Therefore, the partial penetrance of male infertility among Insl6-/- 

mice most probably reflects the segregation of genetic modifiers on the hybrid genetic 

background (e.g. presence or absence of polymorphic alleles at other gene loci, genetic 

background effect; Reinholdt, 2006). The background related differences in male infertility 

phenotypes have been reported in other targeted mice. Mice carrying targeted null mutations 

for the Pou-homeodomain (Spnn-1), the transition protein-1 (Tnp-1), -2 (Tnp-2), 

mitochondrial capsule protein (Smcp) and the desert hedgehog gene (Dhh) are infertile only if 

these mutations are maintained in the 129/Sv genetic background (Pearse et al., 1997; Yu et 

al., 2000; Adham et al., 2001; Nayernia et al., 2002). Moreover, males deficient for the sperm 

protein 1 (SED1) show a similar variation in fertility impairment in outbreed background 

(Ensslin and Shur, 2003). 
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Partially compromising of spermatogenesis in infertile Insl6-deficient mice may be based on 

the involvement of other members of the insulin superfamily in that process. The increase of 

Insl3 expression during spermatogenesis (Balvers et al., 1998; Adham et al., 2000; Kawamura 

et al., 2004) and its role in the suppression of germ cell apoptosis (Kawamura et al., 2004) 

raises the possibility that INSL3 may partially compensate for the lack of INSL6 and that 

therefore both INSL3 and INSL6 cooperate in male germ cell development. Several studies 

reported that one gene can partially compensate for loss of function of an other related gene 

(Carpentier et al., 2004; Towne et al., 2008; Singh et al., 2009). For instance, Nl1 mutant 

mice show the variability in the expression of fertility impairment because another related 

peptide (neprilysin) may partially compensate the loss of NL1 (Carpentier et al., 2004). 

Histological analysis of testis sections from wild type and Insl6 knock-out mice (Fig. 31, 33), 

as well as analysis of different parameters of sperm collected from Insl6+/+ and Insl6-/- males 

(Fig. 28 and Tab. 9-11), suggested that INSL6 modulates two different processes related to 

fertility, spermatogenesis and sperm motility. 

Based on progression of  the first wave of spermatogenesis in juvenile wild type and Insl6-/- 

mouse testes (Fig. 32 and 33) and expression pattern of different meiotic and postmeiotic-

specific genes (Fig. 36), we propose that the INSL6-deficiency causes an arrest of 

spermatogenesis at late stages of meiotic prophase. These findings mostly agree with the 

results of RNA (Fig. 23) and immunostaining (Lu et al., 2006) analyses, which showed that 

the Insl6 expression starts at pachytene spermatocyte stage. Enhanced apoptosis observed in 

Insl6-/- testes of the postnatal days 20 and 25 (Fig. 35C-F), which mainly lacked round 

spermatids (Fig. 33C-F and 35C-F), suggested that the INSL6 deficiency resulted in a cease 

the meiotic division and an increase in apoptotic cell death. Several knock-out mouse strains 

exhibit an increase of apoptotic cell death of spermatogenic cells. For instance, 

spermatogenesis in CREM-mutant mice is arrested at postmeiotic stage, and the degraded 

germ cells undergo apoptosis (Blendy et al., 1996; Nantel et al., 1996). A-myb mutant males 

show meiotic arrest at the pachytene stage and an increase of apoptotic cells (Toscani et al., 

1997). Similar the knock-out of Ddx25 gene resulted in apoptosis of male germ cells (Gutti et 

al., 2008). Furthermore, the double knock-out mouse model with targeted disruption of the 

Pex7 and Abcd1 genes revealed spermatogenesis arrest and increased apoptosis of male germ 

cells (Brites et al., 2009). These results suggest that germ cells lacking a gene that is essential 

for normal spermatogenesis undergo apoptosis just after the arresting step (Tanaka et al., 

2000). Therefore, the increase in apoptotic germ cells in Insl6-deficient testes is most likely 
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due to the fact that INSL6-signalling is essential for progress of spermatogenesis rather than 

for survival of male germ cells.  

The insulin superfamily ligands are structurally related to each other and mediate many of 

biological effects on cellular metabolism and proliferation through binding and activation of 

their receptors (Lok et al., 2000; Hsu et al., 2003b, 2005; Bathgate et al., 2005, 2006a,b; Van 

Der Westhuizen et al., 2007; Tregear et al., 2009). Members of insulin superfamily mediate 

the signaling pathways by endocrine, paracrine and autocrine mechanisms (Kumagai et al., 

2002; Hsu et al., 2003b; Kawamura et al., 2004; Halls et al., 2007a,b; Van Der Westhuizen et 

al., 2007). For instance, Leydig cell-derived INSL3 acts as an endocrine hormone to activate 

the leucine rich repeat containing G-protein-coupled receptor 8 (LGR8) in the gubernaculum 

