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ABSTRACT OF THE DISSERTATION 
 

The Function of Fndc3 Genes in Male Reproduction in Mice 
 

By 
 

Charles Sunghoon Yi 
 

Doctor of Philosophy in Biological Sciences 
 

University of California, Irvine, 2016 
 

Professor Grant MacGregor, Chair 
 
 
 

Fibronectin type III domain-containing 3 (Fndc3) genes encode a novel family of 

cytosolic tail-anchored proteins found in metazoa, including humans and mice. Male mice 

lacking Fndc3a are sterile due to opening of spermatid intercellular bridges and loss of adhesion 

between spermatids and Sertoli cells. In the mouse testis, Fndc3a and Fndc3b are transcribed 

primarily in germ cells, with highest levels of Fndc3a transcripts in spermatocytes and Fndc3b 

transcripts in elongating spermatids. Analysis of mice with germ cell specific knockout of Fndc3a 

or Fndc3b revealed that Fndc3a, but not Fndc3b, is required in a germ cell-intrinsic manner for 

male fertility. Loss of Fndc3a in adult mice demonstrated that Fndc3a is also required for 

maintenance of adult spermatogenesis. Although lipids accumulate in Leydig cells in mice 

lacking Fndc3a in all tissues, Fndc3a is not required in Leydig cells for fertility. Possible 

mechanisms for loss of spermatid-Sertoli cell adhesion and intercellular bridge formation and 

maintenance in Fndc3a mutant mice were investigated. Defects in androgen signaling were not 

detected in sterile male Fndc3a mutant mice, indicating loss of spermatid-Sertoli cell adhesion 

was not due to loss of androgen signaling. Moreover, the testis of Fndc3a mutants displayed no 

defect in either the synthesis of ultra long chain polyunsaturated fatty acids (ULC-PUFA's), or 

the expression and formation of TEX14 rings required for maintenance of intercellular bridges, 

suggesting that failure in intercellular bridges is due to a novel defect. To begin to investigate 
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how FNDC3A functions in spermatogenesis, interacting proteins were identified. FNBP4, 

SMURF1, and IQGAP1 were identified as WW-domain containing proteins involved in actin 

dynamics that can interact with FNDC3A and are co-expressed with Fndc3a in developing germ 

cells. Surprisingly, these interactions occur independently of conserved WW-domain binding 

motifs in FNDC3A. Instead, a novel conserved "KKLK sequence" within FNDC3 proteins was 

identified that is required for interaction. These results raise the possibility that loss of Fndc3a in 

spermatids leads to abnormal actin regulation resulting in opening of intercellular bridges and 

loss of spermatid-Sertoli adhesion. Models are presented for how FNDC3A may function in 

regulating the spermatid actin cytoskeleton for male fertility. 
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Chapter 1 

Introduction 

1.1 FNDC3 GENES ENCODE A SMALL FAMILY OF NOVEL PROTEINS WITH 

DIVERSE FUNCTIONS IN MICE 

FNDC3 gene family, protein structure, localization, and membrane topology 

Fibronectin type III domain-containing 3 (Fndc3) genes encode a small family of novel 

proteins present in metazoa. Mice have four paralogs: Fndc3a (chromosome 14), Fndc3b 

(chromosome 3), and Fndc3c1 and Fndc3c2 that are tightly linked on the X chromosome.  

FNDC3 proteins are composed of a proline rich region (PRR) at the N-terminus, followed by 

eight or nine fibronectin type-III (FnIII) domains, and a 25 amino acid hydrophobic C-terminus 

(Fig. 1.1). FNDC3 proteins are tail-anchored integral membrane proteins localized to the 

cytosolic face of the ER-Golgi in fibroblasts in culture (M. Pomeroy, MacGregor Lab). The 

presence of multiple conserved WW-domain binding motifs in the N-terminal PRR of FNDC3 

family members (Fig. 1.2) suggests these proteins function by interacting with WW-domain 

containing proteins (Bork and Sudol, 1994). WW domains have been categorized in four groups 

based on their peptide ligands (Ilsley et al., 2002). The PRR of FNDC3A and FNDC3B proteins 

contain one Group I (PPxY) and one Group IV (p(S/T)P) WW-domain binding motifs that are 

conserved in all orthologs, suggesting that FNDC3 proteins bind WW-domains in a competitive, 

combinatorial, or redundant manner (Fig. 1.2). Additional paralog-specific WW-domain binding 

motifs in this region suggest the possibility of other unique or synergistic WW-domain 

interactions. Taken together, these observations suggest FNDC3 proteins function, at least in 

part, by binding and localizing WW-proteins to the cytosolic face of organelles within the 

cytoplasm. 
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Fndc3asys mice: history, identification of Fndc3a and functions in testis, mammary gland, 

and liver 

The symplastic spermatids (sys) line of transgenic mice was generated by microinjection 

of a RSV-lacZ transgene into pronuclei of fertilized oocytes (MacGregor et al., 1990a). Male 

mice homozygous for the sys allele are sterile due to defective spermatogenesis, whereas 

heterozygous males and both heterozygous and homozygous females are fertile. Molecular 

characterization of the sys mutant allele was hampered by inability to clone genomic DNA 

flanking one side of the transgene integration site (MacGregor and Overbeek, 1991). 

Completion of the draft mouse genome sequence in 2002 (Mouse Genome Sequencing 

Consortium et al., 2002) facilitated a molecular analysis that revealed the sys mutant allele 

involved deletion of 1.24 Mb of chromosome 14. Interestingly, this region appeared to contain 

only one gene, Fndc3a and genetic analysis using mice with a gene-trap mutation of Fndc3a 

verified that male sterility in sys mice was due to loss of function of Fndc3a (Obholz et al., 

2006).  

During spermatogenesis in Fndc3asys/sys mice, spermatids do not develop normally 

during the round spermatid stage of spermiogenesis and by step 8 have formed symplasts (i.e. 

multi-nucleated germ cells) that have lost adhesion to Sertoli cells and can be found in both 

seminiferous tubules and vasa deferentia (Obholz et al., 2006). Intercellular bridges (ICBs) 

between spermatids in Fndc3asys/sys mice widen prior to symplast formation, suggesting Fndc3a 

functions in the maintenance but not the establishment of germ cell intercellular bridges (Russell 

et al., 1991a). Immunohistochemistry of wild type testis reveals the presence of FNDC3A in the 

acrosome of developing spermatids, Leydig cells, and endothelial cells (Obholz et al., 2006). 

Analysis of chimeric wild-type <-> Fndc3asys male mice indicated that Fndc3a likely functions in 

the testis for spermatogenesis (MacGregor, 2002). However, whether Fndc3a is required in 
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germ cells, somatic cells, or both was unknown, but has been answered by studies described in 

this thesis. 

Although Fndc3asys/sys female mice are fertile, they are unable to feed their offspring 

despite normal nesting and feeding behavior (K. Obholz, MacGregor Lab). Mammary glands 

from Fndc3asys/sys female mice have enlarged fat pads, and retarded development of the ductal 

network into the stromal fat pad with decreased branching and hypoplastic terminal end buds 

(Fig. 1.3) (A. Akopyan, MacGregor Lab). Histology of mammary glands from Fndc3asys/sys mice 

reveals increased adipocyte size, decreased luminal diameter, and defective lipid secretion into 

the lumen of mammary gland ducts (Fig. 1.4; A. Akopyan and A. Sage, MacGregor Lab). Lipids 

also accumulate in liver, indicating FNDC3A functions in lipid synthesis or mobilization in 

multiple tissues (Fig. 1.5; K. Waymire, MacGregor Lab). The pleiotropic phenotypes of Fndc3a 

mice indicate Fndc3a has broad functions in multiple tissues. Identifying how FNDC3A functions 

at the molecular level is important to understand the different or shared functions of FNDC3A in 

testis, mammary gland, and liver. 

 

Fndc3b null mice: neonatal lethality and respiratory failure 

Fndc3b, also known as Factor for adipocyte differentiation-104 (Fad104), was first 

described though a screen to identify genes expressed during early adipocyte differentiation of 

3T3-L1 mouse embryonic fibroblast cells (Imagawa et al., 1999; Nishizuka et al., 2002). Fndc3b 

is expressed in pre-adipocyte 3T3-L1 cells, but is not detected in the non-adipogenic NIH-3T3 

cell line. Fndc3b has been shown to be required for 3T3-L1 cells to differentiate into adipocytes 

(Tominaga et al., 2004). Mice that are homozygous for a null allele of Fndc3b are cyanotic, fail 

to inflate lungs despite attempting to breathe, and die within a few minutes after birth (Kishimoto 

et al., 2011; Nishizuka et al., 2009). Mouse embryonic fibroblasts (MEFs) isolated from Fndc3b 

deficient mice have reduced adipogenesis, and display delayed cell adhesion, spreading, and 

migration (Nishizuka et al., 2009; Tominaga et al., 2004; K. Waymire, MacGregor Lab). Fndc3b 
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deficient MEFs have enhanced osteoblast differentiation, suggesting Fndc3b is a both a positive 

regulator of adipogenesis and negative regulator of osteogenesis (Kishimoto et al., 2010). 

Consistent with these observations in vitro, Fndc3b deficient mice display signs of 

craniosynostosis and subtle changes in both axial and appendicular skeleton, with premature 

ossification of the calvarial bone in the skull (Kishimoto et al., 2013). Significantly, humans with 

deletion of FNDC3B display craniofacial dysmorphology (Cao et al., 2016) hence this mouse 

model may be of help in understanding the basis for the craniofacial and skeletal defects in 

humans. 

The pleiotropic effects of loss of either Fndc3a or Fndc3b in mice indicate Fndc3 genes 

have important functions in a variety of tissues. Prior to the studies presented in this thesis, 

Fndc3b functions in adult mice or in spermatogenesis had not been investigated. As with 

FNDC3A, investigating how FNDC3B functions at the molecular level should elucidate how loss 

of FNDC3B causes a wide range of effects different tissues. 

 

 

1.2 THE MOUSE TESTIS AS AN IN VIVO MODEL TO STUDY DEVELOPMENTAL 

AND CELL BIOLOGY 

Overview of the mouse testis: structure and development 

 In most mammals, sex is genetically determined by the presence or absence of the Y 

chromosome. The first appearance of the gonad is the same for both sexes with paired 

thickening of the mesothelial layer of the peritoneum (Brennan and Capel, 2004). The thick plate 

of epithelium extends deeply to forming a projection called the gonadal ridge. Differentiation of 

the gonad as a testis or an ovary determines the sex of the embryo, and initiation of the male 

pathway depends on gonadal expression of the Y-linked gene Sry at mouse embryonic day 10.5 

(e10.5) (Koopman et al., 1991). The earliest morphological sign of testis differentiation occurs at 
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e12-12.5, when Sry expression in gonadal somatic cells mediates differentiation of Sertoli cells, 

which then polarize and aggregate around primordial germ cells to initiate development of testis 

cords. At the periphery of the testis cords, the tunica albuginea forms to encase the testis. 

Peritubular myoid cells surround Sertoli cells, and cooperatively deposit basal lamina at the 

periphery of the tubule structures. The testis cords form an anastomosing network that becomes 

the rete testis at the future hilum of the testis. Seminiferous tubules develop from testis cords 

distal to the hilum, and the rete testis connects the seminiferous tubules to outgrowths of the 

mesonephros, which form the efferent ducts of the testis (Fig. 1.6). The adult testis is composed 

of two compartments, the interstitial compartment and the seminiferous tubule (Fig. 1.7). The 

interstitial compartment contains blood and lymphatic vessels, and Leydig cells—the most 

abundant cell type in the interstitium. Leydig cells, under control from endocrine signaling by the 

hypothalamic-pituitary-gonadal axis, produce testosterone required to support spermatogenesis. 

Peritubular myoid cells surround and contribute to the contractile action of seminiferous tubules 

and require testosterone for normal spermatogenesis (Welsh et al., 2009). The seminiferous 

tubules are composed of Sertoli cells and germ cells, and are the site of mammalian 

spermatogenesis. 

 

Overview of mammalian spermatogenesis 

Mammalian spermatogenesis is a cyclical process by which spermatogonial stem cells 

generate mature spermatozoa. In mammals, spermatogonial stem cells have the unique 

property of being the only self-renewing cell type that contributes to the next generation. 

Spermatogenesis occurs throughout the lifespan of the adult animal, and in mice the first wave 

of spermatogenesis is completed by 37 days of age. Thereafter, spermatozoa concentrate and 

mature in the epididymides, and male mice become fertile by around seven weeks of age. In the 

adult mammal, spermatogenesis occurs in three phases within the seminiferous tubule (de 

Kretser and Kerr, 1988). During the first (proliferative) phase, spermatogonial stem cells divide 
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to produce proliferative spermatogonia that undergo a series of mitotic divisions. During the 

second phase, spermatogonia undergo meiosis to produce haploid round spermatids with a re-

assortment of genetic material. During the third phase, termed spermiogenesis, round 

spermatids undergo a remarkable differentiation to form elongate mature spermatids structurally 

capable of reaching and fertilizing an oocyte. 

Spermatogenesis occurs in stages, where a cross section of a mouse seminiferous 

tubule contains a defined grouping of germ cell types at a particular phase of development (Fig. 

1.7). The adult mouse spermatogenic cycle has been classified in 12 stages, each one of which 

has a consistent composition of different types of germ cells (Fig. 1.8). Spermiogenesis, the 

haploid phase of male germ cell development, is divided into 16 steps based on morphological 

criteria. For example, as shown in Figure 1.7, a cross section of a seminiferous tubule 

containing step 5 round spermatids would also contain step 15 elongate spermatids, pachytene 

spermatocytes, and type B spermatogonia. A remarkable aspect of spermatogenesis is that 

throughout this process, developing germ cells maintain cytoplasmic continuity through 

intercellular bridges (ICBs). ICBs have long been proposed to promote synchronous germ cell 

development and apoptosis as well as allowing sharing of gene products such that genetically 

haploid spermatids are functionally diploid (Braun et al., 1989; Hamer et al., 2003). The Sertoli 

cell is the sole somatic cell within the seminiferous tubule that provides an essential 

environment for germ cell development (Griswold, 1998). This remarkable cell type forms tight 

junctions between adjacent Sertoli cells that separates the basal compartment containing the 

spermatogonia stem cells from the adluminal compartment containing meiotic and post-meiotic 

cells. Sertoli cell functions include providing nutrients for developing germ cells, phagocytizing 

dead germ cells, maintaining the integrity and compartmentalization of the seminiferous 

epithelium, and acting as a target for hormones in the testis to regulate the spermatogenic cycle 

(Russell and Griswold, 1993). Sertoli-germ cell adhesion is maintained throughout 

spermatogenesis to produce germ cells capable of fertilizing oocytes.  At spermiation, the 
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Sertoli cell and mature elongate spermatid detach from each other when testicular 

spermatogenesis is complete. 

 

Sertoli-germ cell adhesion in the mammalian testis 

 In the mammalian testis, adhesion between Sertoli cells and germ cells in all stages of 

spermatogenesis is essential to produce germ cells capable of fertilizing oocytes. Three 

morphologically distinguishable Sertoli-germ cell adhesion junctions have been described: 

desmosome-like junctions, ectoplasmic specializations, and tubulobulbar complexes (Fig. 1.9) 

(Johnson and Boekelheide, 2002a; 2002b). Studies utilizing electron microscopy (EM) have 

shown that prior to spermatid elongation, all germ cells adhere to Sertoli cells via intermediate 

filament-based desmosome-like junctions (Russell, 1977a). However, once round spermatids 

begin to elongate, the actin-based apical ectoplasmic specialization (apical ES) replaces the 

adhesive function of the desmosome-like junctions and becomes the sole spermatid-Sertoli 

adhesive junction. Apical ectoplasmic specializations persist until just prior to spermiation, when 

these structures differentiate to form tubulobulbar complexes between elongate spermatids and 

Sertoli cells. The actin-based tubulobulbar complex facilitates elimination of excess elongate 

spermatid cytoplasm in preparation for release of mature spermatozoa from Sertoli cells into the 

lumen of seminiferous tubules.  

 

Spermatid-Sertoli adhesion via the apical ectoplasmic specialization 

 The apical ectoplasmic specialization (ES) is a testis specific actin-based adherens 

junction that functions as the sole adhesive junction between spermatid heads and Sertoli cells 

beginning at step 8 of mouse spermiogenesis (Fig. 1.10). The apical ES initially forms in 

apposition to late pachytene spermatocytes; and expands in step 8 spermatids in close 

proximity between the spermatid acrosome, the overlapping plasma membrane of the spermatid 
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head, and the plasma membrane of the Sertoli cell (Russell, 1977b) (Fig. 1.11). As the 

spermatid differentiates between steps 9 through 12 of spermiogenesis, the acrosome spreads 

to cover most of the external surface of the spermatid nucleus and the opposing apical ES 

extends to surround the expanding acrosome (Russell, 1977b) (Fig. 1.11). The importance of 

the acrosome to formation of the ES in the adjacent Sertoli cell is illustrated by study of mutant 

mice with defects in acrosome organization, which have poorly formed apical ES that surrounds 

a disorganized acrosome-like structure (Ito et al., 2004; Lin et al., 2007). The Sertoli side of the 

ES contains hexagonal bundles of actin aligned between the plasma membrane and a flattened 

cisternum of smooth ER (Fig. 1.12) (Vogl et al., 2000). The spermatid side of the ES contains 

plasma membrane overlapping the acrosome, which is linked to the spermatid nucleus by the F-

actin-keratin-containing acroplaxome (Kierszenbaum and Tres, 2004).  

 To date, at least four protein complexes that can regulate cell-cell adhesion have been 

found at the apical ES: cadherin-catenin, nectin-afadin, integrin-laminin, and junctional adhesion 

molecule (JAM) multi-protein complexes (Fig. 1.13) (Kopera et al., 2010; Mruk and Cheng, 

2004). The combination of these multi-protein adhesion complexes, which are also frequently 

asymmetric due to differences in expression patterns in Sertoli vs. germ cells, adds to the 

complexity of studying Sertoli-germ cell adhesion. The presence of multiple independent 

adhesive junctions between spermatids and Sertoli cell at the apical ES suggests functional 

redundancy that could sustain spermatogenesis in the absence of any one adhesive complex. 

In support of this, disruption of individual apical ES components has different effects on 

spermatogenesis (Table 1.1), none of which is as severe or phenocopies the male infertility 

observed in Fndc3asys/sys mice. 

 

Cadherin-catenin protein junction complex in Sertoli-germ cell adhesion 

 Adherens junctions are cell-cell junctions that are strengthened by linkage to the actin 

cytoskeleton. Classical cadherins are a family of transmembrane proteins found in adherens 
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junctions that form homo-trans dimers on opposing cell surfaces. The intracellular cytoplasmic 

tails of classical cadherins bind several cytoplasmic proteins including β-catenin and 

plakoglobin. Both β-catenin and plakoglobin bind α-catenin, which can bind and bundle actin 

filaments (Aberle et al., 1996; Yap et al., 1997). However, the exact mechanism by which the 

actin skeleton is linked to cadherin-catenin protein complexes is currently unknown (Weis and 

Nelson, 2006; Yamada et al., 2005). Both Sertoli and germ cells express neural (N-) cadherin, 

epithelial (E-) cadherin, α-catenin, and β-catenin (Lee et al., 2003). Both N-cadherin and β-

catenin localize to the apical ES, but whether E-cadherin is also present at the apical ES 

remains controversial (Kopera et al., 2010). Male mice lacking Cdh2 (N-cadherin) in Sertoli cells 

have reduced fertility due to blood testis barrier compromise, increased germ cell apoptosis, 

decreased Sertoli-spermatocyte adhesion, and reduced sperm in epididymides (Jiang et al., 

2015). Interestingly, male mice lacking Cdh2 in germ cells are fertile with no spermatogenic 

defects, suggesting that N-cadherin may function redundantly with other adhesive complexes on 

the spermatid side of the apical ES. Studies investigating whether β-catenin is required in germ 

cells for apical ES function are contradictory. When β-catenin is deleted in round spermatids via 

a floxed conditional mutant allele of Cttnb1 and a protamine 1 promoter-cre (Prm-Cre) 

transgenic line, male mice have reduced fertility due to increased germ cell apoptosis, 

decreased Sertoli-spermatid adhesion, acrosomal defects in elongate spermatids, and delays in 

spermiation (Chang et al., 2011). Interestingly when β-catenin is deleted in spermatogonia via 

Stra8Cre using the same conditional Cttnb1FL allele and C57BL/6 background strain, male mice 

appear normal and lack the spermatogenic defects observed in PrmCre;Cttnb1FL mice (Rivas et 

al., 2014). The different phenotypes may be due to small variances in the individual C57BL/6 

background strain used in each research group, or to the different Cre transgene used (Smith, 

2011). Both Cre transgenic mouse lines efficiently recombine floxed sequences, with Stra8Cre 

being slightly more efficient (~95% for Stra8Cre versus ~92% for PrmCre); and Stra8Cre 

expression occurs earlier during the spermatogonial stage versus round spermatid stage for 
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PrmCre (O'Gorman et al., 1997; Sadate-Ngatchou et al., 2008). PrmCre is known to be also 

expressed at low levels in somatic cells (reviewed by Smith, 2011), and recombination in tissues 

other than male germ cells may contribute to the phenotype observed in mice (O'Gorman et al., 

1997). Loss of β-catenin in Sertoli cells has no detectable defects in spermatogenesis (Chang et 

al., 2008). Since β-catenin is expressed in both germ cells and Sertoli cells, simultaneous loss 

of β-catenin in both tissues may yield apical ES defects and impaired spermatogenesis. 

 

Integrin-laminin protein junction complex in Sertoli-germ cell adhesion 

 Integrins are transmembrane receptors that mediate cell-cell and cell-extracellular matrix 

(ECM) interactions (Barczyk et al., 2010; Geiger et al., 2001). Laminins are a family of 

glycoproteins that are major components of the basal laminal layer of basement membranes, 

the ECM in close contact with individual cells and cell layers. Laminins associate with each 

other and other components of the ECM, and bind cell membranes as ligands for integrins 

(Colognato and Yurchenco, 2000). Laminins exist as heterotrimeric proteins containing different 

combinations of an α-chain, a β-chain, and a γ-chain and are thought to couple intra-cellularly to 

the actin cytoskeleton in spermatids through an unknown mechanism (Kopera et al., 2010). 

Although the laminin γ3 chain contains all expected domains of a γ-chain, laminin γ3 does not 

associate with basement membrane, and instead localizes to the apical surfaces of a variety of 

epithelial cells (Koch et al., 1999). In the adult rat testis, laminin γ3 is expressed by spermatids 

and localizes primarily at the apical ES where it serves as a ligand for β1-integrin on the Sertoli 

side of the apical ES (Fig. 1.13) (Yan and Cheng, 2006). Blocking the interaction between 

spermatid laminin γ3 and Sertoli cell β1-integrin by intra-testicular injection of either anti-laminin 

γ3 antibodies or laminin γ3 peptide disrupts the apical ES and results in spermatid release from 

Sertoli cells (Su et al., 2012; Yan and Cheng, 2006). However, mice lacking laminin γ3 (Lamc3 

null mice) are fertile, indicating that other laminin γ-chains may be redundant in germ cells for 

apical ES function (Dénes et al., 2007). Mice lacking β1-integrin in Sertoli cells have not been 



  11 

described, leading to the possibility that laminin-integrin binding may contribute to, but not be 

essential for, Sertoli-germ cell adhesion. 

 

Nectin-afadin protein junction complex in Sertoli-germ cell adhesion 

 Nectins are a family of transmembrane proteins that have three calcium-independent 

immunoglobulin-like extracellular domains and form homodimers that function as cell adhesion 

molecules. Nectins can form homo- and hetero-trans dimers via their extracellular regions to 

mediate cell-cell interaction. The cytoplasmic tails of nectins bind F-actin-binding afadin proteins 

to associate with the actin cytoskeleton. Nectins and afadin initiate adherens junction formation 

by recruiting E- or N-cadherin to these sites in epithelial cells or fibroblasts (Takai et al., 2008). 

All four nectins are expressed in the mouse testis, but only two are present at the apical ES: 

nectin-2 on the Sertoli cell and nectin-3 on the spermatid aspects of the apical ES (Fig. 1.13) 

(Ozaki-Kuroda et al., 2002). Both Nectin-2-/- and Nectin-3-/- male mice are infertile due to 

malformations of nuclei and mislocalization of mitochondria in the midpiece of spermatozoa 

(Bouchard et al., 2000; Inagaki et al., 2006; Mueller et al., 2003; Ozaki-Kuroda et al., 2002). 

Interestingly nectin-3 is required in spermatids for nectin-2 in Sertoli cells to localize to the apical 

ES, supporting the concept that the spermatid guides the Sertoli cell during apical ES formation 

(Inagaki et al., 2006). Spermatid elongation still occurs in Nectin-2-/- and Nectin-3-/- mice despite 

impaired apical ES function, and both mice still produce viable spermatozoa with limited motility. 

