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Animal models allow us to investigate questions about human physiology using in 

vivo systems.  Following the advent of gene targeting by homologous recombination in 

mouse pluripotent embryonic stem cells during the early 1980’s [Reviewd by (Hamra, 

2010)], the laboratory mouse has emerged as the most widely published animal model in 

science (NCBI, PubMed).  Interestingly, prior to the year 2000, annual publications in the 

laboratory rat outnumbered annual publications in the mouse by greater than 2-3 fold in 

almost every field of science spanning each decade in the 20th century (NCBI, PubMed).  



 

Popularity of the laboratory rat as a model organism in science derived from its many 

attributes for modeling human physiology and disease in a laboratory scale mammal.  

However, genetic tools to effectively manipulate the rat genome lagged behind that of the 

mouse for almost 4 decades up until ~2009 due to inabilities to maintain pluripotent rat cells 

in culture, and inefficient methods for micro-manipulating rat early embryos.  Now, several 

laboratories have made large strides to advance technologies to genetically engineer rats 

(Geurts et al., 2009; Tong et al., 2011), including our laboratory, which succeeded in 

applying stem cell-based technologies to the rat’s “genomic toolbox” by using donor stem 

spermatogonia as vectors to directly genetically modify the rat’s germline (Chapman et al., 

2015; Hamra et al., 2002; Izsvak et al., 2010). 

For this dissertation, I focused on phenotyping the growth and reproduction defects in 

the UBE2K knockout rat strain, which happens to represent the first knockout rat strain 

reported using genetically selected germline stem cells form culture (Izsvak et al., 2010).  I 

reasoned that phenotyping UBE2K rats in more detail would allow me to formulate testable 

hypotheses on the cellular and molecular mechanisms by which UBE2K functioned to 

regulate rat body growth and reproduction.  UBE2K is an ubiquitin ligase, and knocking its 

gene (Ube2k) out in rats resulted in stunted growth, compromised motor capacity of hind legs 

and infertility.  I found infertility in male UBE2K-deficient rats to be caused by an arrest 

during meiosis-I that prevented the zygotene to pachytene spermatocyte transition.  Based on 

known interactions of UBE2K, and the biochemical function of UBE2K as ubiquitin ligase, I 

hypothesized that UBE2K is a component of the PRC1 complex that ubiquitinates H2A to 

prevent transcription as a mechanism necessary for germ cells to undergo meiosis.  I showed 



 

using immunostaining, that there is an inverse correlation between H2A ubiquitin staining 

and UBE2K expression that is disrupted in UBE2K-deficient rats, supporting my hypothesis. 

However, future work will need to address whether UBE2K directly or indirectly associates 

with the PRC1 complex.  Based on my research presented in this Dissertation, I propose a 

novel function for the UBE2k ubiquitin conjugase in meiotic transcriptional control during 

spermatogenesis. 
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CHAPTER ONE 
Introduction 

 

THE PROCESS OF SPERMATOGENESIS 

 Spermatogenesis is a complex, multi-step developmental pathway by which 

spermatozoa are produced from germline stem cells within  seminiferous tubules of the testes 

(Fig 1.1) (Russell et al., 1990) (Phillips et al., 2010).  Seminiferous tubules are composed of 

Sertoli cells that provide an optimal environment for male germ cells to divide and differentiate 

(Phillips et al., 2010)   (Barry, 1910; Johnson and Everitt, 2000). Seminiferous tubules also 

contain Leydig cells that produce growth factors and testosterone (Johnson and Everitt, 2000), 

and an interstitial region that is filled with a lymphatic system, blood vessels and macrophages 

(Johnson and Everitt, 2000). Peritubule myoid cells surround the seminiferous tubules and 

provide a structural support that synthesizes growth factors critical for maintaining 

spermatogenesis (Dadoune, 2007).  

 The process of spermatogenesis (Fig 1.2) is comprised of a mitotic phase 

where spermatogonial stem cells lining the basement membrane of the seminiferous tubules 

undergo mitotic divisions to maintain the male germline stem cell pool (Phillips et al., 2010) 

(Yoshida, 2008; Yoshida, 2010) (Morimoto et al., 2009).  Spermatogonial stem cells reside 

within populations of A-single (As) spermatogonia in mammalian species (Phillips et al., 2010)   

(Oakberg, 1971)   (Huckins, 1971)   (Lok et al., 1982).   Stem spermatogonia can self-renew or 

develop into early “undifferentiated” progenitor spermatogonia to initiate spermatogenesis 

(Huckins, 1971)   (Oakberg, 1971). As spermatogonia can also divide mitotically to give rise to 

two progenitor spermatogonia that remain connected through a thin cytoplasmic bridge and are 

called A-paired (Apr) spermatogonia (Oakberg, 1971) (Huckins, 1971).  Apr spermatogonia 
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Spermatogonia

Spermatocyte

Spermatids

Spermatozoa

Fig 1.1 Testes are the site for spermatogenesis.
Mammalian testis are the site of spermatogenesis.  Testes are composed of seminiferious tubules 
packed inside a sheath called the tunica albugenia.  Inside the seminiferous tubules, spermagonia 
undergo several developmental steps to transform into motile spermatozoa.

Tunica 
albugenia

Rete testis

Epidydimus Seminiferous 
tubules
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Spermatogonial Stem Cell

Preleptotene Spermatocyte

leptotene Spermatocyte

Zygotene Spermatocyte

Pachytene Spermatocyte

Diakinasis Spermatocyte

Secondary Spermatocyte

Round Spermatids

Elongating Spermatids

Spermatozoa

Meiosis I

Meiosis II

Spermiogenesis

Fig 1.2  Spermatogenesis and spermiogenesis at a glance
Spermatogonial stem cells maintain spermatogenesis in the seminiferous epithelium of the 

meiotic divisions as they development into haploid gametes termed round spermatids.  

motile spemratozoa.    
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undergo a series of mitotic divisions without completing cytokinesis as they develop into 

syncytial chains containing up to 32 type A-aligned (Aal) spermatogonia (Oakberg, 1971) 

(Huckins, 1971). As, Apr and Aal together are classified as undifferentiated spermatogonia 

(Oakberg, 1971)   (Huckins, 1971). 

 Aal spermatogonia differentiate into A1 spermatogonia, which, in turn 

undergo successive mitotic divisions to form types A2, A3, A4, Intermediate and B 

spermatogonia (Phillips et al., 2010) (Russell et al., 1990).  Primary spermatocytes are formed 

when B spermatogonia undergo a final mitotic division (Phillips et al., 2010)   (Russell et al., 

1990). Primary spermatocytes, thereafter, undergo meiosis I, resulting in secondary 

spermatocytes (Russell et al., 1990)   (Monesi, 1962). Each secondary spermatocyte divides 

during meiosis II to produce four haploid round spermatids (Monesi, 1962) (Russell et al., 1990). 

Round spermatids differentiate into elongated spermatozoa through spermiogenesis (Oakberg, 

1956)   (Russell et al., 1990). Fully elongated spermatids are shed into the lumen of seminiferous 

tubules that release spermatozoa into the epididymis via the rete testes and efferent seminiferous 

ductules (Oakberg, 1956)   (Russell et al., 1990).  

 Spermatogenesis is orchestrated in an extremely regulated manner temporally. 

Therefore, there are regions of the seminiferous tubules that contain cells in a particular stage of 

cell division and differentiation (Oakberg, 1956). This can be tracked using markers specific for 

spermatogenic cells within a respective spermatogenic stage (Zheng et al., 2009)   (Nakagawa et 

al., 2007)   (Sada et al., 2009; Suzuki et al., 2009). For example, 14 distinct stages of 

spermatogenesis have been classified during a cycle of the rat seminiferous epithelium 

(Clermont, 1972)   (Russell et al., 1990) (Leblond and Clermont, 1952).  Each respective 

spermatogenic stage contains spermatogonia, spermatocytes and spermatids at distinct steps in 
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their development, reflecting subsequent generations of differentiating spermatogenic cells that 

were derived from a spermatogonial stem cell (Leblond and Clermont, 1952)   (Clermont, 1972)   

(Russell et al., 1990).  Needless to say, there appears to be a need to precisely control 

spermatogenic cell development to ensure faithful transmission of genetic information to 

progeny. 

 

CONTROL OF SPERMATOGENESIS 

Spermatogonial stem cell balance 

 Spermatogonial development is a finely tuned balance between stem cell 

renewal and differentiation. Several genes such as ID4 (Oatley et al., 2011), ZBTB16 (Buaas et 

al., 2004; Costoya et al., 2004) and NANOS2 (Sada et al., 2009) are involved in maintaining the 

balance between spermatogonial self-renewal and differentiation. Spermatogenesis is also 

controlled by several hormones. GDNF is secreted by Sertoli cells and signals stem cell 

proliferation (Katoh-Semba et al., 2007; Spinnler et al., 2010). GDNF induces ID4 and BCL6b 

expression (Oatley et al., 2006; Oatley et al., 2011), which in turn, control spermatogonial stem 

renewal through activation of proliferation-specific signaling pathways such as PI3K/AKT, 

MEK and SCR pathways. 

 The hormone NEUREGULIN-1 (NRG1) works together with GDNF and 

factors in serum to signal formation of Aal progenitor spermatogonia (Hamra et al., 2007).  

Studies using PDK1-deficient and PTEN-deficient mice have also demonstrated the existence of 

a negative feedback loop, consisting of PI3K downstream of GDNF that causes inhibition of 

stem cell renewal by inhibiting the FOXO transcription factors (Goertz et al., 2011).  The PIWI 

proteins that bind PIWI-interacting small RNAs, and regulate transcription are also implicated in 
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the control of spermatogenesis (Aravin and Hannon, 2008; Bak et al., 2011; Carmell et al., 2007; 

Chuma and Nakano, 2013; Deng and Lin, 2002; Kuramochi-Miyagawa et al., 2004).  PIWI 

proteins are expressed in germ cells and are linked to meiosis and spermiogenesis. PIWI proteins 

in both Drosophila and mammals have been demonstrated to be involved in germ cell self-

renewal (Carmell et al., 2007; Lin and Spradling, 1997).  

 Other growth factors Activin 1 (INHBA),, CSF1, SCF1 (KITLG) and BMP4 

are secreted by somatic cells of the seminiferous tubules (Mather et al., 1990)   (Baleato et al., 

2005; Hu et al., 2004; Pellegrini et al., 2003) and are required for germ cell survival, 

proliferation and differentiation. Further, adhesion molecules like Integrin b1 (ITGB1) and E-

cadherin (CDH1) are required for proper germ cell niche maintenance and behavior(Anderson et 

al., 1999)   (Kanatsu-Shinohara et al., 2008; Shinohara et al., 1999; Yan and Cheng, 2006)   

(Bendel-Stenzel et al., 2000; Di Carlo and De Felici, 2000; Wu et al., 1993) (Carlomagno et al., 

2010). 

 

Spermatogonial differentiation 

 Differentiation of Aal spermatogonia intoA1 spermatogonia is also exquisitely 

controlled, although the details of these mechanisms are not completely understood. KIT and its 

ligand, KIT Ligand (KITL), have long been implicated in the differentiation process (de Rooij et 

al., 1999; Schrans-Stassen et al., 1999). Heterozygous mutations in KIT or KITL have been 

shown to block Aal to A1 spermatogonial transition (Chapman et al., 2015a). Vitamin A 

deficiency also blocks Aal spermatogonia transition into A1 spermatogonia, suggesting that 

retinoic acid plays a role in driving progenitor spermatogonia differentiation (Koshimizu et al., 

1991; Sawada et al., 1991). Most recently, NRG1 and KIT Ligand (KITL) were reported to 
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signal downstream of retinoic acid in the germline as a mechanism to drive stem and progenitor 

spermatogonia differentiation (Chapman et al., 2015a).  Retinoic acid signals in the germline to 

induce receptors for NRG1 and KITL (i.e. ERBB3 and KIT, respectively) on spermatogonia that 

are required for differentiating spermatogonia survival (Anderson et al., 2008; Vanpelt and 

Derooij, 1991)   (Abid et al., 2014).   

Transcription factors such as the spermatogenesis and oogenesis specific basic-helix-

loop-helix factors (SOHLH1 and SOHLH2), that are expressed in A spermatogonia but not in the 

B spermatogonia also play a role in driving spermatogonial differentiation (Hao et al., 2008; 

Toyoda et al., 2009). Sohlh1 and Sohlh2 deficient testes show defects during several steps in 

spermatogonial differentiation. SOHLH-family transcription factors are thought to be responsible 

for shifting the balance of self-renewal and differentiation towards differentiation (Suzuki et al., 

2012), and to be essential for driving differentiation and survival of differentiating 

spermatogonia as they develop into spermatocytes (Ballow et al., 2006a; Ballow et al., 2006b; 

Choi et al., 2010; Hao et al., 2008; Suzuki et al., 2012; Toyoda et al., 2009) 

Spermatocyte formation and Meiosis 

Meiosis is the process whereby type B spermatogonia-derived preleptotene 

spermatocytes divide via one round of DNA duplication followed by two rounds of cytokinesis 

to form four haploid daughter cells from one diploid mother cell (Wolgemuth, 2006). Meiosis is 

divided into Meiosis I and Meiosis II.  During Meiosis I, duplicated DNA undergoes a 

specialized organization via the synaptonemal complex where a battery of double-stranded DNA 

breaks stimulate recombination between homologous chromosomes.  Chromosomal 

recombination during Meiosis I increases diversity within a species.  Meiosis II, where the sister 

chromosomes are separated into four chromatids, results in four haploid round spermatids to 
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initiate spermiogenesis. During spermiogenesis, round spermatids undergo a complex 

metamorphosis to elongate and differentiate into spermatozoa. 

 

Meiosis I is divided into the following phases: 

Prophase I: The RNA binding protein DAZL activates STRA8 via retinoic acid (Lin et 

al., 2008). STRA8, is in turn required for meiotic prophase initiation (Anderson et al., 2008). 

Meiotic prophase I is divided into four phases or steps: Leptotene, Zygotene, Pachytene and 

Diplotene. These four phases are highly complex with several regulatory components involved. 

The leptonema phase is when chromatin condensation occurs, and DNA double-strand breaks 

(DSBs) are formed.  DSBs are sites on homologous chromosomes where genetic information is 

exchanged by meiotic recombination. SPO11 is involved in the initiation of DSBs and after they 

are formed, DNA repair proteins such as γ-H2AX, ATM, ATR and DMC1 are recruited to the 

chromosomal break sites (Baudat et al., 2000; Blanco-Rodríguez, 2012; Romanienko and 

Camerini-Otero, 2000)   (Barlow et al., 1998)   (Pittman et al., 1998).  

Cohesins and other proteins involved in forming  axial components of the synaptonemal 

complex are also recruited to sites with DSBs (Herran et al., 2011; Ishiguro et al., 2011; Lee and 

Hirano, 2011; Prieto et al., 2001; Xu et al., 2005). Synaptonemal complex recruitment to DSB 

causes the initiation of synapsis and homologous recombination in zygonema, which is 

completed during pachynema resulting in at least one crossover per homologous chromosome. 

SYCP1 and meiotic recombination proteins such as DMC1, BRCA1, RPA, and MSH5 are 

recruited during these later two meiotic phases (Pittman et al., 1998)   (Broering et al., 2014)   

(de Vries et al., 1999).  Sites where homologous chromosome cross overs occur are called 
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chiasma and processes that lead up to their formation are critical to a successful meiosis event 

and exquisitely regulated.  The sister chromatid complex is held together by the cohesion family 

of proteins, and homologous recombination is coordinated via the zipper-like synaptonemal 

complex. Disassembly of synaptonemal complex is responsible for dissociating the sister 

chromatids during diplonema (Page and Hawley, 2004). 

The stage IV pachytene checkpoint, is a male specific arrest during meiosis I, which is 

triggered by unsynapsed and unpaired chromatids (Bhalla and Dernburg, 2005; MacQueen and 

Hochwagen, 2011).  Several proteins, including DSB repair pathway proteins, piRNA interacting 

proteins as well as TRIP13 are essential for progress beyond the pachytene spermatocyte 

checkpoint checkpoint (Wojtasz et al., 2009).  

During Meiosis I, meiotic Prophase I is followed by Metaphase I, Anaphase I, Telophase 

I, when the crossed-over homologous chromosomes are separated into separate poles to complete 

meiosis I.  Meiosis II proceeds in a similar fashion, which ends up separating the sister 

chromatids into four haploid daughter cells.  

The presence of at least one chiasmata per homologous chromosome determines proper 

segregation of chromosomes during Metaphase I. A spindle assembly checkpoint (SAC), 

determines proper orientation of the chromosomes, application of proper tension between the 

chromosomes. During Anaphase I, the SHUGOSIN-2 protein protects the cohesion family 

proteins REC8 at the centromeres of the sister chromatids to prevent premature separation while 

the homologous chromosomes are separated (Clift and Marston, 2011; Kitajima et al., 2004; 

Llano et al., 2008). During Metaphase/Anaphase II, SHUGOSIN-2 (SGO-2) is inactivated and 

the remaining REC8 proteins are cleaved, allowing for the formation of haploid daughter cells, 

the round spermatids to initiate spermiogenesis.  
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Spermiogenesis 

The round spermatids created via meiosis undergo a process of differentiation whereby 

they elongate into spermatozoa by acquiring a distinctive morphological shape comprised of a 

head, a midpiece and a flagellar tail region, through a process called spermiogenesis.  

Spermatozoa are motile cells that are released into the lumen of the seminiferous tubules.  

During spermiogenesis, the spermatids undergo chromatin remodeling, lose almost all of their 

cytoplasm and develop a structure called the acrosome that is essential to breach the oocyte wall. 

The development of spermatozoa from round spermatids proceeds via several steps. 

The first step in the process is the initiation of the development of the flagellum, which 

consists of a microtubular structure called the axoneme from a pole of the round spermatid. 

Formation of the flagella is essential for spermatozoa motility.Subsequently, spermatozoan 

motility becomes essential for swimming to the oocyte and to provide force for penetrating the 

zona pellucida to fertilize the oocyte (Fawcett, 1975; Russell et al., 1990).  

Proteins like HOP, SPAG6 and TEKTIN-T are essential for spermiogenesis(Johnson and 

Hunt, 1971)   (Sapiro et al., 2002)   (Tanaka et al., 2004; Zuccarello et al., 2008). Intra-spermatid 

transport is essential to the differentiation process.  Two microtubular structures, the 

intramanchette transport (IMT) and the intraflagellar transport (IFT) pathways are required for 

the transport of proteins from the head to the tail (Kierszenbaum, 2002).  A transient structure 

called the manchette is comprised of microtubules, and is essential for spermatid development.  

(Goetz and Anderson, 2010; Kierszenbaum and Tres, 2004)Defects in manchette formation due 

to loss of genes such as Hook1 and Rim-Bp3 render an animal infertile (Kierszenbaum et al., 

2011; Li et al., 2009; Mendoza-Lujambio et al., 2002). 
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Removal of the majority of the cytoplasm from the round spermatids by the tubulobulbar 

complexes (TBCs) is essential for the morphogenesis of an elongated spermatid. TBCs are 

cytoplasmic protrusions connecting the spermatid to the Sertoli cell via F-actin filaments 

(Kierszenbaum and Tres, 2004). Remaining cytoplasm is removed by the residual body that buds 

off during spermiation and the cytoplasmic droplet that is located near the neck of the spermatid. 

CAPZA3 and SPEM1 are two proteins for which inactivating mutations cause spermatids to 

retention cytoplasm and thereby develop into defective spermatozoa (Geyer et al., 2009; Zheng 

et al., 2007). 

The acrosome, a granular body that contains hydrolytic enzymes required for oocyte 

penetration, is a critical component of the functional sperm. As such, its development is a tightly 

controlled process and defects in acrosome biogenesis cause infertility. Acrosome formation 

occurs via several steps: first, proacrosomal vesicles arise from the Golgi apparatus, are 

transported to the head of the spermatid, and fuse to form an acrosomal sack. The acrosomal sac 

then elongates, condenses and flattens during the final step of acrosome formation (Johnson and 

Everitt, 2000). Vesicle fusion, transport and sorting proteins like ZPBP1, play a role in acrosome 

condensation, and are crucial to acrosome biogenesis (Lin et al., 2007). 

During spermatogenesis, chromatin condensation occurs via the replacement of histones 

by protamines (Meistrich et al., 2003). Phosphorylation and hyper-acetylation are required for 

chromatin condensation to occur. Therefore, proteins like CAMK44, PYGO2 and SSTK are 

essential for this process (Nair et al., 2008; Spiridonov et al., 2005; Wu et al., 2000).  

Just before the release of the mature spermatozoa into the lumen of the seminiferous 

tubule through the process of spermiation, apical ectoplasmic specialization (aES), a structure 

that is formed between the spermatid and Sertoli cell, is disassembled. The aES ensures that the 
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spermatid is tethered during its development and that all the steps of spermiation occur in a 

concerted fashion. And therefore, timely disassembly of the aES leads to release of mature 

spermatozoa into the lumen of the seminiferous tubules (O'Donnell et al., 2011). 

 

HORMONAL CONTROL OF SPERMATOGENESIS  

The hypothalamic-pituitary-gonadal axis is primarily responsible for maintaining 

spermatogenesis (Fig 1.3). The hypothalamus secretes Gonadotropin releasing hormone (GnRH), 

which acts on the pituitary to release Follicle Stimulating Hormone (FSH). FSH, in turn, acts 

through FSH receptors on the Sertoli cells to secrete Inhibin. Luteinizing hormone (LH) is also 

secreted from the pituitary upon GnRH stimulation, and acts on the Leydig cells to secrete 

testosterone. Testosterone acts via a feedback loop to control the production of GnRH from the 

hypothalamus and LH from the pituitary. 

FSH 

FSH acts on Sertoli cells through the G-protein coupled FSH receptors (FSHRs). FSH 

receptor activation signals via several  pathways, namely the cAMP and protein kinase (PKA), 

MAP kinase, calcium, phosphatidyl inositol 3-kinase (PI3K) and the phospholipase A2 pathways 

(Meroni et al., 2002)   (Gonzalez-Robayna et al., 2000). Signaling downstream of FSHR activate 

transcription factors that in turn, regulate gene expression to control spermatogenesis. FSH, 

together with activin (INHBA), c-kit (KIT) and follistatin (FST) signaling on Sertoli cells 

promote gonocyte survival and maturation(Mather et al., 1990) (Manova et al., 1990; Marziali et 

al., 1993; Yoshinaga et al., 1991) (Meinhardt et al., 1998; Oldknow et al., 2013; Sofikitis et al., 

2008) (Meehan et al., 2000) (Orth et al., 2000). It is unclear whether FSH is necessary for 

proliferation of spermatogonia, although evidence exists both in favor of and against this role in 
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rodents in vivo (Meachem et al., 2005) (Boitani et al., 1993; Boitani et al., 1995). FSH also has 

been shown to upregulate Bcl2l expression in vitro (Meehan et al., 2001). Bcl2l is required for 

apoptosis via the intrinsic pathway and this suggests that FSH regulates spermatogonial 

apoptosis via the intrinsic pathway in rodents. In primates and humans, the role of FSH is even 

less well-defined, but it is thought that FSH helps to maintain spermatogonia and spermatocyte 

survival through pachynema while playing no role in their proliferation (Chandolia et al., 1991) 

(Sinha Hikim and Swerdloff, 1999). 

During spermiogenesis, FSH is thought to play a role in maintaining the junctions 

between Sertoli cells and the round spermatid. Acute suppression of FSH levels has been shown 

to reduce the number of pachytene spermatocytes (Ruwanpura et al., 2010). FSH effects on 

Sertoli cell junctions seem to be independent of the levels of androgen receptors or androgen 

itself, suggesting a direct role of FSH in the survival of spermatocytes and spermatids. Data also 

suggests a failure to release mature sperms if FSH action is suppressed. Data from acute and 

chronic suppression of FSH indicate that androgens are required for potentiating the actions of 

this hormone. Although, total FSH loss does not lead to infertility, there is marked reduction in 

the number of mature sperms in this condition.  FSHR-/- and FSHβ-/- animals also exhibit reduced 

Sertoli cell number which could account for the lower number of germ cells (Sairam and 

Krishnamurthy, 2001) (Wreford et al., 2001) (Allan et al., 2010). Therefore, FSH plays important 

roles in the survival of spermatocytes and spermatids through maintenance of Sertoli cell number 

and function. FSH also regulates Sertoli cell metabolism. The key mediators and pathways 

downstream of FSH, however, are still largely unknown. 
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LH  

LH is also essential for spermatogenesis. LH is secreted by the pituitary upon stimulation 

by GnRH and it acts on steroid producing Leydig cells in the testis to produce androgens. Loss of 

LHβ causes arrested spermatogenesis despite normal testis descent. This is likely due to aberrant 

secretion of LH and defective LH receptor-hormone binding. However, the main function of LH 

is to regulate the production of androgens by Leydig cells that are localized in the interstitial 

spaces between seminiferous tubules. 

Testosterone  

The androgens, testosterone (T) and its derivative 5-α dihydroxy-testosterone (DHT), are 

essential for initiation, maintenance and re-initiation of spermatogenesis (Roberts and Zirkin, 

1991). DHT is the active metabolite of T and serves to control most Sertoli cell functions and 

metabolism. T and DHT mediate their action through the androgen receptors (AR, NR3C4) and 

together they can stimulate spermatogenesis in vivo even in the absence of FSH, suggesting that 

androgens are key mediators of spermatogenesis. T and DHT work similarly on Sertoli cells to 

stimulate spermatogenesis, however, the difference lies in their different abilities to induce FSH 

production. T can feedback and stimulate the production of FSH, while DHT lacks this ability 

(O'Shaughnessy et al., 2010). 

Although T is not essential for the initial waves of spermatogenesis to develop 

postnatally, T is crucial for spermatocytes to complete meiosis and spermiogenesis. Testosterone 

regulates aES proteins such as β1 Integrins, phosphorylated Focal Adhesion Kinase (FAK) and 

c-Src, and thereby mediates Sertoli cell-round spermatid adhesion and spermiation (Wong et al., 

2005) (Cheng and Mruk, 2009) (Saito et al., 2000).  Testosterone also regulates spermatocyte 

and spermatid survival in vitro and in vivo (Tapanainen et al., 1993) (Marathe et al., 1995). 
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Testosterone withdrawal from adult testis leads to increased spermatocyte apoptosis in a stage-

specific manner. The extrinsic apoptotic pathway mediated by FAS and FAS-ligand is thought to 

be involved in testosterone-regulated apoptosis of spermatocytes (Nandi et al., 1999) 

(Woolveridge et al., 1999) . 