(Overbeek et al., 2001; Kumagai et al., 2002, reviw in Huges and Acerini, 2008) and as a 

paracrine factor to induce its receptor in male germ cells (Kawamura et al., 2004). The 

INSL6-receptor and signaling has not yet been identified (Bathgate et al., 2005, 2006a,b). The 

expression of Insl6 in meiotic and postmeiotic germ cells and the failure of germ cells to 

progress prior the first meiotic division suggested possible autocrine actions of INSL6 on the 

germ cells. In addition to a putative autocrine action of INSL6 on germ cells, the intimate 

proximity of germ cells to Sertoli cells renders the Sertoli cells a further likely candidate for 

the paracrine actions of INSL6 (Lu et al., 2005, 2006). Sertoli cells secret a variety of 

endocrine and paracrine factors that regulate spermatogenesis (Shabanowitz et al., 1986; 

Skinner, 1991; Rassoulzadegan et al., 1993; reviewed in Russell, 1993; Syed and Hecht, 

1997; Vincent et al., 1998; Lilienbaum et al., 2000; Vidal et al., 2001). Therefore, INSL6 loss 

might alter Sertoli cell functions that are required for the maintenance of spermatogenesis. 

The production of Insl6-null mice constitutes an important step in the understanding of the 

physiological function of INSL6 in mammals. INSL6-deficiency has been proven to impair 

normal fertilization processes, at the level of both: spermatogenesis and sperm motility. 

Further studies will be necessary to precisely determine the molecular basis of the fertility 

defect and INSL6-signaling. 

 

4.2.2.3. The role of Insl5 and Insl6 in spermatogenesis 

 

Male germ cell differentiation (spermatogenesis) is a highly regulated, complex process that 

requires cooperation of germ cells and testicular somatic cells. Spermatogenesis can be 

subdivided into 3 main phases: (i) spermatogonial proliferation, (ii) meiosis of spermatocytes 
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and (iii) spermiogenesis, a morphological process converting haploid spermatids to 

spermatozoa (Leblond and Clermont, 1952; Chung et al., 2004). In a cross section of the testis 

the spermatogenic stem cells, spermatogonia and somatic Sertoli cells are situated on the 

basal lamina of the seminiferous tubule. The Sertoli cells surround completely the germ cells 

beyond the onset of meiosis. The next layer is formed by spermatocytes while haploid 

spermatids and elongated spermatids are situated in the adluminal compartment (Fig. 57). 
 

 
Fig. 57. A cross section of a seminiferous tubule showing cells from the various stages of the spermatogenic 

pathway, from the spermatogonium stem cell to the elongating spermatid (left panel). In the maturing spermatid, 

most of the cytoplasm is extruded as a cytoplasmic droplet as it is displaced by the perinuclear theca (top panel). 

The sperm are matured through a caput-to-cauda gradient of RNases, glycosidases and proteases, where 

approximately 80% of the sperm achieve competence for motility (right panel) (published by Krawetz, 2005) 

 

During spermatogenesis male germ cells undergo a complex differentiation, where 

morphological alterations lead to the formation of differentiated sperm. Spermatogenesis 

starts when a spermatogenic stem cell (called As spermatogonia) gives rise to two daughter 

cells after initial division (Russell et al., 1990; de Rooij, 1998, 2001). One of these cells 

remains as a stem cell while the other enters spermatogenesis as a differentiating 

spermatogonia [called Apr (paired) and further Aal (aligned) spermatogonia]. Then, nearly all 

Aal spermatogonia differentiate into A1 spermatogonia. They divide mitotically six times 
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giving rise A2-A4, intermediate, and B-type spermatogonia which can be identified based on 

morphological criteria (Oakberg, 1971; Russell et al., 1990; de Rooij, 1998; Chiarini-Garcia 

and Russel, 2001). A characteristic feature of spermatogenesis is that after mitotic and meiotic 

divisions the dividing germ cells fail to complete cytokinesis resulting in formation of 

cytoplasmic bridges that interconnect a large number of cells (Burgos and Fawcett, 1955; 

Fawcett et al., 1959). Kinetic analyses reveal that hundreds or even thousands of cells 

theoretically may be connected by bridges at the completion of spermatogenesis (Dym and 

Fawcett, 1971). After the final mitotic division of type B spermatogonia preleptotene 

spermatocytes are formed, which initiate meiosis and give rise to leptotene and zygotene 

spermatocytes. These cells differentiate into pachytene and diplotene spermatocytes followed 

by meiotic divisions. After the meiotic division, the germ cells enter spermiogenesis, the 

haploid phase of spermatogenesis, where round spermatids differentiate into elongated 

spermatids and ultimately spermatozoa.  