As with mice mutant in cadherins or laminins in germ cells, these observations indicate other 

apical ES adhesive protein complexes are sufficient to maintain limited Sertoli-germ cell 

adhesion in the absence of nectins. 
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JAM protein junctions in Sertoli-germ cell adhesion 

Junctional adhesion molecules (JAMs) are transmembrane proteins of the 

immunoglobulin superfamily of proteins with known functions in tight junction assembly in 

endothelial and epithelial cells, leukocyte transmigration, and platelet activation (Bazzoni, 2003; 

Ebnet et al., 2004). JAM proteins contain two extracellular Ig domains which mediate homo- and 

hetero-trans interactions for cell-cell interaction, a single transmembrane domain, and a short 

cytoplasmic domain. Although tight junctions in the seminiferous epithelium are restricted to the 

basal ES, tight junction proteins including JAMs, coxsackievirus and adenovirus receptor (CAR), 

and Par polarity proteins are known to localize to the apical ES (Kopera et al., 2010). JAM-A is 

expressed in Sertoli cells where it localizes to the basal ES, and in round and elongate 

spermatids and mature spermatozoa (Shao et al., 2008). Mice lacking Jam-A have normal testis 

morphology and produce normal amounts of sperm, but have reduced fertility due to sperm 

motility defects from ultra-structural defects in flagellum (Shao et al., 2008). JAM-B is also 

expressed in Sertoli cells where it localizes to the basal and apical ES, but mice lacking Jam-B 

display normal spermatogenesis and testicular and sperm morphology (Sakaguchi et al., 2006). 

JAM-C is absent from the basal ES, and is expressed at various stages in male germ cells 

where it localizes to the apical ES (Gliki et al., 2004). Male mice lacking Jam-C are infertile, and 

contain spermatids with acrosome defects that fail to polarize or elongate (Gliki et al., 2004). No 

basal ES defects were observed in mice lacking individual JAMs, possibly due to redundant 

functions and compensation between JAM-A and -B in Sertoli cells. Both JAM-B and -C are 

required in spermatids for producing mobile spermatozoa, but only JAM-C is required to 

complete spermatid development. JAM-C may have unique apical ES functions in spermatids 

for spermatid polarization and elongation to occur. Since Sertoli cells express JAM-A, -B, and -

C, JAM-C at the spermatid face of the apical ES may function by forming homo- and hetero-

trans dimers with JAM-A, -B, and -C on the Sertoli face of the apical ES. Future studies utilizing 
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mice with different combinations of conditional mutations in JAMs may further elucidate how 

JAMs function at the apical ES. 

 

The actin cytoskeleton in Sertoli-germ cell adhesion 

 Several of the cell adhesion protein complexes at the apical ES are known to be 

associated with the actin cytoskeleton. Cadherin-catenin complexes tether to the actin 

cytoskeleton, and both Sertoli and germ cells express N-cadherin, E-cadherin, α-catenin, and β-

catenin (Lee et al., 2003). The cytoplasmic tails of nectins bind F-actin-binding afadin proteins to 

associate with the actin cytoskeleton, and both nectins and afadins are expressed in Sertoli and 

germ cells (Ozaki-Kuroda et al., 2002; Yan et al., 2007). JAM-C recruits and complexes with 

Par6 polarity protein and Cdc42 to regulate actin cytoskeleton in the heads of spermatids (Gliki 

et al., 2004). F-actin localization at the apical ES is disrupted in mice lacking nectins or JAM-C 

(Gliki et al., 2004; Ozaki-Kuroda et al., 2002). Both integrins in Sertoli cells and laminins in 

spermatids are linked to the actin cytoskeleton, although how laminins are linked to actin in 

spermatids is currently unknown.  

 The actin cytoskeleton localization at the apical ES is more elaborate and easier to 

analyze on the Sertoli side of the apical ES, with several hexagonal bundles of actin regularly 

spaced and aligned between the plasma membrane and a flattened cisternum of smooth ER 

(Fig. 1.12) (Vogl et al., 2000). Limited studies describing the actin cytoskeleton in the spermatid 

head have focused on the acroplaxome, a F-actin-keratin-containing structure that links the 

acrosome to the spermatid nucleus (Kierszenbaum and Tres, 2004). Investigating the actin 

cytoskeleton on the spermatid side of the apical ES is difficult due to the close proximity and 

limited cytoplasmic space between the acrosome and elongate spermatid plasma membrane at 

the apical ES, and the prevalent actin cytoskeleton in the acroplaxome (Vogl et al., 2000; 1986). 

The close proximity and even spacing between the acrosome and plasma membrane indicates 
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the presence of an acrosome-plasma membrane link in elongate spermatids, but the molecular 

components of this link are unknown. 

In step 8 of rat and mouse spermiogenesis, spermatids begin to elongate and orient 

themselves such that their acrosomes face the base of the Sertoli cell (Fig. 1.10). Significantly, 

when the actin cytoskeleton is disrupted by intra-testicular injection of cytochalasin D, actin 

filaments are lost from the apical ES causing loss of elongate spermatid orientation and Sertoli-

germ cell adhesion to form symplasts of multinucleated germ cells (Russell et al., 1988). 

Interestingly, freeze-fracture replicas of the junctional membrane faces of Sertoli and germ cells 

reveal no difference in intramembranous particles following actin cytoskeleton disruption. This 

suggests the adhesive defects occur despite the continued presence of integral membrane 

proteins at the apical ES, and that actin cytoskeleton function is required for apical ES adhesion. 

Recent evidence also supports the importance of actin cytoskeleton regulation on the 

germ cell side of the apical ES (Berruti and Paiardi, 2014). Rap proteins are Ras-like small 

GTPases that regulate cell-cell and cell-ECM adhesion (Pannekoek et al., 2009). In endothelial 

cells Rap1 induces radial stress fiber dissolution and promotes the formation of circumferential 

actin bundles via Cdc42, which in turn promotes the formation of linear adherens junctions and 

tightening of endothelial cell junctions (Ando et al., 2013). Rap1 is expressed in germ cells 

throughout spermatogenesis, and mice expressing a dominant negative mutant Rap1 (DN-

Rap1) specifically in post-meiotic germ cells have impaired spermatid-Sertoli cell adhesion 

resulting in the release of immature, and occasionally multinucleated, spermatids into the lumen 

of seminiferous tubules as well as reduced production of mature spermatozoa (Aivatiadou et al., 

2007). Further, expression of DN-Rap1 in spermatids decreased apical ES adhesion by causing 

VE-cadherin in spermatids to dissociate from the actin cytoskeleton and other junctional 

components and to become partially tyrosine phosphorylated—both observations consistent 

with the loosening of endothelial cell-cell adhesion (Aivatiadou et al., 2007). RA-RhoGAP is a 

Rho GTPase-activating protein and known effector protein of Rap1 that suppresses Rho stress 
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fiber formation. RA-RhoGAP is expressed in male germ cells, and Epac2 mediated activation of 

Rap1 in isolated spermatogenic cells causes colocalization of Rap1 with RA-RhoGAP 

(Aivatiadou et al., 2009).  

RhoB has been shown to localize near the apical ES, but restricted to the periphery of 

the nuclei of elongating spermatids, spermatocytes, and Sertoli cells (Lui et al., 2003). 

Disruption of Sertoli-germ cell adhesion by either hypotonic treatment in culture or by treating 

rats with the adherens junction-disrupting drug AF-2364 induces RhoB expression. Inhibition of 

the Rho effector protein ROCK by Y-27632 treatment effectively delays AF-2364-induced loss of 

Sertoli-germ cell adhesion, suggesting RhoB/ROCK negatively regulates apical ES adhesion 

(Lui et al., 2003). The Cdc42 effector protein IQGAP1 localizes to the apical ES at the periphery 

of both Sertoli and germ cells, and the formation of Sertoli-germ cell adherens junctions in 

culture transiently induces Cdc42 and IQGAP1 expression (Lui et al., 2005). In Sertoli-germ cell 

co-cultures, IQGAP1 preferentially binds with Cdc42 rather than β-catenin in the presence of 

Ca2+. When Sertoli-germ cell adherens junctions are disassembled by Ca2+ depletion in culture, 

IQGAP1 loses its affinity for Cdc42 and becomes tightly associated with β-catenin, destabilizing 

cadherin-mediated Sertoli-germ cell adhesion (Lui et al., 2005). Interestingly IQGAP1 can bind 

Rap1, causing a reduction in Rap1 activity. Thus it may be possible that IQGAP1 may cause 

local inhibition of Rap1 at the apical ES, however this seems paradoxical since expression of 

DN-Rap1 inhibits the formation of adherens junctions and in spermatids inhibits apical ES 

adhesion. Investigating the nature of the interaction between IQGAP1 and Rap1 at the apical 

ES may explain this paradox. 

RhoB and Cdc42 seem to have opposing functions being involved in apical ES 

disassembly or assembly, respectively. Rap1 may be a key regulator in balancing the activities 

of RhoB and Cdc42 in germ cells to regulate apical ES evolution and turnover during the 

spermatogenic cycle. Taken together, these studies indicate the importance of the actin 

cytoskeleton dynamics in regulating the apical ES in Sertoli-germ cell adhesion. Past studies 
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have focused on the Sertoli cell actin fibers associated with the apical ES, but more recent 

studies have indicated that the spermatid actin cytoskeleton is also important for Sertoli-germ 

cell adhesion. 

In summary, some related spermatogenic defects occur following loss of function of 

different individual components of the apical ES. When nectin-afadin or JAM-A adhesion is 

disrupted, spermatogenesis continues to completion but generates spermatozoa with ultra-

structural defects. When cadherin-catenin or integrin-laminin adhesion is disrupted, male 

subfertility occurs due to decreased of Sertoli-spermatid adhesion. Loss of JAM-C has the most 

severe phenotype following loss of function of an apical ES component, where male mice are 

infertile due to complete arrest of spermiogenesis due to acrosomal defects and failure of 

spermatid elongation. Multiple components of the apical ES are also associated with the actin 

cytoskeleton. Past studies have shown that disassociation of actin from the Sertoli side of the 

apical ES causes disassembly of the apical ES and loss of Sertoli-germ cell adhesion. More 

recently, it has been shown that regulation of the germ cell actin cytoskeleton is also important 

for regulating apical ES function and Sertoli-germ cell adhesion. One of the challenges in 

studying the apical ES is determining to what extent each of the individual adhesion protein 

complexes can compensate for loss of function of the other complexes. Further complicating the 

study is that the apical ES is not a fully symmetric protein complex, with different paralogs of 

cell-adhesion proteins often expressed either in germ cells or in Sertoli cells. Future studies 

utilizing mice with different combinations of conditional mutations in components of the apical 

ES may help determine the functional relation between apical ES adhesive protein complexes. 

 

Possible functions of FNDC3A in Sertoli-spermatid adhesion 

Fndc3asys/sys male mice are infertile due to failure of Sertoli-germ cell adhesion and 

symplast formation of step 6-8 round spermatids (MacGregor et al., 1990b). Electron 

microscopy reveals morphologically normal formation of the apical ES in Fndc3asys/sys Sertoli 
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cells, and within symplasts spermatid nuclei translocate to the plasma membrane as normal 

(Russell et al., 1991a). These observations support a model where the Sertoli cell can receive a 

signal from spermatids to form the apical ES, and subsequent loss of adhesion may result from 

either the Sertoli cell or spermatid failing to adhere to the apical ES (Obholz et al., 2006). Other 

studies have shown that rat spermatogonia, when transplanted into mouse seminiferous 

tubules, retain their characteristically longer spermatogenic cycle relative to mouse germ cells 

(França et al., 1998). This experiment suggests that germ cells intrinsically regulate the timing of 

spermatogenesis, and that developing germ cells program the Sertoli cell to provide the 

appropriate nutritional and structural support required at different stages of the spermatogenic 

cycle. Because the apical ES evolves at specific stages of spermiogenesis, it is plausible that 

the spermatid regulates this process. 

The presence of FNDC3A in the acrosome of developing spermatids indicates it could 

function in a germ cell intrinsic manner to establish spermatid adhesion to the apical ES (Obholz 

et al., 2006). However the loss of function of individual components of the apical ES does not 

phenocopy the spermatogenic defects observed in Fndc3asys/sys mice, notably the formation of 

symplasts of round spermatids. It may be possible that more severe disruption of the apical ES, 

i.e. loss of multiple adhesive junction complexes, will reproduce the phenotype of Fndc3asys/sys 

mice. In addition to disrupting apical ES adhesion, actin cytoskeleton disruption by intratesticular 

injection of cytochalasin D also causes round spermatid symplast formation (Russell et al., 

1987). Interestingly, disruption of the association between the germ cell actin cytoskeleton and 

components of the apical ES by spermatid specific expression of DN-Rap1 also causes round 

spermatid symplast formation (Aivatiadou et al., 2007). It is possible that spermatid symplast 

formation occurs in these studies due to the loss of function of multiple components of the apical 

ES caused by disassociation with the actin cytoskeleton. Future studies where essential 

components of all apical ES protein complexes that associate with the actin cytoskeleton are 

simultaneously deleted in spermatids can determine whether loss of apical ES-spermatid actin 
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cytoskeleton association can cause symplast formation. Alternatively actin cytoskeleton defects 

elsewhere in the spermatid (e.g. intercellular bridges) may be the primary cause of symplast 

formation, and loss of apical ES adhesion occurs as a response to spermatid symplast 

formation. Conditional mutant mice lacking Fndc3a in germ cells can determine whether 

FNDC3A may function in a germ cell-intrinsic manner for maintaining Sertoli-germ cell adhesion, 

a possibility investigated in studies described in this thesis. 

Alternatively, or in addition, FNDC3A may function in a somatic-cell intrinsic manner for 

maintaining Sertoli-germ cell adhesion. FNDC3A has also been shown to localize to Leydig cells 

in vitro (M. Pomeroy, MacGregor Lab) and in vivo (Obholz et al., 2006). A key function of Leydig 

cells located in the interstitial space between seminiferous tubules is synthesis of locally high 

concentration of testosterone required to support spermatogenesis. Suppression of testicular 

testosterone in adolescent and adult rats also causes loss of adhesion between step 8 

spermatids and Sertoli cells, although this is not associated with formation of symplastic 

spermatids (O'Donnell et al., 1996; 2000).  Thus, FNDC3A may be required in Leydig cells for 

the production or mobilization of testosterone, and additional unknown factors required for 

normal intercellular bridge formation in elongating spermatids. FNDC3A is expressed in wild 

type Leydig cells in a pattern consistent with localization to the surface of vesicles (Obholz et al., 

2006). Leydig cells in Fndc3asys/sys adult mice appear swollen and oil red O staining indicates 

the presence of increased lipids, suggesting a possible defect in lipid homeostasis that might 

affect testosterone synthesis or secretion (Fig. 3.1) (L. Guy, K. Waymire, MacGregor Lab,), a 

possibility also addressed in studies described in this thesis. Whether the Leydig cell lipid 

homeostasis defect contributes to spermatogenic defect observed in mice lacking Fndc3a is 

unknown. Studies using conditional mutant mice lacking Fndc3a in Leydig cells can determine if 

FNDC3A is required in Leydig cells for spermatogenesis, also addressed in studies described in 

this thesis. 
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Male germ cell intercellular bridges in spermatogenesis 

Germ cell intercellular bridges (ICBs) were first observed more than 100 years ago, and 

the biological function of this unique feature of gametogenesis has been a topic of study for 

decades (Dym and FAWCETT, 1971). The formation of stable ICBs between daughter cells 

during male and female gametogenesis is a feature conserved in diverse species from fruit flies 

to humans (FAWCETT et al., 1959). Spermatogenesis occurs in stages, where a cross section 

of a mouse seminiferous tubule contains a defined grouping of germ cell types at particular 

phases of cell division and development. Throughout spermatogenesis, developing germ cells 

maintain cytoplasmic continuity through intercellular bridges to promote synchronous germ cell 

development and apoptosis (Fig. 1.14) (Hamer et al., 2003). Spermatids are genetically haploid 

and unique due to chromosome segregation during meiosis. This can be potentially problematic 

for spermatids, particularly in the inheritance of genes essential for spermiogenesis where one 

allele may be contain a loss of function mutation, or only one copy exists on either of the sex 

chromosomes. That RNA or protein can be passed through spermatid intercellular bridges was 

demonstrated using hemizygous mice containing a transgene expressing human growth 

hormone under the control of a protamine 1 promoter containing transgene that was exclusively 

expressed in post-meiotic cells. In this study, hGH mRNA and protein was found to distribute 

evenly in haploid spermatids indicating that haploid germ cells are phenotypically diploid due to 

the cytoplasmic continuity in intercellular bridges (Braun et al., 1989). In addition, inability to 

form ICBs results in an arrest in spermatogenesis at the start of meiosis (Greenbaum et al., 

2006). These studies indicate the importance of intercellular bridges for gametogenesis in 

mammals. 
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Evolving ultra-structure of germ cell intercellular bridges during spermatogenesis 

 In 1959 the technological advance of electron microscopy (EM) confirmed the existence 

of germ cell intercellular bridges as stable cytoplasmic channels (Fig. 1.14) (FAWCETT et al., 

1959). Subsequent EM studies describing the ultra-structure of rat ICBs showed that instead of 

being static structures, ICBs evolve during the spermatogenic cycle, with ICBs being consistent 

between germ cells at the same stage of development (Weber and Russell, 1987). Intercellular 

bridges vary in length, diameter and composition as germ cells progress through 

spermatogenesis (Greenbaum et al., 2011). As germ cells progress through spermatogenesis, 

the diameter of ICBs generally increases. Spermatogonial ICBs range in diameter from 1µm in 

type A spermatogonia to approximately 1.3µm in intermediate and type B spermatogonia. ICBs 

slightly widen in spermatocytes to approximately 1.4-1.7µm in diameter, and do not change 

significantly through the end the first and second meiotic divisions. During spermiogenesis, 

intercellular bridges in step 1 round spermatids are approximately 1.8µm in diameter, gradually 

widen to about 3.0µm in step 18 spermatids, and constrict slightly in step 19 spermatids before 

spermiation. 

The most prominent feature of male germ cell ICBs is the "bridge density", an electron 

dense layer associated with the cytoplasmic face of the plasma membrane encircling the bridge 

(Fig. 1.15B). Intercellular bridges connecting interphase spermatogonia at various stages are 

nearly indistinguishable, containing a 30nm thick bridge density with a layer of less electron 

dense fuzzy material extending an additional 30nm into the bridge cytoplasmic channel. 

Periodic densities of 6-7nm in diameter composed of actin filaments are found within the less 

electron dense layer approximately 10-12nm away from the bridge density. Preleptotene 

spermatocyte bridges are similar in structure to spermatogonial bridges. Leptotene, zygotene, 

and pachytene spermatocyte bridges are similar in structure, containing curved bridge densities 

with smooth endoplasmic reticulum (sER) and polyribosomes present within the bridge 

cytoplasmic channel (Fig. 1.16). 
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Intercellular bridges connecting early step 1 spermatids are similar to those observed in 

spermatocytes, but evolve such that by late step 1 spermatids the bridge density reorganizes 

into seven to ten separate bridge densities approximately 40nm wide, spaced about 20-30nm 

apart (Fig. 1.15A). These bridge densities form bands that encircle the bridge, and persist until 

step 19 of spermiogenesis when they become less prominent. In step 2 rat spermatids, three to 

seven small discontinuous cisternae of sER position to the cytoplasmic side of the bridge 

density approximately 50nm from the plasma membrane (Fig. 1.15B). In step 3 spermatid 

bridges, the cisternae of sER expand and line the length of the bridge densities, and four to 

eight periodic densities of 5-6nm in diameter containing actin filaments are sandwiched between 

each periodic bridge densities and sER cisternae (Fig. 1.15C). In step 4-7 round spermatids 

(prior to elongation) the cisternae of sER coalesce into a single saccule that completely lines the 

bridge channel containing 8-12 separate bridge densities (Fig. 1.15D). By step 10 (elongating 

spermatids), the saccule of sER is broken down into smaller cisternae lining the bridge densities 

(Fig. 1.15E). Filament-bounded amorphous structures of low to moderate electron density 

appear in the bridge channels of step 10-17 elongate spermatids, and are not found in step 18 

spermatids (Fig. 1.16). In many step 19 spermatid bridges, bridge densities are no longer 

associated with sER cisternae, become less prominent, and form a continuous density circling 

the entire bridge channel. In some step 19 elongate spermatids, the intercellular bridges 

become highly attenuated, and disengage as part of cytoplasmic lobes that become part of 

residual bodies during the release of mature single celled spermatozoa (Fig. 1.16). 

 

Molecular components of intercellular bridges during spermatogenesis 

 Although studies utilizing light and electron microscopy have described the ultra-

structure of germ cell ICBs, the molecular mechanism of germ cell bridges is a recent area of 

study. TEX14 is a protein expressed in germ cells where it localizes and forms a ring-like 

structure at ICBs in mice and humans (Greenbaum et al., 2007). Male mice lacking Tex14 are 
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infertile due to the failure to form ICBs in germ cells (Greenbaum et al., 2006). Interestingly, 

male germ cells in Tex14-/- mice are able to progress through the mitotic divisions in 

spermatogonia and express early meiotic markers, but undergo arrest prior to the first meiotic 

division (Greenbaum et al., 2006). TEX14 is also essential for the formation of ICBs in female 

mouse germ cells. However, Tex14-/- female mice have no decrease in fertility, indicating that 

ICBs are not essential for female fertility (Greenbaum et al., 2009). 

The formation of stable germ cell ICBs involves proteins that function in the late stages 

of somatic cell cytokinesis and abscission. During the late stage of somatic cell cytokinesis, anti-

parallel non-kinetochore microtubules bundle to form the central spindle in a process dependent 

on centralspindlin, a complex containing mitotic kinesin-like protein 1 (MKLP1) and male germ 

cell Rac GTPase-activating protein (MgcRac-GAP) (Mishima et al., 2002). The central spindle 

matures into the midbody, and following removal of the midbody, abscission occurs as the final 

process in cytokinesis to generate separate daughter cells. Centralspindlin binds and recruits 

the centrosomal protein CEP55 to localize to the midbody, where CEP55 controls midbody 

structure and membrane fusion to terminate cytokinesis (Fig. 1.17) (Fabbro et al., 2005; Zhao et 

al., 2006). TSG101 and ALIX function in sorting membrane proteins into vesicles at the 

endosome, are recruited to the midbody by CEP55, where their interaction is essential for 

somatic cell abscission (Fig. 1.17) (Morita et al., 2007). Depletion of CEP55 or its interacting 

partners TSG101 and ALIX results in arrest at the midbody stage in cytokinesis and formation of 

multinucleated cells (Morita et al., 2007; Zhao et al., 2006). In male germ cells, the 

centralspindlin complex (MKLP1 and MgcRac-GAP) and CEP55 are stable components of 

intercellular bridges where they colocalize with TEX14 to form a ring-like structure (Greenbaum 

et al., 2007; Iwamori et al., 2010). MKLP1 binds TEX14 in vitro, and localizes to the midbody of 

germ cells where it presumably recruits TEX14 (Greenbaum et al., 2007). Consistent with this 

model, mice lacking MgcRac-GAP specifically in germ cells are infertile due to failure in central 

spindle and midbody assembly (Lorès et al., 2014). In the absence of MgcRac-GAP in male 
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germ cells TEX14 is absent from the mutant testes, no intercellular bridges are formed, and 

spermatogonia undergo up to two mitotic divisions to form multi-nucleated cells (Lorès et al., 

2014). TEX14 binds CEP55 via a conserved GPPX3Y motif to competitively inhibit the 

interaction of CEP55 with the GPPX3Y motifs of ALIX and TSG101, preventing ALIX/TSG101 

recruitment to the midbody and cytokinesis (Fig. 1.17) (Iwamori et al., 2010). These studies 

indicate the requirement of ICBs for spermatogenesis and suggest that germ cells undergo 

complete somatic cell-like cytokinesis in the absence of TEX14. 

  

Possible functions of FNDC3A in maintaining spermatid intercellular bridges 

 Transmission EM has been used to analyze formation of symplasts of spermatids in 

Fndc3asys/sys mice on a FVB/N strain background (Russell et al., 1991b). No structural difference 

was noted by light or electron microscopy in testes of animals at P19 when secondary 

spermatocytes are the most mature germ cells present in the mouse testis. In adults some 

symplasts of spermatids form at increased frequency from steps 1 through 5 of spermiogenesis, 

although the vast majority of spermatids were still normal in appearance and connected by ICBs 

of approximately normal dimensions. Several new symplasts of spermatids form between steps 

6-8 of spermiogenesis, occurring more frequently and with larger sized symplasts containing 

more spermatid nuclei. Occasionally, step 8 spermatids were found that were not incorporated 

into symplasts, but no mono-nucleated spermatid was found by the end of step 9 of 

spermiogenesis. Widening of ICBs was frequent in step 6-7 spermatids, with step 6-7 spermatid 

bridge diameters ranging from approximately 3.2-3.55µm in Fndc3asys/sys mice compared to 

approximately 2.3µm in wild type mice (Fig. 1.18A,B). Significantly, the structure of the widened 

ICBs of Fndc3asys/sys testes varied. Some ICBs appeared structurally normal, but were wider in 

diameter. Occasionally, ICBs appeared structurally normal, but lost the convex “U” shape of the 

plasma membrane seen in normal bridges (Fig. 1.18E). Other ICBs contained little bridge 

density with reduced or none of the underlying sER that is normally associated with bridge 
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densities (Fig. 1.18D). Occasionally, ICBs contained bridge densities along the plasma 

membrane surface without the accompanying actin filaments underneath. The observations of 

widening ICBs in Fndc3asys/sys mice suggest symplasts form due to the opening of ICBs and 

coalescence of spermatid nuclei and cytoplasm (Fig. 1.18F). The number of spermatid nuclei in 

a symplast indicates they form from a single clone of spermatids connected by ICBs. 