Testosterone co-operates and synergizes with FSH to maintain spermatogenesis. Partial 

restoration of meiosis is achieved by using either testosterone or FSH, however, using them 

together generally is more effective. Studies suggest that testosterone, together with FSH 

regulate apoptosis via the intrinsic and extrinsic pathways and act as survival factors for 

spermatocytes (Russell et al., 1993) (Tapanainen et al., 1993) (Sinha Hikim and Swerdloff, 1999) 

(Meachem et al., 2005).  Further, the cooperation between the two hormones is also essential for 

development of elongated spermatids from round spermatids and spermiation. Although, the 

molecular details of this synergy is undefined, it is postulated that FSH regulates T action by 

regulating the expression of androgen receptors and androgen binding proteins (McLachlan et 

al., 2002).  

Other hormones 

Estrogen, via estrogen receptors (ERα NR3A1, ERβ, NR3A2), which are expressed in the 

male reproductive tract (Alves et al., 2013), regulate the function of mature spermatozoa. 

Incubating spermatozoa with estrogens can lead to improved motility, and can increase lactation 

and metabolism (Cheng and Boettcher, 1979) (Revelli et al., 1998) (Hicks et al., 1972). 

Estrogens can induce apoptosis via the Fas (FAS) and cytochrome c (CYCS) pathways in 

spermatocytes (Mishra and Shaha, 2005). Estrogen is also essential for maintaining Sertoli cell 

metabolism (Alves et al., 2013).  
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Insulin increases lactate production by Sertoli cells in vitro and also stimulates DNA and 

protein synthesis in Sertoli cells (Oonk and Grootegoed, 1987; Oonk et al., 1985) (Oliveira et al., 

2012). Thyroid hormone (TH) controls early development of the testis. Thyroid hormone 

regulates Sertoli cell proliferation through thyroid hormone receptors. TH also stimulates insulin-

like growth factor-I (Palmero et al., 1990) and inhibin synthesis (Vanhaaster et al., 1993) and 

inhibits the production of androgen binding protein and metabolism of testosterone (Fugassa et 

al., 1987; Palmero et al., 1995). TH also regulates amino acid metabolism in the testis (Silva et 

al., 2001).  

Finally, b Fibroblast growth factor (bFGF) and interleukins also regulate Sertoli cell 

metabolism and therefore, regulate spermatogenesis (Schteingart et al., 1999) (Mullaney and 

Skinner, 1992) (Han et al., 1993). 

In this chapter, I described the general process of spermatogenesis, which will form the 

basis of my dissertation.  In Chapter 2, I will describe a novel forward genetic screen that was 

used to identify genes essential for rat reproduction using transposon mediated mutagenesis in 

spermatogonial stem cells.  In Chapter 2, I further review literature on the E2 ubiquitin 

conjugase, UBE2K.  UBE2K is encoded by Ube2k, which was initially found to be required for 

reproduction during the aforementioned transposon mediated mutagenesis screen in rats, and is 

the primary subject of my dissertation research. 
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CHAPTER 2 
Background and Significance 

 

THE RAT GENETIC TOOLKIT 

While the rat is a preferred model in several fields of biomedical research, rats have been largely 

overlooked over  the last 30 years for studies on specific gene function due to a lack of genetic 

tools available to manipulate the rat genome.  Here, I review tools currently available for 

producing genetically defined mutant rat strains. 

Random mutagenesis  

Chemical mutagenesis 

The earliest strategies to produce new mutant rat models used chemical agents to induce 

random mutations in genomes. Chemical mutagens like N-ethyl-N-nitrosourea (ENU) can 

increase the rate of random mutations in the genome (Hitotsumachi et al., 1985). Mutagenic 

chemicals like ENU can cause point mutations, frame-shift mutations or introduce premature 

stop codons in spermatogenic cells following exposure to male gonads causing a vast array of 

mutant spermatozoa to develop. The mutation carrying spermatozoa can then fertilize eggs in the 

female and produce offspring that inherit the mutation from the parent spermatozoa. Once 

experimentally induced mutations in offspring are mapped to particular genes, they can be 

followed by phenotyping animals for defects or variations in physiology.  

The earliest report on ENU-mediated mutagenized rats appeared in 2003 (Zan et al., 

2003). The goal of the ENU mutagenesis strategy was to identify rat strains lacking Brca1 and 

Brca2 function. Several more mutant rat strains have subsequently been described using ENU 
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mutagenesis (Baulac et al., 2012; Clifford et al., 2012; Deacon, 2013; Ebihara et al., 2015; 

Homberg et al., 2009; Huang et al., 2011a; Huang et al., 2011b; van Boxtel et al., 2011). 

However ENU mutagenesis has shortcomings and hurdles. First, mapping ENU-induced 

mutations to a particular genetic locus is a process, requiring genetic mapping, or optimally, 

whole genome sequencing. In the past, whole genome sequencing technologies had not been 

cost-effective for efficient mapping of mutations in individual animals. However, new generation 

sequencing technologies are rapidly becoming more cost efficient to the point where whole 

genomes form several mutant individuals can be sequenced and directly compared.  

Second, the random nature of ENU mutagenesis makes it arbitrary to tell if a particular 

individual in a litter coming from an animal exposed to ENU even has a mutation without 

sequence analysis. It is only after exhaustive sequencing studies, can one include or exclude 

mutant alleles experimentally induced within each member of a litter. Sometimes even after 

successful introduction of mutation, ultimately there might be no effect on the organism. The 

mutation could be a silent mutation causing no change in protein coded by the region. In other 

cases the mutation could be introduced in interspersed regions of genome which do not code for 

proteins, are not regulatory regions, nor which code for small RNAs ultimately leading to no 

change in the progeny produced. These variables add significantly to the cost and effort require 

for this strategy (Anand et al., 2012; Hitotsumachi et al., 1985).  

 

Transposons 

Transposons are naturally occurring mobile genetic elements in mammalian genomes. 

Transposons are able to move between different parts of the genome by a “cut-paste” 
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mechanism. Transposon mobility is dependent on a specific transposase enzyme.  Transposon-

transposase systems can be exploited to introduce a stretch of foreign DNA into coding regions 

or promoter regions of a cell or organisms genome to render a respective gene inactive.  

Similarly, transposons can be used to stably insert transgenes of interest into genomes. 

Tol2, PiggyBac (PB),Minos, Frog Prince, Sleeping Beauty (SB) and Line1 (L1) (Ding et 

al., 2005; Feng et al., 1996; Kaufman et al., 2005; Mathias et al., 1991; Woltjen et al., 2009) are 

transposons reported to be mobilized by dedicated, specific transposases when co-introduced into 

mammalian cells. The pioneering use of the SB transposon-transposase system  demonstrated the 

effectiveness for introducing mutations in mice (Ivics et al., 2011a; Izsvak et al., 2010), and 

paved the way for its use in rats (Mates et al., 2009; Takeda et al., 2007). Like most other 

transposons, SB transposons are genomic regions flanked by 230-bp inverted terminal repeats 

(ITRs) (Ivics et al., 2004).  Most genomic regions can be modified by transposon-mediated 

insertion of desired DNA sequences (“cargo DNA”) flanked by transposon ITRs. Transposon 

mobilization, however, is fully dependent on the presence of a compatible transposase protein in 

the vicinity of the transposon that can be used as a substrate. Transposon-mediated insertional 

mutagenesis was used in 2009 to introduce GFP into the rat genome via pronuclear injection of 

DNA constructs encoding the SB transposon-transpose system (Kitada et al., 2009). 

Transposons have unique advantages compared to chemical or radiation induced 

mutagenesis (Kitada et al., 2009; Liu et al., 2005) Ivics, 2004 #1624}.  First, transposon 

integration sites are easier to map in the genome using PCR based sequencing (splinkerette PCR) 

compared to chemical or radiation induced mutations since sequences unique to the transposon 

can be probed to identify integration (Westphal and Leder, 1997). Secondly, transposon systems 

can be used to introduce premature transcriptional termination signals and/or translation stop 
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codons into genes encoding endogenous proteins (i.e. to make gene knock-outs), as well as 

protein encoding cDNA (i.e. to make gene knock-ins) (Grabundzija et al., 2013) (Wheeler et al., 

1999) (Westphal and Leder, 1997) .  

An interesting property of transposons is that they have a preference for certain genomic 

regions where they integrate (Liu et al., 2005; Takeda et al., 2007).  Hence, the nature of the 

mutations they introduce may not be totally random giving their bias for particular genomic 

regions.  However, by using a combination of transposon-transposase systems that have distinct 

selectivity (i.e. SB, PB, Tol2), mutagenesis of RNA polymerase II transcribed genes approaches 

genomic saturation (Ding et al., 2005; Woltjen et al., 2009) (Liu et al., 2005) (Kawakami, 2007). 

Targeted mutagenesis 

As the name suggests, targeted mutagenesis is designed to mutate a particular part of a 

genome, usually a specific gene of experimental interest.  In rats,  three common types of 

targeted mutagenesis techniques used following their advent over just the last 4-7 years – utilized 

site-specific endonucleases (i.e. ZFN, TALEN and CRISPR/Cas9) (Menoret et al., 2015; Wood 

et al., 2011) (Tesson et al., 2011). 

ZFN  

Zinc Finger nucleases (ZFN) are enzymes containing protein domains designed to 

recognize DNA in a sequence-specific manner. Each ZFN domain can recognize a particular 

combination of 3 base pairs. ZFN domains can thus be put in tandem to produce a protein that 

can recognize a DNA sequence specifically. ZFN libraries provide ZFNs for all combinations of 

base pairs. ZFNs are designed with a fused Foc1 endonuclease. Whenever a ZFN recognizes a 

DNA sequence, the nuclease can introduce a double-stranded break in the DNA. ZFN-mediated 

double strand breaks trigger DNA repair by either Non-Homologous End Joining (NHEJ) or 
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Homologous Recombination (HR) repair. When the NHEJ repair pathway is triggered, the repair 

process catalyzes events that leaves a nucleotide insertion or deletion (indel) at the repair site. If 

the indel is in a gene, it will likely result in a frameshift for missense mutation leading to 

premature stop codons that disrupt normal translation, and thus, normal protein expression.   

Site specific nuclease-stimulated DNA repair can be directed towards favoring 

homologous recombination by introducing a DNA fragment that has regions homologous to both 

flanks of the DSB (i.e. homology arms).  The exogenously supplied DNA fragment containing 

homology arms can be engineered using molecular biology techniques to contain experiment 

specific cargo DNA in between each homology arm (i.e. selectable makers, vital reporters, etc.). 

Once DSB repair by HR is initiated, the repair mechanism will use the homologous DNA as a 

template to repair the DSB, essentially inserting the exogenous DNA into the genome. If the 

exogenously supplied DNA is missing internal genomic sequences (i.e. exons and/or introns) that 

would normally be present between the homology arms, or contains termination signals, such as 

present in a gene trap, it can be used to produce gene knock-outs in animals.  Similarly, if a 

foreign reporter gene is used, HR can be used to produce a gene knock-in.  In this day and age, 

production of mutant animals by HR is most commonly done by using a site specific nuclease to 

target double strand breaks in the early embryo following pronuclear injection in zygotes. Micro-

manipulated early embryos are then implanted into a pseudo-pregnant female animal to produce 

progeny that will inherit the mutation.  

The first mutant rat strains produced by targeted mutagenesis, utilized a ZFN to stimulate 

frameshift mutations in the early embryo following microinjection of the ZFN constructs into 

donor zygotes in 2010 by Guerts and colleagues (Geurts et al., 2009; Geurts and Moreno, 2010). 

A main advantage of using ZFNs is that they are highly efficient in gene targeting to produce 
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precise genetic modifications.  Major disadvantages of ZFNs, however, are that they are more 

difficult to synthesize at a molecular level compared to newer types of site-specific nucleases, 

only small DNA fragments can be inserted efficiently by homologous recombination using 

ZFNs, and it becomes impractical to select for more rare recombination events associated with 

insertion of larger donor constructs by HR using clonal expansion in culture.  

 

TALEN  

Transcriptional Activator Like Effector Nucleases (TALEN) are enzymes containing 

DNA binding motifs that are highly conserved 33-35 residue amino acid sequences with the 

residues at position 12 & 13 (Repeat variable di residue RVD) being variable. The RVD can be 

Asparagine and Isoleucine (NI) and recognize “A” on the DNA sequence; histidine and aspartic 

acid (HD) to recognize “C”; asparagine and glycine (NG) to recognize “T” or consecutive 

asparagine (NN) to recognize “G” (Boch et al., 2009; Moscou and Bogdanove, 2009). Using this 

scheme a specific TALEN can be designed to recognize specific DNA sequence. This 

recognition sequence is also flanked by FocI nuclease, which cleaves the genome when the 

TALEN recognizes its target sequence. Following DNA cleavage, DNA repair takes place and 

introduces mutations in the same manner as that with ZFNs.  

Several mutant rats have been produced by using TALEN technology: TLR4 (Ferguson 

et al., 2013); GRDim knock-in (Ponce de Leon et al., 2014); Src Homology 2-B3 (Zhu et al., 

2015) and ApoE (Wei et al., 2015) are some examples.  

CRISPR 
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Clustered Regularly Interspaced Short Palindromic Repeats/Cas9 (CRISPR) is an 

elegantly simple mutagenesis technique compared to ZFNs and TALENs, and was adapted from 

a bacterial response mechanism that cleaves foreign DNA. The CRISPR/Cas9 system consists of 

a DNA plasmid containing a guide RNA which is complementary to the sequence of the gene 

being targeted. The plasmid also contains a Cas9 nuclease. When this plasmid enters a cell, the 

guide RNA is transcribed and conjugates with the Cas9 nuclease. The guide RNA can then 

recognize the target sequence and the Cas9 nuclease will introduce a DSB in that host sequence. 

The DSB repair machinery then takes over and repairs the genome by NHEJ or HR. The 

CRISPR/Cas9 system can be utilized for gene knock-ins and knock-outs as described for ZFNs 

and TALENs (Friedland et al., 2013). CRISPR/Cas9 technology has been shown effective and 

efficient in nearly all species and cell types tested. Due to the simplicity and effectiveness of 

CRISPR/Cas9, it has quickly become the most widely used mutagenesis technique in all species.  

Some genetically modified rat strains produced using CRISPR are knock-out models of 

Tollip, Espti1, Erbb3, Leptin; and a knock-in model of KATII (Bao et al., 2015; Chapman et al., 

2015b; Li et al., 2015; Yamamoto et al., 2015) 

Delivery Methods to Genetically Modify Animal Germlines 

Embryonic Stem Cell (ES) Mediated 

The ability to culture mouse ES cells, developed in early 1980s, gave a huge boost to the 

use of the mouse as a model organism to study gene function. Mouse ES cells can routinely be 

grown in culture, their genome modified as desired, and then injected into blastocysts to produce 

chimeric mutant animals that carry the specifically modified genome (Fig 2.1). The pluripotency 

of ES cells for development into epiblast derived-tissues provided the capability of introducing 

genetic modifications to the germline of chimeric animals so when they bred, they could pass 
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experimentally introduced mutations to progeny. Being derived from a single mutant sperm, F2 

mutant progeny would be pure heterozygous mutants. Gene targeting in ES cells has been used 

to produce several thousand mutant mouse lines for different purposes, and thus, has led to the 

prominence of mice as a mammalian model organism to study gene function. 

Rat ES cells however, have been difficult to culture in vitro. Available rat ES cell lines 

have not proven to be highly germline-competent so even when chimeric animals were obtained, 

it was extremely difficult to get germline transmission to generate a new pure mutant rat strain. 

Studies defining basal culture media N2B27 with GSK, FGFRTK and MEK inhibitors (Rat ES 

cell medium) for sub-culturing genetically modifiable, pluripotent rat ES cells  in 2008 was a 

clear breakthrough (Buehr et al., 2008; Li et al., 2008; Ying et al., 2008). The genetically 

modified rat ES cells derived in Rat ES cell medium could then be injected into a blastocyst to 

make a mutant chimeric rat. Rat ES cells injected following experimental manipulation in Rat ES 

cell medium were capable of forming all three germ layers in the embryo.  Hence, the rat ES cell 

lines could successfully carry mutations through the germline to form mutant spermatozoa that 

vertically transmitted their genomes to mutant offspring. Not surprisingly, this seminal study was 

soon followed by reports on new mutant rat strains produced by HR using the Rat ES cell 

medium (Kawamata and Ochiya, 2010; Tong et al., 2011; Tong et al., 2010; Yamamoto et al., 

2012). 

 

Direct Germline Modification in Spermatogonial Stem Cells  

A distinct method for experimentally introducing mutations directly into germlines to 

produce transgenic animals is the use of cultured Spermatogonial Stem Cells (SSCs) (Hamra et 

al., 2002) (Izsvak et al., 2010; Nicholas et al., 2009; Richardson et al., 2009) (Fig2.1). SSCs can 
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be derived from testes and grown in culture in their undifferentiated state (Fig 2.1). 

Mutagenizing agents (i.e. transposon, ZFN, TALEN, CRISPR/Cas9) can then be directly 

introduced into SSCs by electroporation or viral delivery methods to directly genetically 

manipulate the germline. SSCs can then be expanded and transplanted into a spermatogonia 

depleted-testis of a recipient host. Each SSC clone carrying the mutation will colonize the testis 

and form viable mutant spermatozoa. When recipient males are bred to a wildtype female, the F1 

progeny will inherit mutations introduced into the SSC genome at Mendelian rates. The 

advantage of spermatogonia-mediated gene transfer is that the germline is directly modified, 

yielding higher germline transmission efficiencies in rats compared to rat ES cell-based methods. 

Also, the time required to produce pure mutant animals is reduced by the SSC-based method. 

SSC-based technology can produce a pure mutant animal in about 6 months whereas the ES cell 

based technology takes up to a year in rat. SSC mediated gene transfer method has been used to 

create >150 mutant rat lines (Ivics et al., 2011a; Ivics et al., 2011b; Izsvak et al., 2010). 

 

Spermatogonial Stem Cell / Sleeping Beauty Transposon (SSC/SB) based Fertility Screen 

The SSC based knock-out technique can also be adapted as a forward screen for 

discovery of novel genes involved in any particular physiological or pathological function. As a 

proof of principle, our laboratory applied the SSC based knock-out technique to conduct a 

forward genetic screen for genes involved in fertility (Ivics et al., 2011a; Ivics et al., 2011b; 

Izsvak et al., 2010).  

SSCs were derived from transgenic Germ Cell Specific (tgGCS-EGFP) rats (Nicholas et 

al., 2009; Richardson et al., 2009). tgGCS-EGFP rats express enhanced green fluorescent protein 

(EGFP) specifically in germ cells. The GFP-positive SSCs were cultured and transfected by 
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electroporation with a plasmid containing a gene trap construct flanked by SB transposon ITRs 

along with a SB transposase-carrying plasmid (Fig 2.2). The gene trap cassette consisted of a 

strong splice acceptor followed by a β-galactosidase-neomycin phosophotrasferase fusion (β-

Geo) gene and a poly adenylation tail motif. The whole β-Geo gene trap was flanked by the 230 

bp SB-ITRs.  Once the β-Geo gene trap transposon and transposase are inside a SSC, the 

transposase can mobilize the β-Geo gene trap containing SB transposon and catalyze its random 

integration into the SSC genome (Fig 2.2). It should be noted that SB transposons have a high 

propensity to integrate within intronic regions near the 5’ end of genes. Once the mRNA is 

transcribed from a gene containing and integrated, SB transposon harboring a β-Geo gene trap 

cassette as cargo, the strong splice acceptor within the gene trap cassette will confer splicing to 

the most proximal upstream genomic exon.  Thus, the β-Geo gene trap effectively makes a 

fusion protein that causes premature termination of transcription between the upstream exon of 

the endogenous gene and the β-Geo open reading frame (Fig 2.2). First, the integrated gene trap 

cassette will likely cause the gene to be functionally knocked out. Secondly, the β-Geo fusion 

confers resistance to the cytotoxic effects of G418 supplemented into culture medium, allowing 

SSCs containing stably integrated β-Geo gene traps to be selected for in culture. Thirdly, the β-

Geo cassette can be used as a method to rapidly evaluate integration sites in SSCs as well as 

providing a template for mapping the exact genomic site where the integration has taken place 

(Fig 2.2).  

SSCs transfected with the gene trap were grown in a specially formulated, 

Spermatogonial Culture medium (SG medium), containing G418 to enrich for SSCs containing 

β-Geo gene trap genomic integrations, followed by transplanting the selected spermatogonia into 

testis of Dazl-deficient transgenic rats (Fig 2.3). By estimate, the transplanted spermatogonial 
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Fig 2.2 Gene trap transposon design and mechansim

A) schematic of the plasmid harboring a Sleeping Beauty gene trap transposon.
B) Schematic of Ube2K gene containing 7 exons in the rat genome.  Exons are numbered 1 through 7
C) Schematic of Ube2K gene in the rat genome after integration of the gene trap-containing transposon.
D) View of Ube2K mRNA post-splicing showing premature termination of the gene translation

S = Terminal Inverted Repeats comprising the Sleeping Beauty Transposon
SA = Splice Acceptor    
β-Geo = β-Galactosidase-Neomycin Phosphostrasferase selection cassette (confers G418 resistance)
TGA = Stop codon
pA = bovine growth hormone polyadenylation signal
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Fig 2.3 Fertility screen schematic
Spermatogonia are isolated from wildtype rats are co-transfected with genetrap 
transposon and transposase plasmids to mutate the rat germline genome. Mutant 
spermatogonial libraries enriched for genetraps in protein coding genes are 

rats and allowed to breed with wildtype female rats.   F1 progeny produced will 
inherit the randomly integrated genetraps that are capable of silencing respective 
mutant genes in each animal.
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library contained about 2400 individual clones. The donor spermatogonia were then allowed to 

colonize and regenerate spermatogenesis in the recipient testis for about 80 days and potentially 

make viable spermatozoa containing the β-Geo gene trap integrations. After 80 days post-

transplant, the recipient rats were mated to wildtype female breeders (Fig 2.3). The pups 

produced were analyzed for EGFP and 100% (113/113 pups) of the pups were carrying EGFP, 

indicating that they were all derived from the homozygous tgGCS-EGFP donor spermatogonia. 

About 72 % (82/113) of the donor-derived pups contained the β-Geo gene trap  that was used to 

map about 30 individual genes in different pups.  Ten of the mutant rat strains mapped (IGSF2, 

UBE2Q2, RGD1561493, ZMYND8, KSR2, ARHGAP26, SPACA6, SSBP2, PCLO and PAN3) 

were mated to wildtype breeders and it was shown that the F2 progeny successfully inherited 

each respective β-Geo gene trap mutation.  

Next, aliquots from the G418-resistant, polyclonal recombinant β-Geo gene trap SSC 

library were plated at low density in SG medium. Individually expanded colonies were then 

picked and screened for β-Geo gene trap activity. The five colonies with the strongest β-Geo 

gene trap activity were transplanted into Dazl-deficient rat testes and the recipient males were 

bred to wildtype females 80 days post-transplantation. Two of the recipients produced pups that 

were mapped to have β-Geo gene trap mutations in the following genes: SLC35A3, TBC1D1, 

UBE2K, TMX4 and CDK8. 

Fifteen of the newly derived mutant rat strains harboring mapped β-Geo gene trap 

mutations (i.e. IGSF3, UBE2Q2, RGD1561493, ZMYND8, KSR2, ARHGAP26, SPACA6, 

SSBP2, PCLO, PAN3, SLC35A3, TBC1D1, UBE2K, TMX4 AND CDK8) were bred to 

wildtype males and females and mean litter sizes/mutant strain were recorded to measure 

fertility. Out of the 15 mutant strains tested, 7 strains showed reduced fertility.  Out of these 7 
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strains displaying reduced fertility, the UBE2K mutant rat strain showed low body weight and 

complete infertility in both male and female rats.  The UBE2K mutant rat strain was then chosen 

for more extensive phenotyping. 

 

UBE2K: LITERATURE REVIEW. 

Physiology 

UBE2K protein, also known as E2-25K or Huntingtin interacting protein 2 (Hip2), was 

originally recognized as a protein that bound to and stimulated the degradation of Huntington 

protein (HTT), a polyglutamine-containing protein implicated in Huntington’s Disease, 

(Kalchman et al., 1996). Early in vivo studies on UBE2K reported its localization in frontal areas 

of the mouse brain (Tanno et al., 1999) However, inactivation of HTT in mutant mice did not 

show any distinct phenotype (Tanno et al., 1999). UBE2K was subsequently found to be highly 

upregulated in patients with Schizophrenia or Bipolar disorder (Bousman et al., 2010). 

Alzheimer’s disease model mice also showed increased levels of UBE2K (Song et al., 2008) 

(Song and Jung, 2004), thereby suggesting that UBE2K might have a role in amyloid mediated 

neurotoxicity (Song et al., 2003; Song et al., 2008). 

In studies following UBE2K’s discovery, UBE2K expression has been verified in most 

human tissues (Kalchman et al., 1996). Acute distention in human fetus caused an increase in 

UBE2K and interferon stimulated gene (ISG) transcript levels (Nemeth et al., 2000). There were 

other reports that aggregated LDL upregulated UBE2K in macrophage foam cells (Kikuchi et al., 

2000). Studies in isolated rabbit corneal stromal cells implied that UBE2K might be increasing 

during injury response (injury induced stromal cell response) and accompanied I-κB degradation 
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(Stramer et al., 2001). In some pancreatic cancer cells, surface protein AGR2 caused increased 

levels of UBE2K associated with enhanced cancer dissemination (Dumartin et al., 2011) 

 

Structure and activity 

When the cDNA encoding bovine UBE2K was first cloned it allowed recombinant 

UBE2K to be produced, purified and studied (Chen et al., 1991). UBE2K was found to be similar 

to the yeast E2 protein, Rad6 (32% identity; 56% similarity), and also like Rad6, catalyzed the 

formation of multi-ubiquitin chains via Lysine 48 of Ubiquitin (K48) and c-terminal Glycine of 

the next molecule in the chain (Chen et al., 1991). UBE2K could also make forked ubiquitin 

chains (Kim et al., 2007) and cyclic tri-ubiquitin structures under certain conditions (Yao and 

Cohen, 2000). UBE2K is also known to synthesize free poly ubiquitin chains that are speculated 

to function in the rapid protein degradation in cells (van Nocker and Vierstra, 1993). 