During spermiogenesis, spermatids undergo a complex restructuring program in which the 

acrosome and sperm tail are formed, DNA is tightly packed leading to a drastic reduction in 

the size of the nucleus, mitochondria are rearranged along the neck and middle piece of the 

tail, surface and transmembrane structures (e.g., receptors and ion channels) for zona 

pellucida binding and signaling are synthesized and eventually most of the cytoplasm is 

removed to facilitate motility (Fawcett et al., 1959; Russell et al., 1990). Spermatogenesis 

culminates in spermiation, when mature spermatozoa are released from Sertoli cells into the 

lumen of the seminiferous epithelium (Russell et al., 1990; de Rooij, 1998, 2001). The 

interval of time between the formation of subsequent cohorts of new A1 spermatogonia is 

always similar in particular species and is called the duration of the epithelial cycle.  

 

Numerous genes have been shown to be involved in regulation of spermatogenesis. 

Disruption or incorrect activity of these genes might lead to impaired spermatogenesis, 

abnormal sperm function and male infertility. Mouse models for azoospermia (Kuo et al., 

2005, 2007), asthenozoospermia (Pilder et al., 1997; Roy et al., 2009) or teratozoospermia 

(Mendoza-Lujambio et al.,2002; Fujita et al., 2007) are widely described in literature. 

Therefore, generation of knock – out mice seems to be a powerful tool to study the function of 

the gene which could be involved in spermatogenesis.  

The defects in spermatogenesis of Insl5- and Insl6-deficient mice suggest a role of Insl5 and 

Insl6 in reproduction. The arrest of spermatogenesis at late prophase I and an increase of 

apoptotic cells suggested a role of Insl6 in regulation of the first meiotic division. However, 
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further analyses are needed to determine the molecular role of INSL6-signaling in this 

process. Results of immunostainning of germ cells with anti-SYCP3 antibody revealed that 

chromosomal synapsis and disynapsis occurred normally during meiotic prophase. The down 

regulation of meiotic and postmeiotic genes such as Ccna1, Acr, Tnp2 in Insl6-deficient testes 

cannot be explained by the regulatory role of the INSL6 on the expression of these genes, but 

rather by the decreasing number of meiotic and postmeiotic germ cells. The comparison of the 

expression profile of wild type and Insl6-/- testes at postnatal day 15 using microarray 

technique may help to identify genes, which are regulated by INSL6-signaling. 

The male germ cell development is normally progressed in Insl5-deficient testis. However, 

impairment of sperm motility was observed in sperm isolated from Insl5-deficient epididymis. 

Furthermore, sperm of infertile Insl5-/- males were not able to migrate to the oviduct. Such 

phenotype was also observed in infertile Insl6-/- mice. These results raise the possibility that 

both INSL5 and INSL6 cooperate in sperm motility. The striking feature of reduced sperm 

motility can be either due to a possible structural defect (e.g. defects in ultrastructure of 

flagella or abnormally shaped sperm) or to a functional blockade in a physiological process 

leading to the promotion of sperm motility (Held et al., 2006). Based on the fact that the 

members of the relaxin-like subfamily activate the G-protein-coupled receptors (Hsu et al., 

2003, 2005; Bathgate et al., 2005; Tregear et al., 2009), suggests that the impairment in sperm 

motility of Insl5- and Insl6-deficient mice is due to defects in accumulation of cyclic 

adenosine monophosphotase (cAMP) in sperm. The increase of intracellular cAMP is 

necessary for the proper coordinated beating of sperm flagellum (Tash and Means, 1982, 

Opresko et al., 2005).  

 

4.3. Characterization of the interactions between PELO and CDK2AP1, 

EIF3G and SRPX 

 

4.3.1. The function of PELO in different species 

 

The function of PELO has been studied in Drosophila melanogaster, Saccharomyces 

cerevisiae and Mus musculus. Mutations in the D. melanogaster pelota gene or in the S.  

cerevisiae homologous gene, Dom34, cause defects of spermatogenesis and oogenesis in 

Drosophila (Eberhart and Wasserman, 1995) and delay of growth and failure of sporulation in 

yeast (Davis and Engebrecht, 1998). 



DISCUSSION   

 149

 

Furthermore, Xi et al. (2005) have reported the unexpected new role of Drosophila pelota in 

controlling germline stem cell (GSC) self-renewal. In the Drosophila ovary, GSC self-

renewal is controlled by both extrinsic and intrinsic factors (Xi et al., 2005). GSCs reside in a 

structure called the germarium, which is at the anterior end of an ovariole (Lin, 2002). At the 

anterior tip of the germarium, three types of somatic cells, cap cells and inner sheath cells, 

constitute a niche that supports two or three GSCs. One GSC divides to generate two daughter 

cells: the daughter cell maintaining contact with the cap cells renews itself as a stem cell, 

while the daughter cell moving away from the cap cells differentiates into a cystoblast. The 

cystoblast divides four times with incomplete cytokinesis to form a 16-cell cyst, in which one 

cell becomes an oocyte and the rest becomes nurse cells (Fig. 58; Xi et al., 2005). 