The observation of ultra-structural defects in ICBs suggests FNDC3A may function by 

regulating the molecular components in spermatid ICBs. ICBs in spermatogonia, 

spermatocytes, and early round spermatids of Fndc3asys/sys mice are normal in diameter and 

appearance, indicating FNDC3A is not required for the formation but rather for maintaining ICBs 

in elongating spermatids. The ultra-structural defects in widened ICBs between step 6-8 

spermatids in Fndc3asys/sys mice vary in severity; appearing structurally normal but wider in 

diameter, loss of sER/actin association with bridge densities, or a reduction of bridge density 

size and loss of sER/actin association with bridge densities. Of potential significance, the timing 

of the bridge defects in Fndc3asys/sys mice is consistent with when sER cisternae in rat spermatid 

bridges coalesce into a single saccule of sER that completely encircles the ICB (Weber and 

Russell, 1987), raising the possibility that FNDC3A might function in some manner during this 

process. Although sER associates with actin filaments and bridge densities by step 3 of rat 

spermiogenesis, the mature structure in step 4-7 round spermatids may be essential for the 

maintenance of ICBs in elongating spermatids. Consistent with this model, disruption of actin 

cytoskeleton by intra-testicular injection of cytochalasin D into rat testes results in widening of 

ICBs and the formation of symplasts of step 5-7 round spermatids (Russell et al., 1987). 

Although symplasts of step 1-2 round spermatids also formed, it is interesting to note that 

spermatids at other steps of spermiogenesis remain mononucleated and connected by ICBs 

despite the loss of sER and actin association with bridge densities. Tying together the 

observations in Fndc3asys mice and intra-testicular injection of cytochalasin D in rats, FNDC3A 

may function by maintaining the sER-actin-bridge density structure in step 5-7 mouse 
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spermatids. In cultured fibroblasts, FNDC3A, as with FNDC3B (Nishizuka et al., 2009), is a tail-

anchored integral membrane protein that localizes to the cytosolic face of the ER Golgi (M. 

Pomeroy, MacGregor Lab, unpublished). In spermatid ICBs, FNDC3A may function by localizing 

to the sER to interact with bridge density proteins or proteins regulating actin filaments 

associated with sER and bridge densities. If so, Fndc3a would be predicted to be required in a 

germ cell-intrinsic manner, a hypothesis that was tested in experiments described in this thesis. 

 

Summary 

 The overall goal of the studies presented in this thesis was to determine how Fndc3 

genes function in mouse spermatogenesis. The studies in Chapter Two shows that Fndc3a and 

Fndc3b are expressed at different levels in a variety of tissues, and shows that mRNA and 

protein abundance poorly correlate possibly due to post-transcriptional regulation. Chapter 

Three describes where and when Fndc3 genes are expressed in mouse testis, and the 

generation of mice with conditional null mutant alleles of Fndc3a and Fndc3b, which were 

required to test hypotheses regarding cell intrinsic functions of FNDC3A and FNDC3B. The 

studies in Chapter Four show that Fndc3a, but not Fndc3b, is required in germ cells for 

spermatogenesis. In Chapter Five, experiments are presented that show Fndc3a is not required 

in Leydig cells for spermatogenesis, and that lipid accumulation in Leydig cells of Fndc3asys/sys 

mice is indirectly due to loss of Fndc3a in germ cells. In Chapter Six experiments are presented 

that demonstrate Fndc3a is required for maintaining adult spermatogenesis. In Chapter Seven, 

experiments are presented that begin to address how FNDC3 proteins function by identifying 

proteins that interact with FNDC3A and -3B in vitro, suggesting possible molecular functions of 

FNDC3 proteins. The results of these studies are summarized and discussed in Chapter Eight, 

and prospective studies are proposed that should further elucidate how Fndc3 genes function in 

reproduction and development. 
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Table 1.1. Disruption of apical ES components and effects on spermatogenesis  
 
Gene mutation Description Reference 
Nectin-2, targeted 
NeoR insertion 
mutations in mice 

Calcium-independent cell adhesion 
molecule in adherens junctions. Nectin-2 is 
expressed in Sertoli cells and localizes to 
elongate spermatid-Sertoli junctions (apical 
ES) and Sertoli-Sertoli junctions (basal ES). 
Nectin-2-/- male mice produce normal 
amounts of mobile sperm, but are infertile 
due to malformations of spermatozoan head 
and midpiece. 

(Bouchard et al., 2000; Mueller et al., 
2003; Ozaki-Kuroda et al., 2002) 

Nectin-3, targeted 
NeoR insertion 
mutation in mice 

Calcium-independent cell adhesion 
molecule in adherens junctions. Nectin-3 is 
only expressed in spermatids in the testis, 
and localizes to elongate spermatid-Sertoli 
junctions (apical ES) where it forms 
heterotypic trans-interactions with nectin-2 
in Sertoli cells. Nectin-3-/- male mice are 
infertile due to malformation of 
spermatozoan head and midpiece, and loss 
of localization of nectin-2 at elongate 
spermatid-Sertoli junctions (apical ES). 

(Inagaki et al., 2006) 

Junctional 
adhesion 
molecule-A (JAM-
A), targeted β-
geo-PLAP gene 
trap insertion 
mutation in mice 

JAM protein family member, with known 
functions in assembly of tight junctions. 
JAM-A is expressed in Sertoli-Sertoli 
junctions (basal ES) and in germ cells at 
various stages in development including 
mature epididymal spermatozoa. Jam-A-/- 
male mice have normal testis morphology, 
produce normal numbers of sperm, but 
have reduced fertility due to decreased 
sperm motility from ultrastructural defects in 
flagellum. 

(Shao et al., 2008) 

Junctional 
adhesion 
molecule-B (JAM-
B), targeted 
IRES- β-geo 
insertion mutation 
in mice 

JAM protein family member, with known 
functions in assembly of tight junctions. 
JAM-B is expressed in Sertoli cells and 
localizes to both apical and basal ES. Jam-
B-/- mice have normal fertility, testis 
morphology, and spermatogonial content. 

(Sakaguchi et al., 2006) 

Junctional 
adhesion 
molecule-C (JAM-
C), null mice 
generated from 
conditional null 
Jam-CFL mice 

JAM protein family member, with known 
functions in assembly of tight junctions. 
JAM-C is absent from Sertoli-Sertoli 
junctions (basal ES), expressed in germ 
cells, and localizes to elongate spermatid-
Sertoli cell junctions (apical ES). Jam-C-/- 
male mice are infertile and contain round 
spermatids with defective acrosomes and 
fail to polarize or elongate. 

(Gliki et al., 2004) 

Laminin, 
disruption by 
blocking 
antibodies or 
laminin-γ3 

Laminins are heterotrimeric proteins 
containing different combinations of an α-
chain, a β-chain, and a γ-chain. Laminins 
are secreted glycoproteins of the 
extracellular matrix and are ligands of 

(Su et al., 2012; Yan and Cheng, 
2006) 
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peptide 
overexpression in 
rats 

integrins for cell adhesion. Intratesticular 
injection of either anti-laminin α3 or γ3 
antibodies results in spermatid release from 
Sertoli cells in ~40-60% of tubules, 
occasional spermatid symplasts, and 
disruption of basal ES barrier. Intratesticular 
injection of peptide fragment from domain 
IV of laminin γ3 chain results in spermatid 
(and some late spermatocyte) release from 
Sertoli cells in ~40% of tubules, disruption 
of basal ES barrier. 

β-catenin 
(Ctnnb1), germ 
cell-specific 
deletion in mice 

Functions in adherens junctions by linking 
cadherins to actin cytoskeleton. Conflicting 
results following germ cell-specific deletion 
by PrmCre or Stra8Cre. Deletion by PrmCre 
(round spermatids) results in decreased 
male fertility due to increased spermatid 
apoptosis, acrosomal defects, release of 
immature spermatids, and apical ES 
disruption. Deletion by Stra8Cre 
(spermatogonia) results in normal male 
fertility, sperm production, and testis 
histology. 

(Chang et al., 2011; Rivas et al., 
2014) 

N-cadherin 
(Cdh2), germ cell- 
or Sertoli cell-
specific deletion 
in mice 

Calcium-dependent cell adhesion molecule 
in adherens junctions. Cdh2 is expressed in 
both Sertoli cells and germ cells, and 
localizes to both Sertoli-Sertoli (basal ES) 
and spermatid-Sertoli cell junctions (apical 
ES). Deletion in Sertoli cells by AmhCre 
results in decreased fertility in male mice 
due to blood testis barrier compromise, 
increased germ cell apoptosis and reduced 
adhesion between meiotic germ cells and 
Sertoli cells. Deletion in germ cells by 
Stra8Cre has no effect on spermatogenesis. 

(Jiang et al., 2015; Lee et al., 2003) 

Rap1, Prm1 
promoter driving 
dominant 
negative Rap1A 
in spermatids, 
mice 

Small GTPase of the Ras-related protein 
family with known functions in cell adhesion 
and cell junction formation. Endogenous 
Rap1 is expressed in spermatids, and mice 
overexpressing DN-Rap1A have impaired 
spermatid-Sertoli cell adhesion and release 
of immature spermatids (occasionally 
multinucleated) into lumen of seminiferous 
tubules. Decreased mature spermatozoa 
were found in epididymis. 

(Aivatiadou et al., 2007; Berruti and 
Paiardi, 2014) 
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Fig 1.1 FNDC3 proteins contain a proline rich region (PRR) at the N-terminus, 8-9 FnIII 
domain repeats, and a 25 amino acid hydrophobic C-terminus.  
Cartoons depicting protein structure and intron-exon splice junction maps for Fndc3a and 
Fndc3b. The PRR contains WW-domain binding motifs that are either conserved or paralog-
specific. The hydrophobic C-termini of FNDC3 proteins anchor into the membranes of ER-Golgi 
and the N-terminus is cytosolic in topology. 
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Fig 1.2 The PRR of FNDC3 proteins contain WW-domain binding motifs that are either 
conserved or paralog-specific (image from G. MacGregor).  
Sequence alignment of PRR from metazoan FNDC3 proteins with conserved amino acids in 
black and conserved WW-domain binding motifs highlighted in red. Group I motif = PPxY, 
Group II = PPLP, Group III = PPR, and Group IV = (S/T)PP. 
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Fig 1.3 Mammary glands from Fndc3asys/sys mice are enlarged with hypoplastic 
lobuloalveolar development (images from A. Akopyan and A. Sage, MacGregor Lab).  
Carmine alum stained mammary gland wholemounts from wild-type (A,B) and Fndc3asys/sys 
(C,D) mice at lactation day 2. Higher magnification shown in (B) and (D). 
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Fig 1.4 Defects in lipid secretion into mammary gland lumen of Fndc3asys/sys mice (images 
from A. Akopyan, MacGregor Lab).  
Osmium tetroxide staining of mammary gland tissue section from wild-type (A) and Fndc3asys/sys 
(B) mice at lactation day 2. 
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Fig 1.5 Hepatic steatosis in livers from Fndc3asys/sys mice (images from K. Waymire, 
MacGregor Lab).  
DIC and Nile red staining of liver sections from wild-type (A,B) and Fndc3asys/sys mice (C,D). 
Exposure time was noted in top left of images. Note that exposure time was reduced for (D) to 
avoid overexposure of Nile red staining. 
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Fig 1.6 Cartoon depiction of a mammalian testis (from Setchell and Brooks, 1988).  
Illustration depicting the course of one convoluted seminiferous tubule with one of the two 
connections to the rete. Although convoluted, the straight portions of the tubule run primarily in 
the long axis of the testis. Efferent ducts connecting the testis to the epididymis are also 
depicted.  
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Fig 1.7 Cells and junctions composing the seminiferous tubule.  
Cartoon depicting the types of cells found in a cross section of the seminiferous tubule. (A) 
Spermatogonia, spermatocytes, and round spermatids are arranged successively in the basal to 
apical direction. The apical ectoplasmic specialization (white arrows around the nucleus of 
elongate spermatid in uncolored Sertoli cell) serves as the sole adhesive junction between 
spermatids and Sertoli cells beginning at step 8 of spermiogenesis. The basal ectoplasmic 
specialization (black arrows between unlabeled spermatogonium and spermatocyte) is part of 
the junction complex connecting neighboring Sertoli cells to form the blood-testis barrier. 
Modified illustration from (Russell, 1983). 
(B) PAS-H stained cross section of a Stage V mouse seminiferous tubule. Arrows point from 
germ cells depicted in cartoon to the corresponding cell shown in histology. The green box 
approximates a region of the seminiferous tubule drawn in the cartoon image. 
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Fig 1.8 Map of the cycles of spermatogenesis. 
Vertical columns depict the cohort of germ cells present at one of twelve (I-XII) stages of 
spermatogenesis designated by Roman numerals. The developmental progression of germ cells 
is followed from left to right and continues at the left of the map one row up. One spermatogenic 
cycle separates rows, and each cycle is approximately 8.6 days in length. Letters label types of 
spermatogonia and spermatocytes. Numbers specify the step of spermiogenesis for spermatids. 
The cycle begins with Intermediate spermatogonia (mIn) and ends with the completion of 
spermiation at step 16 of spermiogenesis. Fndc3asys/sys spermatids form symplasts of primarily 
step 6-8 spermatids (colored in yellow) and do not develop normally beyond step 8 spermatids. 
Modified illustration from (Russell et al., 1990). 
 

  



  43 

  

 



  44 

Fig 1.9 The cell-cell adhesion junctions of the adult mouse testis (from Kopera et al., 
2010)).  
Cartoon depicting a cross section of the seminiferous tubule with the types of cell-cell junctions 
found in Sertoli and germ cells. Two Sertoli cells are shown with spermatogonia, preleptotene 
spermatocytes, pachytene spermatocyte, and round and elongating spermatids. The basal 
ectoplasmic specialization (ES) forms the blood testis barrier (BTB) and divides the 
seminiferous tubule into basal and adluminal compartments. Desmosome-like junctions form 
between Sertoli cells and all germ cells up to step 8 spermatids. Beginning with step 8 
spermatids, the apical ES is the sole Sertoli-germ cell adhesive junction until the completion of 
spermiogenesis. 
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Fig 1.10 Reorientation of the spermatid nucleus and Sertoli-germ cell adhesion via the 
apical ES.  
During the process of forming step 8 elongating spermatids, the spermatid nucleus moves 
toward the cell surface and the acrosome becomes tightly apposed to the plasma membrane. 
The apical ES initially appears in apposition to late pachytene spermatocytes, and expands to 
be in close proximity the acrosome of step 8 spermatids (modified from (Russell, 1990)).  
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Fig 1.11 The apical ES at different stages of spermatogenesis (from Russell, 1977c).  
The apical ES initially appears facing late pachytene spermatocytes (A) with continued 
presence through round spermatids (B). Extensive areas of the Sertoli apical ES faces and 
positions in tight apposition with the acrosome of step 8 spermatids (C), and increases in 
surface area in parallel with increasing surface area of the spermatid head and acrosome in 
elongate spermatids (D). During spermiation, the apical ES shifts in position leaving the 
spermatid head free of apical ES adhesion (E,F). Apical ES structures are shown in apposition 
to the earlier generation of step 8 spermatids and pachytene spermatocytes. Stage of rat 
spermatogenic cycle are labeled in Roman numerals, and spermatids are labeled with the step 
in spermiogenesis. 
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Fig 1.12 The ultra-structure of the mammalian apical ES (from Vogl et al., 2000).  
The apical ES has been observed in many mammals by electron microscopy, with an example 
electron micrograph shown. Based on morphology, the ultra-structure of the apical ES contains 
multiple distinct layers of structures between the spermatid nucleus and the Sertoli cell 
cytoplasm, with components depicted and labeled in the cartoon. 
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Fig 1.13 Known molecular components of the apical ES (from Kopera et al., 2010).  
Cartoon depicting known multi-protein cell adhesion complexes of the apical ES: cadherin-
catenin, nectin-afadin, integrin-laminin, and JAM/CAR multi-protein complexes. The cadherin-
catenin and nectin-afadin complexes have been shown to associate with the actin cytoskeleton 
in the testis. 
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Fig 1.14 Male germ cells form stable intercellular bridges (ICBs) following mitosis and 
meiosis.  
Cartoon depiction of incomplete cytokinesis that occurs following the amplifying mitotic divisions 
of spermatogonia and the meiotic divisions of spermatocytes (A) (from Russell et al., 1990). 
ICBs are stable and maintained until just before spermiation. An example electron micrograph 
shows an ICB connecting two round spermatids (B) (from (Russell et al., 1991a)). 
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Fig 1.15 Evolving ultra-structure of ICBs in step 1-10 rat spermatids (from Weber and 
Russell, 1987).  
Transmission EM images showing ICB of early step 1 spermatids with bridge density (arrow) 
(A), and cisternae of smooth ER localize parallel to the by step 2 spermatid ICBs (B). In step 3 
spermatids, the bridge density segregate into separate bridge densities and smooth ER expand 
line most of the bridge densities (C). By step 6 spermaids, 8-12 bridge densities line the ICB 
and the cisternae of smooth ER coalesce into a single saccule (D). In step 10 elongate 
spermatids, the smooth ER fragments into smaller cisternae lining the bridge density (E). 
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Fig 1.16 Intercellular bridges between male germ cells undergo structural changes in a 
stepwise manner during spermatogenesis (from Weber and Russell, 1987). 
From upper left and clockwise, intercellular bridges between spermatogonia, primary and 
secondary spermatocytes, and spermatids at various steps of spermiogenesis. The assembly 
and disassembly of bridge-partitioning complexes during mitosis and meiosis are also shown in 
the middle. Few major differences are present in spermatogonial and primary spermatocytes, 
and electron dense material lining the cytoplasmic aspect of the bridge becomes thicker and 
uneven in secondary and step 1 spermatids. In steps 2 and 3 spermatids, the electron dense 
material condenses into discontinuous bridge densities forming bands encircling the intercellular 
bridge with underlying cisternae of smooth ER. The cisternae of smooth ER coalesce into a 
single saccule in step 4-7 spermatids, before breaking up into several cisternae in step 8-12  
(elongate) spermatids. By step 10 (elongating spermatids), the saccule of sER is broken down 
into smaller cisternae lining the bridge densities. Filament-bounded amorphous structures of low 
to moderate electron density appear in the bridge channels of step 10-17 elongate spermatids, 
and are not found in step 18 spermatids. In many step 19 spermatid bridges, bridge densities 
are no longer associated with sER cisternae, become less prominent, and form a continuous 
density circling the entire bridge channel. In some step 19 elongate spermatids, the intercellular 
bridges become highly attenuated, and disengage as part of cytoplasmic lobes that become part 
of residual bodies during the release of mature single celled spermatozoa. 
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Fig 1.17 Molecular components of ICB stabilization and cytokinesis (from Greenbaum et 
al., 2011).  
Cartoon diagaram depicting formation of stable ICB in germ cells versus cytokinesis in somatic 
cells. TEX14 blocks interaction of CE55 with other cytokinesis components. During mitosis, the 
contractile ring (green) forms adjacent to the metaphase plate. During anaphase spindle 
microtubules arrange to form the bipolar central spindle. During telophase, somatic cells (lower 
box) a complex forms at the midbody containing ALIX and TSG101 bound to the hinge region of 
CEP55 through their GPPX3Y domains and abscission occurs. In germ cells, the hinge region 
of CEP55 interacts with TEX14 to form a stable ring-like structure, preventing ALIX and TSG101 
localization to the midbody and preventing abscission. 
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Fig 1.18 Loss of Fndc3a causes widening and disruption of intercellular bridges between 
spermatids prior to symplast formation (from Russell et al., 1991a). 
Electron micrographs of round spermatids from wild-type mice reveal the widest intercellular 
bridges measure 2.3 µm in diameter (A). Intercellular bridges between round spermatids in 
Fndc3a -/- measure approximately 3.55 µm in diameter (B). Normal ultra-structure of step 6 rat 
spermatid ICB (C). Examples of ICB ultra-structural defects in Fndc3asys/sys mice include bridge 
densities not associated with actin filament-smooth ER structures (D), and a relatively normal 
bridge structure but linear instead of normal “U” shape (E). A forming symplast of round 
spermatids from a Fndc3asys/sys mouse (F). Asterisks denote cells containing little cytoplasm and 
connected to the forming symplast by intercellular bridges. 
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CHAPTER 2 

Fndc3a and Fndc3b expression in mice 

2.1 INTRODUCTION 

FNDC3 family of proteins 

Two paralogs of Fndc3 genes are expressed in both mice and humans: Fndc3a and 

Fndc3b. To investigate the functions of Fndc3a and 3b in development and homeostasis, mice 

were analyzed that had null mutations of either Fndc3a or Fndc3b. Male mice lacking Fndc3a 

(Fndc3asys mice) are sterile due to defective spermatogenesis (Obholz et al., 2006). Female-

specific obesity has been observed in Fndc3asys/sys mice (S. Navarro and J. Masumi, MacGregor 

Lab). Interestingly, heterozygous Fndc3a sys/+ mice are also obese, weighing almost the same 

as homozygous mutant littermates. These findings suggest that the steady-state level of 

FNDC3A protein plays a role in homeostasis of body mass in adult female mice. Female 

Fndc3a sys/sys mice also have increased mammary gland mass, but lactational insufficiency (A. 

Akopyan, MacGregor Lab). In addition, mouse embryonic fibroblasts (MEFs) lacking Fndc3a 

have delayed initial migration during wound healing, and abnormal cell morphology (M. 

Pomeroy, K. Waymire, MacGregor Lab). Regarding mice mutant for Fndc3b, initial studies in the 

MacGregor lab were based on a single mutant allele of Fndc3b generated by gene-trap 

mutagenesis, called Fndc3bXK507. Most homozygous Fndc3bXK507/XK507 mice develop to term, but 

are either stillborn or die within a few minutes of birth displaying signs of respiratory distress (D. 

Tirrell, K. Waymire, MacGregor Lab). Histopathology of lungs from Fndc3bXK507/XK507 mice 

displays defective sacculation of the peripheral airway, suggesting a defect in lung maturation. 

In addition, Fndc3bXK507/XK507 MEFs migrate poorly following wound healing assay (M. Pomeroy, 

K. Waymire, MacGregor Lab). Taken together, these findings raise the possibility that Fndc3a 

and Fndc3b function in a variety of tissues in related processes associated with cell adhesion, 

migration, differentiation, and secretion.  
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Preliminary studies of Fndc3a and Fndc3b gene expression by northern and western 

blot analysis using X-ray film indicated they are expressed at varying levels in a wide range of 

tissues (Figure 2.1, Obholz et al., 2006). Interestingly, the steady-state level of mRNA and 

protein appeared to discordant for both FNDC3A and FNDC3B in some tissues in the adult 

mouse. In addition, multiple forms of FNDC3A were observed in conventional x-ray film based 

western blot analysis despite the apparent absence of mRNA isoforms that could encode 

FNDC3A of different molecular mass (Fig. 2.5B). These findings suggested that FNDC3 function 

is regulated at transcriptional, post-transcriptional and post-translational levels. To investigate 

this possibility, I quantified mRNA and protein for Fndc3a and Fndc3b in a wide range of mouse 

tissues, using quantitative reverse transcriptase PCR (qRT-PCR) and western analysis using 

digital scanning of infra-red emitting secondary antibodies as such methods are more sensitive, 

have a greater dynamic range and are more easily quantified than X-ray film based northern 

and western blot analysis. When combined with an online atlas with data on expression of 

FNDC3A and FNDC3B in humans, the results suggest that these genes are co-expressed 

broadly. As suggested from preliminary experiments, no direct relationship was observed for 

mRNA and protein for Fndc3b in most tissues, and Fndc3a in some tissues, suggesting that 

expression of these genes occurs at the post-transcriptional level. Evidence for at least three 

post-translationally generated forms of FNDC3A were found in multiple tissues. The co-

expression of Fndc3a and Fndc3b raises the possibility that Fndc3 genes may have additional, 

overlapping, functions in tissues that have not yet been discovered. 

 

2.2 MATERIALS AND METHODS 

Sample Preparation 

 Quantification of mRNA from mouse tissues was performed using a multiple tissue 

cDNA collection generated by Kevin Obholz from the MacGregor lab in 2003. Complementary 
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DNA was reverse transcribed (RT) from total RNA isolated from C57BL/6JMgr adult male mice. 