UBE2K is a 200 residue protein with homology (43% identity; 63% similarity) to yeast 

UBC1, implicating its role as a stringently conserved E2 protein. Indeed, early studies provided 

evidence that UBE2K’s 47 residue tail was necessary but not sufficient for its activity and an E2 

ubiquitin conjugase (Haldeman et al., 1997). A subsequent study demonstrated that the S86Y 

mutation (Mastrandrea et al., 1998) and a K14 mutation inactivated UBE2K E2 ubiquitin 

conjugase activity (Pichler et al., 2005). In 2009, the X-ray crystal structure of UBE2K was 

solved illustrating two primary domains: Ubiquitin-conjugating (UBC) domain and Ubiquitin-

Associated (UBA) domain (Wilson et al., 2009). The N-terminal UBC domain is 150 amino 

acids long and comprised of an Alpha helix followed by four antiparallel beta strands followed 

by three alpha helices. The UBA domain is 50 amino acids long and made up of a bundle of 

three helices necessary for UBE2K’s specificity in K48 chain synthesis (Wilson et al., 2011). 
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Function 

To identify E3 ligases and associated substrates for UBE2K, pulldown assays were 

performed to reveal strong binding of UBE2K to RNF2 (Lee et al., 2001). RNF2 in turn, has 

been implicated in DNA repair mechanisms via H2A.X ubiquitination and epigenetic control of 

transcription via H2A (McGinty et al., 2014). Both H2A and H2A.X are highly identical proteins 

from the same family. However, neither of these proteins have ever been shown to be 

ubiquitinated by RNF2 in the presence of UBE2K. Although, it has been shown that increased 

UBE2K in cells is associates with decreased cellular levels of H2A (Stramer et al., 2001). Taken 

together, these later studies suggest that UBE2K may play a role in both DNA repair 

mechanisms and epigenetic regulation of transcription.  

UBE2K has also been shown to ubiquitinate p53 protein via Mdm2 protein acting as the 

E3 ligase (Saville et al., 2004). P53 protein has a variety of roles, based on its cellular context 

and post-translational modification state, in DSB repair, cell cycle checkpoint regulation and 

apoptosis. 

UBE2K also ubiquitinates BRCA-1, where BRCA-1 acts as its own ubiquitin ligase 

(Christensen et al., 2007). BRCA-1 can also act as an E3 ligase for ubiquitinating cdc25c and 

cyclin B1 (Shabbeer et al., 2013). However, UBE2K has not been shown to act as an E2 

conjugase when BRCA1 ubiquitinate cdc25 or Cyclin B1, although UBE2K has been shown to 

interact, ubiquitinate and destabilize Cyclin B1(CCNB1) (Bae et al., 2010a) in immortalized 

cells containing BRCA1. Therefore, there is the possibility that a UBE2K – BRCA1 – Cyclin B1 

complex could exist.  Cyclin B1 has been known to alter its localization pattern in response to 

DNA damage to activate a mitotic entry checkpoint block (Zhou and Elledge, 2000) (Toyoshima 
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et al., 1998). Recently, overexpression of UBE2K was shown to overcome mitotic entry 

checkpoint post IR-induced DNA Damage (Bae et al., 2013). The same study also showed that 

knockdown of UBE2K would show increased activation of the mitotic entry checkpoint in 

response to DNA damage. Moreover, Cyclin B1 has been known to be critical for meiosis 

(Godet et al., 2000; Gromoll et al., 1997; Kong et al., 2002; Kong et al., 2000).  Cdc25c along 

with cdc2/cyclinB complex is key regulator of mitotic entry(Perdiguero and Nebreda, 2004; 

Shabbeer et al., 2013; Wang et al., 1999) and has been shown to be activated in response to DNA 

damage(Gutierrez et al., 2010). Also, Cyclin B1 and p53 have been known to induce apoptosis in 

the event of unresolved cell cycle checkpoint (Shimizu et al., 1995) (Yuan et al., 2004) (Brash et 

al., 1996) (Wu and Ding, 2002). 

A similar situation exists between UBE2K - APC/C -Cyclin B1. APC/C is a critical 

protein mediating cell cycle checkpoint control, and UBE2K has been found to ubiquitinate other 

targets in an APC/C dependent manner (Rodrigo-Brenni and Morgan, 2007). In addition, APC/C 

has been shown to regulate cyclin B1 ubiquitination (McLean et al., 2011). Again a direct link 

between these three proteins has never been shown.   

UBE2K has been known to affect proteins involved with apoptosis, and can ubiquitinate 

caspase-12 in neuronal cells to affect amyloid beta toxicity. However effects UBE2K mediated 

ubiquitination of Caspase-12 has been controversial. Some groups have reported the 

ubiquitination of Caspase-12 results in degradation of Caspase-12 via the proteosomal pathway. 

At the same time others have reported that ubiquitination of Caspase-12 leads to stabilization of 

Caspase-12 (Petersen et al., 1999; Song et al., 2008).  Moreover, UBE2K also has a role in 

ubiquitinating and destabilizing DIABLO (Bae et al., 2010b). DIABLO is a mitochondrial pro-
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apoptotic protein and its destabilization inhibits apoptotic pathways.  In contrast, absence of 

UBE2K will stabilize DIABLO and induce apoptosis. 

The interaction of UBE2K with E3 ligases and substrates summarized above show a 

strong correlation between UBE2K and distinct cellular functions: cell cycle checkpoint control; 

DNA damage repair; and apoptosis. However there is currently no direct evidence demonstrating 

UBE2Ks exact function in any of the cellular processes mentioned above using cell culture or 

model organisms. Thus, phenotyping a UBE2K-deficient rat model will give us the chance to fill 

this knowledge gap by evaluating both UBE2K’s cellular function and its physiological 

importance.   
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CHAPTER 3 

Phenotyping UBE2K Rats 

 

INTRODUCTION 

Identifying how a gene functions within complex organisms like mammals can be 

challenging. Different cell types in the body may have different functions for the said gene in 

supporting the life form. However, mutations in a gene of interest in model organisms allow us 

to characterize biological phenotypes (or traits) that change in response to those mutations.  

Ascribing phenotypic effects to specific gene mutations allows us to build an overall integrative 

picture of a gene’s function in animals, while pointing us to individual tissue types that are most 

affected by mis-regulation of a gene’s expression. Therefore, phenotyping UBE2K-deficient rats 

provided a first step towards understanding the function of UBE2K. 

 

METHODOLOGY 

 

Western blot:  Rats were sacrificed and 300 mg of each tissue type was lysed in 2 ml of Lysis 

buffer (HEPES 25 mM, NaCL 150 mM, EDTA 5 mM Triton x 100 1%).  Tissues were 

homogenized and centrifuged 15 min, 15000 x g at 4C.  Homogenate supernatants were 

collected and 50 µl of total protein (Pierce BCA assay 23225) was loaded/lane/tissue type into 

respective lanes of a SDS-PAGE gel (Bio-Rad cat#4561096) and fractionated. Fractionated 

proteins were transferred onto nitrocellulose membrane and blotted with rabbit anti-UBE2K 

(Cell Signaling # 8226) and mouse anti-GAPDH (Gentex Inc. GT 239) antibodies diluted 1:1000 
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into blocking reagent (Roche Inc. 11921673001).  Blots were then incubated with 700 Licor 

donkey anti-rabbit and 800 donkey anti-mouse antibodies (Licor Inc. P/N 925-68022 and P/N 

926-32213) at 1:10,000 dilution and imaged using a Licor scanner according to manufacturer’s 

instructions. 

 

Body weight measurements:  Rats were housed in a barrier facility under standardized 

humidity, temperature and air quality conditions in the Animal Resource Center at UT 

Southwestern and approved by Institutional Animal Care and Use Committee (IACUC) with 

12hr day – 12hr night light cycle. For consistency in housing conditions, rats were housed at a 

density of 2 rats per cage.  Rats were maintained on 16% Protein diet (Envigo Global, Catalogue 

#2916.).  Rat weights were measured at the end of the week (postnatal weeks 3 to 17) around 

1500 hrs. Linear and first derivative growth curves were plotted using GraphPad Prism version 

6.04, (GraphPad Software, La Jolla California USA, www.graphpad.com). 

 

Hormone analysis:  Blood from wildtype and UBE2Kwt/gt 120D male rats (n=5/genotype) was 

collected via jugular veins under isoflurane anesthesia.  Blood collection were performed around 

3PM. Blood was allowed to clot for 90 min at room temperature (22-24oC) followed by 15 min 

centrifugation at 2000 x g. Serum was collected and frozen at -80C. Serum samples were sent to 

the University of Virginia Center for Research in Reproduction (UVCRR) for the following 

analysis: androstenedione, corticosterone, estradiol, estrone, progesterone, 17a-OH-progesterone, 

Follicle Stimulating Hormone (FSH), Luteinizing Hormone (LH) and testosterone in rat serum 

samples using radio-immunoassays for all hormones(Gay et al., 1970), except Luteinizing 
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Hormone, for which an immunoradiometric assay was used (Fallest et al., 1995; Haavisto et al., 

1993; Matteri et al., 1987).  

Mean serum hormone concentrations in wildtype and Ube2kgt/gt groups were analyzed 

statistically using the Student t-test (multiple) in GraphPad Prism version 6.04. 

 

Neurobehavioral analyses:  Neurobehavioral analyses including, ladder rung, grip, open field 

and rotarod testing were conducted at the Haggerty Center for Brain Injury and Repair, UT 

Southwestern Medical Center, Dallas (http://www.utsouthwestern.edu/research/brain-

injury/index.html).  

Ladder rung: Ladder rung tests were performed on cohorts of Ube2kwt/wt, Ube2kwt/gt and 

Ube2kgt/gt rats by methods previously described (Metz and Whishaw, 2009). Rats were trained to 

cross a plexiglass tunnel about 1 meter long with metal rods provided at regular intervals as 

steps. Each step that the rat took was scored on the basis of paw placement on a 7 category scale 

with 0 being paw totally missing the rung and 6 being correct paw placement. The average score 

per pair of limbs was used to quantify step score.  During the trial, the error per step was also 

quantified by number of low scoring steps (0-2) divided by total number of steps that the rat took 

during the test with each pair of limbs (Student t test). 

Grip test:  To assess grip strength, rats were allowed to cling on to a support by fore limbs or 

hind limbs and pulled (Curzon P, 2009). The support is attached to a transducer that can measure 

the pull force being applied on the rat by the tester. During each trial, force that was necessary to 

be applied by the tester to release the grip of the rat were recorded. 3 trials per limb pair were 

done and the means compared by student t-test. 
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Open field:  The open field test (Curzon P, 2009) was performed for each rat using a rectangular 

arena (3ft x 2ft) divided into 9 equal sectors (1 center, 8 perimeter). At the start of the 

experiment, the rat was placed in the center sector and allowed to explore for 10 minutes. The 

behaviors counted were crossing, rearing and grooming. Each crossing event was counted when 

all four limbs of the test subject crossed the boundary of one sector into another. Rearing was 

defined as the number of times the subject stood up on its hind limbs. Grooming was the defined 

as number of times a rat licked or scratched itself while remaining stationary.  

Rotarod test:  The Rotarod test was applied as previously described (Curzon P, 2009). The 

speed of the rotating rod was 4RPM at the start of the experiment with a constant acceleration of 

0.2 RPM/sec. The maximum RPM ever archived on this device could be 44 RPM. The time to 

fall was recorded for each rat. For each rat 4 trials/test day were performed with 2 sequential test 

days at the 1st time point (3 months) to allow for learning and thereafter 1 test day for 

subsequent time points.  Data were plotted as mean time to fall for wildtype compared to 

Ube2kwt/gt or Ube2kgt/gt at each time point by Student t-test.  

 

RESULTS 

3.1 Deriving the Ube2k knockout rat colony 

Rats heterozygous for a gene trap insertion in exon 1 of Ube2K (i.e. Ube2kwt/gt rats: Rat 

Genome Database 6.0 chromosome 14 location 44,348,424) were originally generated from 

clonally expanded spermatogonial stem cells selected from a beta-galactosidase-neomycin (β-

Geo) phosphotransferase gene-trap library on the Sprague Dawley rat genetic background 

(Izsvak et al., 2010).   I identified individual Ube2kwt/gt rats harboring a single β-Geo gene trap 

insertion by Southern blot (Animal 308.2-12, 3082.13) and crossed to wildtype Sprague Dawley 
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rats to generate an experimental colony (Fig 3.1).  Once F1 male and female rats harboring a 

single gene trap integration were identified, they were used F2 breeders for the colony.  

Littermates from subsequent F2-F7 generations were used for experiments.  

 

3.2 UBE2K expression in rat tissues 

I established the relative UBE2K protein abundance in various tissues using lysates from 

wildtype rats (Ube2kwt/wt rats) and rats homozygous for the Ube2k gene trap insertion (Ube2kgt/gt 

rats). UBE2K’s western blot profile was consistent with a ubiquitous UBE2K expression profile 

in wildtype rat tissue (Kalchman et al., 1996) (Izsvak et al., 2010), and UBE2K was not detected 

in corresponding tissues from Ube2kgt/gt rats (Fig 3.2).  Thus, Ube2kgt/gt rats provided a “global” 

UBE2K knockout rat model (i.e. UBE2K-deficient rats). 

 

3.2 Body Weight and Growth 

During the course of my work, I found the Ube2kgt/gt rats to be considerably smaller than 

their wildtype (Ube2kwt/wt) or heterozygous (Ube2kwt/gt) littermates, indicating that UBE2K-

deficiency stunts rat growth.  To characterize the growth defect phenotype displayed by 

Ube2kgt/gt rats, I measured weights for littermates born from Ube2kwt/gt rat crosses from birth to 

adulthood (Fig 3.3).  At birth Ube2kgt/gt rats were much smaller and frailer than their Ube2kwt/wt 

or Ube2kwt/gt littermates (n=5 each genotype). Average weight per genotype were compared by 

Student t-test. P<0.05)).  An undetermined percentage of Ube2kgt/gt rats died within a few days of 

being born. I speculated that handling newborn Ube2kgt/gt rats worsened their mortality.  Hence, I 
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Fig 3.3 Photograph of 120 day old male Wildtype, 
Ube2kwt/gt and Ube2kgt/gt rats.

Wildtype, Ube2kwt/gt, Ube2kgt/gt rats are laid out while under anesthesia to show 
comparatively smaller size of Ube2kgt/gt rats compared to wildtype and Ube2kwt/gt 

(heterozygous) litter mates. Yellow bar represents 1 foot or 30 cm

Wildtype Ube2kgt/gtUbe2kwt/gt
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collected the body weights from D21 (3 weeks) onwards to adulthood D120 (16 weeks) [n=5 

rats/sex/genotype (i.e. Ube2kwt/wt, Ube2kwt/gt, Ube2kgt/gt)]. 

 Plotting weight vs age revealed that all Ube2kgt/gt rats were stunted in growth compared to 

their Ube2kwt/wt and Ube2kwt/gt cohorts (Fig 3.4). Growth rate between each time point in the 

experimental window was determined by plotting the first derivative of the weight (growth rate) 

vs age (Fig 3.5), demonstrating that in addition to being smaller as neonates, Ube2kgt/gt rats grew 

more slowly between 3-7 weeks of age. The growth rate vs age graph showed that Ube2kwt/gt and 

Ube2kgt/gt had similar rate of growth in both male and female between 7-14 weeks compared to 

wildtype. However female Ube2kgt/gt showed accelerated growth rate during 14-17 weeks of age. 

Male Ube2kgt/gt rats showed similar growth to wildtype during 14-17 weeks of age. 

 

3.3 Fertility 

To study the effects of UBE2K deficiency on rat fertility I paired wildtype, Ube2kwt/gt and 

Ube2kgt/gt male and female rats with respective wildtype breeders to record average litter size.  

Ube2kwt/wt rats crossed with respective male or female Ube2kgt/wt breeders produced normal sized 

litters (pups=11.3±4.5).  However, wildtype rats crossed with respective male or female 

Ube2kgt/gt breeders did not produce progeny (n=4 pairs), and thus, both female and male 

Ube2kgt/gt rats were deemed infertile (Fig 3.6). 

 

3.4 UBE2K-deficiency exposes embryonic lethality genetic modifiers 

To produce homozygous Ube2kgt/gt rats, Ube2kwt/gt I crossed male and female rats. 

Normally we would expect a wildtpe:heterozygote:homozygote ratio of 0.25:0.5:0.25. In our 
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breeding colony, however, among 103 litters, a total of 787 pups were produced with 255 

wildtype, 433 Ube2kwt/gt and 99 Ube2kgt/gt (ratio 0.32:0.55:0.126). Total per litter = 7.64±3.12; 

wildtype pups per litter = 2.48±1.73, Ube2kwt/gt pups per litter = 4.2±2.38 and Ube2kgt/gt pups per 

litter = 1±1.13 (±SD, n=103). Thus, the observable deviation from the Mendelian rates at which 

Ube2kgt/gt rats were born implied a partial embryonic lethality due to the absence of UBE2K. 

3.5 Sex hormones 

To ascertain the nature of infertility in male UBE2K-deficent rats I measured sex 

hormone levels.  Roles for sex hormones are reviewed in chapter 1 section 5.  I excluded 

Females from this experiment due to the variability of these hormone levels due to the estrous 

cycle.  

I observed that serum FSH levels were 4.7±0.9 ng/mL in wildtype and 5.1±0.9 ng/mL in 

Ube2kgt/gt males.  I deemed the difference was not significant by Student t-test. 

Serum LH levels (Fig 3.7) were measured at less than 0.1± 0.03 ng/mL in wildtype rats 

compared to 0.48±0.06 ng/mL in Ube2kgt/gt rats This fivefold increase in LH levels (p = 0.001 

Student t-test) did not correlate with an increase in serum testosterone production, and thus may 

reflect a type of compensatory hypogonadism that is needed to maintain circulating testosterone 

concentrations in Ube2kgt/gt rats.   Additionally, elevated concentrations of circulating LH have 

been shown to cause testicular failure in males.  Testosterone (Fig 3.7) levels were 195 ± 111 

ng/dL and 130 ± 55 ng/dL in wildtype versus Ube2kgt/gt rats, respectively in the face of increased 

LH levels in Ube2kgt/gt rats.  

The precursor for testosterone and other androgens, androstenedione, was also 

comparable (Fig 3.7). Progesterone, 17-OHP, estradiol and estrone were also observed to be 
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comparable. Finally, serum corticosterone, a derivative of steroid hormones, but affected by 

stress was also deemed insignificant.  

 

3.6 Neurobehavioral phenotyping 

I often observed that Ube2kgt/gt rats walked with a different gait than their wildtype 

littermates. I also observed that Ube2kgt/gt rats were more active in the cage and usually more 

difficult to restrain when handling.  This suggested behavioral or neuronal differences in the 

wildtype and Ube2kgt/gt rats.  As Ube2kgt/gt rats aged, they appeared less active and lost the ability 

to support themselves by their hind limbs after 8-9 months of age.  To characterize these 

ambulatory abnormalities, I put the rats through a battery of tests to expose differences in their 

neuronal or behavioral function.  I selected initial cohorts of 6 wildtype, 6 Ube2kwt/gt and 

6Ube2kgt/gt adult rats (n=6) with 3 males and 3 females in each cohort to test for behavioral 

differences as a function of age, and to follow the progression of these traits over age of the rats. 

 

Rotarod 

Rotarod testing is the most commonly used and easily implemented behavioral test for 

measuring rodent motor coordination and balance. It gauges motor function in rodents by 

calculating the time a rat remains on a rotating rod before falling. For this experiment, I assessed 

motor function at 3, 5 and 7 months of age. This test showed that at 3 and 5 months of age there 

were no significant differences in motor function (Fig 3.8).  However, at 7 months, Ube2kgt/gt rats 

displayed a near significant decline in motor function (P=0.058 Student t-test WT vs Ube2kgt/gt). 

Motor function decline at 7 months was more prominent in females (p<0.005). The rotarod 
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Fig 3.10 Ladder rung test on Wildtype, Ube2k wt/gt & Ube2k gt/gt rats

A) and (b) show average limb placement score for animal of each genotype for Forelimbs and Hind limbs, 
respectively, taken at indicated age of rat
C and D shows average error per step for the limb placement shown in A and B
Asterisks represents Ube2k gt/gt data with p<0.05 compared to Wild-type by Student t test.
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analyses indicated that while there were no differences in motor coordination in initial adulthood 

period up to 5 months, motor skills did decline after 7 months of age. 

 

Open Field 

The Open Field test is designed to quantitate general locomotor activity and anxiety 

during spontaneous exploratory behavior in rodents. Three parameters are recorded during the 

experiment – rearing, grooming and crossing.  Crossing and rearing are considered primarily a 

measure of locomotor activity, and secondarily, measures of exploration and anxiety. A higher 

frequency of crossing correlates with higher locomotion and exploration and lower anxiety. 

Grooming behavior is a common response to new environments and thus decreases with 

familiarity with the experimental setup.   When the Ube2k cohorts were exposed to the open 

field, wildtype and Ube2kwt/gt rats showed comparable levels of crossing, while Ube2kgt/gt rats 

displayed  lower average crossing score, but statistical tests fail to show a significant difference 

(p=0.1) (Fig 3.9)  

Wildtype and Ube2kwt/gt rats displayed comparable grooming behavior to Ube2kgt/gt rats, 

indicating similar responses to the familiarity within the experimental environment.  

I observed that rearing was markedly decreased in Ube2kgt/gt rats when compared to 

Ube2kwt/gt and wildtype rats at 3 months. This defect worsened with age at 6 months for 

Ube2kgt/gt rats, consistent with age related loss in an ability to support hind limb weight after 8 

months of age. 

 

Ladder Rung Test 
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Ladder rung tests are extremely sensitive tests of motor capacity. The ladder rung test 

scores paw position on the rung and error in paw placement as parameters. Any impairment of 

motor activity will lead to a decrease in paw position score and an increase in error per step.  

The Ube2kgt/gt rats scored lower in both front limb and rear limb position score. This 

abnormality appeared to worsen as the rats approached 7 months of age and the defect became 

more pronounced in rear limbs than in front limbs (Fig 3.10). Error per step parameter also 

revealed a defect in Ube2kgt/gt rats based on a higher error rate than scored with wildtype rats.  

Like phenotypes observed in the rotarod and open field tests, the error rate in paw position scores 

from the ladder rung tests increased with age, becoming more pronounced in hind limbs than 

forelimbs. 

Grip Test 

The Grip test assesses muscle strength in rodents. The test revealed that Ube2kgt/gt rats 

could apply comparable force using their forelimbs at 3 months of age when compared to their 

wildtype cohorts (Fig 3.11A). The same effect was seen at 6 months of age leading me to believe 

that there was no change in muscle physiology over that time frame. However, when I looked at 

the hind limb data, I saw that at both 3 and 6 months of age, the grip strength is lower than their 

wildtype cohort.  

Blood chemistry 

I tested serum levels of various markers to rule out any indication of muscular atrophy 

which can cause a decline in motor functions. Creatinine kinase, Creatinine and Ureic acid are 

markers which are observed to be elevated in cases of muscular dystrophy. I observed these 

markers to be comparable in wildtype and Ube2kgt/gt rats (Fig 3.12). 
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I also measured AST, ALT and Glucose levels to determine general health and 

metabolism. I found these markers to be comparable in wildtype and Ube2kgt/gt rats (Fig 3.12). 

In summary, I showed that UBE2K null rats show stunted growth, are sterile and show 

defects in motor strength and coordination. To understand how lack of UBE2K results in these 

myriad phenotypes, I dissected the mechanism of action of the protein at a molecular level as 

summarized in the next chapter. 
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CHAPTER 4 

Characterization of male infertility caused by UBE2K deficiency 
 

INTRODUCTION 

 UBE2K deficiency was found to cause infertility in both male and female rats (Fig 3.6).  

To identify a particular function for UBE2K in the process of fertility, I conducted extensive 

analyses on spermatogenesis in UBE2K-deficient rats compared to wildtype rats.  

Spermatogenesis is the process by which spermatogonial stem cell-derived spermatogenic 

progenitors develop through meiosis to form haploid gametes termed round spermatids.  Round 

spermatids then uniquely transform into motile, fertilization-competent spermatozoa via the 

process of spermiogenesis. Multiple distinct developmental steps during spermatogenesis and 

spermiogenesis are orchestrated by several factors working within both germ cells and somatic 

cells comprising the seminiferous epithelium.  Endocrine factors that circulate to the testes from 

other parts of the body are also critical for this process.  Absence or mis-regulation of even one 

genetic factor during spermatogenesis or spermiogenesis can lead to a catastrophic collapse of 

spermatozoan development, and thus, infertility.  

 This chapter covers my detailed characterization of spermatogenesis in UBE2K-deficient 

rats, revealing UBE2K deficiency as causative for spermatogenic arrest during the zygotene to 

pachytene transition.   Based on spermatogenic arrest at the zygotene/pachytene transition in 

UBE2K-deficient rats, and roles for UBE2K as an ubiquitin conjugase, this chapter presents 

studies that I designed to test my novel hypotheses on how UBE2K functions to support 

spermatogenesis. 
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METHODOLOGY 

Testes weights 

 Rats were anesthetized and sacrificed by cervical dislocation. Both testes were dissected 

and weighed together. The combined testicular weight was halved to obtain the average testis 

weight/rat. Average testis weight was normalized to body weight and plotted on a graph for 

different age groups (n=3 rats / genotype / age group). Mean normalized testes weights 

corresponding to rats for each genotype were compared to each other at each respective time 

point by student t test.  

Histology 

 Rat tissues were fixed in Bouin’s solution overnight. Fixed tissues were washed with 

70% Ethanol multiple times until the yellow picric acid was cleared from the tissue. Tissues were 

embedded in paraffin, sectioned (8 µm) and then processed for hematoxylin and eosin staining 

by Dr. Richardson’s Molecular Pathology Core in the Department of Cardiology, UT 

Southwestern Medical Center, Dallas, TX. Slides containing tissue sections were analyzed using 

an AX-70 microscope (Olympus, Inc.). 