 

 
 

Fig. 58. Schematic diagram of the germarium. Red circles indicate spectrosomes (GSCs and cystoblasts) and 
branched red structures indicate fusomes (germ cell cysts) (published by Xi et al., 2005). 
 
Bone morphogenic protein (BMP)/dpp produced from cap cells functions as short-range 

signal that directly repress the transcription of differentiation-promoting gene bam in GSCs to 

maintain their self-renewal, and also allow cystoblasts lying one cell diameter away to 

differentiation (Chen and McKearin, 2003; Song et al., 2004). Overexpression of bmp/dpp in 

the inner sheath cells of germarium of transgenic flies leads to repression of the bam 

expression in all GSCs daughter cells. The maintenance of self-renewal and blocking of germ 

cell differentiation in all GSCs daughter cells results in the formation of GSC-like tumors and 

consequently in female sterility (Song et al., 2004). 

In genetic screen to identify genes which are potentially involved in Bmp signaling in GSCs, 

Xi et al. (2005) has identified Pelo as a dominant suppressor of the bmp/dpp overexpression 
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induced GSC tumor phenotype. Mutation of Pelo gene in transgenic ovary, which 

overexpresses bmp/dpp signals, induces the expression of differentiation-promoting genes in 

GSCs and thereby rescues Bmp/dpp overexpression-induced female infertility. These results 

indicate that Pelo is required intrinsically for controlling GSC self-renewal by repression of 

differentiation-promoting genes. They also support that expression of Pelo is regulated by 

Bmp signaling. Furthermore, this report found that Pelo downregulates the expression of Dad 

gene, which is one of Bmp-target genes in GSC. The Dad is the orthologous gene of 

mammalian Smad gene.  

 

Recently, yeast protein DOM34, the pelota orthologous protein, has been described to play a 

critical role in a newly identified mRNA decay pathway called No-Go decay (NGD) (Fig. 59; 

Doma and Parker, 2006; Passos et al., 2009). This pathway clears cells from mRNAs 

inducing translational stalls through endonucleolytic cleavage. In all organisms, the amount of 

each mRNA is tightly controlled by the rates of both transcription and decay processes. 

Large-scale analyses indicate that as many as half of all changes in the amounts of mRNA in 

some responses can be attributed to altered rates of decay (Garneau et al., 2007). Normal 

mRNAs undergo decay by three different pathways: the deadenylation-dependent, 

deadenylation-independent, and endonucleasemediated decays (Garneau et al., 2007). In 

addition to turnover of normal mRNAs, mRNAs that undergo abnormal translation in the 

cytoplasm are targeted for degradation by the mRNA-surveillance pathways (Clement and 

Lykke-Andersen, 2006; Tollervey, 2006). At least three mRNA-surveillance pathways have 

been described. The nonsense-mediated decay (NMD) targets mRNAs with premature 

translation-termination codons (Gonzalez et al., 2001; Wilusz et al., 2001), while the nonstop 

decay (NSD) targets mRNAs lacking termination codons (van Hoof et al., 2002; Vasudevan 

et al., 2002). More recently, a new surveillance pathway, termed no-go decay, was identified 

in Saccharomyces cerevisiae (Doma and Parker, 2006). It targets mRNAs with translation-

elongation stalls. In contrast to the former two surveillance pathways, the no-go decay 

involves endonucleolytic cleavage of the mRNA in the vicinity of the stalled ribosome 

(Clement and Lykke-Andersen, 2006; Doma and Parker, 2006). This is reminiscent of NMD 

in D. melanogaster (Gatfield and Izaurralde, 2004). Although the full mechanism of no-go 

decay is not well understood, it appears that mRNA surveillance based on translation 

elongation rates is a conserved process (Doma and Parker, 2006). In the no-go decay, stalled 

ribosomes on an mRNA are detected, and the mRNA is endonucleolytically cleaved near the 

stall site (Doma and Parker, 2006; Garneau et al., 2007). The 5’ fragment of the mRNA is 
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degradated by the cytoplasmic exosome and 3’ fragment is degradated by the 5’ to 3’ 

exonuclease Xm1. It was shown that two S. cerevisiae proteins, DOM34 and HBS1 (Hsp70 

subfamily B suppressor 1), are required for the initial endonucleolytic cleavage (Doma and 

Parker, 2006). Each of Dom34 and Hbs1 is related to the translation termination factors eRF1 

and eRF3, respectively. 

 
 

Fig. 59. A model for NGD (published by Passos et al., 2009) 

 

Physiological function of PELO in mouse was investigated by generation of a conventional 

knockout mouse (Adham et al., 2003). These analyses revealed that PELO null embryos die 

after the initiation of gastrulation (E6.5), a particularly active period of cell division 

characterised by a very short cell cycle (as short as 2 hrs) (Snow, 1977; Hogan et al., 1994). 