RT reactions were primed using random hexamers and performed with SuperScript II reverse 

transcriptase from Invitrogen. Quantification of mRNA from cultured cells was based on total 

RNA isolated by Grant MacGregor from wildtype, Fndc3asys/sys, and Fndc3bRRP208/RRP208gene-trap 

mouse embryonic fibroblasts (MEFs). For cDNA synthesis from MEFs, mRNA was reverse 

transcribed using gene specific primers and SuperScript II Reverse Transcriptase from 

Invitrogen. Gene specific primer sequences used for reverse transcription were (all 5' -> 3'): 

Fndc3a_: CCCATTGCTGGTGAGAGTTTGGTAA 

Fndc3b_: GGTGGTACCGTCTCCCAGAAGATTT 

Hprt_: CAAGGGCATATCCAACAACAAACTT 

 

qRT-PCR Standards 

 Standards used for absolute quantification of Fndc3a, Fndc3b, and Hprt mRNA 

transcripts were generated from plasmids containing full-length cDNA's for Fndc3a and -3b, or 

partial cDNA for Hprt. To maximize efficiency of amplification, plasmids were linearized by 

restriction enzyme digest. Plasmid pPGK-Hprt was amplified by transformation of DH5α 

competent cells. These were grown in bacterial media (TB), the plasmid purified using alkaline 

lysis method followed by cesium-chloride / ethidium bromide equilibrium centrifugation. To 

linearize the vectors, existing stocks of pEGFP-3A-FL (containing full-length mouse Fndc3a 

cDNA) and p3.3-Fndc3b-FL (containing full-length mouse Fndc3b cDNA) plasmid were digested 

using ScaI and HindIII, respectively, while pPGK-Hprt was digested using XbaI. Each digest 

was heat-inactivated according to manufacturer’s guidelines and purified by Sephacryl-200 spin-

column chromatography. Purified templates were quantified using a spectrophotometer 

(Nanodrop 2000, Thermo Scientific). Based on DNA concentration and known fragment length, 
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each template was quantified in terms of copy#/µL and titrated to generate 10-fold serial 

dilutions from 101-106 copies/µL for use as standards for qRT-PCR. 

 

qRT-PCR 

 qRT-PCR was performed using a Chromo4 Real-time Detector (Bio-Rad) and Opticon 

Monitor 3 software (Bio-Rad). TaqMan (hydrolysis) primers and probes were designed using 

software available on the website of the manufacturer of the primers and probes (IDT 

PrimeTime qPCR Assays). TaqMan DNA probes were labeled with a 5’ fluorescent reporter, 

either carboxyfluorescein (FAM) or hexachlorofluorescein (HEX), and a 3’ quencher dye, either 

Black Hole Quencher (BHQ) or Iowa Black FQ (IABkFQ). qRT-PCR was performed with Roche 

FastStartTaq DNA polymerase which contains 5’ to 3’ exonuclease activity necessary for 

TaqMan probe hydrolysis. To improve specificity, primers and probes were designed such that 

each set contains at least one oligonucleotide whose target site spans an exon-exon junction. 

Primer and probe sequences used are listed in Table 2.1. 

Table 2.1 Sequences of primers and probes used to amplify mouse Fndc3a, -3b 

and Hprt cDNA 

Hprt_For  CCC CAA AAT GGT TAA GGT TGC 

Hprt_Rev  AAC AAA GTC TGG CCT GTA TCC 

Hprt_Probe  /5HEX/CTT GCT GGT GAA AAG GAC CTC TCG AA/3BHQ_1/ 

Fndc3a_For  ACC AAG AAT AGC CAA CCG G 

Fndc3a_Rev  AGC CCA TGT AAC ACT GAC AG 

Fndc3a_Probe  /56-FAM/TTG TCA CTA GGT GCC TTC CAC TGC /3IABkFQ/ 

Fndc3b_For  ACC TAC ACC TTC AGC ACA AC 

Fndc3b_Rev  ATT CCC TTC TAA CTG CGT CAC 

Fndc3b_Probe  /56-FAM/TCC CAC CCT CAA AGC ACC TCG /3IABkFQ/ 



 75 

Calculations 

 Cycle threshold (Ct) values measured from Fndc3a, Fndc3b, and Hprt standards plotted 

against Log10(template copy#) generated calibration curves for absolute quantification of 

unknown samples. Best fit linear regression models of each dilution series resulting in slope-

intercept equations with coefficients of determination (R2) greater than 0.98 determined the 

linear measurable range for each qRT-PCR assay. Absolute quantities of each transcript were 

calculated from the standard slope-intercept equations (Ct=m(Log10(Copy#/rxn))+b) using 

measured Ct values from unknown samples in the assay. Fndc3a and Fndc3b quantities were 

normalized as ratios of Fndc3:Hprt. Amplification efficiency (e) was determined by the equation: 

e = (10^(-1/m))/2. 

 

2.3 RESULTS 

Identification of qRT-PCR linear dynamic range 

 The quantity of a transcript within a sample can be determined by qRT-PCR, in 

conjunction with a standard curve. The standard curve functions to both convert an arbitrary Ct 

value to an absolute quantity, and also measure the dynamic range of an assay. A standard 

curve for qRT-PCR was determined using a 10-fold dilution series of 101-106 copies per reaction 

of Fndc3a, Fndc3b, and Hprt (Fig. 2.2D). The Fndc3a reaction produced the linear regression 

equation: Ct=-3.5089(Log10(Copy#/rxn))+34.756 with R2=0.9948. Thus, the amplification 

efficiency was 96.37% versus theoretical maximum. The Fndc3b reaction resulted with Ct=-

3.3100(Log10(Copy#/rxn))+34.653with R2=0.99953 and 100.25% amplification efficiency. The 

Hprt reaction resulted with Ct=-3.2054(Log10(Copy#/rxn))+33.947with R2=0.99352 and 102.55% 

amplification efficiency. With R2 values > 0.98 for each of the Fndc3a, Fndc3b, and Hprt qRT-

PCR assays, the results indicate the experimental protocol can reliably measure transcript 

quantity across five orders of magnitude, from 101-106 copies per reaction. 
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Test for reproducibility of cDNA synthesis 

 The high concordance of Ct values and template quantity in the generation of qRT-PCR 

standard curves suggests the assay is not a significant source of technical variation. However, 

sample preparation or independent RT reactions might play a larger role in introducing 

experimental variability. To test this possibility, total RNA was isolated from wildtype MEF’s and 

cDNA was reverse transcribed in triplicate (Fig. 2.3). Following qRT-PCR of these samples, the 

ratios (±standard deviation) of Fndc3a:Hprt = 0.3028±0.04 and Fndc3b:Hprt = 1.4360±0.58. 

Because these samples were generated from identical RNA isolations, this data suggests 

significant variability can occur particularly during the process of Fndc3b cDNA synthesis. 

 

Fndc3 gene transcription is reduced in Fndc3a and Fndc3b mutant MEFs, with no 

compensation for each other by upregulating gene transcription 

 Although the qRT-PCR experiments were conducted in the presence of negative 

controls such as no template controls (NTC) and no reverse transcriptase controls (-RT), it is 

important to assess whether the q-RT-PCR product is specific. To determine the specificity of 

the qRT-PCR reactions, both Fndc3asys/sys null and Fndc3bXK507/XK507 homozygous gene-trap 

MEF’s were analyzed. As expected, no Fndc3a transcripts were detected by qRT-PCR in 

Fndc3a null MEF’s as the Fndc3a locus is deleted in these cells, and a 96.42% decrease in 

Fndc3b transcripts in Fndc3b-gene-trap compared to wildtype (Fig. 2.3). The residual level of 

Fndc3b transcripts might arise from transcriptional read through and splicing around the gene 

trap vector in the Fndc3bXK507 gene trap allele (Fig 3.4B). Significantly, the level of endogenous 

Fndc3a transcript is unaffected by the loss of Fndc3b transcription, and vice versa. This result 

indicates that at least in MEFs, Fndc3a and Fndc3b transcription do not compensate for each 

other in the other's absence. 
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Quantification of Fndc3 mRNA's in adult mouse tissues 

 With an established qRT-PCR assay with known standards, Fndc3 gene transcription 

was measured in tissues from adult mice. Quantification of Fndc3a, Fndc3b, and Hprt by qRT-

PCR resulted in highly variable quantities of each transcript across 20 adult male and 24 adult 

female mouse tissues (Fig. 2.4). No significant difference was observed in levels of Fndc3a or 

Fndc3b transcripts in tissues between male and female mice, suggesting Fndc3 genes are not 

regulated in a sexually dimorphic manner. In the majority of tissues, the transcript ratio of both 

Fndc3a and Fndc3b to Hprt is less than 1, indicating that the steady state levels of both Fndc3 

transcripts are frequently less than Hprt, which is known to be a house-keeping gene 

transcribed at low level. Exceptions to this generalization were found, most notably with Fndc3a 

transcripts being abundant in the salivary gland (Fndc3a:Hprt=1.9036±0.49), and especially the 

testis (Fndc3a:Hprt=6.2512±2.99). Only 5/25 of the tissues studied have a higher abundance of 

Fndc3a transcript compared to Hprt, and no tissue contained more Fndc3b than Hprt. 

 

Poor correlation between Fndc3 mRNA and protein abundance in mouse tissues 

 Although many studies quantify mRNA abundance to measure gene expression, post-

transcriptional and post-translational regulation may cause differences in relative mRNA and 

protein abundance in tissues. To determine if multi-level regulation of Fndc3 genes occurs, the 

qRT-PCR based quantitative results were compared to western blot analysis of FNDC3 proteins 

in mouse tissues previously performed by myself and Miles Pomeroy, a previous graduate 

student in the MacGregor Lab. The relative abundance of mRNA and protein expression of 

Fndc3b and Fndc3a were plotted and linear regression analysis indicated mRNA and protein 

poorly correlated for both Fndc3a (R2=0.21251) and Fndc3b (R2=0.13104) (Fig. 2.5EF). 

Representative tissues displaying the range of variation between mRNA and protein abundance 

for Fndc3a and Fndc3b are highlighted in Figure 2.5A-D. For Fndc3a, testis contained the 
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highest amount of mRNA of all tissues tested, but relatively low amount of protein; small 

intestine contained medium amounts of mRNA and protein; and pancreas contained medium 

amount of mRNA but the highest amount of protein of all tissues tested. For Fndc3b, the uterus 

contained high amount of mRNA but low amount of protein; adrenal gland contained medium 

amounts of mRNA and protein; and stomach contained low amount of mRNA but high amount 

of protein. Post-transcriptional and post-translational regulation of Fndc3 gene expression may 

account for the poor correlation between mRNA and protein expressed by Fndc3 genes in 

mouse tissues. 

 

2.4 DISCUSSION 

Reliability of qRT-PCR as a measure for Fndc3 mRNA abundance 

 The accuracy of qRT-PCR in measuring Fndc3a and Fndc3b transcript abundance 

appears to be dependent on template quality. The use of titrated standards isolated from 

plasmid constructs containing full-length cDNA constructs revealed efficient PCR cycling 

efficiency and reproducible linear standard curves with R2 values greater than 0.99. Interestingly 

the qRT-PCR analysis of multiple RT products from identical MEF RNA samples revealed a 

high variability in transcript abundance, particularly with Fndc3b. To compensate for the error 

introduced in sample preparation and possible biological variation, qRT-PCR analysis should be 

conducted on tissues harvested from multiple individual mice. Despite sampling three biological 

replicates, some mouse tissues also varied dramatically between biological replicates, 

particularly for Fndc3a. The lymph node of one female mouse was enlarged and contained 

significantly higher Fndc3a mRNA compared to other female mice, including one littermate 

(Fndc3a:Hprt ratio of 2.6223 versus 0.5103 and 0.4282, Fig. 2.5B). Also one female mouse was 

in estrus at the time of tissue harvest, and Fndc3a expression in uterus was decreased 
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(Fndc3a:Hprt ratio of 0.7580 versus 2.0929 and 1.8019). These observations suggest Fndc3a 

gene expression may fluctuate in response to different stimuli or physiological state. 

 

Discordance between mRNA and protein abundance 

 Previous studies in the MacGregor lab quantified both FNDC3A and FNDC3B protein 

levels in multiple tissues based on Li-Cor Odyssey analysis of western blots (M. Pomeroy). 

Integration of these data with results of qRT-PCR analysis showed multiple discrepancies in 

relationship between protein and transcript abundance for both Fndc3a and Fndc3b, the most 

dramatic example being the testis. Testis Fndc3a RNA abundance is very high, nearly five times 

the abundance of Fndc3b. However, western blot analysis revealed that FNDC3A protein 

quantity is in less than FNDC3B. This effect may be due to tissue specific post-transcriptional or 

post-translational regulatory mechanisms. Indeed, it has been recently shown that the 

microRNAs miR-17 and miR-143b, which are also expressed in a wide range of tissues, repress 

FNDC3A and FNDC3B translation, respectively, in vivo without affecting transcript abundance 

(Shan et al., 2009; Zhang et al., 2009). These results indicate expression of Fndc3a and Fndc3b 

are regulated at multiple different levels. Quantifying the expression of miR-17 and miR-143 in 

different mouse tissues, and comparing with our expression data for Fndc3 genes, as well as 

analysis of FNDC3 protein concentration in tissues from mice lacking either miR-17 or miR-143b 

may indicate whether microRNAs alone may account for the discordance between Fndc3 

mRNA and protein abundance. 

 

 The experimental conditions generated for the qRT-PCR analysis of Fndc3 and Hprt 

transcripts allowed the possibility of accurate measurement of mRNA abundance across five 

orders of magnitude. Based on established cDNA standards, this process was highly 

reproducible and may be used to determine the absolute transcript abundance in unknown 

samples. Analysis of Fndc3asys/sys and Fndc3bXK507/XK507 MEF's also verified efficient loss of 
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expression by these mutant alleles, with no detectable Fndc3a mRNA and efficient knockdown 

(>95%) of Fndc3b mRNA. Analysis of 20 adult male and 24 adult female mouse tissues 

revealed high variability in the steady state quantities of both Fndc3a and Fndc3b mRNA. 

Defects have been observed in testis and mammary gland of mice lacking Fndc3a and in lungs 

of mice lacking Fndc3b, identifying tissues where these genes likely function. However the 

amount of FNDC3 proteins present in these tissues are not relatively high compared to other 

mouse tissues, indicating that the level of Fndc3 expression does not reliably predict where 

defects may occur. Fndc3 genes are also transcribed at similar levels in male and female 

tissues, suggesting Fndc3 genes are not regulated in a sexually dimorphic manner. Because 

tissues were homogenized for RNA or protein extraction, future studies such as RNA in situ 

hybridization or immunohistochemistry will be required to determine in which mouse cell types 

Fndc3 genes are expressed within tissues. Based on studies of FNDC3A and FNDC3B protein 

localization by immunohistochemistry in a wide range of human tissues (Human Protein Atlas, 

(Uhlén et al., 2015)), many different cell types appear to co-express these proteins, including 

vascular endothelial cells, pancreatic exocrine cells, hepatocytes, cardiac muscle, epididymal 

epithelium and placental trophoblast cells. Expression of Fndc3 genes may also vary during 

development, and can be investigated with further studies using tissues from mice of different 

ages. The evidence of post-transcriptional regulation of Fndc3 genes and the observed 

differences in Fndc3a expression in enlarged lymph node or estrus uterus indicates expression 

may be dynamic in response to cellular stimuli. 
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Fig 2.1 Preliminary studies indicate the amount of Fndc3a transcription varies in mouse 

tissues (image from K. Obholz, MacGregor Lab). 

Northern blot analysis of mouse tissues, with each tissue listed above each lane. (A-C) 

represent different exposures of the blot, which was hybridized with full-length Fndc3a cDNA 

(5969 bp probe composed of the entire 5’ UTR, coding sequence, and 2045 bp of 3’ UTR). 

Arrows on right side indicate position of four different size transcripts for Fndc3a. (D) Same blot 

stripped and re-hybridized with a β-actin probe as a control for loading of RNA. 
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Fig 2.2 Efficient and precise measurement of Fndc3a, Fndc3b, and Hprt expression by 

qRT-PCR.  

Fluorescence intensity measurements of qRT-PCR amplification reveal consistent differences in 

Ct values between 10-fold serial dilutions of plasmid cDNA templates of Fndc3a (A), Fndc3b (B), 

and Hprt (C), indicating accurate quantification across multiple orders of magnitude for each 

assay. (D) Plot of template abundance against measured threshold cycle (Ct). Slope of curves 

reveal cycling amplification are >96% for all reactions. The high coefficient of determination 

values, (R2) suggest high accuracy between samples. 
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Fig 2.3 Fndc3a and Fndc3b mRNA expression do not compensate for loss of expression 

of the corresponding paralog.  

Absolute quantification of Fndc3a and Fndc3b transcripts normalized to Hprt measured by qRT-

PCR of mRNA isolated from mouse embryonic fibroblasts (MEFs) of wild type, Fndc3asys/sys, and 

Fndc3bXK507/XK507 mice. Quantified amplification product is specific to each transcript but a 

relatively large error exists between technical replicates of multiple cDNA synthesis reactions 

from the same RNA isolate. No Fndc3a transcript was detected in Fndc3asys/sys MEFs, and 

Fndc3a or Fndc3b expression does not increase in response to loss of the corresponding 

paralog. 
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Fig 2.4 High variability in Fndc3a and Fndc3b mRNA abundance in adult mouse tissues.  

Compilation of qRT-PCR data from 20 male (A) and 24 female (B) adult mouse tissues. 

Differences in ratios of Fndc3a:3b transcript abundance suggest tissue specific transcriptional 

regulation. All data are shown as the mean ± standard deviation (SD) based on three biological 

replicates. Note high SD values for female lymph node and uterus. A possible explanation for 

this finding is that Female #1 contained enlarged lymph nodes with significantly higher 

measured Fndc3a compared to other individuals, including littermate (2.6223 versus 0.5103 and 

0.4282). Similarly, female #3 was in estrus with uterus containing significantly lower Fndc3a 

compared to other females (0.7580 versus 2.0929 and 1.8019). 
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Fig 2.5 Ratios of relative steady state levels of Fndc3a and Fndc3b transcript and protein. 

(A-B) Representative tissues displaying range of variation between Fndc3a transcript and 

FNDC3A protein (western blots by M. Pomeroy and myself, MacGregor Lab): 

Testis: High [Fndc3a], Low [FNDC3A] 

Small Intestine: Medium [Fndc3a], Medium [FNDC3A] 

Pancreas: Medium [Fndc3a], Very High [FNDC3A] 

 

(C-D) Representative tissues displaying range of variation between Fndc3b transcript and 

FNDC3B protein (western blots by M. Pomeroy, MacGregor Lab): 

Uterus: High [Fndc3b], Low [FNDC3B] 

Adrenal Gland: Medium [Fndc3b], Medium [FNDC3B] 

Stomach: Low [Fndc3b], High [FNDC3B] 

 

(E-F) Scatter plots displaying ratios of quantities of Fndc3a (E) and Fndc3b (F) transcripts and 

proteins from 28 adult mouse tissues. The low coefficient of determination values (R2) indicate 

low correlation between mRNA and protein quantity in tissues. Fndc3 transcript abundance is 

relative to Hprt and FNDC3 protein abundance is relative to actin. Note extreme lack of 

correlation for FNDC3A in testis and pancreas. 
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CHAPTER 3 

Generation of Fndc3a and Fndc3b conditional mutant mice 

3.1 INTRODUCTION 

Generation of new conditional mutations in Fndc3 genes to analyze their function in 

multiple cell types in the mouse testis 

 Prior to the studies described in this thesis, research in the MacGregor Lab to 

investigate the function of Fndc3 genes was performed using mice with null mutations in Fndc3a 

and Fndc3b in all tissues. 

 As stated earlier, the Fndc3asys allele has a deletion of 1.25 Mb of DNA that removes 

only the Fndc3a locus (MacGregor et al., 1990). Male Fndc3asys/sys mice are sterile due to 

defective spermatogenesis. Fndc3asys/sys spermatids do not develop normally beyond step 8 of 

spermiogenesis and form symplasts (i.e. multi-nucleated cells) present in seminiferous tubules 

and vasa deferentia (Obholz et al., 2006), suggesting defective adhesion between spermatids 

and Sertoli cells. Leydig cells in Fndc3asys/sys adult mice appear swollen and oil red O staining 

indicates the presence of increased lipid, suggesting a possible defect in lipid homeostasis (Fig. 

3.1) (K. Obholz, L. Guy, K. Waymire, MacGregor Lab). With defects observed in multiple tissues 

in Fndc3asys/sys testes, it is unknown whether FNDC3A is required in germ cells, somatic cells, or 

both cell types for spermatogenesis and addressing this question using a non-conditional 

mutant allele of Fndc3a is challenging (MacGregor, 2002). 

 Fndc3bXK507 is a null allele containing a lacZ reporter and gene-trap cassette inserted 

between exons 2 and 3 of Fndc3b (Fig. 3.6B). This allele was informative in demonstrating cell 

types in which Fndc3b is transcribed during embryogenesis, including heart and lung (Fig. 3.2). 

Significantly, Fndc3b is also expressed in germ cell in the adult mouse testis raising the 

possibility that it is also required for spermatogenesis. Because mice homozygous for 

Fndc3bXK507 are cyanotic, fail to inflate lungs despite attempting to breathe, and die shortly after 
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birth (D. Tirrell, MacGregor Lab) this precludes use of this strain of mice to analyze the function 

of Fndc3b in the post-natal mouse testis. Consequently, analysis of cell type specific functions 

of both Fndc3a and Fndc3b in adult mice, including in spermatogenesis, required production of 

mice with conditional mutant alleles of both genes  

 

Overview of cre/loxp approach for conditional null mice 

Site-specific recombination techniques such as Cre/loxP, Flp/FRT, and ΦC31/att enable 

high-fidelity DNA modifications to be induced in vitro or in vivo (Branda and Dymecki, 2004). Of 

these methods, Cre is the recombinase of choice for genetic studies due to its ability to 

recombine DNA with high efficiency and without accessory proteins or special DNA topology 

(Nagy, 2000). Cyclisation recombination enzyme (Cre), isolated from bacteriophage P1, is a 38-

kDa enzyme belonging to the integrase family of site-specific recombinases. Cre binds and 

catalyzes DNA recombination between two loxP (locus of crossing (x-ing) over in P1) sites, 

consensus 34bp target DNA sequences consisting of a 8bp core spacer sequence flanked by 

two 13bp palindromic sequences. The type of Cre-mediated recombination depends on the 

orientation of the loxP sites. Excision of the DNA sequence flanked by loxP sites occurs when 

loxP sites are in head to tail orientation, and random inversions occur when loxP sites are in a 

head-head orientation. The mammalian genome lacks high affinity loxP sites, allowing for wide 

application of the Cre/loxP system. The ability to apply the Cre/loxP system in mammalian cells 

was discovered in the late 1980s with exogenous Cre expressed in mouse cells to recombine 

loxP sites in DNA substrates (Sauer and Henderson, 1988) and loxP sites stably introduced into 

the genome (Sauer and Henderson, 1989). Later, the ability to apply the Cre/loxP system in vivo 

was demonstrated in double-transgenic mice (Lakso et al., 1992; Orban et al., 1992). As an 

exogenous gene, Cre can inserted downstream of a promoter of choice to control and promote 

expression. Following these early studies, Cre/loxP has been expanded and refined with over 

500 independent Cre transgenic mouse lines generated to permit spatial control of genetic 
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manipulation in a variety of tissues in mice (Nagy et al., 2009). Inducible Cre lines have also 

been generated to allow temporal control over Cre-mediated recombination. One notable 

example is Cre-ERT, generated by the fusion of Cre recombinase with the ligand-binding 

domain of estrogen receptor mutated to be activated by the synthetic ligand tamoxifen but not 

by estradiol (Feil et al., 1996). Cre-ERT was further refined into Cre-ERT2, to decrease 

background activity in the absence of tamoxifen, and increase sensitivity and efficiency of 

induction (Feil et al., 2009). To study the function of Fndc3 genes in specific cell types, including 

in the testis, we predicted that various transgenic Cre mouse lines could be mated with 

conditional null Fndc3 mice to determine where and when Fndc3a and Fndc3b function is 

required in a variety of mouse tissues. 

 

 In this chapter, studies using in situ hybridization were performed to identify where 

Fndc3 genes are transcribed in the mouse testis. Western blot analyses were performed on 

prepubertal mice at different ages to determine when FNDC3 proteins are expressed during 

testis development. To learn about the process of generating genetically modified mice using 

embryonic stem (ES) cells, and to identify an optimal host strain for use in generating mice with 

conditional mutant alleles of both Fndc3a and Fndc3b, I contributed to a study comparing 

chimeric mice generated from microinjection of JM8.N4 ES cells into C57BL/6J and 

C57BL/6NTac embryos (Fielder et al., 2012) (see Appendix I). Results from this study were 

used to improve the efficiency of generating conditional null Fndc3a and Fndc3b mice. These 

mice were used in a Cre/loxP-based approach to test whether Fndc3 genes are required in 

different tissues of the testis for spermatogenesis, as described in later chapters of this thesis. 