Tissue collection and processing for Immunohistochemistry 

 Rat testes were fixed overnight in 4% Paraformaldehyde solution made in 100 mM 

Sodium Phosphate Buffer, pH 7.2. Tissue specimens were passed through a sucrose solution 

gradient (10% >18% > 25% sucrose) allowing specimens to equilibrate in each solution for 

approximately 24 hr at 4oC.  Once equilibrated in 25% sucrose, specimens were embedded in 

Tissue Freezing Medium (Electron Microscopy sciences Catalogue# 72592) at -50C in a 

Isobutane histobath. The frozen blocks with embedded tissues were cryosectioned at a depth of 8 
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microns/section at -25C in a cryostat (Leica CM3000) and the testes sections were stored at -

30C. 

Immunolabeling for UBE2K, H2AX, SCP3, RNF2, H2AK119ub1, H3K4me3 and DIABLO 

 To label testis cells with antibodies raised to distinct marker proteins, the stored frozen 

testis sections were brought to room temperature and hydrated in PBS for 5 min. The slides were 

then blocked in 1 X western block solution (Roche Catalogue #11921673001) for 1 hour at RT 

followed by overnight incubation in antibody solution at a 1:1000 dilution in block solution. The 

following morning, slides were washed in PBS three times and then incubated in fluorophore-

conjugated secondary antibody solution for 1 hour with 1:2000 diluted Hoechst 33342 dye 

(Molecular Probes / ThermoFisher Scientific Cat# H1399) as a nuclear counterstain. The slides 

were washed three times again before mounting with flourogel-mounting medium (EMS Catalog 

#17985-10). Each slide was mounted with a coverslip before being observed under fluorescent 

microscope. 

 The antibodies used were UBE2K (Cell signaling  technology #8226), RNF2 (Cell 

signaling  technology #5694), H2Ak119ub1(Cell signaling  technology #8240), H3K4me3(Cell 

signaling  technology #9751), DIABLO(Cell signaling  technology #15108), SCP3 (Novus 

Biologicals N300-232) and H2A.X( EMD Millipore Cat#05-636 and #07-164) 

 

Quantifying progression of meiotic prophase I in rat testes 

 Frozen testis sections from wildtype and Ube2kgt/gt rats prepared at 3 different postnatal 

ages (D25, D45, and D120; n=3 rats/genotype/time point) were labeled with -H2A.X antibody. 

Three slides from each rat per genotype per time point were examined under a fluorescent 
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microscope. Approximately 100 tubules in each slide were photographed and analyzed for germ 

cell development through meiotic prophase I. Percent tubules containing pre-leptotene, leptotene, 

zygotene and pachytene spermatocytes were quantified and charted. A previously published 

method was used to identify pre-leptotene, leptotene, zygotene and pachytene spermatocytes 

(Blanco-Rodríguez, 2009, 2012). 

Spermatogonial Stem Cell Cross transplantation 

 Ube2kwt/gt rats were crossed onto the tgGCS-EGFP rat genetic background, which 

specifically and robustly express EGFP in germ cells (Cronkhite et al., 2005) (Hamra et al., 

2005).  Ube2kwt/gt:tgGCS-EGFP+ rats were then mated with each other to produce wildtype and 

tgGCS-EGFP+ rats on the Ube2kgt/gt genetic background (Ube2kgt/gt-GCS-EGFP rats). The 

germline EGFP marker allowed donor germ cell development to be tracked within wildtype 

recipient rat testes.  

 Donor rats were sacrificed and their testes harvested at 24 days of age. Isolated testes 

were then digested with dispase (Fisher Inc., Cat# CB-40235) and subjected to negative selection 

on plastic and collagen I-coated culture dishes,  followed by positive selection on laminin-coated 

culture dishes to obtain a highly pure population of undifferentiated spermatogonia (Hamra et al., 

2008) (Hamra et al., 2002). The isolated testis cell fraction would serve as donor spermatogonia 

(n=3 rats per genotype) 

 Recipient rats (n=3 rats per genotype) were treated with busulfan at 11.5 mg/kg at 12 

days of age to eliminate the recipient’s endogenous spermatogonial population. Donor 

spermatogonia were transplanted into recipient testes via the rete-testes and allowed to colonize 

seminiferous tubules.  At 80 days post transplantation, recipient testes were harvested, fixed and 

cryo-sectioned for co-labeling with antibodies and dyes diagnostic for prominent steps in 
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spermatogonial, spermatocyte and spermatid development (-H2A.X, SCP3). Antibody labeling 

profiles in tubules colonized by EGFP+ spermatogenic cells were analyzed for the number of 

tubules containing spermatogonia, spermatocytes, round spermatids and elongating spermatids, 

and graphed as a percent of total colonized tubules. 

 

Deriving Rat Embryonic Fibroblast (REF) Cultures 

 Rat embryonic fibroblast cultures were derived following timed, Ube2kwt/gt x Ube2kwt/gt 

mating’s.  Breeder pairs were setup at 1700 HRS CST (D1) and screened each morning at 0800 

HRS CST (D1 to D5) for evidence of coitus.  Pregnant females were sacrificed 13.5 days post-

coitus immediately prior to collecting embryos.  Embryo heads were digested and genomic DNA 

extracted to determine the genotype of each particular embryo. The developing visceral organs 

were removed and discarded from the embryo. The remaining portion of the embryo was 

maintained and then trypsinized to obtain a cell suspension that was cultured in DMEM (Sigma-

Aldrich Inc., Cat# D5648) supplemented with 10% FBS (GE Healthcare Life Sciences, Cat# 

SH30071.03). 

 

DNA damage assay 

 Wildtype and Ube2kgt/gt REF lines were cultured on coverslips in DMEM + 10% FBS for 

1 week until they were approximately 60% confluent. Cultures were next exposed to ultraviolet 

(UV) or ionizing radiation (IR) to induce DNA damage. Following each exposure, REFs were 

allowed to recover up to 24 hrs prior to harvesting and fixing (70 % Methanol + 30 % Acetone) 

at respective time points.  Fixed REFs on coverslips were labeled with a 53BP1 antibody (Santa 
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Cruz Biotechnology, Cat# sc-22760) and observed under the microscope at 100X oil 

immersion. 53BP1 labeling allowed DNA repair foci to be visualized and quantified in each cell 

to measure repair post-DNA damage.  

 

Cell cycle  

 Wildtype and Ube2kgt/gt REFs were grown in 10 cm dishes containing 15 mL DMEM + 

10% FBS/cm2.  REFS were harvested and fixed in -20C, 100% Ethanol for 20 minutes.  Post-

fixation, REFs were treated with RNase H to eliminate contaminating flow analysis signal 

emitted by propidium iodide intercalating into RNA. Following RNase H treatment, DNA in 

REFs were labeled with propidium iodide and analyzed for DNA content in a Flow cytometer 

(FACS-Scan, BD Biosciences). The percent cells in various stages of the cell cycle were be 

analyzed based on their relative DNA content.  

 

Retrotransposon Assay 

 Testes from 12 day old wildtype and Ube2kgt/gt rats were collected in Trizol 

(Ambion/Thermo-fisher cat # 15596026) and their RNA isolated using Direct-zol RNA 

purification kit (Zymo research, Cat# R2050). Isolated RNA was used as a template to prepare 

cDNA using SuperScript® III Reverse Transcriptase (Invitrogen/Life Tech/Thermo fisher cat # 

18080051). Retrotransposon activity can be indirectly probed by measuring the transcript levels 

of Line (L1) Retrotransposon. Retrotransposon are normally kept in check by pi-RNA processing 

machinery. A lack of pi-RNA processing machinery would lead to an increase in retrotransposon 

activity and a corresponding increase in L1 transcript levels. To probe for Line1 (L1) levels, 
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quantitative PCR with previously published primer sets for L1 were used (Lucchinetti et al., 

2006). An additional primer set was designed to probe for untranslated region. Primers are listed 

in Appendix A.  

Apoptosis Assay 

 Frozen sections from testis were immunolabeled with DIABLO antibody followed by 

Alexa Flour 594 Goat anti-rabbit antibody as described above. The sections were then stained 

with In Situ Cell Death Detection Kit (Sigma-Aldrich, Cat#11684795910) according to 

manufacturer’s instruction for frozen sections.  

 

RESULTS 

Characterization of male Infertility caused by UBE2K deficiency 

 Based on breeding studies presented in Chapter 3, I established that male and female 

UBE2K deficient rats are infertile (Fig 3.6). Moreover, I found significantly elevated levels of 

circulating LH in UBE2K deficient rats compared to wildtype littermates (Fig. 3.7) (p<0.05).  In 

light of these observations, I proceeded to further characterize male infertility in UBE2K 

deficient rats. Adult Ube2kgt/gt rat testes weighed ~75% less than age-matched wildtype rat testes 

(Fig 4.1A) (t-test, WT vs Ube2kgt/gt , P value <0.0001) .To pinpoint the time when testis growth 

in UBE2K deficient rats started lagging behind normal testis growth, testis weights were 

recorded from 12, 25, 45 and 120 days of age for wildtype, Ube2kwt/gt and Ube2kgt/gt rats. Testis 

weights at each respective age and genotype were normalized to body weight (Fig 4.1B).  At 12 

days of age, testes from wildtype, Ube2kwt/gt and Ube2kgt/gt rats seemed comparable in normalized 

weight (Fig 4.1B). At 24 days of age, there also seemed to be no significant difference in testis 

weights among the different genotypes (Fig 4.1B). At 45 and 120 days of age, however, there 
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were highly significant differences in normalized testes weights between wildtype and Ube2kgt/gt 

rats (t-test, D45, p value <0.001)(t-test, D120, p value <0.0001) (Fig 4.1B). Wildtype and 

Ube2kwt/gt rat testis weights were not significantly different at all time points tested (Fig 4.1B).   

Because wildtype and Ube2kwt/gt rats had comparable testis weights, whereas, wildtype and 

Ube2kgt/gt rats had largely different testis weights, the gene trap mutation within rat Ube2k 

elicited a recessive effect(s) that reduced testis weight.   

 

Histological examination of testis. 

 Histological examination of Ube2kgt/gt rat testes revealed seminiferous tubules that were 

much smaller in diameter (WT tubule diameter = 299±7.2 micrometer, Ube2kgt/gt tubule diameter 

= 183±79.5 micrometer, t-test WT vs Ube2kgt/gt P value <0.0001), vacuolus and deficient in most 

differentiating spermatogenic cells compared to wildtype littermates (Fig. 4.2).  At 8 months of 

age, Ube2kgt/gt rat testes only contained undifferentiated, type A spermatogonia as germ cells, 

whereas, testes from younger Ube2kgt/gt rats at postnatal D25, D45 and D75 contained 

spermatocytes.  Thus, recessive effects caused by Ube2k deficiency where contributed to by loss 

of developing spermatogenic cells, and the spermatogenic arrest in Ube2kgt/gt rats progressed in 

severity as function of age. 

 

UBE2K localization in Testis 

 Wildtype and Ube2kgt/gt rat testis frozen sections were immunolabeled using an anti-

UBE2K antibody to establish that Ube2kgt/gt rat testes had no detectable UBE2K protein in germ 

cells.  UBE2K labeling, indeed, showed that wildtype germ cells had UBE2K protein in all germ 
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Wildtype Ube2kgt/gt

Fig 4.2 Wildtype and Ube2kgt/gt rat testis histology.
Haematoxylin and eosin stained sections of wildtype and Ube2kgt/gt rat testis 
sections show cross sectioned seminiferous tubules.   Wildtype tubules support 
normal spermatogenesis.  Ube2kgt/gt tubules reveal a spermatogenesis defect by 
the lack of developing germ cells.
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cell types (e.g. spermatogonia, spermatocytes, round spermatids and elongating spermatids). In 

contrast, there was no detectable UBE2K protein in the spermatogonia or spermatocyte 

populations remaining in Ube2kgt/gt rat testes (Fig 4.3).  Moreover, wildtype rat testis somatic 

cells displayed immunolabeling for UBE2K, whereas UBE2K labeling in somatic testis cells was 

not observed in Ube2kgt/gt rats (Fig 4.3).  

 Immunolabeling profiles for UBE2K in wildtype and Ube2kgt/gt rat testes established localization 

of UBE2K in wildtype rat testis cells, revealing that UBE2K is normally expressed in all testis 

cell types, but with strongest labeling in pre-leptotene and leptotene spermatocytes (Fig. 4.3).  

UBE2K labeling intensities declined in spermatogenic cells as spermatocytes developed into 

pachynema.  Thus, UBE2K’s expression profile in wildtype rat testes highlighted a potential role 

for UBE2K during pre-leptotene and leptotene steps in spermatogenesis.  

 

Analysis of prophase I progression in Ube2kgt/gt testis 

 Phosphorylated histone 2 family member X (γ-H2A.X) selectively and robustly marks 

distinct chromosomal conformations and/or regions harboring double strand breaks during pre-

meiotic, meiotic and post-meiotic steps in spermatogenesis (Fig 4.4).  Thus, immunolabeling for 

γ-H2A.X in testes sections provided a bioassay to monitor spermatogenesis in UBE2K deficient 

rats.  γ-H2A.X labeled sections were analyzed for meiotic progression at 25, 45 and 120 days of 

age. Percent seminiferous tubules containing pre-leptotene and leptotene spermatocytes were 

comparable between wildtype and Ube2kgt/gt rats.  Unlike wildtype rats, the percentage of tubule 

cross sections with zygotene spermatocytes increased with age in UBE2K deficient rats, and was 

accompanied by a corresponding decrease in percentage of tubules containing pachytene-like 

spermatocytes.   Larger sized, pachytene-like spermatocytes with persistent γ-H2A.X labeling, 
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Fig 4.3 UBE2K is ubiquitously expressed in spermatogenic cells. 
A) Frozen testis sections from 120 day old Wildtype rats immunolabelled with an antibody raised to 
UBE2K. Each horizontal column shows di�erent views from the same seminiferous tubule sections. 
B) Frozen testis sections from 120 day old Ube2k gt/gt rats immunolabelled with the anti-UBE2K 
antibody.
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Fig 4.4  Antibody labeling for γ-H2Ax and SCP3 in adult rat testis 
sections.

A) Immunolabeling conducted in 120 day old wildtype rat testis sections that show all steps in 
meiotic prophase I spermatocyte development. B
B) Immunolabeling conducted in 120 day old Ube2k gt/gt rat testis sections reveal that they have 
zygotene like cells as most developed spermatocytes. 

PL=Preleptotene, Lp=Leptotene, Zy=Zygotene, Py=Pachytene. e=early, m=mid, l=late
Bar = 50 micrometer.
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signified zygotene-pachytene transition failure in UBE2K deficient spermatogenic cells. The 

percentage of tubules containing larger pachytene-like spermatocytes showed an age-dependent 

loss in relative abundance indicating that the onset of spermatogenic failure became more 

pronounced with age (Fig 4.5). 

 

 Antibody labeling detected γ-H2A.X on frozen sections as a marker for double stranded 

DNA breaks (DSB).  In pre-leptotene spermatocytes, SPO11 catalyzes DSBs, which are 

progressively repaired during meiosis I.  Moreover, γ-H2A.X localizes along the length of 

unsynapsed chromosomes during leptonema and zyogema (Blanco-Rodríguez, 2009).  Thus, 

distinctive γ-H2A.X labeling patterns uniquely mark different steps in meiosis I.  UBE2K-

deficient spermatocytes displayed distorted cell morphology (Fig 4.4B).  In some tubules, 

judging by the γ-H2A.X labeling, the most advanced UBE2K-deficient spermatocytes appeared 

to have progressed to zygotene and pachytene-like steps.  The sex body is mostly 

indistinguishable in UBE2K-deficient pachytene spermatocytes, since γ-H2A.X fails to clear off 

the autosomal chromosomes, a process that occurs during normal pachytene.  However, the 

SCP3 labeling pattern (marker for axial elements unique to spermatocyte chromatin) in Ube2kgt/gt 

rat spermatocytes did not match that in wildtype zygotene or pachytene spermatocytes.  Given 

ubiquitous expression of UBE2K (Fig. 4.3), it is possible that abnormal spermatocyte 

development can arise from UBE2K deficiency in gonadal and/or non-gonadal somatic cells. 

Alternatively, UBE2K-deficiency in germ cells alone could render spermatocytes incapable of 

development.  
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Fig 4.5 Percent tubules in Wildtype and Ube2kgt/gt rat testes con-
taining spermatocytes at di�erent steps in prophase I

Preleptotene (PL), Leptotene (L), Zygotene (Zy)  and Pachytene (P) spermatocytes were scored 
based on γ-H2A.X immunolabeling.  >100 tubule cross sections scored/rat testis, n=3 
rats/genotype; ±SEM.
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Germline UBE2K is Essential for Normal Pachytene Spermatocyte Development 

To determine if spermatogenic arrest in Ube2kgt/gt rats is caused by UBE2K-deficiency in 

the germline and/or soma, cross transplantation experiments were conducted using 

spermatogonial stem cells from wildtype and Ube2kgt/gt rats.  To monitor donor spermatogonial 

stem cell colonization and development in Ube2kgt/gt rats, the Ube2k gene trap was crossed onto 

the tgGCS-EGFP, transgenic rat genetic background (Cronkhite et al., 2005) (Richardson et al., 

2009)  (Fig 4.6 A).   

Recipient testes were collected 80-days post-transplant and analyzed for donor-derived 

spermatogenesis by γ-H2A.X and Hoechst 33342 nuclear stain co-labeling in EGFP+ 

spermatogenic cells. Upon analysis of donor-derived spermatogenesis in recipients at 4 months 

post-transplantation, it became clear that both wildtype and Ube2kgt/gt donor spermatogonia 

colonized recipient seminiferous tubules on either the wildtype or Ube2kgt/gt genetic backgrounds 

(Fig 4.6 B).  Further, when wildtype spermatogonia were transplanted into Ube2kgt/gt testes, the 

donor spermatogonia effectively completed spermatogenesis and produced fully elongated, step 

19 spermatids (i.e. nascent spermatozoa). Hence, wildtype spermatogonial stem cells were able to 

sustain themselves and undergo spermatogenesis and spermiogenesis in a Ube2kgt/gt testis.   

In a parallel experiment where Ube2kgt/gt rat spermatogonial stem cells were transplanted 

into wildtype rat testes, donor spermatogonial stem cells colonized seminiferous tubules 

effectively, but displayed a spermatogenic arrest that phenocopied the spermatogenic arrest that I 

classified in Ube2kgt/gt rat testes (Fig 4.4 Fig 4.5, Fig 4.6B).  Because the donor Ube2kgt/gt 

germline specifically arrested at the zygotene-pachytene transition within a wildtype soma, the 

cross-transplantation experiment clearly demonstrated that UBE2K deficiency intrinsically 

affected germ cell development during meiotic prophase I. The ability of wildtype spermatogonia 
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Fig 4.6A Schematic illustrating spermatogonial stem cell cross trans-
plantation between Wildtype and Ube2kgt/gt rats.
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Fig 4.6B  Testes from Ube2kwt/wt and Ube2kgt/gt rats transplanted 
with stem spermatogonia from Ube2kgt/gt and Ube2kwt/wt rats.

A) Ube2kgt/gt recipient rat testes transplanted with Ube2kwt/wt; GCS-EGFP+ spermatogonia.
UT=Untransplanted testis, T=Transplanted Testis at 80 days post-transplantation.
B) SCP3 and γH2A.X immunolabeling on testis sections from Transplanted testis shown in 
panel “A”.  Asterisks: tubules supporting full spermatogenesis by donor germline.
C) Ube2kwt/wt recipient rat testes transplanted with Ube2kgt/gt; GCS-EGFP+ spermatogonia.
D) SCP3 and γH2A.X immunolabeling on testis sections from Transplanted testis shown in 
panel “C”.  Asterisks: tubules demonstrating spermatogenic arrest by donor germline at the 
Zygotene-Pachytene spermatocyte transition.

*

*

*

*
*

*

77



to regenerate elongating spermatids in Ube2kgt/gt rats also indicated that UBE2K expression in 

somatic cells is not critical for spermatogenesis nor spermiogenesis (Fig 4.8). Thus, 

spermatogenic arrest by UBE2K-deficient germlines on a wildtype background defined UBE2K 

as being essential in the germline for zygotene spermatocytes to develop into normal pachytene 

spermatocytes.  

 

Phenotype database analysis to identify additional clues into UBE2K’s cellular function 

To investigate the possible cellular processes by which UBE2K regulates spermatocyte 

development, I proceeded to conduct a search in the Mouse Genome Informatics (MGI) database 

- http://www.informatics.jax.org. The MGI database curates phenotypic data from mutant mice 

produced in laboratories around the world. Searching phenotypes in rats was considered, but 

since relatively few mutant rats have been phenotyped to date, the MGI database was chosen 

because of the availability of a much larger dataset in a mammalian model organism. To look for 

similar phenotypes in the MGI database, smaller body size and infertility were chosen as 

characteristics. The annotation of “decreased body weight” and “decreased postnatal weight” 

were selected to list all relevant growth defect genes. This list contained approximately 2000 

genes. The annotations of “arrest of male meiosis” was selected to list all male fertility related 

genes and contained about 130 genes. The common elements of the two lists were assembled in 

another set and contained 40 candidate genes. The 40 candidate genes were run through the Gene 

Functional annotation clustering feature available at https://david.ncifcrf.gov/. The algorithm 

identified 5 major functional clusters (“p53 signaling pathway”, “Cell cycle”, “Apoptosis”, 

“Oocyte meiosis”, “Neurotrophin signaling pathway”). 
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Based on search results obtained from the MGI database, and the arrest I classified during 

meiotic prophase in Ube2kgt/gt rats, I hypothesized that UBE2K might be involved in 

spermatocyte DNA repair mechanisms, cell cycle checkpoint regulation and/or signaling to block 

apoptosis.  In addition, a literature search revealed that a defect in pi-RNA processing pathways 

leading to retrotransposon activation, caused defects in body growth and meiotic progression, 

and spermatocyte viability. Hence, I also decided to investigate retrotransposon activation in 

UBE2K-deficient rats.  

Indeed, a literature search of molecules known to interact with UBE2K indicated that 

most UBE2K interacting proteins could be classified into DNA repair molecules, cell cycle 

checkpoint regulators or apoptosis repeated pathways. However, UBE2K was also known to 

interact with RNF2 and H2A. Interactions reported for RNF2 and H2A were characterized as 

chromatin-remodelling or chromatin-silencing interactions. Hence, chromatin silencing via 

RNF2 would also be investigated.  

 

REF blot 

To test DNA damage repair capability and cell cycle checkpoint competency in Ube2kgt/gt 

cells, fibroblasts from wildtype and Ube2kgt/gt rat embryos were derived and maintained in 

culture. The derived rat embryonic fibroblast (REF) cultures could then be exposed to DNA 

damaging radiation and tested for repair kinetics and cell cycle checkpoints. REFs are somatic 

cells and hence are inherently different from germ cells that are involved in spermatogenesis. 

However, key components of meiotic recombination in germ cells and DSB repair mechanisms 

in somatic cells are the same, and potentially could explain the body growth and behavioral 

phenotypes (Figs. 3.4, Fig 3.8-3.11).  Hence, if UBE2K is involved in DNA repair or cell cycle 
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checkpoint regulation in the germline, UBE2K might function similarly in REFs, which are 

much more experimentally tractable than spermatogenic cells in culture.  However, this 

hypothesis would be contingent on UBE2K being expressed in REFs. Western blots were 

conducted on lysates from wildtype, Ube2kwt/gt and Ube2kgt/gt REFs and probed with the anti-

UBE2K antibody (Fig 4.7).  UBE2K was detected clearly in wildtype REFs, but was not detected 

in Ube2kgt/gt cells (Fig 4.7).  UBE2K was also detected in REFs on the Ube2kwt/gt genetic 

background, but at lower relative levels than that in wildtype REFs (Fig 4.7).  Hence, we 

proceeded to analyze DNA damage responses and cell cycle checkpoint activity in wildtype vs 

Ube2kgt/gt REFs. 

  

DNA damage 

REF DNA damage repair kinetics was tested at time points following UV-induced DNA 

damage and IR-induced DNA damage.  UV-induced DNA repair is mediated predominantly by 

homology directed repair (HDR) mechanisms, similar to DNA repair mechanisms that operate 

during meiotic recombination.  IR-induced DNA repair is a measure of Non-homologous End 

joining repair (NHEJ).  HDR and NHEJ are different in their basic mechanisms and much of 

their molecular repair machinery employed.  HDR and NHEJ also differ markedly in the cell 

cycle phase in which they are active.   HDR is prominent during S phase and early G2 phase, 

whereas NHEJ is most robust during G1 phase (Kakarougkas and Jeggo, 2014; Rübe et al., 

2011). 

When REFs were treated with 1 Gy Ionizing radiation (IR) energy, both wildtype and 

Ube2kgt/gt REFs were equally susceptible to DNA damage, as indicated by the similar 

accumulation of 53BP1-labeled repair foci.  Both wildtype and Ube2kgt/gt REFs displayed similar 
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DNA damage recovery kinetics from 15 minutes post radiation to 9 hours post radiation. This 

indicated no deficiency in homology directed DNA repair due to UBE2K deficiency (Fig 4.8A). 

Wildtype and Ube2kgt/gt REFs were then treated with 20J/m.sq. of 254nm wavelength  

UV radiation and DNA repair kinetics followed from 0 to 24 hours.  Analysis of DNA repair 

post-IR treatment revealed similar susceptibility to DNA damage between wildtype and 

Ube2kgt/gt REFs, followed by similar repair kinetics up to 6 hr (Fig 4.8B).  Similar DNA damage 

and repair kinetics up to 6 hr was indicative of similar NHEJ repair rates since most repair by 

NHEJ happens in a time frame of 3-6 hours.  However, after 6 hours, the Ube2kgt/gt REF cells 

showed higher (3-fold) numbers of 53BP1 foci per cell nucleus until 24 hr post-IR treatment 

compared to WT REFs.  Since NHEJ takes place during S-phase (the longest of cell cycle 

phases) (Nowakowski et al.) to repair spontaneous DNA damage, it was likely that this increase 

in DNA repair foci was indicative of increased S-phase duration causing more accumulation of 

NHEJ repair foci. This could be caused by a block in an intra-S phase checkpoint or during an S-

G2 phase checkpoint. 

 

Cell cycle 

To test if accumulation of P53BP1 foci in Ube2kgt/gt REFs between 6 to 24 hr post-IR 

treatments is associated with a longer S-phase than in wildtype REFs, wildtype (WT) and 

Ube2kgt/gt REF cultures were analyzed for their relative distribution among cell cycle phases. 