The PELO role in control of cellular proliferation was obtained from the results of in vitro 

culture of blastocysts. While the inner cell mass (ICM) of Pelo+/+
 and Pelo+/- blastocysts 

continued to expand throughout the 7-day culture period, Pelo-/-
 ICM cells failed to 

proliferate. In contrast, Pelo -/-
 trophoblast cells continued to grow in size through 7 days of 

culture. These results demonstrate that the death of PELO-deficient cells is restricted to the 



DISCUSSION   

 152

rapidly dividing cells of the ICM. The survival of mitotically inactive Pelo-/-
 trophoblast cells 

further argues that PELO is required selectively in cells undergoing mitosis.  

 

4.3.2. PELOTA is interacting with CDK2AP1, EIF3G and SRPX 

 

Early developmental lethality of the Pelo-deficient embryos and the failure to establish Pelo-/- 

homozygous mouse lines prevented us to define the exact role of Pelo gene. Therefore, to get 

more information about the function of pelota, we have generated pelota conditional knock-

out mice (work in progress) and identified the putative interaction partners of pelota.  

The results of several groups demonstrated that identification of interaction partners let to 

propose  a physiological function of investigated protein.  For example, BRCA-1 gene (breast 

cancer 1) was identified by Miki et al. (1994), who supposed that it could be a tumor 

suppressor gene. Further analyses revealed that BRCA-1 protein contains cysteine-rich zinc-

binding motif known as the RING-Finger motive which mediates protein-protein interactions 

(Saurin et al., 1996; Borden et al., 1998). Moreover, it was reported that BRCA-1 is a part of 

a macromolecular complex including human RAD51 and BRCA1 that plays a role in DNA 

repair. To understand the function of this BRCA1, Houvras et al. (2000) started to search for 

proteins capable of interacting with the BRCA-1 RING domain. Using Yeast-Two hybrid, 

ATF1 was identified as a putative interaction partner of BRCA1 protein. ATF1 is 

transcription factor that bind a consensus CRE (TGACGTCA) and mediate transcriptional 

activation in response to cAMP and Ca2+ (Liu et al., 1993a,b). Based on these a specific 

physical association between the BRCA1 RING domain and ATF1 it has been demonstrated 

that BRCA-1 is a transcriptional coactivator that can modulate the activity of ATF1. 

Summarized, Houvras et al. (2000) demonstrated by using interaction study connection 

between the role of BRCA1 cossing breast cancer and its function in DNA-repair system. 

 

In order to find out putative interaction partners of PELO protein, the yeast two-hybrid 

screening was performed (Ebermann, 2005). Several PELO binding partners were identified, 

which were classified according to their structure and function. In the present study, we were 

concentrated to confirmed the interactions between human PELO and putative interacting 

proteins, CDK2AP1, EIF3G and SRPX.  To prove interactions between human PELO and 

CDK2AP1, EIF3G and SRPX, we have used  coimmunoprecipitation assay, GST-Pull down 

assay and BiFC assay. 
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Coimmunoprecipitation assay proved the specificity of interaction between PELO and 

CDK2AP1, EIF3G and SRPX. To determine the regions of PELO protein involving in the 

binding to CDK2AP1, EIF3G and SRPX proteins, several Glutathione S-transferase-PELO 

(GST-PELO) deletion constructs were generated and fusion proteins were used for GST-Pull 

down assay. GST-Pull down assay further confirmed the specificity of interactions between 

PELO and CDK2AP1, EIF3G and SRPX proteins, and also demonstrated that all three 

interaction partners bind to the same region of PELO protein, namely domain eEF1_3 (Fig. 

47).  

BiFC assay further proved the specificity of the interactions between PELO and CDK2AP1, 

EIF3G and SRPX proteins. All three interacting partners form a protein complex with PELO 

in the cytoskeleton (Fig. 51). This confirmed our subcellular localization studies, which 

demonstrated that Pelo is localized with the cytoskeleton and (Buyandelger, 2006). 

 

Human SRPX/DRS/ETX1 was temporarily supposed and later excluded as a candidate gene 

for X-linked retinitis pigmentosa (Meindl et al., 1995). SRPX gene was originally isolated as a 

suppressor gene of v-src transformation (Pan et al., 1996; Inoue et al., 1998). Expression of 

SRPX mRNA is markedly downregulated in a variety of human cancer cell lines and tissues, 

suggesting the potential role of this gene as a tumor suppressor (Yamashita et al., 1996; 

Mukaisho et al., 2002; Shimakage et al., 2000, 2002; Kim et al., 2003). SRPX encodes 464 aa 

protein, which consists a transmembrane domain, a short intracellular domain in the C-

terminus, and three consensus repeat (CRs) designated as sushi motifs (Norman et al., 1991). 