Before initiating these studies, it was important to characterize the conditional mutant alleles of 

both Fndc3a and Fndc3b; i.e. to verify they were functional as floxed alleles and were null as 

deleted (i.e. post-cre recombinase) alleles. It was also important to validate Cre specific 



 95 

recombinase activity in tissues where Fndc3 genes may function for each of the Cre mouse 

lines to be used. These analyses are also described in this chapter. 

 

3.2 MATERIALS AND METHODS 

In situ hybridization 

 For riboprobe production, plasmid constructs were generated containing Fndc3a cDNA 

with 3’UTR truncated to ~1kb, or Fndc3b cDNA with 3’UTR truncated to ~900bp in pBluescript. 

Riboprobe template plasmids were linearized with ScaI for Fndc3a and XbaI for Fndc3b. 

Antisense mRNA probes against the 3’ UTRs of Fndc3a and Fndc3b were transcribed in vitro 

using T7 and T3 RNA polymerase, respectively, with digoxigenin (DIG)-labeled NTPs. Fresh 

frozen testes sections were prepared, air dried at room temperature for 30 min, fixed at room 

temperature in 4% paraformaldehyde in 0.1M sodium phosphate buffer pH 7.4 for 30 min, and 

washed 3 x 3 min in PBS. Sections were acetylated for 10 min at RT in 1.25% trietanolamine, 

21.2mM HCl, 0.25% acetic anhydride, and washed 3 x 5 min in PBS. Sections were incubated 

overnight at room temperature in hybridization solution (50% formamide, 5x SSC, 5x 

Denhardt’s, 250 µg/ml baker’s yeast RNA (Sigma, R6750), and 100 µg/ml salmon sperm DNA 

(Gibco). DIG-labeled RNA probes were diluted 1-2% in hybridization solution, heated at 80°C for 

5 min, placed immediately on ice, added to slides, coverslipped, and hybridized overnight at 

72°C. Slides were rinsed briefly in 5x SSC, and washed in 0.2x SSC for 1 hour at 72°C. Tissues 

were blocked for 1 hour at room temperature in 10% heat inactivated goat serum in 0.1M Tris-

HCl pH 7.5, 0.15M NaCl. Anti-DIG antibody conjugated to alkaline phosphatase (Roche, 

11093274910) was diluted 1:5000 in 0.1M Tris-HCl pH 7.5, 0.15M NaCl with 1% heat 

inactivated goat serum, added to tissues, and incubated overnight at 4°C. Tissues were washed 

3 x 5 min in 0.1M Tris-HCl pH 7.5, 0.15M NaCl; and equilibrated for 4 x 15 min in 0.1M Tris-HCl 

pH 9.5, 0.1M NaCl, 50 mM MgCl2. Staining was performed in 3.375 µl/ml NBT (BMB, 1383213), 
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3.5 µL/ML BCIP (BMB, 1383221), 0.24 mg/ml levamisole diluted in 0.1M Tris-HCl pH 9.5, 0.1M 

NaCl, 50 mM MgCl2. Reactions were stopped by rinsing slides with water, mounted using 

Glycergel, and imaged on an Axiovert 200M microscope (Zeiss, Thornwood, NY) equipped with 

a 20x, 0.8NA PlanApo objective using DIC or phase contrast optics. 

 

Western blotting 

 Mouse tissues were dissected immediately post-mortem and flash frozen on dry ice and 

stored at -80°C. Thawed tissues were placed in lysis buffer containing 25 mM Tris pH 7.5, 5 mM 

EDTA, 1 mM DTT, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, and 

cOmplete mini protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Tissues 

were homogenized using rotor-stator homogenizer (Omni International, Kennesaw, GA), 

sonicated (Qsonica, Newtown, CT) and passed through 25g needle several times. Protein 

concentration was determined by DC Protein Assay (Bio-Rad Laboratories, Hercules, CA) with 

BSA as a standard. Protein lysates (20 µg) were subjected to polyacrylamide gel 

electrophoresis using 3-8% acrylamide-Tris-Acetate-EDTA gels (Invitrogen, Carlsbad, CA) and 

transferred to nitrocellulose membranes. Membranes were blocked for 2 h at room temperature 

using Odyssey Blocking Buffer (LI-COR, Lincoln, NE), incubated with diluted primary antibodies 

for 1-2 h, washed 4 x 4 min in PBST (0.2% Tween-20), incubated with diluted secondary 

antibodies, washed 3 x 4 min in PBST, and rinsed 2 x 2 min in PBS. Blots were scanned using 

LI-COR Odyssey Sa and quantified using Image Studio software. Primary antibodies used were 

FNDC3A (1:1000, rabbit polyclonal HPA008927, Atlas Antibodies, Stockholm, Sweden), 

FNDC3B (1:1000, rabbit polyclonal HPA007859, Atlas Antibodies), α-Tubulin (1:5000, mouse 

monoclonal T9026, Sigma Aldrich, Saint Louis, MO), and β-Tubulin (1:2000, mouse monoclonal 

E7, DSHB, Iowa City, IA). Secondary antibodies used were goat anti mouse IRDye 680LT (926-

68020, LI-COR), and goat anti rabbit IRDye 800CW (926-32211, LI-COR). 
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X-Gal staining 

 Testes were dissected from mice, and fixed in 4% PFA, 7.5% sucrose in 0.1M sodium 

phosphate buffer pH 7.3. After 4 hours of fixation, testes were cut into transverse halves and 

poles (~10% of each pole) were removed using a fresh microtome blade. Testes were returned 

to fixative at 4°C for total fixation time of 16-24 hours with rocking. Testes were cryoprotected in 

3% sucrose in 0.1M sodium phosphate buffer pH 7.3 for 3 x 45 min, and in 30% sucrose 3 x 45 

min before embedding in OCT compound (Sakura Finetek, Torrance, CA). Serial sections were 

cut 12 µm in thickness on a cryostat and mounted onto slides. For staining whole seminiferous 

tubules, tubules were disaggregated in PBS using a 1 ml syringe, and fixed in 4% PFA in 0.1M 

sodium phosphate buffer pH 7.4 for 15 minutes. Tissues were stained at 30°C in X-gal staining 

solution (1.25 mg/ml X-gal, 1.3mM MgCl2, 3mM K3Fe(CN)6, 3mM K4Fe(CN)6, 0.01% sodium 

deoxycholate, 0.02% NP-40 in 0.1M sodium phosphate buffer pH 7.3). Positive and negative 

control tissues were always included during X-gal staining. 

 

Extraction of total DNA from tissues of chimeric and control mice  

Total genomic DNA was isolated from one testis, heart (mesoderm), lung (endoderm) 

and brain (ectoderm) from each male chimera. If an animal was a hermaphrodite and had only 

one testis, the testis was used for histology without DNA extraction. Each tissue sample was 

homogenized in 5 ml of 50 mM Tris–HCl (pH 8.8 at 20 °C), 20 mM EDTA. After adding SDS to 

0.5 % and Proteinase K to 250 lg/ml, the sample was mixed by inverting the tube three times 

and incubated at 55 °C overnight. The solution was extracted three times with an equal volume 

of equilibrated phenol, then chloroform:isoamyl alcohol (25:1). After ethanol precipitation, total 

DNA was washed in 70 % ethanol, briefly air dried, and solubilized in 10 mM Tris pH 7.4, 1 mM 

EDTA.  
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Quantitative PCR analysis of neo in total DNA extracted from chimeric animals  

 To enable reproducible pipetting of genomic DNA, an aliquot of each DNA was sheared 

by passing ten times through a 22 g needle attached to a 1 ml syringe barrel. To analyze the 

relative contribution of ES cells to different tissues from each chimera, the amount of neo target, 

derived from the JM8_2H5 ES cell line, was quantified relative to an autosomal locus (Slc25a4, 

referred to here as Ant1, which encodes adenine nucleotide translocator 1). The assay was 

validated using total genomic DNA from heterozygous ROSA22 mice, which also have a single 

copy of a neo coding sequence, serially diluted with wild type B6NTac genomic DNA. This 

assay could reproducibly detect as low as a 1% contribution of neo positive ES cell DNA (data 

not shown).  

Quantitative PCR (qPCR) was performed with a real-time PCR instrument (Chromo4, 

BioRad, Hercules, CA) equipped with Opticon Monitor 3 software (BioRad). Assays were 

performed using FastStart Taq DNA Polymerase (Roche) and PrimeTime qPCR Assays (IDT) 

utilizing hydrolysis probes containing FAM or HEX 50 reporter dyes paired with 30 Iowa Black 

FQ (BkFQ) quenchers. Names of primers, their sequences and modifications were as follows 

(all 5'– 3').  

Ant1_Probe_1.1.pt (FAM-CCCGCTGGACTTTGCTAGGACC-BkFQ) 

Ant1_For_1.1.pt (GCTACTTTGCTGGTAACCTGG) 

Ant1_Rev_1.1.pt (TGAATTCTCGCTGGGAAGATC) 

neo.1.pt_probe (HEX- CACTGAAGCGGGAAGGGACTGG-BkFQ) 

neo.1. pt_For (AGGTGAGATGACAGGAGATCC) 

neo.1. pt_Rev (AATGAACTGCAGGACGAGG) 

The linear dynamic range and sensitivity of the assay was determined using samples 

containing DNA from a ROSA22 (neo positive) heterozygous animal mixed with wild type 

B6NTac DNA. The assay reliably detected at least a 1 % contribution of ES cell DNA and was 

linear over at least two orders of magnitude. The quantity of cells originating from hemizygous 
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neo+ ES cells in adult chimeric mouse tissues was calculated with the ΔΔCt method using Ant1 

as a reference gene. Assays were performed in triplicate for each sample to determine technical 

error, represented as the standard deviation from the mean. Reaction sizes of 25µl contained 1x 

buffer (Roche FastStart Taq DNA polymerase), 400µM dNTPs, 1mM MgCl2, 500nM 

Ant1_For_1.1.pt, 500nM Ant1_Rev_1.1.pt, 250nM Ant1_Probe_1.1.pt, 500nM neo.1.pt_For, 

500nM neo.1.pt_Rev, 250nM neo.1.pt_probe, 1 unit of FastStart Taq polymerase (Roche) and 

2µl of sheared genomic DNA at 50 ng/µl. Cycling conditions were 95°C, 5 min; followed by 35 

cycles of 95°C for 30 sec and 60°C for 10 sec with the relative amount of FAM and HEX 

recorded at the end of each cycle. 

 

Digesting mouse tissue biopsies for genotyping 

 Mouse toe biopsies from 8 - 12 day old mice were digested in 97.5µl DirectPCR Lysis 

Reagent – Mouse Tail (Viagen Biotech, Los Angeles, CA) and 2.5µl 20.6mg/ml Proteinase K 

(Roche) for 24 min, heat inactivated at 90°C for 9 min, spun at 10k x RCF at 4°C for 5 min, and 

used undiluted as templates for genotyping assays. 

 

Genotyping assay conditions 

Cre PCR conditions 

 Reaction sizes of 30µl contained 1x buffer (Promega GoTaq Flexi Buffer), 1.17mM 

dNTPs, 1.25mM MgCl2, 500nM Cre_F, 500nM Cre_R, 500nM Con_F, 500nM Con_R, 1.5 units 

of GoTaq polymerase (Promega) and 2µl of toe DNA digest. Cycling conditions were 94°C, 5 

min; followed by 39 cycles of 94°C for 45 sec, 54°C for 30 sec, and 72°C for 30 sec; and a final 

extension at 72°C for 7 min. 10µl of PCR sample was separated through a 2% agarose gel, 

stained with ethidium bromide, and imaged using Gel Doc XR System (Bio-Rad). A 350bp PCR 

product was detected for Cre and an 180bp product was detected for control (T-cell receptor). 
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Cre_F primer: (ACCTGAAGATGTTCGCGATTATCT) 

Cre_R primer: (ACCGTCAGTACGTGAGATATCTT)  

Con_F primer: (CAAATGTTGCTTGTCTGGTG) 

Con_R primer: (GTCAGTCGAGTGCACAGTTT) 

 

Fndc3aGT and Fnd3bGT PCR conditions 

The following protocol was used to detect the presence of the gene-trap (GT) insertion 

cassette in the tm1a conditional alleles of Fndc3aGT and Fnd3bGT mice. Reaction sizes of 30µl 

contained 1x buffer (Promega GoTaq Flexi Buffer), 500µM dNTPs, 3mM MgCl2, 500nM 

3B_GT_cKO_Fwd_2, 500nM 3B_GT_cKO_Rev_2, 1.1 units of GoTaq polymerase (Promega) 

and 2µl of toe DNA digest. Cycling conditions were 95°C, 2 min; followed by 35 cycles of 95°C 

for 1 min, 55°C for 30 sec, and 72°C for 1 min; and a final 72°C for 5 min. 10µl of PCR sample 

was run on 2% agarose gel, stained with ethidium bromide, and imaged using Gel Doc XR 

System. A 636bp PCR product was detected from the GT cassette. 

3B_cKO_GT_Fwd_2 primer: (CCGATCCTCTAGAGTCGAGATCC) 

3B_cKO_GT_Rev_2 primer: (GGCCATTTTCCACCATGATATTC) 

 

Fndc3aFL, Fndc3aDEL, Fnd3bFL, and Fnd3bDEL PCR conditions 

The following protocol was used to genotype Fndc3aFL, Fndc3aDEL, Fnd3bFL, and 

Fnd3bDEL mice. Reaction sizes of 30µl contained 1x buffer (Promega GoTaq Flexi Buffer), 

500µM dNTPs, 3mM MgCl2, 500nM 3a(or 3b)_cKO_Fwd, 500nM 3a(or 3b)_cKO_Rev, 500nM 

3a(or 3b)_cKO_Del_Rev (for Del allele), 1.1 units of GoTaq polymerase (Promega) and 2µl of 

toe DNA digest. Cycling conditions were 95°C, 2 min; followed by 35 cycles of 95°C for 1 min, 

58°C for 30 sec, and 72°C for 1 min; and a final extension 72°C for 5 min. 10µl of PCR sample 

was separated through a 2% agarose gel, stained with ethidium bromide, and imaged using Gel 
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Doc XR System. For Fndc3a, WT=447bp, FL=547bp, and Del=715bp PCR products. For 

Fndc3b, WT=433bp, FL=583bp, and Del=769bp PCR products. 

3a_cKO_Fwd primer: (GACAGACAGAGACAGGAAGGTAAA) 

3a_cKO_Rev primer: (ACATTAAACGATGGGTGAAAGTAA) 

3a_cKO_Del_Rev primer: (ATGATTCAATAATGGTGTCAATCC) 

3b_cKO_Fwd primer: (GATTAAGGCTTATGCACCAGGTTG) 

3b_cKO_Rev primer: (AGAAGCCTTACAGCTCTGCTGTGT) 

3b_cKO_Del_Rev primer: (GCAGAGTCACCAGAGCAGAGTG) 

 

Fndc3aSYS PCR conditions 

The following protocol was used to genotype Fndc3aSYS mice. Reaction sizes of 30µl 

contained 1x buffer (Promega GoTaq Flexi Buffer), 667µM dNTPs, 1.67mM MgCl2, 500nM 3638 

primer, 500nM 3724 primer, 500nM 3866 primer, 1.25 units of GoTaq polymerase (Promega) 

and 2µl of toe DNA digest. Cycling conditions were 95°C, 5 min; followed by 32 cycles of 95°C 

for 30 sec, 58°C for 20 sec, and 72°C for 1 min; and a final extension 72°C for 7 min. 10µl of 

PCR sample was separated through 2% agarose gel, stained with ethidium bromide, and 

imaged using Gel Doc XR System. For Fndc3a, WT=268bp and SYS=210bp PCR products. 

3638 primer: (CTCGCGCACTACTCAGCGACCTCCA) 

3724 primer: (GGAACCACTAGAAGGTCTCAGACAC) 

3866 primer: (TGTGTCTGCTCTGATGTGGGGTTTA) 

 

Fndc3bXK507 PCR conditions 

The following protocol was used to genotype Fndc3BXK507 mice. Reaction sizes of 30µl 

contained 1x buffer (Promega GoTaq Flexi Buffer), 500µM dNTPs, 3mM MgCl2, 500nM 507_A, 

500nM 507_B, 500nM 507_C, 1.1 units of GoTaq polymerase (Promega) and 2µl of toe DNA 

digest. Cycling conditions were 95°C, 2 min; followed by 35 cycles of 95°C for 1 min, 58°C for 
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30 sec, and 72°C for 1 min; and a final extension 72°C for 5 min. 10µl of PCR sample was 

separated through 2% agarose gel, stained with ethidium bromide, and imaged using Gel Doc 

XR System. For Fndc3b, WT=765bp and XK507=500bp PCR products. 

507_A primer: (TGGGGAGCAGAGGAATATTTGGTTTA) 

507_B primer: (CCTGGGGTTCGTGTCCTACAACACA) 

507_C primer: (CTTCAGACCCATCAGCAGGCATCCAA) 

 

3.3 RESULTS 

Fndc3 genes are expressed primarily in developing germ cells in the testis 

 To determine in which cell types FNDC3A and FNDC3B may function during 

spermatogenesis, in situ hybridization was performed on mouse testes using antisense probes 

to detect Fndc3a and Fndc3b transcripts. In situ hybridization revealed Fndc3a transcripts are 

broadly detected in germ cells of wild type mice, and in highest abundance in pachytene 

spermatocytes (Fig. 3.3A-D). Fndc3a expression increases from early to mid-stage pachytene 

spermatocytes in Stage I-III (Fig. 3.3A) and Stage IV-V (Fig. 3.3B), respectively. Fndc3a 

expression peaks in late stage pachytene and diplotene spermatocytes in Stage VI-VIII (Fig. 

3.3C) and Stage IX-XII (Fig. 3.3D) seminiferous tubules, and gradually decreases in spermatids 

progressing through spermiogenesis (Fig 3.3A-D). As expected, no Fndc3a transcript was 

detected in Fndc3asys/sys null mice (Fig. 3.3E). Previous studies have shown translation of mRNA 

in spermatids can be delayed for up to 1 week (Braun et al., 1989). To determine when protein 

expression is highest in germ cells, western blot analyses were performed on prepubertal series 

of testes at ages where spermatogenic progress is known (Bellvé et al., 1977). FNDC3A 

expression in the testis increases most dramatically following postnatal day 15 (when early 

stage pachytene spermatocytes emerge) and increases to peak at P20 (when secondary 

spermatocytes and haploid spermatids begin to emerge), suggesting that FNDC3A is found 
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primarily in mid- to late stage pachytene spermatids (Fig. 3.3K-L). These results indicate 

Fndc3a transcription and translation occurs primarily in mid- to late stage pachytene and 

diplotene spermatocytes. Fndc3a may be transcribed in other somatic cells such as Leydig 

cells, but is difficult to observe by in situ hybridization. Western blot analysis of MA-10 mouse 

Leydig cells indicates FNDC3A is also expressed at lower levels in Leydig cells of the mouse 

testis (M. Pomeroy, MacGregor Lab). 

Fndc3b transcripts are also detected in germ cells, but primarily in elongate spermatids 

(Fig. 3.3F-I). Fndc3b transcription occurs evenly in spermatocytes and round spermatids, 

drastically increases in elongate spermatids in Stage I-III seminiferous tubules (Fig 3.3F), and 

decreases slightly until spermiation (Fig. 3.3H). To determine when Fndc3b is translated, 

western blot analysis was performed on prepubertal testes (Fig 3.3K). FNDC3B expression 

increases dramatically at P20, gradually increases before peaking at P30 (when elongate 

spermatids are found), and decreases after the first wave of spermatogenesis completes. These 

findings indicate FNDC3B may be found as early as pachytene spermatocytes, but is 

predominantly expressed in round and elongate spermatids (Fig. 3.3L). Together, these findings 

indicate both FNDC3A and -3B proteins are expressed primarily in developing germ cells in the 

testis where they may function during spermatogenesis. 

 

Validation of Cre recombinase activity in tissues where Fndc3 genes may function 

Cre/loxP-based experiments are one of the primary genetic approaches for studying 

testis development and function in mice (Smith, 2011). The success of these experiments is 

largely dependent on the choice of Cre transgenic mouse line to specifically target Cre 

recombination in the desired tissue or cell type at the correct time of development. As an 

exogenous gene, Cre expression is dependent on the promoter of choice. In most cases, the 

transgenic constructs use fragments of the promoter of interest, and are therefore susceptible to 

ectopic expression. The random nature of transgene insertion into the host genome can also 
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lead to transgene silencing or possibly affect viability. Further, the spatiotemporal expression of 

Cre in mice can also vary depending on genetic background (Hébert and McConnell, 2000). 

These factors emphasize the importance of validating function of cre recombinase prior to their 

use to perform experiments involving tissue specific gene manipulation. 

To validate expression of Cre recombinase, mice have been generated with Cre-

inducible reporter genes. One such reporter strain is the ROSA26 reporter (R26r), generated by 

homologous recombination of the ROSA26 locus with a construct containing a neo expression 

cassette with a triple polyadenylation sequence flanked by loxP sites immediately upstream of a 

lacZ gene with a polyadenylation sequence (Soriano, 1999). When R26r mice are bred with 

R26Cre mice, also generated by homologous recombination of the ROSA26 locus, ubiquitous 

blue X-Gal staining is observed in R26Cre;R26r embryos at various stages indicating the 

potential expression of the R26r reporter gene in all mouse tissues (Soriano, 1999). 

Based on the expression patterns of Fndc3a and Fndc3b in mouse testes, Stra8Cre 

(Sadate-Ngatchou et al., 2008) and Cyp17iCre (Bridges et al., 2008) transgenic mice were 

selected to target Cre recombination in spermatogonia and Leydig cells, respectively. 

Endogenous Stra8 expression is restricted to both pre-meiotic male and female germ cells and 

is required to compete meiosis (Mark et al., 2008; Oulad-Abdelghani et al., 1996), although the 

Stra8-cre transgene appears only to be expressed in the male but not female germ line. Hence, 

it was anticipated that Stra8Cre expression should be able to mutate floxed alleles of genes to 

test their function in meiotic and post-meiotic male germ cells. Endogenous Cyp17 expression 

begins in the male fetal gonad at e16.5, continues in adult Leydig cells, and is required for sex 

steroid synthesis (Hales et al., 1992; Zhang et al., 2001), indicating Cyp17iCre mediated 

recombination should be fully effective in Leydig cells of adult mice. To verify targeted Cre 

recombinase activity, Stra8Cre and Cyp17iCre hemizygous mice were mated with R26r Cre 

reporter mice, and testes from offspring were sectioned for X-Gal staining. Stra8Cre(+);R26r(+) 

and Cyp17iCre(+);R26r(+) testis sections stain blue in germ cells and Leydig cells, respectively 



 105 

(Fig. 3.4A,C). In contrast, X-Gal staining was not observed in testis sections from 

Stra8Cre(+);R26r(-) and Cyp17iCre(+);R26r(-) mice (Fig. 3.4B,D). These observations indicate 

positive blue staining was due to recombination and activation of the lacZ reporter gene in R26r. 

R26r activation is first observed in some spermatogonia in Stra8Cre(+);R26r(+), but appears to 

stain all subsequent stages of male germ cells, including spermatocytes and spermatids in 

which Fndc3a transcription is observed. 

To perform Cre recombination in all cells of the adult mouse testis, R26Cre-ERT2 mice 

were used which ubiquitously express tamoxifen inducible Cre-ERT2 (Ventura et al., 2007). 

Induction of Cre-ERT2 activity was performed in adult mice with 5mg tamoxifen delivered daily 

via oral gavage for five days. The efficiency of tamoxifen induction was verified using R26-

CreERT2(+);R26r(+) mice, and ubiquitous expression of LacZ in seminiferous tubules observed 

by X-gal stain (Fig. 3.4E). Only background, non-specific X-gal staining was observed in tubules 

from R26-CreERT2(-);R26r(+)  mice gavaged with tamoxifen or R26-CreERT2(+);R26r(+) mice 

gavaged with drug vehicle (10% ethanol in corn oil) (Fig. 3.4E,F). These results confirm efficient 

and specific Cre recombination can be achieved in testis tissues where Fndc3 genes are 

expressed, and in adult mice. 

 

Analysis of effect of strain background of donor blastocyst in production of germline 

transmitting male chimeric mice 

 The ability to generate ES cell derived fertile chimeric mice in which the ES cells are 

able to contribute to the germ line is an important tool to allow the production of mice with 

engineered genetic changes. Generating chimeric mice by injecting embryonic stem (ES) cells 

into blastocysts allowed new possibilities of introducing foreign cells into the developing mouse 

embryo. The ability to modify targeted endogenous genes by homologous recombination was 

demonstrated in mouse ES cells (Doetschman et al., 1987; Thomas and Capecchi, 1987). 
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These targeted mutations were then introduced into mice by injecting modified ES cells into 

blastocysts, and subsequent germline transmission of the planned mutation from chimeric 

offspring (Koller et al., 1989). The process of converting ES cell lines into a whole animal is a 

challenging procedure frequently requiring the participation of a core facility. 