WT and Ube2kgt/gt REF cells were grown in culture and their cell cycle phase distribution 

measured by quantitation of DNA content using flow cytometry. An IR-induced block in intra-S 

phase and/or S-G2 phase checkpoints would be revealed by an increase in REFs that are detected 
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in S phase/culture. No such accumulation was seen in the asynchronous REF populations 

analyzed comparing Ube2kgt/gt and WT REFs (Fig 4.9).  Intra-S phase or S-G2 phase checkpoints 

could be activated post-UV or post-IR radiation treatments. To test this scenario, an 

asynchronous population of wildtype and Ube2kgt/gt REFs were exposed to equal amounts of UV 

radiation and their cell cycles analyzed at different time intervals from 0 to 24 hours. No 

perceivable difference in cell cycle phase distribution were observed following UV radiation, 

leading us to believe that an intra-S phase checkpoint or S-G2 phase checkpoint was selectively 

activated.  

 

Retrotransposon 

PIWI interacting RNA or piRNA processing has been known to be expressed during 

meiosis in spermatogenic cells. PIWI pathways function by suppressing retrotransposon activity 

in the genome. Up-regulated retrotransposon activity in spermatogenic cells leads to 

spermatocyte apoptosis during the zygotene to pachytene transition. Several studies have shown 

that deficiency of pi-RNA processing pathway proteins causes retrotransposon activation leading 

to failure in meiosis I around the zygotene – pachytene transition, along with stunting body 

growth, as observed in UBE2K-deficient rats (Aravin and Hannon, 2008; Bao et al., 2014; 

Carmell et al., 2007; Chuma and Nakano, 2013; Frost et al., 2010). 

To test if retrotransposon expression was misregulated due to UBE2K-deficiency, RNA 

samples were prepared from testes of 14 day old wildtype and Ube2kgt/gt rats.  Testes in 14 day 

old rats should only contain spermatogonia and spermatocytes up to mid-pachytene steps.  Thus, 

analyzing spermatogenic cell development in 14 day old rats eliminated more abundant, 

contaminating spermatocytes and spermatids at later developmental steps from test samples.   
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Fig 4.9 Cell cycle analysis of Wildtype and Ube2kgt/gt REFs post 
UV treatment at di�erent time points.
Wildtype and Ube2kgt/gt rat embryonic �broblasts (REFs) were treated with 
20J/m.sq. of UV radiation and stained with propidium iodide after di�erent 
recovery times. Graphs show �ow-analysis plots of DNA content based on 
propidium iodide staining. X-axis represents the percent of cells and Y-axis 
shows DNA content. 
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Fig 4.10 Line1 Retrotransposon activity in Wildtype and 
Ube2kgt/gt rat testes
Retrotransposon activity was measured by quantitative PCR in 12 day old rat testes 
from wildtype and Ube2kgt/gt strains.  UTR, ORf1-1, Orf1-2, Orf2-1 and Orf2-2 represent 
primer sets directed against di�erent parts of Line1(L1) Retrotransposon elements. 
250 ng RNA primed was primed with random hexamer to make cDNA. Error bars, 
±SD, n=3 rats/genotype.
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Moreover, retrotransposons are suppressed by PIWI-related factors before pachynema, making 

the 14 day testis sample more amenable for analyzing retrotransposon expression levels and 

comparing wildtype and Ube2kgt/gt testis. 

Relative transcript abundance was compared in wildtype and Ube2kgt/gt rat testes by 

quantitative PCR for L1 retrotransposons (n=6 rats/genotype). L1 retrotransposons are most 

common retrotransposon class integrated in mammalian genomes. Primers from previous studies 

for rat L1-retrotransposons were used.  L1 transcript levels in wildtype and Ube2kgt/gt testis 

showed no significant statistical difference in expression (Fig 4.10).  However, the large 

experimental error between test samples made it difficult to conclude that UBE2K-deficiency 

elicited any effects on L1 transcript levels.  Hence, it remains inconclusive that spermatogenic 

arrest due to UBE2K-deficiency can be caused by a defect in spermatogenic ell pi-RNA 

processing machinery.  

 

Chromatin silencing 

UBE2K has been known to interact with RNF2 (Lee et al., 2001) in-vitro.  RNF2 is a 

core component of the Polycomb Repressive Complex-1 (PRC1) along with RING1A and BMI1 

(McGinty et al., 2014), and along with five other paralogues capable of ubiquitinating H2A. 

Hence it was hypothesized that UBE2K may act as an E2 conjugase for PRC1 components such 

as RNF2, and thus, facilitating H2A ubiquitination in zygotene-pachytene spermatocytes. There 

are reports demonstrating that PRC1 activity is critical for spermatogenesis (Murata et al., 2015).  

It has also been shown that PRC1 brings about H2A ubiquitination which is an essential step in 

spermatocyte development (Endoh et al., 2012; Hasegawa et al., 2015; Murata et al., 2015).  To 

test this hypothesis, frozen sections from wildtype and Ube2kgt/gt rat testes were labeled with an 
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antibody against H2AK119ub1 (Fig 4.11 and Fig 4.13A).  Antibody labeling of H2AK119ub1 

was less intense in spermatogonia, preleptotene spermatocytes and leptotene spermatocytes (Fig 

4.11).  However, around mid-zygotene, the H2AK119ub1 labeling intensity started increasing, 

staying on during pachytene. In UBE2K-deficient rats, however, H2AK119ub1 labeling in 

zygotene-like and pachytene-like cells was lower than normal when compared to in wildtype 

zygotene and pachytene spermatocytes (Fig 4.13B).  

In addition to H2AK119ub1 labeling, sections were labeled with an antibody to RNF2 to 

be sure that RING1B is present, and therefore able to confer ubiquitination activity. Wildtype 

testes showed less intense RNF2 labeling in pre-leptotene to mid-zygotene spermatocytes, prior 

to intense labeling in pachytene spermatocytes (Fig4.11 and Fig 4.12A). In UBE2K-deficient 

rats, all spermatocytes showed similar levels of RNF2 labeling in spermatocytes.  So, while 

RNF2 peaks in intensity in wildtype pachytene spermatocytes, it remains present in UBE2K-

deficient zygotene – pachytene-like spermatocytes, and therefore could act as an ubiquitin ligase 

for UBE2K (Fig 4.12B). The data suggests that either UBE2K’s presence, or successful 

ubiquitination of H2A is associated with an increase in RNF2.  Increased abundance of RNF2 in 

spermatocytes could result from increased RNF2 transcript abundance, and/or increased RNF2 

protein stability, which conceivably could be directly affected by UBE2K-deficiency.  Despite 

the apparent increase in levels of RNF2, lack of UBE2K would need to cause a decrease in 

H2Ak119ub1 to support our hypothesis. 

Previous studies have suggested that H2A ubiquitination inhibits methylase activity and 

may prevent histone H3 tri-methylation at lysine 4 (H3K4me3) (Higashi et al., 2010).  To 

investigate if normal levels of H3K4me3 were disrupted due to UBE2K-deficiency, wildtype and 

Ube2kgt/gt testis sections were labeled using an antibody directed against H3K4me3. In wildtype 
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Fig 4.11 RNF2 localization in rat testis cells. 
A) Frozen testis sections from 120 day old wildtype rats immunolabeled with a RNF2 anti-
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B) Frozen testis sections from 120 day old Ube2kgt/gt rats immunolabeled with a RNF2 anti-
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Fig 4.12 Spermatogenic Stage-Dependent Localization of 
UBE2K, RNF2, H2Ak119ub1 and H3K4me3 in rat testes. 
Labeling pro�es illustrated at respective spermatogenic stages in adult wildtype rats.  Sections 
were co-labeled with γH2A.X and Hoechest 33342 nuclear dye  to identify spermatocyte steps 
within distinct spermatogenic stages.
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Fig 4.13 H2Ak119ub1 Localization in Wildtype and Ube2kgt/gt rat testes. 
A) Frozen testis sections from 120 day old Wildtype rats labeled with a H2Ak119ub1 antibody.   Each 

horizontal row shows different views from the same sections. 

B) Frozen testis sections from 120 day old Ube2kgt/gt rats labeled with a H2Ak119ub1 antibody. 
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Fig 4.14 H3k4me3 Localization in Wildtype and Ube2kgt/gt rat testes. 
A) Frozen testis sections from 120 day old wildtype rats labeled with a H3K4me3 antibody.  Each 

horizontal row shows different views from the same sections. 

B) Frozen testis sections from 120 day old Ube2kgt/gt rats labeled with a H3K4me3 antibody. 

sp=spermatogonia; pl=preleptotene; lp=leptotene; zy=zygotene; py=pachytene
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testes there was stronger H3K4me3 labeling intensities in preleptotene and leptotene 

spermatocytes, but H3K4me3 labeling intensities progressively declined in zygotene and 

pachytene spermatocytes (Fig 4.11 and Fig 4.14A).  Opposite labeling profiles were found for 

H2AK119ub1 in wildtype testes. Therefore, we can decipher that H2AK119ub1 is a candidate 

factor that prevents methylation of H3K4 in zygotene-pachytene spermatocytes. If UBE2K was 

ubiquitinating H2A, which ultimately inhibits H3K4me3, a contrarily sharp rise in H3K4me3 

levels in UBE2K-deficient pachytene spermatocytes should be observed. Indeed, a sharp rise in 

H3K4me3 labeling intensities were specifically observed in UBE2K-deficient pachytene-like 

spermatocytes. Spermatocytes with aberrant, pachytene-like morphology in Ube2kgt/gt testis 

sections clearly displayed higher H3k4me3 labeling intensities.  Higher H3K4me3 labeling 

intensities further supports our hypothesis that UBE2K mediates H2A ubiquitination 

(Fig.4.14B). 

 

Apoptosis 

Recombination during meiosis is a complex process with several different factors required to 

ensure successful completion. Any error during meiotic recombination needs to be dealt with by 

either correcting the error or eliminating the spermatocyte in which errors occurred by apoptosis.  

In Ube2kgt/gt testis, spermatocytes are observed to be faulty with a block in zygotene-pachytene 

transition, potentially due to a deficiency in H2A ubiquitination, which would normally be 

conferred by UBE2K as a mechanism to ensure silencing of actively recombining loci. In this 

case, faulty spermatocytes would need to be eliminated by apoptosis. It is possible that apoptosis 

in response to asynapsed chromosomes is UBE2K-mediated since it is already known that 

UBE2K is responsible for ubiquitinating and targeting DIABLO protein for degradation (Bae et 
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al., 2010b).  DIABLO is a pro-apoptotic protein and its degradation would suppress apoptosis.  

In absence of UBE2K, DIABLO would theoretically be stabilized leading to activation of 

apoptosis in spermatocytes. UBE2K has in fact be implicated in ubiquitinating DIABLO as 

mechanism to target DIABLO degradation. Enhanced DIABLO immunolabeling in 

spermatocytes is also associated with azoospermia in humans displaying spermatogenic arrest in 

zygotene-pachytene spermatocytes (Bozec et al., 2008). Hence, it is reasonable to hypothesize 

that UBE2K is an apoptotic suppressor that acts via DIABLO degradation in spermatocytes. To 

test this hypothesis, frozen sections from wildtype and Ube2kgt/gt rat testes were labeled with a 

DIABLO antibody (Fig 4.15A & B). The antibody labeling profile revealed, DIABLO to be 

present ubiquitously at similar relative levels in spermatogonia, spermatocytes and spermatids.  

In Ube2kgt/gt testis, DIABLO labeling was also observed at basal levels in spermatogonia and 

early spermatocytes. However, the labeling intensity for DIABLO within the abnormal zygotene-

pachytene like spermatocytes increased sharply. Moreover, relatively few spermatocytes in the 

vicinity of zygotene-pachytene spermatocytes displaying abnormally high DIABLO labeling 

intensities were observed towards in luminal compartment consistent with the idea that apoptosis 

quickly follows an increase DIABLO abundance (Fig 4.15A and B).  

To check if this was true, wildtype and Ube2kgt/gt frozen sections were immunolabeled 

with anti-DIABLO antibody and assayed for apoptotic cells using the TUNEL assay (Fig 4.16 A 

and B). DIABLO and TUNEL positive spermatocytes were found to be mutually exclusive but 

always existed in the vicinity of each other. The TUNEL positive cells were always more 

luminal than the spermatocytes showing high levels of DIABLO. This labeling profile, again, 

was consistent with the hypothesis that an increase in DIABLO is a precursor to spermatocyte 

apoptosis, and hence, the actual trigger for spermatocyte apoptosis in UBE2K deficient rats.  
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Fig 4.15 DIABLO Localization in wildtype & Ube2kgt/gt rat testis cells. 
A) Frozen testis sections from 120 day old wildtype rats labeled with a DIABLO antibody. 

B) Frozen testis sections from 120 day old UBE2Kgt/gt rats labeled with a DIABLO antibody. 

Each horizontal row shows different views from the same sections. 

sp=spermatogonia; pl=preleptotene; lp=leptotene; zy=zygotene; py=pachytene
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Fig 4.16  DIABLO and apoptotic cell localization in wildtype and 
Ube2kgt/gt rat testes. 
Frozen testis sections from 120 day old wildtype and Ube2kgt/gt rats co-labelled 
with a H3K4me3 antibody and TUNEL.   Each horizontal row shows different 
views from the same sections. 
sp=spermatogonia; pl=preleptotene; lp=leptotene; Hoechst=Hoechst 33342
Scale bar = 100 micrometer
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CHAPTER 5 
 

Discussion and Conclusions 

Rats have been considered one of the most important mammalian model system in 

biomedical research due to the similarity of rat physiology to that of humans (Hamra, 2010). 

Their size makes them easy to manage, house and handle and at the same time, provide sufficient 

amounts of tissues for experimentation (Zheng et al., 2012). In the last 15 years however, the 

laboratory mouse has unequivocally taken center stage as the most widely published mammalian 

model due to their development and the vast array of tools readily available to manipulate the 

mouse genome.  In the last 7 years, developments in rat genetic tools and adaptation of mouse 

genetic tools in rats, have tried to turn the tide (Hamra et al., 2002; Worley et al., 2008; Zheng et 

al., 2012) (Aitman et al., 2008).  

UBE2K knockout rats are the first reported knockout rats made by genetically modifying 

cultures of donor spermatogonial stem cells (SSCs)(Izsvak et al., 2010).  In this study, I 

phenotype the UBE2K knockout rat model and use it to provide evidence towards a biological 

function of UBE2K to regulate gene transcription by epigenetic silencing. 

A single Sleeping Beauty gene trap integration was mapped to Ube2K intron 1 in founder 

rats that were used to establish a mutant colony to phenotype UBE2K knockout rats (Ube2kgt/gt).  

In accordance with previous reports (Kalchman et al., 1996) (Izsvak et al., 2010), I observed the 

ubiquitous expression of UBE2K in all tested tissue types and a complete absence of UBE2K in 

tissues from Ube2kgt/gt rats. The Ube2kgt/gt rats were found to be smaller than their wildtype 

littermates at all ages, however, there was no observable difference in their growth rate.  Both 

male and female Ube2kgt/gt rats were infertile with observable hypogonadism (Fig 4.1). The 
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associated sex hormones levels in serum were generally comparable in adult males, except for 

elevated LH levels in Ube2kgt/gt rats(Fig 3.12). Elevated LH levels are commonly associated with 

compensatory hypogonadism and infertility in males caused by absence of germ cells in 

seminiferous tubules(Micic, 1983). 

UBE2K deficient rats displayed partial embryonic lethality. There are currently no clear 

candidate genetic modifiers to explain the partial embryonic lethal phenotype displayed by 

UBE2K deficient rats, but the degree of embryonic lethality improved after outbreeding rats to 

Harlan-Sprague-Dawley stock.  

The Ube2kgt/gt rats were also found to have an impaired gait and diminished mobility, 

indicating a neuronal or locomotor developmental defect. The rotarod test revealed that at 3 

months of age, Ube2kgt/gt adult rats have similar motor coordination when compared to wildtype 

rats, but this condition worsens with age(Fig 3.8).  Open field testing showed no difference in 

crossing and grooming indicating similar exploratory behavior in an unfamiliar environment, 

within the scope of this technique (Fig 3.9). However Ube2kgt/gt rats displayed decreased rearing 

behavior compared to wildtype rats at 3 months, indicating loss in their ability to support weight 

on hind limbs that worsened with age (Fig 3.9). The motor capacity tested by ladder rung tests 

also showed impairment in both forelimb and hindlimb placement accuracy that worsened with 

age selectively in Ube2kgt/gt rats (Fig 3.10).  Reduced paw placement accuracy became more 

pronounced in the hind limbs of Ube2kgt/gt rats, which reiterated the results from rearing behavior 

analysis by the open field test (Fig 3.10).  Muscle strength measured by grip test also showed a 

reduced hind limb strength worsened with age (Fig 3.11). Combined, all the neurobehavioral test 

scores pointed to motor and muscle strength loss in the hind limbs of Ube2kgt/gt rats.  Levels of 

Creatinine kinase in the blood from adult wildtype and Ube2kgt/gt rats did not reveal any 
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significant differences, and therefore, did not point to muscle atrophy as a primary cause of the 

muscle defect (Fig 3.12).  

Next, the detailed characterization of male fertility in Ube2kgt/gt rats revealed atrophied 

testis, with narrow, vacuole-filled seminiferous tubules due to reduced number of spermatocytes. 

Most developing spermatocytes were found to be unable to develop through the zygotene-

pachytene transition during meiosis I (Fig 4.1, Fig 4.2, Fig 4.4, Fig 4.5).  Isolation of wildtype 

and UBE2K-deficient spermatogonial stem cells followed by their cross-transplantation 

demonstrated that while wildtype spermatogonia can successfully undergo spermatogenesis in 

UBE2K deficient rat testis, UBE2K-deficient spermatogonia fail to do so in wildtype testis (Fig 

4.6). Analysis of spermatogenic progression by UBE2K-deficient spermatogonia in wildtype 

testes phenocopied the block during zygotene-pachytene spermatocyte transition within UBE2K-

deficient rats. Cross-transplantation experiments demonstrated unequivocally that the failure of 

UBE2K-deficient spermatocyte to develop normally is a germline intrinsic defect, and that 

UBE2K-deficient somatic tissues are fully capable of supporting spermatogenesis.   

A previous study had shown that knocking out UBB, which is one of three genes 

producing ubiquitin (i.e. UBA, UBB and UBC) in testes produced a spermatocyte phenotype 

displaying a zygotene-pachytene transition block (Ryu et al., 2008; Sinnar et al., 2011), as seen 

in our Ube2kgt/gt rats (Fig 4.4 and Fig 4.5) Thus converging evidence shows that ubiquitination is 

important for zygotene-pachytene transition.  

Defects in proteins of DNA repair and DSB induced cell cycle checkpoint have been 

shown to produce similar phenotypes in spermatogenesis. However, no defect in DNA repair 

capability (Fig 4.9) or cell cycle checkpoint (Fig 4.10) were observed in Ube2kgt/gt somatic cells 

(Takubo et al., 2008) (Yamada et al., 2006). Retrotransposon activation has also had been shown 
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to cause death of spermatocytes during the pachynema (Aravin and Hannon, 2008; Bao et al., 

2014; Carmell et al., 2007; Frost et al., 2010).  However, no significant activation of L1 

retrotransposon was observed in Ube2kgt/gt testis indicating no difference in the pi-RNA 

processing pathway required for retrotransposon downregulation (Fig 4.11).  

RNF2 has been found to interact with UBE2K (Lee et al., 2001) and is a component of 

Polycomb Repressive Complex – 1 (PRC-1).  PRC-1 contains RNF2 and BMI1 along with Cbx 

family proteins that recognize H3K27me3 (Molitor and Shen, 2013). PRC-1 is known to 

ubiquitinate H2A (a nucleosome protein bound to DNA) as a means of repressing transcription 

of genes required for somatic cell identity (Endoh et al., 2012). The ubiquitination on H2A at 

particular parts of the genome provides a physical hindrance to RNA polymerase II activity, 

thereby silencing active transcription of genes around that loci.  It has been known that 

deactivation of parts of PRC-1 halts the meiosis at zygotene-pachytene transition (Baumann and 

De La Fuente, 2011; Hasegawa et al., 2015; Ismail et al., 2012; Murata et al., 2015).  Hence it is 

possible that PRC-1 uses UBE2K as an E2 protein to confer the ubiquitination on H2A as a 

means of transcriptional regulation.  Immunohistochemical labeling of wildtype testis with anti-

RNF2 antibody showed a lower relative abundance of RNF2 in pre-leptotene, leptotene and 

zygotene spermatocytes followed by an increase in RNF2 abundance from early to late 

pachytene spermatocytes (Fig4.12, Fig4.15).  The RNF2 labeling profile highlighted RNF2’s 

potential importance for zygotene-pachytene spermatocyte transition.  The relative abundance of 

H2Ak119ub1 followed the same trend as RNF2 (Fig 4.13). UBE2K was most abundant in pre-

leptotene and leptotene spermatocytes and then started to decrease in abundance reaching its 

lowest relative levels in mid pachytene spermatocytes. UBE2K expression pattern in is contrast 

to RNF2 and H2Ak119ub1 trends.  However, it should be noted that UBE2K is an ubiquitin 
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conjugase (E2) protein, and a very small amount of UBE2K protein can catalyze ubiquitination 

of a large number of target molecules. The ubiquitination of UBE2K’s target(s) should only be 

dependent on the levels of E3 protein (in this case RNF2).  

In Ube2kgt/gt testes I observed an increased level of RNF2 (Fig4.12) and reduced levels of 

H2Ak119ub1 (Fig4.13) levels in spermatocytes, supporting the proposed role of UBE2K in 

ubiquitinating H2A.  Lack of UBE2K correlated with a reduction in H2Ak119Ub1 levels that I 

observed in spermatocytes. The increased RNF2 levels in UBE2K deficient rats may be caused 

by feedback signal being applied by continued transcription in spermatocytes that blocks active 

zygotene – pachytene transition. Such a feedback mechanism may stabilize RNF2 or increase 

RNF2’s expression to try and compensate for the lack of H2Ak119ub1.  

Once the PRC-1 complex ubiquitinates H2A, it inhibits the recruitment of DMRT protein 

which would have methylated Histone H3 (H3K4me3). Normally, higher levels of H3K4me3 are 

observed in preleptotene, leptotene and zygotene spermatocytes, but the levels start to decrease 

in pachytene spermatocytes (Fig 4.14, Fig 4.16).  In the absence of UBE2K, I observed that 

H3K4me3 persisted in pachytene-like spermatocytes (Fig 4.14).  

The crystal structure of the PRC-1 complex shows RNF2 and BMI1 bound to H2A-

containing nucleosomes, along with UBE2D3 as a E2 protein (PDB : 4R8P (McGinty et al., 

2014))(Fig 5.1A). The backbone structure of UBE2D3 and UBE2K (PDB: 3K9P (Ko et al., 

2010; Wilson et al., 2009) overlap conformationally (RMSD = 1.028 A) (Fig 5.2), suggesting 

that UBE2D3 could be replaced by UBE2K in the PRC-1 complex structure (Fig 5.1B). When 

UBE2K was placed in the PRC-1 structure to align UBE2K with UBE2D3, sidechains at the 

UBE2K-RNF2 interface were very similar to that of the UBE2D3-RNF2 interface.  UBE2D3 

residues within 5A of RNF2 were seen to be conserved in UBE2K (Fig 5.3), implicating RNF2 
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Fig 5.1 Structure of PRC1 complex
A) crystal structure of PRC-1 complex with UBE2D3 as E2 (PDB: 4R8P)
B) modeled PRC-1 complex structure with UBE2K (From PDB: 3K9P) replacing 
UBE2D3 as E2
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UBE2K

UBE2D3

Fig 5.2  Overlay of UBE2D3 from PRC-1 (PDB:4R8P) struc-
ture and UBE2K (PDB:3K9P) structure

Structurally aligned carbon chains of UBE2K and UBE2D3 representing similiarity in 
the two protein structures. RMSD=1.028A.  

103



as a E3 ubiquitin ligase in the PRC-1 complex that uses UBE2K as an E2 protein to mediate 

H2A ubiquitination.  

UBE2K is also known to interact with and destabilize the proapoptotic protein 

DIABLO(Bae et al., 2010b). Stabilization of DIABLO in human spermatocytes has been known 

to cause azoospermia(Bozec et al., 2008). In wildtype testes, DIABLO was seen to be present 

ubiquitously in the germline at similar levels during spermatogenesis (Fig 4.17) . However, in 

Ube2kgt/gt testis, DIABLO expression was observed to be extremely high (Fig 4.17).  Increased 

levels of DIABLO may therefore be the cause of apoptosis in Ube2kgt/gt spermatocytes. 

Combining the observations presented in these studies, it’s reasonable to hypothesize that 

UBE2K functions as an E2 protein for PRC-1 mediated ubiquitination of H2A-dependent 

transcription silencing during zygotene-pachytene spermatocyte transition.  Hence, I propose that 

UBE2K is a non-canonical component of PRC-1, or at the very least, UBE2K is a binding 

partner of PRC-1 and is critical for H2A ubiquitination-mediated transcriptional silencing. 

UBE2K might also be an apoptosis suppressing protein essential for the zygotene-pachytene 

spermatocyte transition. A proposed model for UBE2K function during Zygotene-Pachytene 

transition is summarized in Fig 5.4. 

 

 

Conclusions 

Spermatogenesis is a critical step in the correct transmission of genetic information from 

one generation to the next. Germ cells in seminiferous tubules of testes undergo a multistep 

development process to form spermatozoa.  

104



UBE2K
UBE2D3

UBE2K
UBE2D3

UBE2D3
UBE2K
RNF2

Fig 5.3 Overlay of UBE2D3 and UBE2K

A) Structural alignment of UBE2D3 (from PDB: 4R8P) with UBE2K(from PDB:3K9P). The 
residues shown are contact residues.
B) ClustalW alignment of UBE2D3 with UBE2K showing the RNF2 contact residues in bold
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In a forward genetic screen, we found that deficiency in the E2 ubiquitin conjugating 

enzyme, UBE2K causes infertility in both male and female rats.  UBE2K is known to signal its 

effects by catalyzing E3 ubiquitin ligase-dependent or -independent biochemical pathways 

during mitosis in cancer cell lines, but it is not known how UBE2K signals its effects to regulate 

male or female germ cell development. Our phenotyping studies show that UBE2K deficient 

male rats are stunted in growth (n=5; p<0.005), have smaller gonads (n=3, p<0.05) and do not 

undergo complete gametogenesis. These UBE2K-deficient rats also show elevated levels of 

Luteinizing Hormone and compromised motor activity of hind limbs.  