They are conserved in the extracellular domain of the selecin family of adhesion molecules 

and complement-binding proteins (Lasky, 1992; Kansas,1996, Rubinfeld et al.,1997). The 

transmembrane domain of SRPX shares sequence similarity with three repetitive elements of 

the putative tumor suppressor gene, DRO1, the mRNA expression of which is downregulated 

by some known oncogenes including β-catenin, activated H-ras and c-myc. It was also 

revealed that ectopic expression of the SRPX protein induced apoptosis associated with the 

activation of caspase-12 (like), -9 and -3 in various human cancer cell lines (Tambe et al., 

2004). The release of cytochrome c from the mitochondria into the cytoplasm was not 

observed in the apoptosis induced by SRPX. Instead, the SRPX protein interacted with 

ASY/Nogo-B/RTN-xS, an apoptosis inducing protein localized in the endoplasmic reticulum 

(ER) (Chen et al., 2000; Tagami et al., 2000, Li, et al., 2001). Co-expression of these genes 

was shown to increase the efficiency of apoptosis. These findings indicated that SRPX 

induces apoptosis via a novel ER-mediated pathway and suggested that this pathway might 
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contribute to the suppression of tumor formation (Tambe et al., 2007). Generated Srpx knock-

out mice confirmed that Srpx gene plays a role as a tumor suppressor. Between 7 and 12 

months after birth, malignant tumors including lymphomas, lung adenocarcinomas and 

hepatomas were generated in about 30% of the Srpx-deficient mice, whereas no tumors were 

found in any of the wild-type mice during the same period of time (Tambe et al., 2007). Srpx 

null embryonic fibroblasts also showed enhanced sensitivity to transformation by v-src 

oncogene (Tambe et al., 2007). Reintroduction of Srpx into a tumor cell line derived from the 

tumor of a Srpx null mouse led to the suppression of tumor formation in nude mice, which 

was accompanied by enhanced apoptosis and the activation of caspase-9 and -3. Furthermore, 

overexpression of Srpx into this cell line enhanced sensitivity to apoptosis mediated by 

caspase-3, -9 and -12 under low serum culture conditions (Tambe et al., 2007). The present 

results thus indicate that Srpx contributes to the suppression of malignant tumor formation, 

and this suppression is closely correlated with Srpx-mediated apoptosis. 

 

Translational control plays an important role in the regulation of gene expression in 

eukaryotes. The initiation phase of translation is one of the points at which changes in the rate 

of protein synthesis occur. Initiation of translation begins with dissociation of 80 S ribosomes 

into 40 and 60 S subunits. The 40 S subunit then binds a ternary complex consisting of 

eukaryotic initiation factor 2 (eIF2), GTP, and methionyl-tRNAi (Met-tRNAi). This 40 S 

preinitiation complex recognizes the m7G-capped end of a mRNA, binds to the mRNA, and 

scans toward the end until it forms a stable complex at the first AUG initiation codon (Block 

et al., 1998; Mayeur et al., 2003). Subsequently, the 60 S subunit joins to form the 80 S 

initiation complexes. The various reactions in the initiation pathway are promoted by 11 or 

more soluble proteins called eIFs (Block et al., 1998, Mayeur et al., 2003, Kim et al., 2006). 

The largest of them, eIF3 (eukaryotic translation initiation factor 3), is a complex of 12 or 

more polypeptides and plays a central role in the the process (Block et al., 1998; Lagirand-

Cantaloube et al., 2008). EIF3 binds to 40 S ribosomal subunits in the absence of other 

translational components and helps maintain 40 S and 60 S ribosomal subunits in a 

dissociated state. It stabilizes methionyl-tRNA binding to 40 S subunits and contributes to 

mRNA binding through its interaction with the eIF4G subunit of the mRNA m7G-cap binding 

protein complex, eIF4F and with eIF4B. EIF3 also may be involved in the recognition of the 

initiation codon (de Quintoet et al., 2001, Martineau et al., 2008). eIF3 is the largest of the 

eukaryotic translation initiation factors, with an apparent mass of about 700 kDa and 

comprises at least 12 subunits (de Quintoet et al., 2001; Lagirand-Cantaloube et al., 2008; 
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Martineau et al., 2008). One of these units is EIF3G which was shown (in our thesis) to be an 

interacting partner of PELO. 

EIF3G is highly conserved 320 aa polypeptide, which is widely expressed in fetal and 

postnatal tissues (Hou et al., 2000). EIF3G has been reported to strongly associate with eIF3a 

(p170) and bind to 18S rRNA and β-globin mRNA through a RRM (RNA-recognition motif) 

domain at the C-terminal region (Block et al., 1998; Hou et al., 2000). The physiological 

function of the Eif3g gene in mammals is not characterized and no report about generation 

and characterization of Eif3g knock-out mice was founding literature. It was reported that 

eIF3g interacts directly with erythroid protein 4.1 (4.1R), which is 80-kDa a cytoskeletal 

protein (Hou et al., 2000). This interaction suggests that 4.1R may act as an anchor protein 

that links the cytoskeleton network to the translation apparatus. The accumulation of 

Dom34/Pelo in polyribosomes in yeast (Davis and Engebrecht, 1998) suggested that DOM34 

is involved in translation process. The specific interaction between PELO and EIF3G further 

supports the involvement of both proteins in complex, which initiate the translation process. 