 To investigate methods to refine the conversion of ES cells into mice, the UCI 

Transgenic Mouse Facility (TMF) compared the production and performance of chimeric mice 

produced by injection of JM8.N4 (C57BL/6NTac) derived ES cells into blastocysts from either 

C57BL/6J (B6J) or C57BL/6NTac (B6NTac) mice (Fielder et al., 2012). Although B6J and 

B6NTac chimeras were produced with similar efficiency, B6J chimeric males had fewer 

developmental abnormalities in urogenital and reproductive tissues compared to B6NTac 

chimeric males. B6J chimeric males also performed as well as or better than B6NTac chimeric 

males, with improved fertility (86% B6J vs. 55% B6NTac) and germline transmission of ES cell-

derived lineage (64% vs. 36%). These findings indicate better results can be obtained by the 

use of B6J blastocysts over B6NTac, and possibly other C57BL/6 sub-strains, for microinjection 

of ES cells. 

To determine whether there was a correlation between contribution of ES cells to the 

testis and germline transmission of ES cell-derived gametes, I isolated total genomic DNA from 

testes of the chimeric mice, and performed qPCR analysis to measure the relative ratio of neo 

(derived from JM8.N4_2H5 ES cells) and a locus (Ant1) present in both ES cells and host 

blastocyst (Fig. 3.5, modified and published in (Fielder et al., 2012) - see Appendix I). Each 

germline transmitting chimera had at least 30% contribution of ES cell-derived DNA in the testis, 

although 1/11 animals with >30% contribution did not transmit ES cell-derived neo. Two B6J 

males with approximately 20% contribution of ES cell-derived DNA were fertile but did not 

transmit ES cell-derived gametes during breeding analysis. I also quantified ES cell contribution 

to tissues from different germ layers, and found that in 6/11 B6J chimeras the ES cell 

contribution to lung (endoderm), brain (ectoderm), and heart (mesoderm) was similar or slightly 
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greater than in testis (Fig. 3.5). These results indicate that a threshold of 30% ES cell 

contribution to tissues may be a useful predictor for determining whether a chimeric male may 

transmit ES cell-derived gametes to offspring. Based on the similar proportion of ES cell 

contribution observed in organs from different germ layers, it may be feasible to quantify ES cell 

contribution by qPCR analysis of tail biopsies in order to predict germline transmission by 

chimeric mice. 

 

Generation and verification of conditional null alleles for Fndc3a and Fndc3b in mice 

Studies to investigate tissue specific and adult functions of FNDC3A and FNDC3B can 

be accomplished with mice containing a conditional null allele of Fndc3a and Fndc3b. To 

generate these mice, JM8A3 mouse ES cells containing conditional Fndc3 alleles were obtained 

from the European Conditional Mouse Mutagenesis Program (EUCOMM). The Fndc3a ES cells 

are heterozygous for a “mutant first” allele (Fndc3aGT), consisting of a gene trap cassette 

flanked by FRT sites upstream of Fndc3a exons 8 and 9, and loxP sites flanking exons 8 and 9 

(Fig. 3.6A). The Fndc3b ES cells are heterozygous for FndcbGT, containing a gene trap cassette 

flanked by FRT sites upstream of exon 8, and loxP sites flanking exon 8 (Fig. 3.6B). The UCI 

Transgenic Mouse Facility validated correct targeting of the Fndc3a and Fndc3b alleles in a 

sub-set of these ES cell clones by Southern blot analysis, and generated chimeric mice 

following injection into B6J blastocysts. Germline transmission of the Fndc3aGT and Fndc3bGT 

alleles was confirmed by mating chimeric males to C57BL/6JMgrEi (B6ME) females. To remove 

the gene trap cassettes, Fndc3aGT/+ and Fndc3bGT/+ mice were bred with mice that ubiquitously 

express FLPe recombinase. FLPe mediates recombination of the FRT sites, deleting the 

intervening gene-trap sequences, thereby producing Fndc3a and Fndc3b floxed alleles 

(Fndc3aFL and Fndc3bFL, Fig. 3.6A,B). Successful FLPe mediated recombination and generation 

of the Fndc3aFL and Fndc3bFL alleles was confirmed by PCR genotyping. 
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To confirm wild type function of the Fndc3aFL allele, Fndc3aFL mice were mated with 

Fndc3asys mice to generate Fndc3aFL/sys mice. Fertility in compound heterozygous Fndc3aFL/sys 

male mice (n= >3) was analyzed via test mating with B6ME background females to demonstrate 

fertility and mature spermatozoa were also found in vasa deferentia from Fndc3aFL/sys mice (Fig. 

3.7), indicating that one copy of the Fndc3aFL allele is sufficient for spermatogenesis. The 

Fndc3aFL allele contains loxP sites flanking exons 8 and 9 (Fig. 3.6A). Removal of these exons 

by Cre recombinase generates the Fndc3aDel allele (Fig. 3.6A), resulting in a frame shift 

mutation causing early termination of protein translation and possibly nonsense-mediated decay 

of Fndc3aDel transcripts. To generate Fndc3aDel/+ mice, Fndc3aFL mice were mated with PrmCre 

mice (O'Gorman et al., 1997) that express Cre in spermatids. Fndc3aDel/+ mice generated from 

their offspring were genotyped by PCR to verify deletion, and were crossed with Fndc3asys mice 

to generate compound heterozygous Fndc3aDel/sys mice. Male Fndc3aDel/sys mice were sterile 

(n=3) being able to plug, but unable to sire offspring when mated with multiple wild type 

females. In addition, their vasa deferentia contained spermatid symplasts instead of mature 

spermatozoa (Fig. 3.7), indicating that the Fndc3aDel allele cannot support male fertility. 

To determine whether Fndc3a expression is lost in Fndc3aDel/sys testes, in situ 

hybridization was performed to detect Fndc3a mRNA. Interestingly, similar levels of Fndc3a 

mRNA products were detected in Fndc3aDel/sys testes (n=3, Fig. 3.8E-G) relative to Fndc3a(+/+) 

testes (Fig. 3.8A,B). As expected, no Fndc3a mRNA was detected in Fndc3asys/sys animals (Fig. 

3.8C,D). This indicates that the Fndc3aDel allele produces a significant amount of mRNA product 

present in Fndc3aDel/sys testes and that the mutated transcript produced by the Fndc3aDel allele is 

not subject to non-sense mediated decay at an appreciable level. To verify loss of FNDC3A 

expression following recombination of the Fndc3aFL allele, western blot analysis was performed 

on testes and pancreas from Fndc3aDel/sys mice. Pancreas was selected because this tissue has 

the highest level of FNDC3A protein and would therefore be a sensitive indicator of residual 

FNDC3A from the DEL allele of Fndc3a. Consistent with tissues from Fndc3asys/sys mice, no 
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FNDC3A protein was detected in either testes or pancreas from three individual Fndc3aDel/sys 

mice (Fig. 3.9A). I mentored a former BIT Undergraduate Summer Research student to perform 

a quantitative analysis of this western blot for pancreas and detected no FNDC3A protein over 

background noise in Fndc3asys/sys or Fndc3aDel/sys pancreas (Fig. 3.9B). These results confirm 

Fndc3aFL is a conditional null allele. 

The Fndc3bFL allele contains loxP sites flanking exon 8 (Fig. 3.6B). Removal of exon 8 

by Cre-mediated recombination generates the Fndc3bDel allele (Fig. 3.6B), resulting in a frame 

shift mutation causing early termination of protein translation. To generate Fndc3bDel/+ mice, 

Fndc3bFL mice were mated with PrmCre mice (O'Gorman et al., 1997) that express Cre in 

spermatids. Deletion of exon 8 by Cre recombinase was verified by PCR genotyping (Fig. 3.10). 

Consistent with mice homozygous for the Fndc3bXK507 gene-trap allele, all Fndc3bDEL/XK507 (n=8) 

and Fndc3bDEL/DEL (n=5) mice died at or shortly after birth with lungs that fail to inflate and sink in 

phosphate buffered saline solution (C. Yi, J. Masumi, K. Waymire, MacGregor Lab). These 

findings indicated Fndc3bDEL is not sufficient for neonatal survival, and is a non-functional null 

allele for Fndc3b. In contrast, Fndc3bFL/DEL mice are viable (n=>3) and a colony of Fndc3bFL/FL 

mice have been maintained for several generations, indicating wild-type function of the 

Fndc3bFL allele. Measuring loss of Fndc3b transcription by in situ hybridization was not 

attempted based on previous results detecting Fndc3aDEL transcripts. Western blot analysis was 

not performed on Fndc3bDEL tissues do to limited availability of antibodies against FNDC3B. 

However, the fact that both Fndc3bDEL/XK507 and Fndc3bDEL/DEL mice phenocopy homozygous 

Fndc3bXK507 gene-trap mice indicates Fndc3bDEL is a functionally null allele. 
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3.4 DISCUSSION 

Fndc3 genes are expressed primarily in developing germ cells in the testis 

 Fndc3a mRNA was found primarily in pachytene spermatocytes and FNDC3A protein 

expression increases most dramatically when pachytene spermatocytes emerge and peaks 

when secondary spermatocytes and haploid spermatids begin to emerge. These findings 

suggest that Fndc3a transcription and translation occurs primarily in pachytene spermatocytes. 

However, a previous study from our lab showed that FNDC3A is not observed in pachytene 

spermatocytes, and instead localizes to the acrosome beginning with step 2-3 round spermatids 

until step 12 of spermiogenesis appearing as cytosolic droplets in elongate spermatids (Obholz 

et al., 2006). The staining pattern is unlikely to be nonspecific, as staining was not observed in 

Fndc3asys/sys testes. One possibility is that the antibody used in the previous study was unable to 

detect FNDC3A in meiotic germ cells. The in situ hybridization data showing Fndc3a transcripts 

primarily in pachytene spermatocytes and immunohistochemistry detecting FNDC3A in 

spermatids is unlikely to be due to a delay between Fndc3a transcription and translation based 

on results of the western analysis. Further studies are required to determine whether the results 

from the prepubertal series of testes western blots are compatible with previous 

immunohistochemistry data. One possibility is that FNDC3A translation is unusually high in 

pachytene spermatocytes during the first wave of spermatogenesis, and in subsequent waves 

of spermatogenesis translation may occur primarily in spermatids. Previous studies have shown 

that the first wave of spermatogenesis in rodents is unique and initiates from gonocytes that do 

not express the transcription factor neurogenin 3 (Ngn3), whereas all subsequent waves of 

spermatogenesis derive from Ngn3+ spermatogonia (Yoshida et al., 2006). Further studies 

using immunohistochemistry to compare FNDC3A localization in prepubertal versus adult testes 

can determine whether FNDC3A translation is unique during the first wave of spermatogenesis. 

However it should be noted that in Fndc3asys/sys mice, round spermatids symplasts form at 
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similar stages of development during the first wave of spermatogenesis and in later waves in 

adult mice, suggesting that FNDC3A function is required at similar stages of development in all 

waves of spermatogenesis. 

 Fndc3b is evenly transcribed in spermatocytes and round spermatids, before drastically 

increasing in elongate spermatids and gradually decreasing prior to spermiation. FNDC3B 

protein may be found as early as pachytene spermatocytes, but appears to be expressed 

primarily in round and elongate spermatids. Fndc3b transcription and translation occurs slightly 

later than Fndc3a, but expression overlaps particularly in pachytene spermatocytes and round 

spermatids. Similar to Fndc3a, there does not appear to be a delay between Fndc3b 

transcription and translation. Future studies using immunohistochemistry with a suitable 

antibody and fixation protocol could determine in which stage of spermatogenesis FNDC3B is 

expressed, and if a delay between Fndc3b transcription and translation occurs. The overlap in 

expression of FNDC3A and FNDC3B in round spermatids raises the interesting possibility that 

both proteins may function at the same time as when round spermatid symplasts form in 

Fndc3asys/sys mice. If so, this indicates FNDC3B alone is unable to support spermatogenesis in 

Fndc3asys/sys mice, and studies in Fndc3a and Fndc3b MEFs suggest that upregulation of Fndc3 

expression does not occur to compensate for the absence of either paralog. As shown in 

Chapter 2, Fndc3a is transcribed at much higher levels than Fndc3b in testis but less FNDC3A 

protein is expressed than Fndc3b, suggesting independent post-transcriptional or post-

translation regulation of Fndc3a and Fndc3b. These observations suggest FNDC3 proteins do 

not have redundant functions in spermatogenesis, which could be directly tested by disrupting 

both Fndc3a and Fndc3b at the same time in male germ cells. Alternatively, spermatogenic 

defects in Fndc3asys/sys mice may be due to inappropriate protein interactions with FNDC3B that 

occur in the absence of FNDC3A. Biochemical studies comparing interacting proteins for 

FNDC3A and FNDC3B will identify common interacting proteins, indicating possible 
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mechanisms where a balance between FNDC3A and FNDC3B concentration may be required 

to maintain homeostasis. 

 

Preliminary studies before Cre/loxP-based determining tissue specific functions of 

Fndc3 genes 

 Previous studies on FNDC3 proteins were limited to analysis of non-conditional null 

allele (e.g. Fndc3asys and Fndc3bXK507) mice. Fndc3a and Fndc3b are expressed in male haploid 

germ cells, and Fndc3a is also expressed in Leydig cells. To determine whether a Cre/loxP-

based approach may be used in either of these tissues, I verified Cre activity in male germ cells 

and Leydig cells in Stra8Cre and Cyp17iCre mice. To determine whether Fndc3 genes are 

continuously required to maintain adult spermatogenesis, I also generated a protocol for 

efficient induction of Cre recombinase activity in R26CreERT2 mouse seminiferous tubules. I 

also contributed to a study by the UCI Transgenic Mouse Facility to develop procedures used to 

efficiently generate mouse chimeras from ES cells containing conditional alleles for Fndc3a and 

Fndc3b. I generated conditional null Fndc3a and Fndc3b mice from mouse chimeras, and 

confirmed wild-type function before and loss-of-function after Cre-mediated recombination of 

these alleles by genetic complementation analysis of compound heterozygous mice. With these 

preliminary studies completed successfully, I next determined where and when Fndc3 genes 

are required for mouse spermatogenesis, as described in Chapter Four. 
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Fig 3.1 Abnormal morphology and increased lipid content in Leydig cells of Fndc3asys/sys 

mice (images from K. Obholz and L. Guy, Macgregor Lab). 

PAS-H staining of testis sections reveal abnormal morphology and increased size of Leydig 

cells in Fndc3asys/sys (B) mice relative to wild-type (A) mice. Oil red O staining reveals increased 

lipid accumulation in Leydig cells of Fndc3asys/sys (D) mice relative to wild-type (C) mice. 
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Fig 3.2 Expression of Fndc3bXK507 in neonatal mouse heart and lungs (images from D. 

Tirrell and K. Waymire, Macgregor Lab). 

X-gal staining of lungs and heart from wild-type (A) and Fndc3bXK507/+ (B) postnatal day 0 mice. 

Histology of X-gal stained wild-type (C) and Fndc3bXK507/+ (D-H) heart and lungs counterstained 

with neutral red. Positive X-gal staining observed in walls of ventricle, atrium, and adjacent lung 

(D); ventricular trabeculae (E); atrial trabeculae (F); lung (G); and lung at higher magnification 

(H) in Fndc3bXK507/+ mice. 
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Fig 3.3 Expression of Fndc3a and Fndc3b in prepubertal and adult mouse testis.  

(A-J) RNA in situ hybridization against Fndc3a (A-E) and Fndc3b (F-J) in adult mouse testis.  

Panels illustrate presence of Fndc3a or Fndc3b transcripts during different stages of mouse 

spermatogenesis: Stage I-III (A,F), Stage IV-V (B,G), Stage VI-VIII (C,H), and Stage IX-XII (D,I). 

(E) As negative controls, tissue sections from Fndc3asys/sys (i.e. null mutant) mice were 

hybridized with the same batch of Fndc3a 3' UTR probe. (J) As Fndc3b null animals die at birth, 

the probe was omitted as a negative control for the Fndc3b in situ hybridization. (K,M) 

Expression of FNDC3A and FNDC3B protein in pre-pubertal mice. (L,N) The amount of 

FNDC3A and -3B protein was quantified relative to alpha-tubulin. 
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Fig 3.4 Transgenic Cre Mice Enable Tissue-specific Recombination of Floxed Alleles.  

(A-D) X-Gal staining of frozen sections of testes from (A) R26r(+);Stra8Cre(+), (B) R26r(-

);Stra8Cre(+) (C) R26r(+);Cyp17iCre(+), and (D) R26r(-);Cyp17iCre(+) mice. Stra8Cre (A) and 

Cyp17iCre (C) activity is reported by positive X-Gal staining in germ cells and Leydig cells, 

respectively. No X-Gal staining is observed with either Cre transgene in the absence of R26r 

(B,D). X-Gal staining of whole disaggregated seminiferous tubules dissected from (E) 

R26r(+);R26-CreERT2(+) and (G) R26r(+);R26-CreERT2(-) mice following tamoxifen induction, 

and (F) R26r(+); R26-CreERT2(+) mouse treated with 10% ethanol/corn oil. Tamoxifen induces 

ubiquitous CreERT2 activity as reported by positive X-Gal staining in (E) R26r(+);R26-

CreERT2(+) tubules that is absent in (G) R26r(+);R26-CreERT2(-) tubules. No endogenous 

CreERT2 activity is observed in the absence of tamoxifen, as observed in tubules from (F) 

R26r(+);R26-CreERT2(+) mice treated with ethanol/corn oil alone in which only background faint 

X-gal staining is observed. 
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Fig 3.5 Quantification of relative amount of neo DNA in somatic tissues and testis in 

chimeric animals. 

Each bar chart represents the amount of neo derived from ES cells relative to Ant1 derived from 

both ES cells and host blastocyst in total DNA isolated from a testis, brain, heart or lung from 

the indicated chimeras. Values represent the mean of three experimental replicates and error 

bars represent two standard deviations. A value of 0.4 corresponds to 40 % of the DNA 

originating from ES cell derivatives. 
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Fig 3.6 Conditional null alleles for Fndc3a and Fndc3b.  

(A) Cartoon depicting domains of FNDC3A, along with gene map of Fndc3a introns and exons. 

The Fndc3aGT allele contains a lacZ gene-trap cassette and selectable marker between exons 7 

and 8, flanked by FRT sites. Removal of the gene-trap by Flp mediated recombination 

generates the Fndc3aFL allele. The Fndc3aFL allele contains loxP sites flanking exons 8 and 9, 

and Cre mediated recombination results in deletion of exons 8 and 9 causing a frameshift 

mutation in the Fndc3aDEL allele and early termination of protein translation. (B) Cartoon 

depicting domains of FNDC3B, along with gene map of Fndc3b introns and exons. The 

Fndc3bGT allele contains a lacZ gene-trap cassette and selectable marker between exons 7 and 

8, flanked by FRT sites. Removal of the gene-trap by Flp mediated recombination generates the 

Fndc3bFL allele. The Fndc3bFL allele contains loxP sites flanking exon 8, and Cre mediated 

recombination results in deletion of exons 8 causing a frameshift mutation in the Fndc3bDEL 

allele and early termination of protein translation. Also shown is the Fndc3bXK507 allele, 

containing a lacZ gene-trap between exons 2 and 3. 
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Fig 3.7 One copy of the Fndc3aFL allele is sufficient for male fertility, and the Fndc3aDEL 

allele is not sufficient for spermatogenesis.  

(A-C) Male Fndc3aDEL/sys mice are sterile, and vasa deferentia from 3 individual Fndc3aDEL/sys 

mice lack mature spermatozoa and contain germ cell symplasts. (D) Male Fndc3aFL/sys mice are 

fertile, with vasa deferentia containing mature spermatozoa. Scale bar represents 100µm. 
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Fig 3.8 Detection of transcription from the Fndc3aDel allele by in situ hybridization.  

In situ hybridization detects Fndc3a mRNA expression in seminiferous tubules from adult mouse 

testes from Fndc3a(+/+) (A,B) and Fndc3aDEL/sys mice (E,F,G) but not in Fndc3asys/sys (C,D) mice, 

indicating Fndc3aDEL transcripts persist. 
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Fig 3.9 Fndc3aDEL is a null allele for Fndc3a.  

(A) Western blot against FNDC3A (green) and α-Tubulin (red) detects no FNDC3A expression 

from the recombined Fndc3aDel allele in either testis or pancreas. (B) Quantitative data for 

FNDC3A expression in pancreas from western blot in (A). Quantitative analysis performed by F. 

Phung, MacGregor Lab. 
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Fig 3.10 Verification of Cre-mediated recombination of the Fndc3bFL allele to generate the 

Fndc3bDel allele.  

(A) Overview of the wild-type, Fndc3bGT, Fndc3bFL, and Fndc3bDel alleles. (B) Germline 

recombination of Fndc3bFL by PrmCre is verified by the detection of the Fndc3bDel allele. For 

Fndc3b, WT=433bp, FL=583bp, and Del=769bp PCR products. 

  



 132 

  

 



 133 

3.5 BIBLIOGRAPHY 
 
Bellvé, A.R., Cavicchia, J.C., Millette, C.F., O'Brien, D.A., Bhatnagar, Y.M., and Dym, M. (1977). 
Spermatogenic cells of the prepuberal mouse. Isolation and morphological characterization. The 
Journal of Cell Biology 74, 68–85. 

Branda, C.S., and Dymecki, S.M. (2004). Talking about a revolution: The impact of site-specific 
recombinases on genetic analyses in mice. Dev. Cell 6, 7–28. 

Braun, R.E., Peschon, J.J., Behringer, R.R., Brinster, R.L., and Palmiter, R.D. (1989). 
Protamine 3'-untranslated sequences regulate temporal translational control and subcellular 
localization of growth hormone in spermatids of transgenic mice. Genes & Development 3, 793–
802. 

Bridges, P.J., Koo, Y., Kang, D.-W., Hudgins-Spivey, S., Lan, Z.-J., Xu, X., DeMayo, F., 
Cooney, A., and Ko, C. (2008). Generation of Cyp17iCre transgenic mice and their application 
to conditionally delete estrogen receptor alpha (Esr1) from the ovary and testis. Genesis 46, 
499–505. 

Doetschman, T., Gregg, R.G., Maeda, N., Hooper, M.L., Melton, D.W., Thompson, S., and 
Smithies, O. (1987). Targetted correction of a mutant HPRT gene in mouse embryonic stem 
cells. Nature 330, 576–578. 

Feil, R., Brocard, J., Mascrez, B., LeMeur, M., Metzger, D., and Chambon, P. (1996). Ligand-
activated site-specific recombination in mice. Proc. Natl. Acad. Sci. U.S.a. 93, 10887–10890. 

Feil, S., Valtcheva, N., and Feil, R. (2009). Inducible Cre mice. Methods Mol. Biol. 530, 343–
363. 

Fielder, T.J., Yi, C.S., Masumi, J., Waymire, K.G., Chen, H.-W., Wang, S., Shi, K.-X., Wallace, 
D.C., and MacGregor, G.R. (2012). Comparison of male chimeric mice generated from 
microinjection of JM8.N4 embryonic stem cells into C57BL/6J and C57BL/6NTac blastocysts. 
Transgenic Res. 21, 1149–1158. 

Hales, D.B., Xiong, Y., and Tur-Kaspa, I. (1992). The role of cytokines in the regulation of 
Leydig cell P450c17 gene expression. J. Steroid Biochem. Mol. Biol. 43, 907–914. 

Hébert, J.M., and McConnell, S.K. (2000). Targeting of cre to the Foxg1 (BF-1) locus mediates 
loxP recombination in the telencephalon and other developing head structures. Developmental 
Biology 222, 296–306. 

Koller, B.H., Hagemann, L.J., Doetschman, T., Hagaman, J.R., Huang, S., Williams, P.J., First, 
N.L., Maeda, N., and Smithies, O. (1989). Germ-line transmission of a planned alteration made 
in a hypoxanthine phosphoribosyltransferase gene by homologous recombination in embryonic 
stem cells. Proc. Natl. Acad. Sci. U.S.a. 86, 8927–8931. 

Lakso, M., Sauer, B., Mosinger, B., Lee, E.J., Manning, R.W., Yu, S.H., Mulder, K.L., and 
Westphal, H. (1992). Targeted oncogene activation by site-specific recombination in transgenic 
mice. Proc. Natl. Acad. Sci. U.S.a. 89, 6232–6236. 

MacGregor, G.R. (2002). An extreme bias in the germ line of XY C57BL/6<->XY FVB/N 



 134 

chimaeric mice. Reproduction 124, 377–386. 

MacGregor, G.R., Russell, L.D., Van Beek, M.E., Hanten, G.R., Kovac, M.J., Kozak, C.A., 
Meistrich, M.L., and Overbeek, P.A. (1990). Symplastic spermatids (sys): a recessive insertional 
mutation in mice causing a defect in spermatogenesis. Proc. Natl. Acad. Sci. U.S.a. 87, 5016–
5020. 

Mark, M., Jacobs, H., Oulad-Abdelghani, M., Dennefeld, C., Feret, B., Vernet, N., Codreanu, 
C.A., Chambon, P., and Ghyselinck, N.B. (2008). STRA8-deficient spermatocytes initiate, but 
fail to complete, meiosis and undergo premature chromosome condensation. Journal of Cell 
Science 121, 3233–3242. 