A detailed study of spermatogenesis in UBE2K-deficient rats revealed a defect that 

prevented spermatocytes from completing meiotic prophase I.  Using markers for different steps 

in meiotic prophase I, I found that UBE2K-deficient spermatocytes failed to complete proper 

zygotene-pachytene transition leading to apoptosis. I also found this spermatogenic defect to 

progress with age.  In wildtype testis, UBE2K is expressed in all the steps of spermatogenesis, 

but is most abundant in early leptotene spermatocytes.  Taken together, these phenotypes have 

led us to believe that UBE2K has a critical function before and/or during leptotene-zygotene 

steps in spermatocyte development.  

A database search of mutant mice showed that similar stunted growth and 

spermatogenesis failure is exhibited by a deficiency in proteins that are critical for DNA repair 

pathways, DNA repair checkpoint pathways, transcription silencing pathways, apoptosis 

pathways and related p53 pathways.  Published in vitro studies suggest that UBE2K may interact 

and ubiquitinate several proteins in the DNA repair pathway (BRCA1, p53), DNA damage 

checkpoint of cell cycle (CCNB1, CDC25c), transcription silencing pathways (RNF2) and 
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apoptosis (DIABLO, CASP12). Possible roles for UBE2K in DSB repair, cell cycle checkpoint 

and pi-RNA processing pathways were not obvious based on my analyses.  

I finally tested the transcriptional regulation in zygotene-pachytene transition.  RNF2 is 

an interacting partner of UBE2K and also a member of Polycomb Repressive Complex-1 (PRC-

1), and during zygotene-pachytene spermatocyte development, ubiquitinates Histone H2A at 

Lys119. This is a repressive signal for transcription initiation by RNA polymerase II and has 

already been shown to be critical for spermatogenesis.  Transcriptional repression on autosomes 

facilitates recombination eliminating interference from transcription machinery.  Hence, I 

hypothesize that UBE2K functions as part of the PRC-1 complex that catalyzes mono-

ubiquitination of H2A (H2AK119ub1), which in turn mediates transcriptional silencing during 

development of zygotene spermatocytes into pachytene spermatocytes.   In such a model, 

H2AK119ub1 formation is not catalyzed without UBE2K, leading to lack of proper 

transcriptional silencing that is linked to apoptosis in UBE2K-deficient spermatocytes.  

In support of the above hypothesis, I found UBE2K-deficient spermatocytes lack 

H2Ak119ub1during the zygotene-pachytene transition, whereas, H2Ak119ub1 is present in 

wildtype zygotene-pachytene spermatocytes. I found that trimethylation of histone H3 at Lys 4 

(H3K4me3) increased drastically in UBE2K-deficient spermatocytes, which is an established 

marker for the absence of H2Ak119ub1. I also observed that binding of UBE2K to RNF2 in 

PRC1 is feasible structurally. 

I was also able to show that DIABLO, a proapoptotic protein, is expressed uniformly in 

wildtype spermatogenic cells, and that DIABLO levels are increased in UBE2K-deficient 

spermatocytes. The observed increase in DIABLO levels supports the notion that UBE2K 

normally represses excess levels of DIABLO via ubiquitination and targeting to the proteasome 
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to keep apoptosis in check.  Lack of UBE2K causes increased DIABLO levels, which in turn, 

causes spermatocyte apoptosis.   

   

109



BIBLIOGRAPHY 

 

Abid, S.N., Richardson, T.E., Powell, H.M., Jaichander, P., Chaudhary, J., Chapman, K.M., and 

Hamra, F.K. (2014). A-single spermatogonia heterogeneity and cell cycles synchronize with rat 

seminiferous epithelium stages VIII-IX. Biology of reproduction 90, 32. 

Aitman, T.J., Critser, J.K., Cuppen, E., Dominiczak, A., Fernandez-Suarez, X.M., Flint, J., 

Gauguier, D., Geurts, A.M., Gould, M., Harris, P.C., et al. (2008). Progress and prospects in rat 

genetics: a community view. Nat Genet 40, 516-522. 

Allan, C.M., Couse, J.F., Simanainen, U., Spaliviero, J., Jimenez, M., Rodriguez, K., Korach, 

K.S., and Handelsman, D.J. (2010). Estradiol induction of spermatogenesis is mediated via an 

estrogen receptor-alpha mechanism involving neuroendocrine activation of follicle-stimulating 

hormone secretion. Endocrinology 151, 2800-2810. 

Alves, M.G., Rato, L., Carvalho, R.A., Moreira, P.I., Socorro, S., and Oliveira, P.F. (2013). 

Hormonal control of sertoli cell metabolism regulates spermatogenesis. Cellular and molecular 

life sciences : CMLS 70, 777-793. 

Anand, S.N., Edwards, J.K., and Nolan, P.M. (2012). Chapter 15 - generation of mouse mutants 

as tools in dissecting the molecular clock. In Progress in Brain Research, M.M.T.R. Andries 

Kalsbeek, and G.F. Russell, eds. (Elsevier), pp. 247-265. 

Anderson, E.L., Baltus, A.E., Roepers-Gajadien, H.L., Hassold, T.J., de Rooij, D.G., van Pelt, 

A.M.M., and Page, D.C. (2008). Stra8 and its inducer, retinoic acid, regulate meiotic initiation in 

both spermatogenesis and oogenesis in mice. Proceedings of the National Academy of Sciences 

of the United States of America 105, 14976-14980. 

Anderson, R., Fassler, R., Georges-Labouesse, E., Hynes, R.O., Bader, B.L., Kreidberg, J.A., 

Schaible, K., Heasman, J., and Wylie, C. (1999). Mouse primordial germ cells lacking beta 1 

110



integrins enter the germline but fail to migrate normally to the gonads. Development 126, 1655-

1664. 

Aravin, A.A., and Hannon, G.J. (2008). Small RNA silencing pathways in germ and stem cells. 

Cold Spring Harbor symposia on quantitative biology 73, 283-290. 

Bae, Y., Choi, D., Rhim, H., and Kang, S. (2010a). Hip2 interacts with cyclin b1 and promotes 

its degradation through the ubiquitin proteasome pathway. FEBS letters 584, 4505-4510. 

Bae, Y., Jung, S.H., Kim, G.-Y., Rhim, H., and Kang, S. (2013). Hip2 ubiquitin-conjugating 

enzyme overcomes radiation-induced G2/G arrest. Biochimica et Biophysica Acta (BBA) - 

Molecular Cell Research 1833, 2911-2921. 

Bae, Y., Kho, C.W., Lee, S.Y., Rhim, H., and Kang, S. (2010b). Hip2 interacts with and 

destabilizes Smac/DIABLO. Biochemical and biophysical research communications 397, 718-

723. 

Bak, C.W., Yoon, T.-K., and Choi, Y. (2011). Functions of PIWI proteins in spermatogenesis. 

Clinical and experimental reproductive medicine 38, 61-67. 

Baleato, R.M., Aitken, R.J., and Roman, S.D. (2005). Vitamin a regulation of bmp4 expression 

in the male germ line. Developmental biology 286, 78-90. 

Ballow, D., Meistrich, M.L., Matzuk, M., and Rajkovic, A. (2006a). Sohlh1 is essential for 

spermatogonial differentiation. Developmental biology 294, 161-167. 

Ballow, D.J., Xin, Y., Choi, Y., Pangas, S.A., and Rajkovic, A. (2006b). Sohlh2 is a germ cell-

specific bhlh transcription factor. Gene Expression Patterns 6, 1014-1018. 

111



Bao, D., Ma, Y., Zhang, X., Guan, F., Chen, W., Gao, K., Qin, C., and Zhang, L. (2015). 

Preliminary characterization of a leptin receptor knockout rat created by crispr/cas9 system. Sci 

Rep 5, 15942. 

Bao, J., Zhang, Y., Schuster, A.S., Ortogero, N., Nilsson, E.E., Skinner, M.K., and Yan, W. 

(2014). Conditional inactivation of miwi2 reveals that miwi2 is only essential for 

prospermatogonial development in mice. Cell Death Differ 21, 783-796. 

Barlow, C., Liyanage, M., Moens, P.B., Tarsounas, M., Nagashima, K., Brown, K., Rottinghaus, 

S., Jackson, S.P., Tagle, D., Ried, T., et al. (1998). Atm deficiency results in severe meiotic 

disruption as early as leptonema of prophase i. Development 125, 4007-4017. 

Barry, D.T. (1910). The Morphology of the Testis. J Anat Physiol 44, 137-148. 

Baudat, F., Manova, K., Yuen, J.P., Jasin, M., and Keeney, S. (2000). Chromosome synapsis 

defects and sexually dimorphic meiotic progression in mice lacking spo11. Molecular cell 6, 

989-998. 

Baulac, S., Ishida, S., Mashimo, T., Boillot, M., Fumoto, N., Kuwamura, M., Ohno, Y., 

Takizawa, A., Aoto, T., Ueda, M., et al. (2012). A rat model for lgi1-related epilepsies. Human 

molecular genetics 21, 3546-3557. 

Baumann, C., and De La Fuente, R. (2011). Role of polycomb group protein cbx2/m33 in 

meiosis onset and maintenance of chromosome stability in the Mammalian germline. Genes 

(Basel) 2, 59-80. 

Bendel-Stenzel, M.R., Gomperts, M., Anderson, R., Heasman, J., and Wylie, C. (2000). The role 

of cadherins during primordial germ cell migration and early gonad formation in the mouse. 

Mechanisms of Development 91, 143-152. 

112



Bhalla, N., and Dernburg, A.F. (2005). Conserved checkpoint monitors meiotic chromosome 

synapsis in caenorhabditis elegans. Science 310, 1683-1686. 

Blanco-Rodríguez, J. (2009). Γh2ax marks the main events of the spermatogenic process. 

Microscopy Research and Technique 72, 823-832. 

Blanco-Rodríguez, J. (2012). Programmed phosphorylation of histone h2ax precedes a phase of 

dna double-strand break-independent synapsis in mouse meiosis. Reproduction 144, 699-712. 

Boch, J., Scholze, H., Schornack, S., Landgraf, A., Hahn, S., Kay, S., Lahaye, T., Nickstadt, A., 

and Bonas, U. (2009). Breaking the code of dna binding specificity of tal-type iii effectors. 

Science 326, 1509-1512. 

Boitani, C., Politi, M.G., and Menna, T. (1993). Spermatogonial cell-proliferation in organ-

culture of immature rat testis. Biology of reproduction 48, 761-767. 

Boitani, C., Stefanini, M., Fragale, A., and Morena, A.R. (1995). Activin stimulates sertoli-cell 

proliferation in a defined period of rat testis development. Endocrinology 136, 5438-5444. 

Bousman, C.A., Chana, G., Glatt, S.J., Chandler, S.D., May, T., Lohr, J., Kremen, W.S., Tsuang, 

M.T., and Everall, I.P. (2010). Positive symptoms of psychosis correlate with expression of 

ubiquitin proteasome genes in peripheral blood. American journal of medical genetics Part B, 

Neuropsychiatric genetics : the official publication of the International Society of Psychiatric 

Genetics 153b, 1336-1341. 

Bozec, A., Amara, S., Guarmit, B., Selva, J., Albert, M., Rollet, J., El Sirkasi, M., Vialard, F., 

Bailly, M., Benahmed, M., et al. (2008). Status of the executioner step of apoptosis in human 

with normal spermatogenesis and azoospermia. Fertility and Sterility 90, 1723-1731. 

113



Brash, D.E., Ziegler, A., Jonason, A.S., Simon, J.A., Kunala, S., and Leffell, D.J. (1996). 

Sunlight and sunburn in human skin cancer: p53, apoptosis, and tumor promotion. J Investig 

Dermatol Symp Proc 1, 136-142. 

Broering, T.J., Alavattam, K.G., Sadreyev, R.I., Ichijima, Y., Kato, Y., Hasegawa, K., Camerini-

Otero, R.D., Lee, J.T., Andreassen, P.R., and Namekawa, S.H. (2014). Brca1 establishes dna 

damage signaling and pericentric heterochromatin of the x chromosome in male meiosis. The 

Journal of Cell Biology 205, 663-675. 

Buaas, F.W., Kirsh, A.L., Sharma, M., McLean, D.J., Morris, J.L., Griswold, M.D., de Rooij, 

D.G., and Braun, R.E. (2004). Plzf is required in adult male germ cells for stem cell self-renewal. 

Nature Genetics 36, 647-652. 

Buehr, M., Meek, S., Blair, K., Yang, J., Ure, J., Silva, J., McLay, R., Hall, J., Ying, Q.L., and 

Smith, A. (2008). Capture of authentic embryonic stem cells from rat blastocysts. Cell 135, 

1287-1298. 

Carlomagno, G., van Bragt, M.P.A., Korver, C.M., Repping, S., de Rooij, D.G., and van Pelt, 

A.M.M. (2010). Bmp4-induced differentiation of a rat spermatogonial stem cell line causes 

changes in its cell adhesion properties. Biology of reproduction 83, 742-749. 

Carmell, M.A., Girard, A., van de Kant, H.J., Bourc'his, D., Bestor, T.H., de Rooij, D.G., and 

Hannon, G.J. (2007). Miwi2 is essential for spermatogenesis and repression of transposons in the 

mouse male germline. Developmental cell 12, 503-514. 

Chandolia, R.K., Weinbauer, G.F., Fingscheidt, U., Bartlett, J.M.S., and Nieschlag, E. (1991). 

Effects of flutamide on testicular involution induced by an antagonist of gonadotropin-releasing-

hormone and on stimulation of spermatogenesis by follicle-stimulating-hormone in rats. Journal 

of Reproduction and Fertility 93, 313-323. 

114



Chapman, K.M., Medrano, G.A., Chaudhary, J., and Hamra, F.K. (2015a). NRG1 and KITL 

Signal Downstream of Retinoic Acid in the Germline to Support Soma-Free Syncytial Growth of 

Differentiating Spermatogonia. Cell Death Discov 1, 15018. 

Chapman, Karen M., Medrano, Gerardo A., Jaichander, P., Chaudhary, J., Waits, Alexandra E., 

Nobrega, Marcelo A., Hotaling, James M., Ober, C., and Hamra, F.K. (2015b). Targeted 

germline modifications in rats using crispr/cas9 and spermatogonial stem cells. Cell Reports 10, 

1828-1835. 

Chen, Z.J., Niles, E.G., and Pickart, C.M. (1991). Isolation of a cDNA encoding a mammalian 

multiubiquitinating enzyme (E225K) and overexpression of the functional enzyme in Escherichia 

coli. The Journal of biological chemistry 266, 15698-15704. 

Cheng, C.Y., and Boettcher, B. (1979). Effect of steroids on the invitro migration of washed 

human-spermatozoa in modified tyrodes solution or in fasting human-blood serum. Fertility and 

Sterility 32, 566-570. 

Cheng, C.Y., and Mruk, D.D. (2009). An intracellular trafficking pathway in the seminiferous 

epithelium regulating spermatogenesis: a biochemical and molecular perspective. Critical 

Reviews in Biochemistry and Molecular Biology 44, 245-263. 

Choi, Y., Jeon, S., Choi, M., Lee, M.-h., Park, M., Lee, D.R., Jun, K.-Y., Kwon, Y., Lee, O.-H., 

Song, S.-H., et al. (2010). Mutations in sohlh1 gene associate with nonobstructive azoospermia. 

Human Mutation 31, 788-793. 

Christensen, D.E., Brzovic, P.S., and Klevit, R.E. (2007). E2-BRCA1 RING interactions dictate 

synthesis of mono- or specific polyubiquitin chain linkages. Nature structural & molecular 

biology 14, 941-948. 

115



Chuma, S., and Nakano, T. (2013). Pirna and spermatogenesis in mice. Philosophical 

Transactions of the Royal Society B: Biological Sciences 368. 

Clermont, Y. (1972). Kinetics of spermatogenesis in mammals - seminiferous epithelium cycle 

and spermatogonial renewal. Physiological Reviews 52, 198-&. 

Clifford, P.S., Rodriguez, J., Schul, D., Hughes, S., Kniffin, T., Hart, N., Eitan, S., Brunel, L., 

Fehrentz, J.A., Martinez, J., et al. (2012). Attenuation of cocaine-induced locomotor sensitization 

in rats sustaining genetic or pharmacologic antagonism of ghrelin receptors. Addiction biology 

17, 956-963. 

Clift, D., and Marston, A.L. (2011). The Role of Shugoshin in Meiotic Chromosome 

Segregation. Cytogenetic and Genome Research 133, 234-242. 

Costoya, J.A., Hobbs, R.M., Barna, M., Cattoretti, G., Manova, K., Sukhwani, M., Orwig, K.E., 

Wolgemuth, D.J., and Pandolfi, P.P. (2004). Essential role of plzf in maintenance of 

spermatogonial stem cells. Nature Genetics 36, 653-659. 

Cronkhite, J.T., Norlander, C., Furth, J.K., Levan, G., Garbers, D.L., and Hammer, R.E. (2005). 

Male and female germline specific expression of an EGFP reporter gene in a unique strain of 

transgenic rats. Developmental biology 284, 171-183. 

Curzon P, Z.M., Radek RJ, Fox GB (2009). The behavioral assessment of sensorimotor 

processes in the mouse: Acoustic startle, sensory gating, locomotor activity, rotarod, and beam 

walking. In Methods of Behavior Analysis in Neuroscience 2nd edition, B. JJ, ed. (Boca Raton 

(FL): CRC Press/Taylor & Francis). 

Dadoune, J.-P. (2007). New insights into male gametogenesis: What about the spermatogonial 

stem cell niche? Folia Histochemica Et Cytobiologica 45, 141-147. 

116



de Rooij, D.G., Okabe, M., and Nishimune, Y. (1999). Arrest of spermatogonial differentiation 

in jsd/jsd, Sl17H/Sl17H, and cryptorchid mice. Biology of reproduction 61, 842-847. 

de Vries, S.S., Baart, E.B., Dekker, M., Siezen, A., de Rooij, D.G., de Boer, P., and te Riele, H. 

(1999). Mouse muts-like protein msh5 is required for proper chromosome synapsis in male and 

female meiosis. Genes & Development 13, 523-531. 

Deacon, R.M. (2013). The successive alleys test of anxiety in mice and rats. J Vis Exp. 

Deng, W., and Lin, H.F. (2002). Miwi, a murine homolog of piwi, encodes a cytoplasmic protein 

essential for spermatogenesis. Developmental cell 2, 819-830. 

Di Carlo, A., and De Felici, M. (2000). A role for e-cadherin in mouse primordial germ cell 

development. Developmental biology 226, 209-219. 

Ding, S., Wu, X.H., Li, G., Han, M., Zhuang, Y., and Xu, T. (2005). Efficient transposition of 

the piggybac resource (pb) transposon in mammalian cells and mice. Cell 122, 473-483. 

Dumartin, L., Whiteman, H.J., Weeks, M.E., Hariharan, D., Dmitrovic, B., Iacobuzio-Donahue, 

C.A., Brentnall, T.A., Bronner, M.P., Feakins, R.M., Timms, J.F., et al. (2011). AGR2 is a novel 

surface antigen that promotes the dissemination of pancreatic cancer cells through regulation of 

cathepsins B and D. Cancer research 71, 7091-7102. 

Ebihara, C., Ebihara, K., Aizawa-Abe, M., Mashimo, T., Tomita, T., Zhao, M., Gumbilai, V., 

Kusakabe, T., Yamamoto, Y., Aotani, D., et al. (2015). Seipin is necessary for normal brain 

development and spermatogenesis in addition to adipogenesis. Human molecular genetics 24, 

4238-4249. 

Endoh, M., Endo, T.A., Endoh, T., Isono, K.-i., Sharif, J., Ohara, O., Toyoda, T., Ito, T., 

Eskeland, R., Bickmore, W.A., et al. (2012). Histone h2a mono-ubiquitination is a crucial step to 

117



mediate prc1-dependent repression of developmental genes to maintain es cell identity. PLoS 

Genet 8, e1002774. 

Fallest, P.C., Trader, G.L., Darrow, J.M., and Shupnik, M.A. (1995). Regulation of rat 

luteinizing hormone beta gene expression in transgenic mice by steroids and a gonadotropin-

releasing hormone antagonist. Biology of reproduction 53, 103-109. 

Fawcett, D.W. (1975). Mammalian spermatozoon. Developmental biology 44, 394-436. 

Feng, Q.H., Moran, J.V., Kazazian, H.H., and Boeke, J.D. (1996). Human l1 retrotransposon 

encodes a conserved endonuclease required for retrotransposition. Cell 87, 905-916. 

Ferguson, C., McKay, M., Harris, R.A., and Homanics, G.E. (2013). Toll-like receptor 4 (tlr4) 

knockout rats produced by transcriptional activator-like effector nuclease (talen)-mediated gene 

inactivation. Alcohol (Fayetteville, NY) 47, 595-599. 

Friedland, A.E., Tzur, Y.B., Esvelt, K.M., Colaiacovo, M.P., Church, G.M., and Calarco, J.A. 

(2013). Heritable genome editing in c. Elegans via a crispr-cas9 system. Nat Meth 10, 741-743. 

Frost, R.J., Hamra, F.K., Richardson, J.A., Qi, X., Bassel-Duby, R., and Olson, E.N. (2010). 

Mov10l1 is necessary for protection of spermatocytes against retrotransposons by piwi-

interacting rnas. Proceedings of the National Academy of Sciences of the United States of 

America 107, 11847-11852. 

Fugassa, E., Palmero, S., and Gallo, G. (1987). Triiodothyronine decreases the production of 

androgen binding-protein by rat sertoli cells. Biochemical and biophysical research 

communications 143, 241-247. 

Gay, V.L., Midgley, A.R., Jr., and Niswender, G.D. (1970). Patterns of gonadotrophin secretion 

associated with ovulation. Federation proceedings 29, 1880-1887. 

118



Geurts, A.M., Cost, G.J., Freyvert, Y., Zeitler, B., Miller, J.C., Choi, V.M., Jenkins, S.S., Wood, 

A., Cui, X., Meng, X., et al. (2009). Knockout rats via embryo microinjection of zinc-finger 

nucleases. Science 325, 433-433. 

Geurts, A.M., and Moreno, C. (2010). Zinc-finger nucleases: New strategies to target the rat 

genome. Clinical Science 119, 303-311. 

Geyer, C.B., Inselman, A.L., Sunman, J.A., Bornstein, S., Handel, M.A., and Eddy, E.M. (2009). 

A missense mutation in the capza3 gene and disruption of f-actin organization in spermatids of 

repro32 infertile male mice. Developmental biology 330, 142-152. 

Godet, M., Thomas, A., Rudkin, B.B., and Durand, P. (2000). Developmental changes in cyclin 

b1 and cyclin-dependent kinase 1 (cdk1) levels in the different populations of spermatogenic 

cells of the post-natal rat testis. European journal of cell biology 79, 816-823. 

Goertz, M.J., Wu, Z., Gallardo, T.D., Hamra, F.K., and Castrillon, D.H. (2011). Foxo1 is 

required in mouse spermatogonial stem cells for their maintenance and the initiation of 

spermatogenesis. J Clin Invest 121, 3456-3466. 

Goetz, S.C., and Anderson, K.V. (2010). The primary cilium: A signalling centre during 

vertebrate development. Nature Reviews Genetics 11, 331-344. 

Gonzalez-Robayna, I.J., Falender, A.E., Ochsner, S., Firestone, G.L., and Richards, J.S. (2000). 

Follicle-stimulating hormone (fsh) stimulates phosphorylation and activation of protein kinase b 

(pkb/akt) and serum and glucocorticoid-induced kinase (sgk): Evidence for a kinase-independent 

signaling by fsh in granulosa cells. Molecular Endocrinology 14, 1283-1300. 

Grabundzija, I., Wang, J., Sebe, A., Erdei, Z., Kajdi, R., Devaraj, A., Steinemann, D., Szuhai, K., 

Stein, U., Cantz, T., et al. (2013). Sleeping Beauty transposon-based system for cellular 

119



reprogramming and targeted gene insertion in induced pluripotent stem cells. Nucleic Acids Res 

41, 1829-1847. 

Gromoll, J., Wessels, J., Rosiepen, G., Brinkworth, M.H., and Weinbauer, G.F. (1997). 

Expression of mitotic cyclin b1 is not confined to proliferating cells in the rat testis. Biology of 

reproduction 57, 1312-1319. 

Gutierrez, G.J., Tsuji, T., Cross, J.V., Davis, R.J., Templeton, D.J., Jiang, W., and Ronai, Z.e.A. 

(2010). JNK-mediated Phosphorylation of Cdc25C Regulates Cell Cycle Entry and G2/M DNA 

Damage Checkpoint. Journal of Biological Chemistry 285, 14217-14228. 

Haavisto, A.M., Pettersson, K., Bergendahl, M., Perheentupa, A., Roser, J.F., and Huhtaniemi, I. 

(1993). A supersensitive immunofluorometric assay for rat luteinizing hormone. Endocrinology 

132, 1687-1691. 

Haldeman, M.T., Xia, G., Kasperek, E.M., and Pickart, C.M. (1997). Structure and function of 

ubiquitin conjugating enzyme E2-25K: The tail is a core-dependent activity element. 

Biochemistry 36, 10526-10537. 

Hamra, F.K. (2010). Gene targeting: Enter the rat. Nature 467, 161-163. 

Hamra, F.K., Chapman, K.M., Nguyen, D., and Garbers, D.L. (2007). Identification of 

neuregulin as a factor required for formation of aligned spermatogonia. The Journal of biological 

chemistry 282, 721-730. 

Hamra, F.K., Chapman, K.M., Nguyen, D.M., Williams-Stephens, A.A., Hammer, R.E., and 

Garbers, D.L. (2005). Self renewal, expansion, and transfection of rat spermatogonial stem cells 

in culture. Proceedings of the National Academy of Sciences of the United States of America 

102, 17430-17435. 

120



Hamra, F.K., Chapman, K.M., Wu, Z., and Garbers, D.L. (2008). Isolating highly pure rat 

spermatogonial stem cells in culture. Methods in molecular biology 450, 163-179. 

Hamra, F.K., Gatlin, J., Chapman, K.M., Grellhesl, D.M., Garcia, J.V., Hammer, R.E., and 

Garbers, D.L. (2002). Production of transgenic rats by lentiviral transduction of male germ-line 

stem cells. Proceedings of the National Academy of Sciences of the United States of America 99, 

14931-14936. 