The localization PELO-EIF3G interacting proteins at the cytoskeleton network similar to that 

of EIF3G-4.1R complex suggests the presence of these three proteins in protein complex of 

translation apparatus. 

 

CDK2AP1 was initially identified as a cancer-related gene by using hamster oral cancer 

model (Todd et al., 1995). CDK2AP1 is a highly conserved and ubiquitously expressed gene 

located on human chromosome 12q24 and is a 115 aa nuclear polypeptide that is down 

regulated in ~70% of oral cancers (Tsuji et al., 1998; Shintani et al., 2001; Choi et al., 2009). 

It was shown, that CDK2AP1 has a role in TGF-β induced growth arrest, cisplatin induced 

genotoxicity, and cellular apoptosis (Matsuo et al., 2000; Shintani et al., 2000, 2001; Kohno 

et al., 2002; Figueiredo et al., 2005; Peng et al., 2006). Furthermore, it was demonstrated that 

overexpression of Cdk2ap1 in a transgenic mouse model resulted in gonadal atrophy, 

seminiferous tubule degeneration, and folliculogenesis abnormalities in vivo (Figueiredo et 

al., 2006).  

Cdk2ap1 has been identified as one of stem cell specific genes that are enriched in both 

embryonic and adult stem cells (Ramalho-Santos et al., 2002). It has been reported by 

microarray analysis that Cdk2ap1 has been categorized as one of genes that are expressed in 

early stage preimplantation embryos and its expression gradually decreases as the embryo 

further develops (Sharov et al., 2003). Analysis of Cdk2ap1 knock-out mice revealed that 

Cdk2ap1-/- embryos died after implantation. Comparison of Cdk2ap1-/- and Pelo-/- mice 
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revealed an overlapping phenotype. Deletion of both genes results in similar phenoypes, 

namely early embryonic lethality after implantation. Results of interaction studies and the 

phenotypic similarity of Pelo and Cdk2ap1 knock-out mice  suggest that both protein are 

involved in the same pathway that regulate the early embryonic development. Interestingly, 

CDK2AP1 was also identified as a core component of MBD-NuRD protein complexes, which 

promote Oct4 promoter methylation during differentiation of embryonic stem cell (ES). Oct4 

is a known master regulator of stem cell renewal and differentiation. The downregulation of 

Oct4  by MBD-NuRD complex leads to differentiation of ES cells (Ovitt et al., 1998; Pesce et 

al., 2001; Watson et al., 2001). 

Analysis of Cdk2ap1-/- stem cells revealed that ES cells lack the ability to differentiate in the 

absence of LIF. These studies have also shown that CDK2AP1 negatively regulates the 

expression of Oct4 during differentiation (Deshpande et al., 2008). The function of 

CDK2AP1 requires a direct interaction with Mbd3 in the MBD-NuRD complexes (Fig. 60). 

The failure of the Mdb-Cdk2ap1 interaction results in hypomethylation of the Oct4 promoter 

and deregulation of Oct4 expression in differentiating EB (embryoid bodies) (Deshpande et 

al., 2008). In contrast to the function of CDK2AP1 in repression of pluripotent genes, it has 

been shown that pelota is repressed expression of differentiating genes in pluripotent germline 

stem cells of Drosophila melanogaster. We hypothesed that the interaction of pelota with 

CDK2AP1 in cytoplasm may prevent the CDK2AP1 to interact with the Mbd3 in the nucleus 

and thereby disrupt the formation of the repressor complex MBD-NuRD, which represess the 

expression of the pluripotent gene Oct4. 
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Fig. 60. Schematic for the role of Cdk2ap1 as a component of the NuRD complex and in mediation of 

extracellular signals. Up-regulation of Cdk2ap1 in mESC by TGF_-Smad pathway, accompanied by an initiating 

event that brings together the NuRD complex, results in hypermethylation of the Oct4 promoter. Cdk2ap1 

potentially functions as a Velcro factor to keep the members of the NuRD complex together. Increase in 

methylation (Me) of the Oct4 promoter then results in the down-regulation of Oct4 expression and loss of self-

renewal potential. 
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5. SUMMARY 

 

The aims of the study were to determinate expression and function of two members of insulin – 

like family, namely Insl5 and Insl6 and to verify the interactions between PELO and its 

putative partners CDK2AP1, EIF3G and SRPX. 