Nagy, A. (2000). Cre recombinase: the universal reagent for genome tailoring. Genesis 26, 99–
109. 

Nagy, A., Mar, L., and Watts, G. (2009). Creation and use of a cre recombinase transgenic 
database. Methods Mol. Biol. 530, 365–378. 

O'Gorman, S., Dagenais, N.A., Qian, M., and Marchuk, Y. (1997). Protamine-Cre recombinase 
transgenes efficiently recombine target sequences in the male germ line of mice, but not in 
embryonic stem cells. Proc. Natl. Acad. Sci. U.S.a. 94, 14602–14607. 

Obholz, K.L., Akopyan, A., Waymire, K.G., and MacGregor, G.R. (2006). FNDC3A is required 
for adhesion between spermatids and Sertoli cells☆. Developmental Biology 298, 498–513. 

Orban, P.C., Chui, D., and Marth, J.D. (1992). Tissue- and site-specific DNA recombination in 
transgenic mice. Proc. Natl. Acad. Sci. U.S.a. 89, 6861–6865. 

Oulad-Abdelghani, M., Bouillet, P., Décimo, D., Gansmuller, A., Heyberger, S., Dollé, P., 
Bronner, S., Lutz, Y., and Chambon, P. (1996). Characterization of a premeiotic germ cell-
specific cytoplasmic protein encoded by Stra8, a novel retinoic acid-responsive gene. The 
Journal of Cell Biology 135, 469–477. 

Sadate-Ngatchou, P.I., Payne, C.J., Dearth, A.T., and Braun, R.E. (2008). Cre recombinase 
activity specific to postnatal, premeiotic male germ cells in transgenic mice. Genesis 46, 738–
742. 

Sauer, B., and Henderson, N. (1988). Site-specific DNA recombination in mammalian cells by 
the Cre recombinase of bacteriophage P1. Proc. Natl. Acad. Sci. U.S.a. 85, 5166–5170. 

Sauer, B., and Henderson, N. (1989). Cre-stimulated recombination at loxP-containing DNA 
sequences placed into the mammalian genome. Nucleic Acids Res. 17, 147–161. 

Smith, L. (2011). Good planning and serendipity: exploiting the Cre/Lox system in the testis. 
Reproduction 141, 151–161. 

Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat. 
Genet. 21, 70–71. 

Thomas, K.R., and Capecchi, M.R. (1987). Site-directed mutagenesis by gene targeting in 
mouse embryo-derived stem cells. Cell 51, 503–512. 



 135 

Ventura, A., Kirsch, D.G., McLaughlin, M.E., Tuveson, D.A., Grimm, J., Lintault, L., Newman, J., 
Reczek, E.E., Weissleder, R., and Jacks, T. (2007). Restoration of p53 function leads to tumour 
regression in vivo. Nature 445, 661–665. 

Yoshida, S., Sukeno, M., Nakagawa, T., Ohbo, K., Nagamatsu, G., Suda, T., and Nabeshima, 
Y.-I. (2006). The first round of mouse spermatogenesis is a distinctive program that lacks the 
self-renewing spermatogonia stage. Development 133, 1495–1505. 

Zhang, P., Compagnone, N.A., Fiore, C., Vigne, J.L., Culp, P., Musci, T.J., and Mellon, S.H. 
(2001). Developmental gonadal expression of the transcription factor SET and its target gene, 
P450c17 (17alpha-hydroxylase/c17,20 lyase). DNA Cell Biol. 20, 613–624. 

 



 136 

CHAPTER 4 

Fndc3a, but not Fndc3b, is required in germ cells for 

spermatogenesis 

4.1 INTRODUCTION 

The expression of Fndc3a in male germ cells raises the possibility that Fndc3a has a 

germ cell intrinsic function during spermatogenesis. Sterility in male mice lacking Fndc3a is 

associated with the opening of spermatid intercellular bridges (ICBs) and failure in spermatid-

Sertoli cell adhesion. 

 

Potential germ cell-intrinsic functions of FNDC3A in maintaining spermatid intercellular 

bridges 

The formation of stable ICBs between daughter cells during gametogenesis is conserved 

in diverse species from fruit flies to humans (Greenbaum et al., 2011). Previous studies have 

identified germ cell-intrinsic factors required for formation of stable ICBs. Male mice lacking 

Tex14 are sterile due to the failure in formation of ICBs in mitotic spermatogonia (Greenbaum et 

al., 2006). Interestingly, in male mice lacking Tex14 spermatogonia still differentiate and amplify 

by mitosis, but do so in the absence of intercellular bridges and undergo complete cytokinesis 

(Greenbaum et al., 2009). In somatic cells, abscission at the end of cytokinesis requires the 

interaction of ALIX, and TSG101 with CEP55, a stable component of germ cell ICBs. TEX14 

binds CEP55 thereby blocking ALIX and TSG101 from interacting with CEP55 at the midbody of 

germ cells (Iwamori et al., 2010). By doing so, TEX14 inhibits the completion of cytokinesis and 

stabilizes the transient ICB. (Fig. 1.17). MgcRac-GAP and TEX14 co-localize as ring structures 

in ICBs connecting male germ cells (Greenbaum et al., 2006; Lorès et al., 2014). Both TEX14 

null and MgcRac-GAP germ cell-specific null male mice are sterile and contain germ cells that 

undergo meiotic arrest due to failure in formation of ICBs. 
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Remarkably, the ultra-structure of the ICB evolves during spermatogenesis (Weber and 

Russell, 1987). The most prominent feature of germ cell ICBs observed by electron microscopy 

is the bridge density, a layer of electron dense material that underlies the plasma membrane 

surrounding male germ cell ICBs. In spermatids the bridge density reorganizes into multiple 

bridge densities that encircle the bridge, with each bridge density associated with actin filaments 

and smooth ER cisternae. When the actin cytoskeleton is disrupted by intra-testicular injection 

of cytochalasin D, the ultra-structure of ICBs is disrupted and symplasts of round spermatids 

form (Russell et al., 1987). Although both TEX14 and MgcRac-GAP are stable components of 

male germ cell ICBs, it is currently unknown if either protein localizes to bridge densities or how 

loss of function of either protein affects the ultra-structure of ICBs. However TEX14 appears to 

be an integral component of male germ cell ICBs as recent studies have identified TEX14 ring 

structure defects in mutations that cause formation of symplasts in mitotic, meiotic, and post-

meiotic male germ cells (Fujiwara et al., 2013; Lorès et al., 2014; Rabionet et al., 2015). In 

Fndc3asys/sys mice spermatid ICBs widen prior to symplast formation (Russell et al., 1991), 

possibly due to TEX14 and/or actin filament dysfunction. These studies indicate possible germ 

cell-intrinsic mechanisms that require FNDC3A for the maintenance of spermatid ICBs. 

 Additional studies have identified the importance of specialized lipids for maintainance of 

spermatid intercellular bridges. After transitioning to the adluminal compartment of the 

seminiferous epithelium during the preleptotene stage of spermatocytes, male germ cells begin 

to produce specialized glycosphingolipids with ultra long chain-polyunsaturated fatty acids 

(ULC-PUFA) containing 26-32 carbon atoms and 4-6 double bonds. These complex 

glycosphingolipids containing ULC-PUFA are not found in the somatic cells of the testis or in 

spermatogonia and preleptotene spermatocytes (Rabionet et al., 2008). Mice unable to produce 

ULC-PUFA’s (Zadravec et al., 2011) or complex glycosphingolipids containing ULC-PUFA’s 

(Sandhoff et al., 2005) are sterile due to spermatogenic failure. In the testis ceramide synthase 

3 (CerS3) is expressed in germ cells after crossing the blood-testis barrier, and is required for 
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synthesis of ULC-PUFA ceramide and ULC-PUFA glycosphingolipids derived from ULC-PUFA 

ceramide. Interestingly male germ cells that fail to produce either ceramide containing ULC-

PUFA (germ cell-specific CerS3 null mice) (Rabionet et al., 2015) or complex glycosphingolipids 

(Galgt1 null mice) (Sandhoff et al., 2005) fail to maintain meiotic intercellular bridges and form 

symplasts of round spermatids, a phenotype similar to that observed in Fndc3a mutant mice. In 

mice that fail to produce either ULC-PUFA sphingolipids or glycosphingolipids, TEX14 rings 

were shown to widen in diameter resulting in symplast formation (Rabionet et al., 2015). The 

consistent observation of intercellular bridge failure and round spermatid symplast formation in 

Fndc3asys/sys mice raise the additional possibility that Fndc3a is required in germ cells for ULC-

PUFA glycosphingolipid synthesis. 

 

Possible germ cell-intrinsic functions of FNDC3A in maintaining spermatid-Sertoli cell 

adhesion 

Maintenance of spermatid-Sertoli cell adhesion is required for the completion of 

spermatogenesis. Beginning with step 8 of spermiogenesis, the apical ES is the sole structure 

that maintains adhesion between elongating spermatids and Sertoli cells. In Fndc3asys/sys mice 

spermatid-Sertoli cell adhesion is not normally maintained beyond step 8 of spermiogenesis, 

indicating Fndc3a is required for apical ES function (Obholz et al., 2006). The apical ES forms in 

tight apposition to the acrosome of round spermatids, and extends in response to acrosome 

expansion between steps 9 through 12 of spermiogenesis (Russell, 1977). FNDC3A localizes to 

the acrosome of elongating spermatids, indicating FNDC3A may function at the acrosome to 

mediate apical ES-spermatid adhesion. Since several of the cell adhesion protein complexes at 

the apical ES are known to be associated with the actin cytoskeleton, it may be possible that 

FNDC3A functions by regulating the actin cytoskeleton in spermatids to maintain spermatid-

Sertoli cell adhesion. 
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Possible germ cell-intrinsic functions of FNDC3B 

 As shown in Chapter 3, Fndc3b is transcribed in spermatocytes and round spermatids, 

and at higher levels in elongate spermatids (Fig. 3.1F-I). FNDC3B protein abundance in 

prepubertal testes increases at P20, peaks at P30, and decreases upon completion of the first 

wave of spermatogenesis (Fig. 3.1L). These observations indicate FNDC3B protein is 

expressed as early as pachytene spermatocytes, but expression occurs primarily in round and 

elongate spermatids. Hence, Fndc3b may be required in a germ cell-intrinsic manner for 

spermatogenesis. Due to rapid postnatal death in mice lacking Fndc3b (Nishizuka et al., 2009), 

adult functions of Fndc3b could not be investigated using mice with a non-conditional null allele 

of Fndc3b. Mice with a Cre-conditional mutant allele of Fndc3b described in Chapter 3 now 

allows us to investigate whether Fndc3b is required for male fertility. 

 

The expression patterns of both Fndc3a and Fndc3b raise the possibility they have germ 

cell intrinsic functions in spermatogenesis. To investigate these possibilities, in this chapter I 

describe results of experiments in which Fndc3a and Fndc3b conditional null mice were mated 

with Stra8Cre transgenic mice to induce Cre-mediated recombination and deletion of Fndc3a 

and Fndc3b in spermatogonia. Test mating of fertility, genotyping, histology and molecular 

analyses were used to demonstrate that Fndc3a, but not Fndc3b, is required in germ cells for 

male fertility. Defects in Stra8Cre(+);Fndc3aFL/sys mutant mice are consistent with defects in 

Fndc3asys mice, indicating Fndc3a is required in germ cells for maintaining ICBs and spermatid-

Sertoli cell adhesion. The function of Fndc3a in germ cells was investigated by assessing the 

status of known mechanisms required for maintaining male germ ICBs. The results indicate a 

novel function of FNDC3A in male germ cells. 
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4.2 MATERIALS AND METHODS 

Mice 

The Fndc3asys allele is a deletion of 1.24 Mb of chromosome 14 which contains only one 

gene, Fndc3a (Obholz et al., 2006). The Fndc3asys allele has been backcrossed on a C57BL/6 

(B6) Nnt wild-type background for > 20 generations. Mice with floxed conditional mutant allele of 

Fndc3a and Fndc3b were generated as described in Chapter 3. Stra8Cre mice were obtained 

from the Jackson Laboratory (Bar Harbor, ME). Cre recombination was verified using R26R Cre 

reporter mice (Soriano, 1999). 

 

Histology of testis and analysis of contents of vas deferens 

Testes were isolated and fixed by immersion in Bouin’s fluid at 4°C. After 4 hours of 

fixation, testes were cut into transverse halves and poles (~10% of each pole) were removed 

using a fresh microtome blade. Testes were returned to Bouin’s fluid at 4°C for total fixation time 

of 16-24 hours with rocking. Testes were dehydrated in a series of ethanols, cleared using 

Histo-Clear (National Diagnostics, Atlanta, GA), and embedded in paraffin (Paraplast Plus, Tyco 

Healthcare, Mansfield, MA). Sections (7 µm) were mounted onto slides, stained with Periodic 

acid-Schiff (PAS), and counterstained in Harris’s hematoxylin with glacial acetic acid 

(Polyscientific, Bay Shore, NY). 

The contents of vasa deferentia were extruded gently using forceps and closed 

dissection scissors onto a microscope slide. Contents were dispersed in PBS containing 1 µg/ml 

DAPI to stain nuclei, mounted with a coverslip, and imaged on an Axiovert 200M microscope 

(Zeiss, Thornwood, NY) using fluorescence and differential interference contrast (DIC) optics. 
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Immunofluorescence 

 Testes were dissected and frozen fresh in OCT compound (Sakura Finetek, Torrance, 

CA). Cryo-sections (12 µm) were mounted onto slides, air dried at room temperature for 30 min, 

fixed in 4% paraformaldehyde in 0.1M sodium phosphate buffer pH 7.4 for 30 min, and washed 

3 x 5 min in PBS. Tissues were permeabilized in PBS-T (0.2% Triton X-100) for 15 min, blocked 

with 0.2% BSA and 20% Goat Serum (Sigma, G9023) in PBS-T for 1-2 h, and incubated with 

diluted primary antibodies for 1-2 h at room temperature, washed 3 x 10 min in PBS-T, 

incubated with diluted secondary antibodies, and washed 3 x 10 min in PBS-T. Tissues were 

rinsed with PBS prior to mounting with ProLong Diamond Antifade Mountant with DAPI (Thermo 

Fisher Scientific, Waltham, MA). Tissues were imaged on Axiovert 200M microscope using 

fluorescence optics. Primary antibody used was TEX14 (1:200, rabbit polyclonal ab41733, 

Abcam, Cambridge MA). Secondary antibody used was goat anti rabbit Alexa Fluor 488 diluted 

1:1000 (Molecular Probes, Eugene, OR). Antibodies were diluted in 0.2% BSA, 2% Goat Serum 

in PBS-T. 

 

Western blotting 

 Mouse tissues were dissected and flash frozen on dry ice and stored at -80°C. Thawed 

tissues were placed in lysis buffer containing 25 mM Tris pH 7.5, 5 mM EDTA, 1 mM DTT, 1% 

Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, and cOmplete mini protease 

inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Tissues were homogenized using 

rotor-stator homogenizer (Omni International, Kennesaw, GA), sonicated (Qsonica, Newtown, 

CT) and passed through 25g needle several times. Protein concentration was determined by 

DC Protein Assay (Bio-Rad Laboratories, Hercules, CA) with BSA as a standard. Protein lysates 

(20 µg) were subjected to polyacrylamide gel electrophoresis using 3-8% acrylamide-Tris-

Acetate-EDTA gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose membranes. 
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Membranes were blocked for 2 h at room temperature using Odyssey Blocking Buffer (LI-COR, 

Lincoln, NE), incubated with diluted primary antibodies for 1-2 h, washed 4 x 4 min in PBST 

(0.2% Tween-20), incubated with diluted secondary antibodies, washed 3 x 4 min in PBST, and 

rinsed 2 x 2 min in PBS. Blots were scanned using LI-COR Odyssey Sa and quantified using 

Image Studio software. Primary antibodies used were FNDC3A (1:1000, rabbit polyclonal 

HPA008927, Atlas Antibodies, Stockholm, Sweden), FNDC3B (1:1000, rabbit polyclonal 

HPA007859, Atlas Antibodies), α-Tubulin (1:5000, mouse monoclonal T9026, Sigma Aldrich, 

Saint Louis, MO), and β-Tubulin (1:2000, mouse monoclonal E7, DSHB, Iowa City, IA). 

Secondary antibodies used were goat anti mouse IRDye 680LT (926-68020, LI-COR), and goat 

anti rabbit IRDye 800CW (926-32211, LI-COR). 

 

Lipid extraction and analysis by liquid chromatography coupled-electrospray tandem 

mass spectrometry (Performed by Dr. Mariona Rabionet, Prof. Roger Sandhoff Lab, 

German Cancer Research Center, Heidelberg, Germany) 

Testes of age-specific mice were processed as previously described (Rabionet et al., 

2015). Briefly, testes were homogenized in water and dried. Testicular lipids were extracted 

twice with a mixture of chloroform/methanol/water (10/10/1) and once with 

chloroform/methanol/water (30/60/8). Each extraction was performed at 37 °C for 15 min with 

occasional sonication. Lipid-containing supernatants were collected by centrifugation, pooled 

together and dried under nitrogen. Extracts were subjected to mild alkaline hydrolysis (0.1 M 

KOH in methanol) for 2 h at 37 °C and neutralized. Prior to analysis by LC-ESI-MS/MS, extracts 

were desalted using reverse phase C-18 columns. UPLC-ESI-(QqQ)MS2 analysis was 

performed on a Xevo TQ-S tandem mass spectrometer coupled to an automated Aquity I class 

UPLC system using an ACQUITY UPLC® BEH C18 1.7 µm column (length 50 mm, diameter 
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2.1 mm) all from Waters Corporation. Detailed experimental conditions were as described 

(Rabionet et al., 2015). 

 

4.3 RESULTS 

Fndc3a, but not Fndc3b, is required in germ cells for mouse spermatogenesis 

 To mediate recombination of Fndc3aFL in spermatogonia, Fndc3aFL mice were mated 

with Stra8Cre mice (Sadate-Ngatchou et al., 2008). Stra8Cre(+);Fndc3aFL/sys male mice (n=3 

males) displayed normal mating behavior and copulated with females, but failed to sire any 

offspring. Testis histology revealed a phenotype essentially identical to that found in 

Fndc3asys/sys mice, with failure of germ cells to mature beyond step 8 of spermiogenesis (Fig. 

4.1). Round spermatids of normal appearance were found in Stra8Cre(+);Fndc3aFL/sys and 

Fndc3asys/sys male mice as late as step 8 of spermiogenesis (Fig. 4.1F,K), before forming 

symplasts and failing to elongate in Stage IX-X seminiferous tubules (Fig. 4.1G,L). In both 

Stra8Cre(+);Fndc3aFL/sys and Fndc3asys/sys animals, symplastic spermatids either detach from 

Sertoli cells or progressively degenerate in Stage XI-XII (Fig. 4.1H,M) and Stage I-III (Fig. 

4.1I,N) seminiferous tubules. Vasa deferentia from Stra8Cre(+);Fndc3aFL/sys mice contained 

symplasts but no spermatozoa (Fig. 4.1J). In contrast, Stra8Cre(+);Fndc3aFL/+ littermates were 

fertile (n=3/3 males) with testes containing germ cells that progress normally through 

spermatogenesis (Fig. 4.1A-D) and mature spermatozoa in their vasa deferentia (Fig. 4.1E). 

These results demonstrate that Fndc3a is required in a germ cell intrinsic manner for 

spermatogenesis. 

The same experimental approach was used to test whether Fndc3b is required in germ 

cells for spermatogenesis. Stra8Cre(+);Fndc3bFL/DEL male mice (n=3/3 males) were fertile, and 

sired multiple litters after pairing with wild-type females. To verify efficient Stra8Cre mediated 

recombination of Fndc3bFL in germ cells, all offspring of crosses of Stra8Cre(+);Fndc3bFL/DEL 
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male mice with wild-type females were genotyped. All 35 offspring from three such crosses 

inherited a Fndc3bDEL allele, with no offspring inheriting a Fndc3bFL allele that had failed to 

recombine. This indicates Stra8Cre was highly efficient in deleting Fndc3b in male germ cells. 

Testis histology reveal normal spermatogenesis in germ cells lacking Fndc3b (Fig. 4.2F-I), and 

vasa deferentia from Stra8Cre(+);Fndc3bFL/DEL mice contained mature sperm (Fig. 4.2J). These 

observations were consistent with Stra8Cre(+);Fndc3bFL/+ control littermates (Fig. 4.2A-E). 

Taken together, these results indicate Fndc3a, but not Fndc3b, is required in germ cells for 

spermatogenesis. 

 

Fndc3a is not required for ULC-PUFA glycosphingolipid synthesis (Analysis by Dr. 

Mariona Rabionet, Prof. Roger Sandhoff Lab, German Cancer Research Center, 

Heidelberg, Germany) 

 ULC-PUFAs are essential for maintenance of ICBs, and ICBs are abnormal in 

spermatids in Fndc3a mutant mice. To determine whether mutation of Fndc3a is associated with 

abnormal synthesis of ULC-PUFA glycosphingolipids, UPLC-ESI-MS/MS was used to analyze 

ceramides and sphingolipids in testes from Fndc3a mutant mice. The animals analyzed 

consisted of (i) juvenile (P25) animals in which symplasts of spermatids are forming during the 

first wave of spermatogenesis, (ii) adult animals with mutation of Fndc3a in all tissues; (iii) adult 

animals with germ cell specific mutation of Fndc3a.  Testes from nine Fndc3asys/sys mice (three 

ages postnatal day 25 (P25), two 15 weeks, and one 11.5 months old) and two 

Stra8Cre(+);Fndc3aFL/sys mice (ages 8.5 and 13 months old) were analyzed with Fndc3a+/+ and 

Stra8Cre(-);Fndc3aFL/sys control mice of the same age. VLC-PUFA's are defined as having a 

carbon chain length of between 18 – 24 (C18-24), while ULC-PUFA's are those with chain 

length of 26 – 32 with between two and four double bonds (C26-32:2-4n). 
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 Non-glycosylated sphingolipids (e.g. ceramide and sphingomyelin) were profiled, and 

neither Fndc3asys/sys or Stra8Cre(+);Fndc3aFL/sys mice displayed loss of C30:5n sphingolipids 

required in male germ cells for spermatogenesis (Fig. 4.3). Other ULC-PUFA ceramides and 

sphingolipids profiled (i.e. C28:4n, C28:5n, C30:6n, C32:5n) were present at similar levels in 

Fndc3a mutant and control animals. To determine if Fndc3a is required for complex 

glycosylation of glycosphingolipids, globo-series (Forssman-lipid) and fucosyl-GA1 

glycosphingolipids were also profiled in the same mice. Males lacking the ability to produce 

fucosylated ganglio-series glycosphingolipids (i.e. fucosyl-GA1 glycosphingolipid and its 

derivatives) are sterile due to a spermatogenic defects similar to Fndc3asys/sys mice. However, 

testes from sterile Fndc3a mutant mice contain similar amounts of fucosyl-GA1 

glycosphingolipids compared to control littermates (Fig. 4.4B), indicating that Fndc3a is not 

required for the synthesis of complex glycosphingolipids. Although Forssman-lipid 

glycosphingolipids are produced by somatic cells of the testis or by germ cells prior to crossing 

the blood-testis barrier (spermatogonia and early spermatocytes), previous studies have 

observed increased Forssman-lipid in “germ cell-free” KitW-v/KitW mice (Rabionet et al., 2008) 

and mice that form symplasts of round spermatids due to defective ULC-PUFA 

glycosphingolipid synthesis (Rabionet et al., 2015). Consistent with these observations, male 

sterile Fndc3a mutant mice have increased Forssman-lipid (Fig. 4.4A). It is unknown if the 

increase in Forssman-lipid contributes to these three distinct male sterile mouse strains, or as 

seems more likely, if the increase is an indirect response to spermatogenic defects. These 

results indicate Fndc3a is required for maintaining ICBs between male germ cells independent 

of normal synthesis of ULC-PUFA glycosphingolipids. 
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TEX14 is expressed in Fndc3a null testes and forms normal ring structures despite 

opening of intercellular bridges 

TEX14 localizes to germ cell ICBs in mice and humans (Greenbaum et al., 2011), 

frequently in the shape of rings. To test whether TEX14 is localized normally in early round 

spermatids and whether the widening of intercellular bridges during formation of symplasts of 

spermatids in Fndc3a mutant mice is associated with loss of TEX14 rings at intercellular 

bridges, TEX14 immunofluorescence was performed on testis sections from Fndc3a+/+ and 

Fndc3asys/sys mice. These experiments were performed on P25 testes, when symplasts begin to 

form in Fndc3asys/sys mice (Russell et al., 1991). As anticipated, the presence of TEX14 rings in 

both Fndc3a+/+ and Fndc3asys/sys testes suggests that loss of FNDC3A does not block the 

formation of TEX14 rings (Fig 4.5A-F). A recent study showed that opening of intercellular 

bridges is associated with widening of TEX14 rings (Rabionet et al., 2015). To determine 

whether loss of Fndc3a causes widening of TEX14 rings in male germ cells, the diameter of 

TEX14 rings between round spermatids was measured (Fig 4.5G). No significant difference was 

found in TEX14 ring diameter between Fndc3a+/+ (n=147 rings, 1 mouse) and Fndc3asys/sys 

testes (n=214 rings, 1 mouse) at age P25 (Fig 4.5G, p=0.964) in which symplasts of spermatids 

could be found. Similarly, no increase in TEX14 ring diameter was observed in spermatids in 

adult Fndc3asys/sys mice compared with a control littermate (data not shown). Consistent with 

these results, despite the failure in ICB maintenance and formation of round spermatid 

symplasts, no change in TEX14 was observed by quantitative western blot analysis of Fndc3a 

null testes from adult mice (Fig. 4.5H). These results indicate the opening of intercellular bridges 

in round spermatids due to loss of Fndc3a occurs independently of TEX14 ring formation. 
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4.4 DISCUSSION 

Fndc3a, but not Fndc3b, is required in a germ cell-intrinsic manner for spermatogenesis 

 In situ hybridization demonstrated expression of Fndc3a and Fndc3b in the testis occurs 

primarily in germ cells. Use of conditional null Fndc3a mice with spermatogonial expression of 

Cre recombinase indicates Fndc3a is required in germ cells for spermatogenesis to occur. In 

contrast, Fndc3b is not required in germ cells despite partially overlapping expression in 

spermatids and extensive sequence homology with Fndc3a. This indicates FNDC3A has a 

unique function  within spermatids. As Fndc3b is transcribed in male germ cells at a later stage 

than Fndc3a, it is possible that a defect in maintenance of ICBs due to loss of FNDC3A might 

be compensated by FNDC3B if it were expressed earlier in germ cells during spermatogenesis. 