Han, I.S., Sylvester, S.R., Kim, K.H., Schelling, M.E., Venkateswaran, S., Blanckaert, V.D., 

McGuinness, M.P., and Griswold, M.D. (1993). Basic fibroblast growth-factor is a testicular 

germ-cell product which may regulate sertoli-cell function. Molecular Endocrinology 7, 889-

897. 

Hao, J., Yamamoto, M., Richardson, T.E., Chapman, K.M., Denard, B.S., Hammer, R.E., Zhao, 

G.Q., and Hamra, F.K. (2008). Sohlh2 knockout mice are male-sterile because of degeneration of 

differentiating type a spermatogonia. Stem Cells 26, 1587-1597. 

Hasegawa, K., Sin, H.S., Maezawa, S., Broering, T.J., Kartashov, A.V., Alavattam, K.G., 

Ichijima, Y., Zhang, F., Bacon, W.C., Greis, K.D., et al. (2015). SCML2 establishes the male 

germline epigenome through regulation of histone H2A ubiquitination. Developmental cell 32, 

574-588. 

Herran, Y., Gutierrez-Caballero, C., Sanchez-Martin, M., Hernandez, T., Viera, A., Luis 

Barbero, J., de Alava, E., de Rooij, D.G., Angel Suja, J., Llano, E., et al. (2011). The cohesin 

subunit rad21l functions in meiotic synapsis and exhibits sexual dimorphism in fertility. Embo 

Journal 30, 3091-3105. 

Hicks, J.J., Pedron, N., and Rosado, A. (1972). Modifications of human spermatozoa glycolysis 

by cyclic adenosine monophosphate (cAMP), estrogens, and follicular fluid. Fertil Steril 23, 886-

893. 

121



Higashi, M., Inoue, S., and Ito, T. (2010). Core histone h2a ubiquitylation and transcriptional 

regulation. Experimental Cell Research 316, 2707-2712. 

Hitotsumachi, S., Carpenter, D.A., and Russell, W.L. (1985). Dose-repetition increases the 

mutagenic effectiveness of n-ethyl-n-nitrosourea in mouse spermatogonia. Proceedings of the 

National Academy of Sciences of the United States of America 82, 6619-6621. 

Homberg, J.R., Mul, J.D., de Wit, E., and Cuppen, E. (2009). Complete knockout of the 

nociceptin/orphanin fq receptor in the rat does not induce compensatory changes in mu, delta and 

kappa opioid receptors. Neuroscience 163, 308-315. 

Hu, J., Chen, Y.X., Wang, D., Qi, X.X., Li, T.G., Hao, J., Mishina, Y., Garbers, D.L., and Zhao, 

G.Q. (2004). Developmental expression and function of bmp4 in spermatogenesis and in 

maintaining epididymal integrity. Developmental biology 276, 158-171. 

Huang, G., Ashton, C., Kumbhani, D.S., and Ying, Q.-L. (2011a). Genetic manipulations in the 

rat: Progress and prospects. Current Opinion in Nephrology and Hypertension 20, 391-399. 

Huang, G., Tong, C., Kumbhani, D.S., Ashton, C., Yan, H., and Ying, Q.-L. (2011b). Beyond 

knockout rats new insights into finer genome manipulation in rats. Cell Cycle 10, 1059-1066. 

Huckins, C. (1971). The spermatogonial stem cell population in adult rats. I. Their morphology, 

proliferation and maturation. Anat Rec 169, 533-557. 

Ishiguro, K.-i., Kim, J., Fujiyama-Nakamura, S., Kato, S., and Watanabe, Y. (2011). A new 

meiosis-specific cohesin complex implicated in the cohesin code for homologous pairing. Embo 

Reports 12, 267-275. 

122



Ismail, I.H., Gagné, J.-P., Caron, M.-C., McDonald, D., Xu, Z., Masson, J.-Y., Poirier, G.G., and 

Hendzel, M.J. (2012). Cbx4-mediated sumo modification regulates bmi1 recruitment at sites of 

dna damage. Nucleic Acids Research 40, 5497-5510. 

Ivics, Z., Izsvák, Z., Chapman, K.M., and Hamra, F.K. (2011a). Sleeping beauty transposon 

mutagenesis of the rat genome in spermatogonial stem cells. Methods 53, 356-365. 

Ivics, Z., Izsvak, Z., Medrano, G., Chapman, K.M., and Hamra, F.K. (2011b). Sleeping beauty 

transposon mutagenesis in rat spermatogonial stem cells. Nat Protocols 6, 1521-1535. 

Ivics, Z., Kaufman, C.D., Zayed, H., Miskey, C., Walisko, O., and Izsvak, Z. (2004). The 

Sleeping Beauty transposable element: evolution, regulation and genetic applications. Current 

issues in molecular biology 6, 43-55. 

Izsvak, Z., Frohlich, J., Grabundzija, I., Shirley, J.R., Powell, H.M., Chapman, K.M., Ivics, Z., 

and Hamra, F.K. (2010). Generating knockout rats by transposon mutagenesis in spermatogonial 

stem cells. Nat Meth 7, 443-445. 

Johnson, D.R., and Hunt, D.M. (1971). Hop-sterile, a mutant gene affecting sperm tail 

development in mouse. Journal of Embryology and Experimental Morphology 25, 223-&. 

Johnson, M.H., and Everitt, B.J. (2000). Essential reproduction. 

Kakarougkas, A., and Jeggo, P.A. (2014). DNA DSB repair pathway choice: an orchestrated 

handover mechanism. The British Journal of Radiology 87, 20130685. 

Kalchman, M.A., Graham, R.K., Xia, G., Koide, H.B., Hodgson, J.G., Graham, K.C., Goldberg, 

Y.P., Gietz, R.D., Pickart, C.M., and Hayden, M.R. (1996). Huntingtin is ubiquitinated and 

interacts with a specific ubiquitin-conjugating enzyme. The Journal of biological chemistry 271, 

19385-19394. 

123



Kanatsu-Shinohara, M., Takehashi, M., Takashima, S., Lee, J., Morimoto, H., Chuma, S., 

Raducanu, A., Nakatsuji, N., Faessler, R., and Shinohara, T. (2008). Homing of mouse 

spermatogonial stem cells to germline niche depends on beta 1-integrin. Cell Stem Cell 3, 533-

542. 

Katoh-Semba, R., Tsuzuki, M., Miyazaki, N., Yoshida, A., Nakajima, H., Nakagawa, C., 

Kitajima, S., and Matsuda, M. (2007). Distribution and immunohistochemical localization of 

gdnf protein in selected neural and non-neural tissues of rats during development and changes in 

unilateral 6-hydroxydopamine lesions. Neuroscience Research 59, 277-287. 

Kaufman, C.D., Izsvak, Z., Katzer, A., and Ivics, Z. (2005). Frog prince transposon-based rnai 

vectors mediate efficient gene knockdown in human cells. Journal of RNAi and gene silencing : 

an international journal of RNA and gene targeting research 1, 97-104. 

Kawakami, K. (2007). Tol2: a versatile gene transfer vector in vertebrates. Genome biology 8 

Suppl 1, S7. 

Kawamata, M., and Ochiya, T. (2010). Generation of genetically modified rats from embryonic 

stem cells. Proceedings of the National Academy of Sciences of the United States of America 

107, 14223-14228. 

Kierszenbaum, A.L. (2002). Intramanchette transport (IMT): managing the making of the 

spermatid head, centrosome, and tail. Mol Reprod Dev 63, 1-4. 

Kierszenbaum, A.L., Rivkin, E., Tres, L.L., Yoder, B.K., Haycraft, C.J., Bornens, M., and Rios, 

R.M. (2011). Gmap210 and ift88 are present in the spermatid golgi apparatus and participate in 

the development of the acrosome-acroplaxome complex, head-tail coupling apparatus and tail. 

Developmental Dynamics 240, 723-736. 

124



Kierszenbaum, A.L., and Tres, L.L. (2004). The acrosome-acroplaxome-manchette complex and 

the shaping of the spermatid head. Archives of Histology and Cytology 67, 271-284. 

Kikuchi, J., Furukawa, Y., Kubo, N., Tokura, A., Hayashi, N., Nakamura, M., Matsuda, M., and 

Sakurabayashi, I. (2000). Induction of ubiquitin-conjugating enzyme by aggregated low density 

lipoprotein in human macrophages and its implications for atherosclerosis. Arteriosclerosis, 

thrombosis, and vascular biology 20, 128-134. 

Kim, H.T., Kim, K.P., Lledias, F., Kisselev, A.F., Scaglione, K.M., Skowyra, D., Gygi, S.P., and 

Goldberg, A.L. (2007). Certain pairs of ubiquitin-conjugating enzymes (e2s) and ubiquitin-

protein ligases (e3s) synthesize nondegradable forked ubiquitin chains containing all possible 

isopeptide linkages. The Journal of biological chemistry 282, 17375-17386. 

Kitada, K., Keng, V.W., Takeda, J., and Horie, K. (2009). Generating mutant rats using the 

sleeping beauty transposon system. Methods 49, 236-242. 

Kitajima, T.S., Kawashima, S.A., and Watanabe, Y. (2004). The conserved kinetochore protein 

shugoshin protects centromeric cohesion during meiosis. Nature 427, 510-517. 

Ko, S., Kang, G.B., Song, S.M., Lee, J.G., Shin, D.Y., Yun, J.H., Sheng, Y., Cheong, C., Jeon, 

Y.H., Jung, Y.K., et al. (2010). Structural basis of E2-25K/ubb+1 interaction leading to 

proteasome inhibition and neurotoxicity. The Journal of biological chemistry 285, 36070-36080. 

Kong, W.H., Yan, S., Gu, Z., and Tso, J.K. (2002). [developmental stage-dependence of cyclin 

b1 protein localization and gene expression in rabbit spermatogenesis]. Sheng li xue bao : [Acta 

physiologica Sinica] 54, 400-404. 

Kong, W.H., Zheng, G., Lu, J.N., and Tso, J.K. (2000). Temperature dependent expression of 

cdc2 and cyclin b1 in spermatogenic cells during spermatogenesis. Cell research 10, 289-302. 

125



Koshimizu, U., Sawada, K., Tajima, Y., Watanabe, D., and Nishimune, Y. (1991). White-

spotting mutations affect the regenerative differentiation of testicular germ-cells - demonstration 

by experimental cryptorchidism and its surgical reversal. Biology of reproduction 45, 642-648. 

Kuramochi-Miyagawa, S., Kimura, T., Ijiri, T.W., Isobe, T., Asada, N., Fujita, Y., Ikawa, M., 

Iwai, N., Okabe, M., Deng, W., et al. (2004). Mili, a mammalian member of piwi family gene, is 

essential for spermatogenesis. Development 131, 839-849. 

Leblond, C.P., and Clermont, Y. (1952). Definition of the stages of the cycle of the seminiferous 

epithelium in the rat. Annals of the New York Academy of Sciences 55, 548-573. 

Lee, J., and Hirano, T. (2011). Rad21l, a novel cohesin subunit implicated in linking homologous 

chromosomes in mammalian meiosis. Journal of Cell Biology 192, 263-276. 

Lee, S.J., Choi, J.Y., Sung, Y.M., Park, H., Rhim, H., and Kang, S. (2001). E3 ligase activity of 

ring finger proteins that interact with Hip-2, a human ubiquitin-conjugating enzyme. FEBS 

letters 503, 61-64. 

Li, M., Feng, B., Wang, L., Guo, S., Zhang, P., Gong, J., Zhang, Y., Zheng, A., and Li, H. 

(2015). Tollip is a critical mediator of cerebral ischaemia-reperfusion injury. The Journal of 

pathology. 

Li, P., Tong, C., Mehrian-Shai, R., Jia, L., Wu, N., Yan, Y., Maxson, R.E., Schulze, E.N., Song, 

H., Hsieh, C.L., et al. (2008). Germline competent embryonic stem cells derived from rat 

blastocysts. Cell 135, 1299-1310. 

Li, Y., Liu, W., Oo, T.F., Wang, L., Tang, Y., Jackson-Lewis, V., Zhou, C., Geghman, K., 

Bogdanov, M., Przedborski, S., et al. (2009). Mutant lrrk2(r1441g) bac transgenic mice 

recapitulate cardinal features of parkinson's disease. Nature Neuroscience 12, 826-828. 

126



Lin, H.F., and Spradling, A.C. (1997). A novel group of pumilio mutations affects the 

asymmetric division of germline stem cells in the drosophila ovary. Development 124, 2463-

2476. 

Lin, Y.-N., Roy, A., Yan, W., Burns, K.H., and Matzuk, M.A. (2007). Loss of zona pellucida 

binding proteins in the acrosomal matrix disrupts acrosome biogenesis and sperm 

morphogenesis. Molecular and Cellular Biology 27, 6794-6805. 

Lin, Y., Gill, M.E., Koubova, J., and Page, D.C. (2008). Germ cell-intrinsic and -extrinsic factors 

govern meiotic initiation in mouse embryos. Science 322, 1685-1687. 

Liu, G.Y., Geurts, A.M., Yae, K., Srinivasan, A.R., Fahrenkrug, S.C., Largaespada, D.A., 

Takeda, J., Horie, K., Olson, W.K., and Hackett, P.B. (2005). Target-site preferences of sleeping 

beauty transposons. Journal of Molecular Biology 346, 161-173. 

Llano, E., Gomez, R., Gutierrez-Caballero, C., Herran, Y., Sanchez-Martin, M., Vazquez-

Quinones, L., Hernandez, T., de Alava, E., Cuadrado, A., Barbero, J.L., et al. (2008). Shugoshin-

2 is essential for the completion of meiosis but not for mitotic cell division in mice. Genes & 

Development 22, 2400-2413. 

Lok, D., Weenk, D., and de Rooij, D.G. (1982). Morphology, proliferation, and differentiation of 

undifferentiated spermatogonia in the chinese hamster and the ram. The Anatomical Record 203, 

83-99. 

Lucchinetti, E., Feng, J., Silva, R.d., Tolstonog, G.V., Schaub, M.C., Schumann, G.G., and 

Zaugg, M. (2006). Inhibition of line-1 expression in the heart decreases ischemic damage by 

activation of akt/pkb signaling, Vol 25. 

MacQueen, A.J., and Hochwagen, A. (2011). Checkpoint mechanisms: The puppet masters of 

meiotic prophase. Trends in Cell Biology 21, 393-400. 

127



Manova, K., Nocka, K., Besmer, P., and Bachvarova, R.F. (1990). Gonadal expression of c-kit 

encoded at the w-locus of the mouse. Development 110, 1057-1069. 

Marathe, G.K., Shetty, J., and Dighe, R.R. (1995). Selective immunoneutralization of 

luteinizing-hormone results in the apoptotic cell-death of pachytene spermatocytes and 

spermatids in the rat testis. Endocrine 3, 705-709. 

Marziali, G., Lazzaro, D., and Sorrentino, V. (1993). Binding of germ-cells to mutant sl(d) 

sertoli cells is defective and is rescued by expression of the transmembrane form of the c-kit 

ligand. Developmental biology 157, 182-190. 

Mastrandrea, L.D., Kasperek, E.M., Niles, E.G., and Pickart, C.M. (1998). Core domain 

mutation (s86y) selectively inactivates polyubiquitin chain synthesis catalyzed by E2-25K. 

Biochemistry 37, 9784-9792. 

Mates, L., Chuah, M.K.L., Belay, E., Jerchow, B., Manoj, N., Acosta-Sanchez, A., Grzela, D.P., 

Schmitt, A., Becker, K., Matrai, J., et al. (2009). Molecular evolution of a novel hyperactive 

sleeping beauty transposase enables robust stable gene transfer in vertebrates. Nature Genetics 

41, 753-761. 

Mather, J.P., Attie, K.M., Woodruff, T.K., Rice, G.C., and Phillips, D.M. (1990). Activin 

stimulates spermatogonial proliferation in germ-sertoli cell cocultures from immature rat testis. 

Endocrinology 127, 3206-3214. 

Mathias, S.L., Scott, A.F., Kazazian, H.H., Boeke, J.D., and Gabriel, A. (1991). Reverse-

transcriptase encoded by a human transposable element. Science 254, 1808-1810. 

Matteri, R.L., Roser, J.F., Baldwin, D.M., Lipovetsky, V., and Papkoff, H. (1987). 

Characterization of a monoclonal antibody which detects luteinizing hormone from diverse 

mammalian species. Domestic Animal Endocrinology 4, 157-165. 

128



McGinty, R.K., Henrici, R.C., and Tan, S. (2014). Crystal structure of the prc1 ubiquitylation 

module bound to the nucleosome. Nature 514, 591-596. 

McLachlan, R.I., O'Donnell, L., Meachem, S.J., Stanton, P.G., de Kretser, D.M., Pratis, K., and 

Robertson, D.M. (2002). Identification of specific sites of hormonal regulation in 

spermatogenesis in rats, monkeys, and man. Recent Progress in Hormone Research, Vol 57 57, 

149-179. 

McLean, J.R., Chaix, D., Ohi, M.D., and Gould, K.L. (2011). State of the apc/c: Organization, 

function, and structure. Critical Reviews in Biochemistry and Molecular Biology 46, 118-136. 

Meachem, S.J., Ruwanpura, S.M., Ziolkowski, J., Ague, J.M., Skinner, M.K., and Loveland, 

K.L. (2005). Developmentally distinct in vivo effects of fsh on proliferation and apoptosis during 

testis maturation. Journal of Endocrinology 186, 429-446. 

Meehan, T., Loveland, K.L., de Kretser, D., Cory, S., and Print, C.G. (2001). Developmental 

regulation of the bcl-2 family during spermatogenesis: Insights into the sterility of bcl-w-/- male 

mice. Cell Death and Differentiation 8, 225-233. 

Meehan, T., Schlatt, S., O'Bryan, M.K., de Kretser, D.M., and Loveland, K.L. (2000). Regulation 

of germ cell and sertoli cell development by activin, follistatin, and fsh. Developmental biology 

220, 225-237. 

Meinhardt, A., O'Bryan, M.K., McFarlane, J.R., Loveland, K.L., Mallidis, C., Foulds, L.M., 

Phillips, D.J., and de Kretser, D.M. (1998). Localization of follistatin in the rat testis. Journal of 

Reproduction and Fertility 112, 233-241. 

Meistrich, M.L., Mohapatra, B., Shirley, C.R., and Zhao, M. (2003). Roles of transition nuclear 

proteins in spermiogenesis. Chromosoma 111, 483-488. 

129



Mendoza-Lujambio, I., Burfeind, P., Dixkens, C., Meinhardt, A., Hoyer-Fender, S., Engel, W., 

and Neesen, J. (2002). The hook1 gene is non-functional in the abnormal spermatozoon head 

shape (azh) mutant mouse. Human molecular genetics 11, 1647-1658. 

Menoret, S., De Cian, A., Tesson, L., Remy, S., Usal, C., Boule, J.B., Boix, C., Fontaniere, S., 

Creneguy, A., Nguyen, T.H., et al. (2015). Homology-directed repair in rodent zygotes using 

cas9 and talen engineered proteins. Sci Rep 5, 14410. 

Meroni, S., Riera, M., Pellizzari, E., and Cigorraga, S. (2002). Regulation of rat Sertoli cell 

function by FSH: possible role of phosphatidylinositol 3-kinase/protein kinase B pathway. 

Journal of Endocrinology 174, 195-204. 

Metz, G.A., and Whishaw, I.Q. (2009). The ladder rung walking task: A scoring system and its 

practical application. Journal of Visualized Experiments : JoVE, 1204. 

Micic, S. (1983). The effect of the gametogenesis on serum FSH, LH and prolactin levels in 

infertile men. Acta Europaea fertilitatis 14, 337-340. 

Mishra, D.P., and Shaha, C. (2005). Estrogen-induced spermatogenic cell apoptosis occurs via 

the mitochondrial pathway - role of superoxide and nitric oxide. Journal of Biological Chemistry 

280, 6181-6196. 

Molitor, A., and Shen, W.-H. (2013). The polycomb complex prc1: Composition and function in 

plants. Journal of Genetics and Genomics 40, 231-238. 

Monesi, V. (1962). Autoradiographic study of dna synthesis and cell cycle in spermatogonia and 

spermatocytes of mouse testis using tritiated thymidine. Journal of Cell Biology 14, 1-&. 

Morimoto, H., Kanatsu-Shinohara, M., Takashima, S., Chuma, S., Nakatsuji, N., Takehashi, M., 

and Shinohara, T. (2009). Phenotypic plasticity of mouse spermatogonial stem cells. Plos One 4. 

130



Moscou, M.J., and Bogdanove, A.J. (2009). A simple cipher governs dna recognition by tal 

effectors. Science 326, 1501-1501. 

Mullaney, B.P., and Skinner, M.K. (1992). Basic fibroblast growth-factor (bfgf) gene-expression 

and protein-production during pubertal development of the seminiferous tubule - follicle-

stimulating hormone-induced sertoli-cell bfgf expression. Endocrinology 131, 2928-2934. 

Murata, K., Sato, S., Haruta, M., Goshima, T., Chiba, Y., Takahashi, S., Sharif, J., Koseki, H., 

Nakanishi, M., and Shimada, M. (2015). Physical interaction between mpp8 and prc1 complex 

and its implication for regulation of spermatogenesis. Biochemical and biophysical research 

communications 458, 470-475. 

Nair, M., Nagamori, I., Sun, P., Mishra, D.P., Rheaume, C., Li, B., Sassone-Corsi, P., and Dai, 

X. (2008). Nuclear regulator pygo2 controls spermiogenesis and histone h3 acetylation. 

Developmental biology 320, 446-455. 

Nakagawa, T., Nabeshima, Y.-i., and Yoshida, S. (2007). Functional identification of the actual 

and potential stem cell compartments in mouse spermatogenesis. Developmental cell 12, 195-

206. 

Nandi, S., Banerjee, P.P., and Zirkin, B.R. (1999). Germ cell apoptosis in the testes of sprague 

dawley rats following testosterone withdrawal by ethane 1,2-dimethanesulfonate administration: 

Relationship to fas? Biology of reproduction 61, 70-75. 

Nemeth, E., Millar, L.K., and Bryant-Greenwood, G. (2000). Fetal membrane distention: Ii. 

Differentially expressed genes regulated by acute distention in vitro. American journal of 

obstetrics and gynecology 182, 60-67. 

Nicholas, C.R., Xu, E.Y., Banani, S.F., Hammer, R.E., Hamra, F.K., and Reijo Pera, R.A. 

(2009). Characterization of a dazl-gfp germ cell-specific reporter. Genesis 47, 74-84. 

131



Nowakowski, R.S., Lewin, S.B., and Miller, M.W. Bromodeoxyuridine immunohistochemical 

determination of the lengths of the cell cycle and the DNA-synthetic phase for an anatomically 

defined population. Journal of Neurocytology 18, 311-318. 

O'Donnell, L., Nicholls, P.K., O’Bryan, M.K., McLachlan, R.I., and Stanton, P.G. (2011). 

Spermiation: the process of sperm release. Spermatogenesis 1, 14-35. 

O'Shaughnessy, P.J., Verhoeven, G., De Gendt, K., Monteiro, A., and Abel, M.H. (2010). Direct 

action through the sertoli cells is essential for androgen stimulation of spermatogenesis. 

Endocrinology 151, 2343-2348. 

Oakberg, E.F. (1956). A description of spermiogenesis in the mouse and its use in analysis of the 

cycle of the seminiferous epithelium and germ cell renewal. Am J Anat 99, 391-413. 

Oakberg, E.F. (1971). Spermatogonial stem-cell renewal in mouse. Anatomical Record 169, 515-

&. 

Oatley, J.M., Avarbock, M.R., Telaranta, A.I., Fearon, D.T., and Brinster, R.L. (2006). 

Identifying genes important for spermatogonial stem cell self-renewal and survival. Proceedings 

of the National Academy of Sciences of the United States of America 103, 9524-9529. 

Oatley, M.J., Kaucher, A.V., Racicot, K.E., and Oatley, J.M. (2011). Inhibitor of dna binding 4 is 

expressed selectively by single spermatogonia in the male germline and regulates the self-

renewal of spermatogonial stem cells in mice. Biology of reproduction 85, 347-356. 

Oldknow, K.J., Seebacher, J., Goswami, T., Villen, J., Pitsillides, A.A., O'Shaughnessy, P.J., 

Gygi, S.P., Schneyer, A.L., and Mukherjee, A. (2013). Follistatin-like 3 (fstl3) mediated 

silencing of transforming growth factor beta (tgf beta) signaling is essential for testicular aging 

and regulating testis size. Endocrinology 154, 1310-1320. 

132



Oliveira, P.F., Alves, M.G., Rato, L., Laurentino, S., Silva, J., Sa, R., Barros, A., Sousa, M., 

Carvalho, R.A., Cavaco, J.E., et al. (2012). Effect of insulin deprivation on metabolism and 

metabolism-associated gene transcript levels of in vitro cultured human sertoli cells. Biochimica 

Et Biophysica Acta-General Subjects 1820, 84-89. 

Oonk, R.B., and Grootegoed, J.A. (1987). Identification of insulin-receptors on rat sertoli cells. 

Molecular and Cellular Endocrinology 49, 51-62. 

Oonk, R.B., Grootegoed, J.A., and Vandermolen, H.J. (1985). Comparison of the effects of 

insulin and follitropin on glucose-metabolism by sertoli cells from immature rats. Molecular and 

Cellular Endocrinology 42, 39-48. 

Orth, J.M., Jester, W.F., Li, L.H., and Laslett, A.L. (2000). Gonocyte-sertoli cell interactions 

during development of the neonatal rodent testis. Current Topics in Developmental Biology, Vol 

50 50, 103-124. 

Page, S.L., and Hawley, R.S. (2004). The genetics and molecular biology of the synaptonemal 

complex. Annual Review of Cell and Developmental Biology 20, 525-558. 

Palmero, S., Prati, M., Barreca, A., Minuto, F., Giordano, G., and Fugassa, E. (1990). Thyroid 

hormone stimulates the production of insulin-like growth factor I (IGF-I) by immature rat Sertoli 

cells. Mol Cell Endocrinol 68, 61-65. 

Palmero, S., Prati, M., Bolla, F., and Fugassa, E. (1995). Triiodothyronine directly affects rat 

sertoli-cell proliferation and differentiation. Journal of Endocrinology 145, 355-362. 

Pellegrini, M., Grimaldi, P., Rossi, P., Geremia, R., and Dolci, S. (2003). Developmental 

expression of BMP4/ALK3/SMAD5 signaling pathway in the mouse testis: a potential role of 

BMP4 in spermatogonia differentiation. J Cell Sci 116, 3363-3372. 