To investigate the consequence of Insl5 inactivation, Insl5-deficient mice on the hybrid 

C57BL/Jx129/Sv and inbred 129/Sv genetic background have been analysed. This study 

shown, that the absence of Insl5 in both genetic backgrounds does not significantly affect the 

health. The most interesting differences between Insl5-/- and wild type mice on the hybrid 

genetic background were observed in behaviours, especial in nociceptive behaviours. Thus, 

Insl5-/- mice show delayed latency for antinociceptive behaviour and show faster paw withdraw 

latency potentially due to impairment of descending inhibitory antinociceptive inputs to the 

spinal cord. These results suggest that the Insl5-deficiency impairs neuronal pathways involved 

in the central mediation of pain or maintenance of the balance of spinal excitatory and 

inhibitory processes. These findings are supported by expression analysis of INSL5 in central 

nervous system. INSL5 showed a particular dense expression in brain areas concerned with the 

central mediation of antinociception such as anterior hypothalamus/preoptic area, the ventral 

nuclei of the periaqueductal gray and the pontine Kölliker-Fuse nucleus. 

Insl5-/- mice on the inbred 129/Sv background display male and female infertility. This 

phenotype was not observed in the Insl5-/- mice on the hybrid background. Histological 

analysis of testes isolated from Insl5-deficient mice revealed the presence of all stages of 

spermatogenesis. Number of epididymal spermatozoas in Insl5-/- mice was not significantly 

different from that of wild type mice. Analysis of sperm parameters revealed that sperm of 

Insl5 null mice had impaired sperm motility. Histological analysis of ovaries isolated from 

Insl5-/- mice revealed the presence of all stages of follicle development. To further analyse the 

reproductive defect in infertile Insl5-/- females, the number of oocytes, collected from females 

after and without superovulation, were counted and no significant differences were observed 

between Insl5-/- and control mice. However, most E1.5 embryos collected from Insl5-/- females 

inseminated by wild type males were at 1-cell stage in contrast to 2 cell-stage embryos 

observed in control females. These results suggest that the infertility of Insl5-/- females may be 

due to defect in oocyte maturation.  

The glucose level of Insl5-deficient mice was significantly higher than in control litter 

mates. Results of glucose tolerance test (GTT) suggest impaired ability to metabolize glucose 

from bloodstream in Insl5-/- mice and that progressive defect of glucose tolerance in Insl5-/- 
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mice is age-dependent. However, results of insulin tolerance test (ITT) revealed that sensitivity 

to insulin is not altered in Insl5-deficient mice. Based on the results of GTT and ITT, we 

suggest that the higher glucose level might reflect reduced insulin secretion in Insl5-/- mice. 

These findings were supported by histological and immunohistological analyses. Results of 

these studies revealed that the mean islet area in Insl5-/- pancreas was 1.6-fold smaller than that 

of wild type. Furthermore, the numbers of insulin positive ß-cells was significantly decreased 

in islets of Insl5-/- mice compared to control litter mates. These results suggest that the high 

glucose level in Insl5-/- mice might be due to defect in the developmental of pancreatic islets 

and/or insulin secretion. 

Analyses of Insl6 expression revealed that Insl6 is predominantly expressed in male 

germ cells. Expression of Insl6 is first detected in mouse testis at postnatal day 15, when the 

first wave of spermatogenesis progresses to pachytene spermatocytes. 

To elucidate the role of INSL6 in germ cell development, we generated Insl6-deficient 

mice. The majority of the Insl6-deficient males on a hybrid genetic background exhibited 

impaired fertility, whereas females were fertile. The sperm number was significantly reduced 

probably due to apoptotic events. Also the motility of spermatozoa was drastically affected. 

Analysis of germ cell development during the juvenile life of Insl6-/- mice, showed an arrest of 

first wave of spermatogenesis in late meiotic prophase. RNA analysis revealed a significant 

decrease in expression of late meiotic- and post meiotic-specific marker genes, whereas 

expression of early meiotic-specific genes remains unaffected in the Insl6-/- testes. These 

results demonstrated that INSL6 is required for the progression of spermatogenesis.  

The third aim of this study is concentrated to verify the interaction between pelota 

protein (PELO) and three proteins, namely cyclin-dependent kinase 2 associated protein 1 

(CDK2AP1), eukaryotic translation initiation factor 3, subunit G (EIF3G) and Sushi- repeat-

containing protein X-linked (SRPX). These three putative interaction partners of PELO have 

been identified in the yeast two-hybrid screening. Results of coimmunoprecipitation assay 

confirmed the specific interaction of CDKAP1, EIF3G and SRPX with PELO. GST-Pull down 

assay further supported the specific binding of PELO with its interaction partners and 

demonstrated that the third eEF1α-like domain of PELO protein is responsible for the 

interaction with partner proteins. To further support the specificity of interaction between 

PELO and its putative partners and to determine the subcellular localization of the interacting 

proteins, bimolecular fluorescence complementation assay (BiFC) was performed. Results of 

BiFC assay demonstrated the cytoskeleton-associated localization of PELO and CDK2AP1, 

EIF3G, SRPX, respectively protein complexes.   
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