133



Perdiguero, E., and Nebreda, A.R. (2004). Regulation of Cdc25C activity during the meiotic 

G2/M transition. Cell Cycle 3, 733-737. 

Petersen, A., Mani, K., and Brundin, P. (1999). Recent advances on the pathogenesis of 

huntington's disease. Experimental neurology 157, 1-18. 

Phillips, B.T., Gassei, K., and Orwig, K.E. (2010). Spermatogonial stem cell regulation and 

spermatogenesis. Philosophical Transactions of the Royal Society B: Biological Sciences 365, 

1663-1678. 

Pichler, A., Knipscheer, P., Oberhofer, E., van Dijk, W.J., Korner, R., Olsen, J.V., Jentsch, S., 

Melchior, F., and Sixma, T.K. (2005). Sumo modification of the ubiquitin-conjugating enzyme 

E2-25K. Nature structural & molecular biology 12, 264-269. 

Pittman, D.L., Cobb, J., Schimenti, K.J., Wilson, L.A., Cooper, D.M., Brignull, E., Handel, 

M.A., and Schimenti, J.C. (1998). Meiotic prophase arrest with failure of chromosome synapsis 

in mice deficient for dmc1, a germline-specific reca homolog. Molecular cell 1, 697-705. 

Ponce de Leon, V., Merillat, A.M., Tesson, L., Anegon, I., and Hummler, E. (2014). Generation 

of talen-mediated grdim knock-in rats by homologous recombination. PLoS One 9, e88146. 

Prieto, I., Suja, J.A., Pezzi, N., Kremer, L., Martinez, C., Rufas, J.S., and Barbero, J.L. (2001). 

Mammalian stag3 is a cohesin specific to sister chromatid arms in meiosis i. Nature Cell Biology 

3, 761-766. 

Revelli, A., Massobrio, M., and Tesarik, J. (1998). Nongenomic actions of steroid hormones in 

reproductive tissues. Endocrine Reviews 19, 3-17. 

134



Richardson, T.E., Chapman, K.M., Tenenhaus Dann, C., Hammer, R.E., and Hamra, F.K. 

(2009). Sterile testis complementation with spermatogonial lines restores fertility to dazl-

deficient rats and maximizes donor germline transmission. PLoS One 4, e6308. 

Roberts, K.P., and Zirkin, B.R. (1991). Androgen regulation of spermatogenesis in the rat, Vol 

637. 

Rodrigo-Brenni, M.C., and Morgan, D.O. (2007). Sequential e2s drive polyubiquitin chain 

assembly on apc targets. Cell 130, 127-139. 

Romanienko, P.J., and Camerini-Otero, R.D. (2000). The Mouse Spo11 Gene Is Required for 

Meiotic Chromosome Synapsis. Molecular cell 6, 975-987. 

Rübe, C.E., Zhang, S., Miebach, N., Fricke, A., and Rübe, C. (2011). Protecting the heritable 

genome: Dna damage response mechanisms in spermatogonial stem cells. DNA Repair 10, 159-

168. 

Russell, L.D., Corbin, T.J., Borg, K.E., Defranca, L.R., Grasso, P., and Bartke, A. (1993). 

Recombinant human follicle-stimulating-hormone is capable of exerting a biological effect in the 

adult hypophysectomized rat by reducing the numbers of degenerating germ-cells. 

Endocrinology 133, 2062-2070. 

Russell, L.D., Ettlin, R.A., Sinha Hikim, A.P., and Clegg, E.D. (1990). Histological and 

histopathological evaluation of the testis, 1st edn (Clearwater, Fl: Cache River Press). 

Ruwanpura, S.M., McLachlan, R.I., and Meachem, S.J. (2010). Hormonal regulation of male 

germ cell development. Journal of Endocrinology 205, 117-131. 

135



Ryu, K.-Y., Sinnar, S.A., Reinholdt, L.G., Vaccari, S., Hall, S., Garcia, M.A., Zaitseva, T.S., 

Bouley, D.M., Boekelheide, K., Handel, M.A., et al. (2008). The mouse polyubiquitin gene ubb 

is essential for meiotic progression. Molecular and Cellular Biology 28, 1136-1146. 

Sada, A., Suzuki, A., Suzuki, H., and Saga, Y. (2009). The rna-binding protein nanos2 is 

required to maintain murine spermatogonial stem cells. Science 325, 1394-1398. 

Sairam, M.R., and Krishnamurthy, H. (2001). The role of follicle-stimulating hormone in 

spermatogenesis: Lessons from knockout animal models. Archives of Medical Research 32, 601-

608. 

Saito, K., O'Donnell, L., McLachlan, R.I., and Robertson, D.M. (2000). Spermiation failure is a 

major contributor to early spermatogenic suppression caused by hormone withdrawal in adult 

rats. Endocrinology 141, 2779-2785. 

Sapiro, R., Kostetskii, I., Olds-Clarke, P., Gerton, G.L., Radice, G.L., and Strauss, J.F. (2002). 

Male infertility, impaired sperm motility, and hydrocephalus in mice deficient in sperm-

associated antigen 6. Molecular and Cellular Biology 22, 6298-6305. 

Saville, M.K., Sparks, A., Xirodimas, D.P., Wardrop, J., Stevenson, L.F., Bourdon, J.C., Woods, 

Y.L., and Lane, D.P. (2004). Regulation of p53 by the ubiquitin-conjugating enzymes ubch5b/c 

in vivo. The Journal of biological chemistry 279, 42169-42181. 

Sawada, K., Sakamaki, K., and Nishimune, Y. (1991). Effect of the w-mutation, for white belly 

spot, on testicular germ-cell differentiation in mice. Journal of Reproduction and Fertility 93, 

287-294. 

Schrans-Stassen, B., Van de Kant, H.J.G., De Rooij, D.G., and Van Pelt, A.M.M. (1999). 

Differential expression of c-kit in mouse undifferentiated and differentiating type a 

spermatogonia. Endocrinology 140, 5894-5900. 

136



Schteingart, H.F., Meroni, S.B., Canepa, D.F., Pellizzari, E.H., and Cigorraga, S.B. (1999). 

Effects of basic fibroblast growth factor and nerve growth factor on lactate production, gamma-

glutamyl transpeptidase and aromatase activities in cultured sertoli cells. European Journal of 

Endocrinology 141, 539-545. 

Shabbeer, S., Omer, D., Berneman, D., Weitzman, O., Alpaugh, A., Pietraszkiewicz, A., 

Metsuyanim, S., Shainskaya, A., Papa, M.Z., and Yarden, R.I. (2013). BRCA1 targets G2/M cell 

cycle proteins for ubiquitination and proteasomal degradation. Oncogene 32, 5005-5016. 

Shimizu, T., O'Connor, P.M., Kohn, K.W., and Pommier, Y. (1995). Unscheduled Activation of 

Cyclin B1/Cdc2 Kinase in Human Promyelocytic Leukemia Cell Line HL60 Cells Undergoing 

Apoptosis Induced by DNA Damage. Cancer research 55, 228-231. 

Shinohara, T., Avarbock, M.R., and Brinster, R.L. (1999). Beta(1)- and alpha(6)-integrin are 

surface markers on mouse spermatogonial stem cells. Proceedings of the National Academy of 

Sciences of the United States of America 96, 5504-5509. 

Silva, F., Leite, L.D., Barreto, K.P., D'Agostini, C., and Zamoner, A. (2001). Effect of 3,5,3 '-

triiodo-l-thyronine on amino acid accumulation and membrane potential in sertoli cells of the rat 

testis. Life Sciences 69, 977-986. 

Sinha Hikim, A.P., and Swerdloff, R.S. (1999). Hormonal and genetic control of germ cell 

apoptosis in the testis. Reviews of reproduction 4, 38-47. 

Sinnar, S.A., Small, C.L., Evanoff, R.M., Reinholdt, L.G., Griswold, M.D., Kopito, R.R., and 

Ryu, K.-Y. (2011). Altered testicular gene expression patterns in mice lacking the polyubiquitin 

gene ubb. Molecular Reproduction and Development 78, 415-425. 

137



Sofikitis, N., Giotitsas, N., Tsounapi, P., Baltogiannis, D., Giannakis, D., and Pardalidis, N. 

(2008). Hormonal regulation of spermatogenesis and spermiogenesis. The Journal of Steroid 

Biochemistry and Molecular Biology 109, 323-330. 

Song, S., and Jung, Y.K. (2004). Alzheimer's disease meets the ubiquitin-proteasome system. 

Trends in molecular medicine 10, 565-570. 

Song, S., Kim, S.Y., Hong, Y.M., Jo, D.G., Lee, J.Y., Shim, S.M., Chung, C.W., Seo, S.J., Yoo, 

Y.J., Koh, J.Y., et al. (2003). Essential role of E2-25K/Hip-2 in mediating amyloid-beta 

neurotoxicity. Molecular cell 12, 553-563. 

Song, S., Lee, H., Kam, T.I., Tai, M.L., Lee, J.Y., Noh, J.Y., Shim, S.M., Seo, S.J., Kong, Y.Y., 

Nakagawa, T., et al. (2008). E2-25K/Hip-2 regulates caspase-12 in er stress-mediated abeta 

neurotoxicity. J Cell Biol 182, 675-684. 

Spinnler, K., Koehn, F.M., Schwarzer, U., and Mayerhofer, A. (2010). Glial cell line-derived 

neurotrophic factor is constitutively produced by human testicular peritubular cells and may 

contribute to the spermatogonial stem cell niche in man. Human Reproduction 25, 2181-2187. 

Spiridonov, N.A., Wong, L., Zerfas, P.M., Starost, M.F., Pack, S.D., Paweletz, C.P., and 

Johnson, G.R. (2005). Identification and characterization of sstk, a serine/threonine protein 

kinase essential for male fertility. Molecular and Cellular Biology 25, 4250-4261. 

Stramer, B.M., Cook, J.R., Fini, M.E., Taylor, A., and Obin, M. (2001). Induction of the 

ubiquitin-proteasome pathway during the keratocyte transition to the repair fibroblast phenotype. 

Investigative ophthalmology & visual science 42, 1698-1706. 

Suzuki, H., Ahn, H.W., Chu, T., Bowden, W., Gassei, K., Orwig, K., and Rajkovic, A. (2012). 

SOHLH1 and SOHLH2 coordinate spermatogonial differentiation. Developmental biology 361, 

301-312. 

138



Suzuki, H., Sada, A., Yoshida, S., and Saga, Y. (2009). The heterogeneity of spermatogonia is 

revealed by their topology and expression of marker proteins including the germ cell-specific 

proteins nanos2 and nanos3. Developmental biology 336, 222-231. 

Takeda, J., Keng, V.W., and Horie, K. (2007). Germline mutagenesis mediated by sleeping 

beauty transposon system in mice. Genome biology 8. 

Takubo, K., Ohmura, M., Azuma, M., Nagamatsu, G., Yamada, W., Arai, F., Hirao, A., and 

Suda, T. (2008). Stem cell defects in atm-deficient undifferentiated spermatogonia through dna 

damage-induced cell-cycle arrest. Cell Stem Cell 2, 170-182. 

Tanaka, H., Iguchi, N., Toyama, Y., Kitamura, K., Takahashi, T., Kaseda, K., Maekawa, M., and 

Nishimune, Y. (2004). Mice deficient in the axonemal protein Tektin-t exhibit male infertility 

and immotile-cilium syndrome due to impaired inner arm dynein function. Mol Cell Biol 24, 

7958-7964. 

Tanno, Y., Mori, T., Yokoya, S., Kanazawa, K., Honma, Y., Nikaido, T., Takeda, J., Tojo, M., 

Yamamoto, T., and Wanaka, A. (1999). Localization of huntingtin-interacting protein-2 (Hip-2) 

mrna in the developing mouse brain. Journal of chemical neuroanatomy 17, 99-107. 

Tapanainen, J.S., Tilly, J.L., Vihko, K.K., and Hsueh, A.J.W. (1993). Hormonal-control of 

apoptotic cell-death in the testis - gonadotropins and androgens as testicular cell-survival factors. 

Molecular Endocrinology 7, 643-650. 

Tesson, L., Usal, C., Menoret, S., Leung, E., Niles, B.J., Remy, S., Santiago, Y., Vincent, A.I., 

Meng, X., Zhang, L., et al. (2011). Knockout rats generated by embryo microinjection of talens. 

Nature Biotechnology 29, 695-696. 

Tong, C., Huang, G., Ashton, C., Li, P., and Ying, Q.-L. (2011). Generating gene knockout rats 

by homologous recombination in embryonic stem cells. Nature Protocols 6, 827-844. 

139



Tong, C., Li, P., Wu, N.L., Yan, Y., and Ying, Q.-L. (2010). Production of p53 gene knockout 

rats by homologous recombination in embryonic stem cells. Nature 467, 211-U298. 

Toyoda, S., Miyazaki, T., Miyazaki, S., Yoshimura, T., Yamamoto, M., Tashiro, F., Yamato, E., 

and Miyazaki, J.-i. (2009). Sohlh2 affects differentiation of kit positive oocytes and 

spermatogonia. Developmental biology 325, 238-248. 

Toyoshima, F., Moriguchi, T., Wada, A., Fukuda, M., and Nishida, E. (1998). Nuclear export of 

cyclin B1 and its possible role in the DNA damage‐induced G2 checkpoint. The EMBO Journal 

17, 2728-2735. 

van Boxtel, R., Vroling, B., Toonen, P., Nijman, I.J., van Roekel, H., Verheul, M., Baakman, C., 

Guryev, V., Vriend, G., and Cuppen, E. (2011). Systematic generation of in vivo g protein-

coupled receptor mutants in the rat. The pharmacogenomics journal 11, 326-336. 

van Nocker, S., and Vierstra, R.D. (1993). Multiubiquitin chains linked through lysine 48 are 

abundant in vivo and are competent intermediates in the ubiquitin proteolytic pathway. The 

Journal of biological chemistry 268, 24766-24773. 

Vanhaaster, L.H., Dejong, F.H., Docter, R., and Derooij, D.G. (1993). High neonatal 

triiodothyronine levels reduce the period of sertoli-cell proliferation and accelerate tubular lumen 

formation in the rat testis, and increase serum inhibin levels. Endocrinology 133, 755-760. 

Vanpelt, A.M.M., and Derooij, D.G. (1991). Retinoic acid is able to reinitiate spermatogenesis in 

vitamin-a-deficient rats and high replicate doses support the full development of spermatogenic 

cells. Endocrinology 128, 697-704. 

Wang, X.W., Zhan, Q., Coursen, J.D., Khan, M.A., Kontny, H.U., Yu, L., Hollander, M.C., 

O’Connor, P.M., Fornace, A.J., and Harris, C.C. (1999). GADD45 induction of a G2/M cell 

cycle checkpoint. Proceedings of the National Academy of Sciences 96, 3706-3711. 

140



Wei, S., Zhang, Y., Su, L., He, K., Wang, Q., Zhang, Y., Yang, D., Yang, Y., and Ma, S. (2015). 

Apolipoprotein e-deficient rats develop atherosclerotic plaques in partially ligated carotid 

arteries. Atherosclerosis 243, 589-592. 

Westphal, C.H., and Leder, P. (1997). Transposon-generated 'knock-out' and 'knock-in' gene-

targeting constructs for use in mice. Current biology : CB 7, 530-533. 

Wheeler, V.C., Auerbach, W., White, J.K., Srinidhi, J., Auerbach, A., Ryan, A., Duyao, M.P., 

Vrbanac, V., Weaver, M., Gusella, J.F., et al. (1999). Length-dependent gametic cag repeat 

instability in the huntington's disease knock-in mouse. Human molecular genetics 8, 115-122. 

Wilson, R.C., Edmondson, S.P., Flatt, J.W., Helms, K., and Twigg, P.D. (2011). The E2-25K 

ubiquitin-associated (uba) domain aids in polyubiquitin chain synthesis and linkage specificity. 

Biochemical and biophysical research communications 405, 662-666. 

Wilson, R.C., Hughes, R.C., Flatt, J.W., Meehan, E.J., Ng, J.D., and Twigg, P.D. (2009). 

Structure of full-length ubiquitin-conjugating enzyme E2-25K (huntingtin-interacting protein 2). 

Acta Crystallogr Sect F Struct Biol Cryst Commun 65, 440-444. 

Wojtasz, L., Daniel, K., Roig, I., Bolcun-Filas, E., Xu, H., Boonsanay, V., Eckmann, C.R., 

Cooke, H.J., Jasin, M., Keeney, S., et al. (2009). Mouse HORMAD1 and HORMAD2, two 

conserved meiotic chromosomal proteins, are depleted from synapsed chromosome axes with the 

help of TRIP13 AAA-ATPase. PLoS Genet 5, e1000702. 

Wolgemuth, D.J. (2006). Making the commitment to meiosis. Nature Genetics 38, 1362-1363. 

Woltjen, K., Michael, I.P., Mohseni, P., Desai, R., Mileikovsky, M., Haemaelaeinen, R., 

Cowling, R., Wang, W., Liu, P., Gertsenstein, M., et al. (2009). Piggybac transposition 

reprograms fibroblasts to induced pluripotent stem cells. Nature 458, 766-U106. 

141



Wong, C.H., Xia, W.L., Lee, N.P.Y., Mruk, D.D., Lee, W.M., and Cheng, C.Y. (2005). 

Regulation of ectoplasmic specialization dynamics in the seminiferous epithelium by focal 

adhesion-associated proteins in testosterone-suppressed rat testes. Endocrinology 146, 1192-

1204. 

Wood, A.J., Lo, T.-W., Zeitler, B., Pickle, C.S., Ralston, E.J., Lee, A.H., Amora, R., Miller, J.C., 

Leung, E., Meng, X., et al. (2011). Targeted genome editing across species using ZFNs and 

TALENs. Science 333, 307-307. 

Woolveridge, I., de Boer-Brouwer, M., Taylor, M.F., Teerds, K.J., Wu, F.C., and Morris, I.D. 

(1999). Apoptosis in the rat spermatogenic epithelium following androgen withdrawal: Changes 

in apoptosis-related genes. Biology of reproduction 60, 461-470. 

Worley, K.C., Weinstock, G.M., and Gibbs, R.A. (2008). Rats in the genomic era. Physiological 

Genomics 32, 273-282. 

Wreford, N.G., Kumar, T.R., Matzuk, M.M., and De Kretser, D.M. (2001). Analysis of the 

testicular phenotype of the follicle-stimulating hormone beta-subunit knockout and the activin 

type ii receptor knockout mice by stereological analysis. Endocrinology 142, 2916-2920. 

Wu, G.S., and Ding, Z. (2002). Caspase 9 is required for p53-dependent apoptosis and 

chemosensitivity in a human ovarian cancer cell line. Oncogene 21, 1-8. 

Wu, J.C., Gregory, C.W., and Dephilip, R.M. (1993). Expression of e-cadherin in immature rat 

and mouse testis and in rat sertoli-cell cultures. Biology of reproduction 49, 1353-1361. 

Wu, J.Y., Ribar, T.J., Cummings, D.E., Burton, K.A., McKnight, G.S., and Means, A.R. (2000). 

Spermiogenesis and exchange of basic nuclear proteins are impaired in male germ cells lacking 

camk4. Nature Genetics 25, 448-452. 

142



Xu, H.L., Beasley, M.D., Warren, W.D., van der Horst, G.T.J., and McKay, M.J. (2005). 

Absence of mouse rec8 cohesin promotes synapsis of sister chromatids in meiosis. 

Developmental cell 8, 949-961. 

Yamada, M., Ohnishi, J., Ohkawara, B., Iemura, S., Satoh, K., Hyodo-Miura, J., Kawachi, K., 

Natsume, T., and Shibuya, H. (2006). NARF, an nemo-like kinase (NLK)-associated ring finger 

protein regulates the ubiquitylation and degradation of T cell factor/lymphoid enhancer factor 

(TCF/LEF). The Journal of biological chemistry 281, 20749-20760. 

Yamamoto, S., Nakata, M., Sasada, R., Ooshima, Y., Yano, T., Shinozawa, T., Tsukimi, Y., 

Takeyama, M., Matsumoto, Y., and Hashimoto, T. (2012). Derivation of rat embryonic stem 

cells and generation of protease-activated receptor-2 knockout rats. Transgenic Research 21, 

743-755. 

Yamamoto, S., Ooshima, Y., Nakata, M., Yano, T., Nishimura, N., Nishigaki, R., Satomi, Y., 

Matsumoto, H., Matsumoto, Y., and Takeyama, M. (2015). Efficient gene-targeting in rat 

embryonic stem cells by crispr/cas and generation of human kynurenine aminotransferase ii (kat 

ii) knock-in rat. Transgenic Res 24, 991-1001. 

Yan, H.H.N., and Cheng, C.Y. (2006). Laminin alpha 3 forms a complex with beta 3 and gamma 

3 chains that serves as the ligand for alpha 6 beta 1-integrin at the apical ectoplasmic 

specialization in adult rat testes. Journal of Biological Chemistry 281, 17286-17303. 

Yao, T., and Cohen, R.E. (2000). Cyclization of polyubiquitin by the E2-25K ubiquitin 

conjugating enzyme. The Journal of biological chemistry 275, 36862-36868. 

Ying, Q.L., Wray, J., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett, J., Cohen, P., and 

Smith, A. (2008). The ground state of embryonic stem cell self-renewal. Nature 453, 519-523. 

143



Yoshida, S. (2008). Spermatogenic stem cell system in the mouse testis. Cold Spring Harbor 

symposia on quantitative biology 73, 25-32. 

Yoshida, S. (2010). Stem cells in mammalian spermatogenesis. Development, Growth & 

Differentiation 52, 311-317. 

Yoshinaga, K., Nishikawa, S., Ogawa, M., Hayashi, S.I., Kunisada, T., Fujimoto, T., and 

Nishikawa, S.I. (1991). Role of c-kit in mouse spermatogenesis - identification of spermatogonia 

as a specific site of c-kit expression and function. Development 113, 689-699. 

Yuan, J., Yan, R., Kramer, A., Eckerdt, F., Roller, M., Kaufmann, M., and Strebhardt, K. (2004). 

Cyclin B1 depletion inhibits proliferation and induces apoptosis in human tumor cells. Oncogene 

23, 5843-5852. 

Zan, Y.H., Haag, J.D., Chen, K.S., Shepel, L.A., Wigington, D., Wang, Y.R., Hu, R., Lopez-

Guajardo, C.C., Brose, H.L., Porter, K.I., et al. (2003). Production of knockout rats using enu 

mutagenesis and a yeast-based screening assay. Nature Biotechnology 21, 645-651. 

Zheng, H., Stratton, C.J., Morozumi, K., Jin, J., Yanagimachi, R., and Yan, W. (2007). Lack of 

spem1 causes aberrant cytoplasm removal, sperm deformation, and male infertility. Proceedings 

of the National Academy of Sciences of the United States of America 104, 6852-6857. 

Zheng, K., Wu, X., Kaestner, K.H., and Wang, P.J. (2009). The pluripotency factor lin28 marks 

undifferentiated spermatogonia in mouse. Bmc Developmental Biology 9. 

Zheng, S., Geghman, K., Shenoy, S., and Li, C. (2012). Retake the center stage – new 

development of rat genetics. Journal of Genetics and Genomics 39, 261-268. 

Zhou, B.-B.S., and Elledge, S.J. (2000). The DNA damage response: putting checkpoints in 

perspective. Nature 408, 433-439. 

144



Zhu, X., Fang, J., Jiang, D.S., Zhang, P., Zhao, G.N., Zhu, X., Yang, L., Wei, X., and Li, H. 

(2015). Exacerbating pressure overload-induced cardiac hypertrophy: Novel role of adaptor 

molecule src homology 2-b3. Hypertension 66, 571-581. 

Zuccarello, D., Ferlin, A., Garolla, A., Pati, M.A., Moretti, A., Cazzadore, C., Francavilla, S., 

and Foresta, C. (2008). A possible association of a human tektin-t gene mutation (A229V) with 

isolated non-syndromic asthenozoospermia: case report. Hum Reprod 23, 996-1001. 

 

145



Appendix A 

 

 

 Forward Primer Reverser Primer 

L1 (ORF1)  AGTAGAAGCCCATAGAGAGG  TCCAGGGTTGTTTCCATGTG  

L1 (ORF1)  CCCAGCTCAAAGGACCAGTA  GGCGAGAAGTCTGGTGTGAT 

L1 (ORF2)  ACTAGACAAGGCTGCCCACT  ACCCAGCCACTTTGCTGAAG 

L1 (ORF2)  ACCCACACACCTATGGTCAC  GGAGGTCCTTGATCCACTTG 

L1 (UTR) CAGCACTCCTGACACACAGG TTTCTGTTGCTTGGGTTCCT 
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APPENDIX B 

Genes causing growth defect and meiotic defect in Mouse 

BCL2-associated X protein 
BCL2-interacting killer 
BCL2-like 11 (apoptosis facilitator) 
H2A histone family, member X 
KISS1 receptor 
REC8 homolog (yeast) 
Alkaline phosphatase, liver/bone/kidney 
Androgen receptor 
Anti-Mullerian hormone type 2 receptor 
Ataxia telangiectasia mutated homolog (human) 
Basigin 
Breast cancer 1 
Cell division cycle 20 
Cell division cycle 25B 
Dicer 1, ribonuclease type III 
Ectonucleoside triphosphate diphosphohydrolase 5 
Glyceronephosphate O-acyltransferase 
Glycoprotein hormones, alpha subunit 
Gonadotropin releasing hormone 1 
Heat shock factor 1 
Heat shock factor 2 
Klotho 
Lamin A 
Microcephaly, primary autosomal recessive 1 
Myeloblastosis oncogene-like 1 
Natriuretic peptide receptor 2 
Natriuretic peptide type C 
Nitric oxide synthase 3, endothelial cell 
Nuclear receptor subfamily 2, group C, member 2 
Prokineticin receptor 2 
Seven in absentia 1A 
Sirtuin 1 (silent mating type information regulation 2, homolog) 1 (S. Cerevisiae) 
Suppressor of variegation 3-9 homolog 1 (Drosophila) 
Suppressor of variegation 3-9 homolog 2 (Drosophila) 
Telomerase RNA component 
Transformation related protein 53 
Transformation related protein 73 
Translin 
Ubiquitin B 
Ubiquitin protein ligase E3 component n-recognin 2 
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