This possibility could be tested experimentally by generating mice with substitution of Fndc3a 

coding sequence with that for Fndc3b. It remains possible that Fndc3a and Fndc3b may have 

some overlap in function in spermatogenesis, which could be tested using mice with germ cell 

mutation of both Fndc3a and Fndc3b. However, the results from this section demonstrate that 

Fndc3b function alone is insufficient to support spermatogenesis. 

 

Possible novel function of FNDC3A in maintenance of spermatid intercellular bridges 

As observed in homozygous Fndc3asys mice, loss of Fndc3a in germ cells results in 

failure in the maintenance of ICBs. Once of the challenges of studying germ cell ICBs is their 

inherent complexity. Male germ cell ICBs are formed following both mitotic and meiotic male 

germ cell divisions, are maintained for weeks, and evolve in structure as germ cells develop. 

This opens the possibility of defects in ICB structure occurring at different stages of germ cell 

development. TEX14 and MgcRacGAP are two proteins essential for intercellular bridge 

formation and male fertility (Greenbaum et al., 2006; Lorès et al., 2014). In TEX14 mutant mice 

intercellular bridges do not form due to premature cell abscission in spermatogonia, and male 
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germ cells do not progress beyond prophase of meiosis I (Greenbaum et al., 2006). In mice 

lacking MgcRacGAP in germ cells, TEX14 ring structures are absent, and germ cell intercellular 

bridges also do not form (Lorès et al., 2014). In contrast with TEX14 mutant mice however, 

spermatogonia lacking MgcRacGAP do not undergo premature cytokinesis and instead form 

symplasts of spermatogonia (Lorès et al., 2014). Despite the different outcomes of 

spermatogonial intercellular bridge formation failure in Tex14 and MgcRacGAP mutant mice, in 

both cases severe intercellular bridge defects result in spermatogenic arrest prior to completion 

of meiosis I. Other studies have described TEX14 ring defects during later stages of 

spermatogenesis. The t-SNARE protein Syntaxin2 (STX2) localizes to the cytoplasm of late 

pachytene spermatocytes. Male mice lacking Stx2 are sterile with symplast formation of 

spermatocytes prior to meiosis II division due to mislocalization of TEX14 to a patchy pattern at 

the periphery of symplasts (Fujiwara et al., 2013). Male mice lacking ULC-PUFA 

glycosphingolipid synthesis in germ cells are sterile and form spermatid symplasts with widening 

of spermatid TEX14 rings (Rabionet et al., 2015). Together these studies demonstrate the 

dynamic ICB structure can be affected at multiple stages during spermatogenesis, with 

formation of symplasts of germ cells possible in mitotic, meiotic, and haploid male germ cells. 

The above studies relate TEX14 ring defects with failures in intercellular bridge formation 

or maintenance at all stages of male germ cell development. TEX14 does not appear to be 

affected in Fndc3a mutant testes, despite failure in maintenance of spermatid intercellular 

bridges. This suggests FNDC3A has a novel, TEX14-independent function in the maintenance 

of male germ cell ICBs.  

 

Possible germ cell-intrinsic function of FNDC3A in Sertoli-germ cell adhesion 

Similar to the phenotype in homozygous Fndc3asys mice, loss of Fndc3a in germ cells 

results in failure of apical ES-mediated adhesion between elongating spermatids and Sertoli 

cells. The apical ES is a modified actin-based adherens junction with at least four adhesion 
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protein complexes identified to date: cadherin-catenin, nectin-afadin, integrin-laminin, and JAM 

multi-protein complexes (Kopera et al., 2010; Mruk and Cheng, 2004). Interestingly, disruption 

of individual apical ES components on either the spermatid or Sertoli cell face of the apical ES 

does not lead to symplast formation as observed in Fndc3asys/sys mice (Table 1.1). It is possible 

that symplast formation as observed in Fndc3asys/sys mice results from loss of multiple apical ES 

adhesive junctions. In future experiments, it would be of interest to perform immunofluorescence 

and western analysis of adhesion molecules expressed in spermatids that normally localize to 

the apical ES. Analyzing Stra8Cre mice containing conditional mutant alleles of genes encoding 

apical ES spermatid adhesion molecules is a powerful method to determine functionally whether 

defects in multiple apical ES junction complexes can phenocopy Fndc3asys/sys mice, although as 

with the studies in this thesis, this would require significant time and resources.  

Results of experiments using freeze fracture EM suggests the continued presence of 

apical ES components that remain on the membrane faces of spermatids and Sertoli cells 

following loss of adhesion (O'Donnell et al., 2000; Russell et al., 1987). Another attractive 

possibility is that defects in the actin cytoskeleton are a primary cause of abnormal spermatid-

Sertoli adhesion. The apical ES is an actin-based adherens junction, and multiple components 

tether to the actin cytoskeleton including cadherin-catenin, nectin-afadin, and JAM-C (Gliki et 

al., 2004; Lee et al., 2003; Ozaki-Kuroda et al., 2002; Yan et al., 2007). Two notable examples 

exist of germ cell actin cytoskeleton disruption causing symplast formation and failure of 

spermatid-Sertoli adhesion: intra-testicular injection of cytochalasin D (Russell et al., 1987) and 

spermatid-specific expression of dominant-negative mutant version of the actin cytoskeleton 

regulating Ras-like small GTPase Rap1 (Aivatiadou et al., 2007). Since FNDC3A localizes to 

the acrosome, which in turn is held in close apposition to the apical ES, it may be possible that 

FNDC3A functions at the spermatid acrosome by regulating actin structures associated with the 

apical ES. 
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These observations indicate FNDC3A functions in a germ cell intrinsic manner for 

maintaining ICBs and apical ES-mediated spermatid-Sertoli cell adhesion. How these two 

mechanisms are related is unknown. In the examples of when actin cytoskeleton is disrupted in 

male germ cells, it is unknown which is the primary defect observed in mice. Although EM 

analysis of Fndc3asys/sys mice observed widening of spermatid intercellular bridges prior to 

symplast formation, no direct mechanism linking failure in ICB maintenance with loss of apical 

ES adhesion has been described. Some of the challenges of studying Fndc3a function in male 

germ cells is being able to manipulate ICBs or cell-adhesion independently. It may be more 

feasible to study the role of FNDC3A in these functions in cells in vitro. For example, exogenous 

expression of TEX14 in cell culture blocks ALIX from localizing to the midbody, inhibits 

cytokinesis, and produces interconnected somatic cells. If TEX14-induced ICB formation in 

cultured cells fails in the absence of Fndc3a, this would support a model that despite TEX14 

expression (and possibly ring formation?) Fndc3a is required for maintaining ICBs. Likewise, 

studying the cell adhesion properties or alterations in other actin-dependent properties, with or 

without Fndc3a can be more feasibly compared in cultured cells. Although these studies are not 

performed in the same context as spermatids adhering to Sertoli cells, they may help determine 

whether Fndc3a function is more likely in maintaining spermatid bridges or spermatid-Sertoli cell 

adhesion. 
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Fig 4.1 Fndc3a is required in germ cells for spermatogenesis.  

PAS-hematoxylin stained paraffin testis sections and contents of vasa deferentia imaged under 

DIC and DAPI stain from Stra8Cre(+);Fndc3a(FL/+) (A-E), Stra8Cre(+);Fndc3a(FL/sys) (F-J), 

and Fndc3a(sys/sys) (K-O) adult mice. In both Fndc3a(sys/sys) and 

Stra8Cre(+);Fndc3a(FL/sys) mice, spermatids fail to progress normally beyond step 8 of 

spermiogenesis (F, K), form symplasts of round spermatids in Stage IX-X seminiferous tubules 

(G,L), and degenerate in Stage XI-XII (H,M) and Stage I-III (I,N) seminiferous tubules. Vasa 

deferentia of Fndc3a(sys/sys) and Stra8Cre(+);Fndc3a(FL/sys) mice lack mature spermatozoa 

and contain symplasts sloughed into the lumen of seminiferous tubules (J,O). No defect was 

observed in Stage VIII (A), Stage IX-X (B), Stage XI-XII (C), or Stage I-III (D) seminiferous 

tubules from Stra8Cre(+);Fndc3a(FL/+) mice. Vasa deferentia from Stra8Cre(+);Fndc3a(FL/+) 

mice contain mature spermatozoa (E). 
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Fig 4.2 Fndc3b is not required in germ cells for spermatogenesis.  

PAS-hematoxylin stained paraffin testis sections and contents of vasa deferentia imaged under 

DIC and DAPI stain from Stra8Cre(-);Fndc3b(FL/Del) (A-E), and Stra8Cre(+);Fndc3b(FL/Del) 

(F-J) adult mice. Normal spermatogenesis was observed in Stage VIII (A,F), Stage IX-X (B,G), 

Stage XI-XII (C,H), or Stage I-III (D,I) seminiferous tubules from Stra8Cre(-);Fndc3b(FL/Del) and 

Stra8Cre(+);Fndc3b(FL/Del) mice. Vasa deferentia from these mice contain mature 

spermatozoa (E,J). 
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Fig 4.3 Synthesis of ULC-PUFA non-glycosylated sphingolipids by male germ cells is 

unaffected in Fndc3a mutant mice.  

UPLC-ESI-MS/MS lipid profile analysis of ceramides (A) and sphingomyelins (B) of Fndc3a 

mutant and littermate control mouse testes. Ultra long chain-polyunsaturated fatty acids (ULC-

PUFA) contain 26-32 carbons and 4-6 double bonds (C26-32:4-6n), and male mice lacking the 

ability to produce ULC-PUFAs in germ cells are sterile with spermatogenic defects similar to 

Fndc3a mutant mice. However ULC-PUFAs are synthesized by male germ cells in Fndc3a 

mutant mice at prepubertal (P25) and adult ages (15 weeks+). For analyses of Fndc3asys null 

mutants, 3a(+/+) P25 n=5, 3a(sys/+) P25 n=4, 3a(sys/sys) P25 n=6, 3a(+/+) 11.5 mo n=1, 

3a(sys/sys) 15 wk n=2, and 3a(sys/sys) 11.5 mo n=1. For analyses of Stra8Cre;Fndc3aFL 

conditional null mice with control littermates, n=1 for 8.5 mo and n=1 for 13 mo old groups of 

littermates. (Performed by Dr. Mariona Rabionet, Prof. Roger Sandhoff Lab, German Cancer 

Research Center, Heidelberg, Germany). 
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Fig 4.4 Elevated Forssman lipids in testes of sterile adult male Fndc3a mutant mice, but 

no evidence of impaired complex glycosylation of sphingolipids.  

UPLC-ESI-MS/MS lipid profile analysis of Forssman lipids (A) and fucosyl-GA1 (B) 

glycosphingolipids of Fndc3a mutant and littermate control mouse testes. Similar to other 

mutant mice with defects in spermatogenesis, sterile adult male Fndc3a mutant mice have 

increased Forssman lipids. Complex glycosylation of glycosphingolipids is required for 

spermatogenesis, but is not impaired in Fndc3a mutant mice. For analyses of Fndc3asys null 

mutants, 3a(+/+) P25 n=5, 3a(sys/+) P25 n=4, 3a(sys/sys) P25 n=6, 3a(+/+) 11.5 mo n=1, 

3a(sys/sys) 15 wk n=2, and 3a(sys/sys) 11.5 mo n=1. For analyses of Stra8Cre;Fndc3aFL 

conditional null mice with control littermates, n=1 for 8.5 mo and n=1 for 13 mo old groups of 

littermates. (Performed by Dr. Mariona Rabionet, Prof. Roger Sandhoff Lab, German Cancer 

Research Center, Heidelberg, Germany). 

  



 158 

 



 159 

Fig 4.5 Normal intercellular bridge protein TEX14 expression and ring structure formation 

in round spermatids of Fndc3a mutant mice. 

TEX14 ring structures in round spermatids are detected by immunofluorescence in P25 Fndc3a 

wild-type (A-C) and (sys/sys) (D-F) mice. Average TEX14 ring diameter and variation is 

unchanged in round spermatids of Fndc3a (sys/sys) mice (G). No decrease in TEX14 protein 

expression (162kDa) is observed in Fndc3a null mice (H). 
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CHAPTER 5 

Fndc3a is not required in Leydig cells for spermatogenesis 

5.1 INTRODUCTION 

 Leydig cells are the most abundant cell type in the interstitial compartment of the testis. 

They produce the high local concentration of testicular testosterone required to support 

spermatogenesis, under regulation by endocrine signaling via the hypothalamic-pituitary-

gonadal axis. The relationship between testosterone and spermatogenesis has been studied in 

rats in which Leydig cell testosterone production is suppressed. When adult rats are 

administered exogenous testosterone to increase serum testosterone, pituitary luteinizing 

hormone is suppressed, leading to suppression of Leydig cell testosterone production and 

reduction of intra-testicular testosterone. Prolonged (3 weeks) reduction of intra-testicular 

testosterone leads to absence of elongate spermatids due to stage specific loss of adhesion 

between step 7-8 round spermatids and Sertoli cells (O'Donnell et al., 1996). When testosterone 

suppressed rat testes were analyzed by EM, morphologically normal apical ES structures were 

observed with the remaining step 8 spermatids and at the Sertoli cell cytoplasm during and after 

detachment of round spermatids. Further, elongating spermatids associate with apical ES 

structures within two days of testosterone recovery (O'Donnell et al., 2000). These observations 

indicate that Leydig cell testosterone production is required for maintaining adhesion between 

spermatid and Sertoli cell apical ES adhesion proteins, but not for the formation of the apical 

ES.  

 Similar to the studies described above, loss of spermatid-Sertoli cell adhesion in 

Fndc3asys/sys mice occurs primarily in step 6-8 round spermatids, although round spermatid 

symplasts are not observed following suppression of Leydig cell testosterone production in rats. 

FNDC3A has been shown to expressed by Leydig cells in vitro (M. Pomeroy, MacGregor Lab) 

and in vivo (Obholz et al., 2006a). Moreover, Leydig cells in Fndc3asys/sys adult mice appear 
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swollen and oil red O staining indicates the presence of increased lipids, suggesting a possible 

defect in lipid homeostasis that might affect testosterone synthesis or secretion (L. Guy, K. 

Waymire, MacGregor Lab, unpublished) (Fig. 3.1). Thus, FNDC3A might be required in Leydig 

cells for the production or mobilization of testosterone, or additional unknown factors required 

for either normal intercellular bridge formation or Sertoli-spermatid adhesion in elongating 

spermatids. To test this hypothesis I used mice with the conditional mutant allele of Fndc3a in 

combination with a Cyp17-iCre transgenic line that expresses cre recombinase in Leydig cells, 

to investigate the consequence of mutation of Fndc3a in Leydig cells on spermatogenesis. 

 

5.2 MATERIALS AND METHODS 

Mice 

Mice with Fndc3asys and Fndc3aFL alleles were described in Chapter 3. Cyp17iCre mice were 

obtained from the Jackson Laboratory (Bar Harbor, ME). Cre recombinase activity in Leydig 

cells was verified using R26R Cre reporter mice (Soriano, 1999). 

 

Histology of testis and analysis of contents of vas deferens 

This was performed as described in Chapter 4.  

 

Rhox5 in situ hybridization 

 Plasmid containing Rhox5 (Pem) cDNA was provided by Dr. Miles Wilkinson (UC San 

Diego). The cDNA insert was sequence verified prior to use. The plasmid was linearized using 

BamHI to use as template for in vitro transcription of ~900nt antisense riboprobe using T3 RNA 

polymerase and DIG-labeled NTPs. Preparation of fresh frozen testes sections and in situ 

hybridization was performed as described in Chapter 3. Reactions were stopped by rinsing 
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slides with water, mounted using Glycergel, and imaged on Axiovert 200M microscope using 

DIC or phase contrast optics. 

 

Oil Red O staining 

 Fresh frozen testes sections were prepared as described above, air dried at room 

temperature for 30 min, fixed in 4% paraformaldehyde in 0.1M sodium phosphate buffer pH 7.4 

for 30 min, and washed 3 x 5 min in PBS. Oil Red O (Sigma, 00625) was dissolved in 

isopropanol at 5 mg/ml, diluted with distilled water to 60% isopropanol, and vacuum filtered 

using 0.22 µm filter immediately before use. Sections were stained in Oil Red O solution for 10 

min, and washed 3 x 5 min in PBS. Slides were mounted with coverslips using Hydromount 

(National Diagnostics, Atlanta, Georgia), and imaged on Axiovert 200M using phase contrast 

optics. 

 

5.3 RESULTS 

No obvious change in androgen signaling in Fndc3a mutant mice despite lipid 

accumulation in Leydig cells of Fndc3a mutant mice 

 Leydig cells in Fndc3asys/sys adult mice appear swollen and oil red O staining indicates 

the presence of increased lipids, suggesting a possible defect in lipid homeostasis that might 

affect testosterone synthesis or secretion (Fig. 5.1A,B). Testosterone is released by the testis in 

a pulsatile manner, hence measurement of serum testosterone can vary widely. However, the 

weight of seminal vesicles is a reliable indicator of steady-state testosterone (van Roijen et al., 

1997). The average seminal vesicle weight of Fndc3asys/sys mice was 0.355g (n=4, SEM=0.050), 

which was slightly greater than the average seminal vesicle weight of wild type mice at 0.327g 

(n=3, SEM=0.050) (Fig. 5.1E). These results were not statistically significant according to paired 

samples Student’s t-test of littermates (P=0.1832), suggesting that loss of Fndc3a does not alter 
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testosterone synthesis or secretion. As an independent method to analyze androgen signaling 

in Sertoli cells, we analyzed expression of Rhox5, whose expression in Sertoli cells is androgen 

dependent (Lindsey and Wilkinson, 1996). Loss of Rhox5 expression in Sertoli cells would 

suggest defects in testosterone synthesis or delivery to seminiferous tubules. Rhox5 expression 

in Sertoli cells does not decrease in Sertoli cells of Fndc3aDel/sys (n=3) or Fndc3asys/sys (n=2) mice 

compared to wild type mice (Fig. 5.1C,D). Taken together, these results strongly suggest 

spermatogenic defects observed due to loss of Fndc3a are not a consequence of defects in 

testosterone synthesis by Leydig cells, or androgen response by Sertoli cells. 

 

Fndc3a is not required in Leydig cells for spermatogenesis 

 Immunohistochemistry (Obholz et al., 2006b), western blot analysis of MA-10 mouse 

Leydig cells (M. Pomeroy, MacGregor Lab) and analysis of FNDC3A in human testis (Human 

Protein Atlas website) indicate that FNDC3A protein is expressed in Leydig cells. The 

accumulation of lipids in Leydig cells of Fndc3asys/sys mice may indicate abnormal function of 

Leydig cells that contribute to failure in spermatogenesis. Together, these observations raise the 

possibility that Fndc3a is required in Leydig cells for spermatogenesis. To investigate this 

possibility, Fndc3aFL mice were mated with Cyp17iCre mice to mediate recombination in Leydig 

cells (Bridges et al., 2008). Cre recombinase activity and cell specificity in Leydig cells was 

confirmed in Cyp17iCre;R26r Cre reporter mice, indicating efficient deletion of Fndc3a in Leydig 

cells is possible (Fig. 3.2). Endogenous Cyp17 expression begins in the male fetal gonad at 

e16.5 and is continues to be expressed in adult Leydig cells, indicating Cyp17iCre mediated 

recombination should be fully penetrant in Leydig cells of adult mice (Bridges et al., 2008; Hales 

et al., 1992). Cyp17iCre(+);Fndc3aFL/FL male mice (n=3/3 males) were fertile and sired multiple 

litters with no evidence of reduced fecundity compared to wild type mice. Histological analysis of 

testes from Cyp17iCre(+);Fndc3aFL/FL mice reveal the normal combinations of germ cells 

present in stage I-III (Fig. 5.2F), stage VI-VIII (Fig. 5.2G), stage IX-X (Fig. 5.2H), and stage XI-
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XII (Fig. 5.2I) seminiferous tubules. Similar normal progression of spermatogenesis was 

observed in Cyp17iCre(+);Fndc3aFL/+ mice (Fig. 5.2A-D). Importantly, no evidence was found for 

abnormal phenotype in Leydig cells in Cyp17iCre(+);Fndc3aFL/FL mice. In contrast with 

Fndc3asys/sys or Stra8Cre(+);Fndc3aFL/sys male mice, no evidence of germ cell symplast formation 

was observed in seminiferous tubules of Cyp17iCre(+);Fndc3aFL/FL mice. Vasa deferentia from 

both Cyp17iCre(+);Fndc3aFL/FL and Cyp17iCre(+);Fndc3aFL/+ mice also contained mature 

spermatozoa(FIG. 5.2E,J). These results suggest Fndc3a is not required in Leydig cells for 

spermatogenesis. 

 

Evidence that lipid accumulation in Leydig cells in Fndc3asys/sys mice is a consequence 

and not cause of loss of Fndc3a in germ cells 

The accumulation of lipids in Leydig cells of Fndc3asys/sys might contribute to 

spermatogenic defects in mice lacking Fndc3a in all tissues. It is unknown whether lipid defects 

in Leydig cells is due to Leydig cell-intrinsic loss of Fndc3a, or indirectly due to spermatogenic 

failure following loss of Fndc3a in germ cells. To identify where Fndc3a is required to maintain 

normal lipid homeostasis in Leydig cells, oil red O staining was performed on testis sections 

from Cyp17iCre(+);Fndc3aFL/FL and Stra8Cre(+);Fndc3aFL/sys mice. No increase in lipid 

accumulation in Leydig cells was observed in Cyp17iCre(+);Fndc3aFL/FL compared to 

Cyp17iCre(+);Fndc3aFL/+ mice of the same age (Fig. 5.3E,F), suggesting loss of Fndc3a in 

Leydig cells is not the cause of increased lipid in Fndc3asys/sys mice. In contrast, 

Stra8Cre(+);Fndc3aFL/sys mice have increased lipid accumulation in Leydig cells compared to 

Stra8Cre(+);Fndc3aFL/+ mice of similar age (Fig. 5.3A,B). Leydig cell lipid accumulation appears 

to increase with age in wild-type and Cyp17iCre(+);Fndc3aFL/FL mice, as noted from comparison 

of staining in a 10.3 month old Cyp17iCre(+);Fndc3aFL/FL mouse compared to 7.4 and 8.2 month 

old mice of the same genotype. A similar increase in Leydig cell lipid content with age was 
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observed in Stra8Cre(+);Fndc3aFL/sys mice between 3.3 and 8.5 months in age (Fig. 5.3B-D). 

However, the increase in lipid accumulation due to loss of Fndc3a in germ cells appeared much 

more significant than age, as even a 3.3 month old Stra8Cre(+);Fndc3aFL/sys mouse displayed 

grossly more lipid accumulation than a 10.3 month old Cyp17iCre(+);Fndc3aFL/FL mouse. Taken 

together, these results suggest the altered lipid content in Leydig cells of Fndc3asys/sys mice is an 

indirect effect of loss of germ cells and is not due to loss of Fndc3a function within Leydig cells.   

 

5.4 DISCUSSION 

Loss of germ cells in Fndc3a mutant mice affects Leydig cell lipid homeostasis, but not 

androgen signaling 

 Leydig cells in mice lacking Fndc3a in Leydig cells, but not germ cells, appear 

morphologically normal with no increase in lipid droplet accumulation. In contrast, mice lacking 

Fndc3a in germ cells contain Leydig cells with lipid droplet accumulation. Taken together, this 

suggests the Leydig cell phenotype observed in homozygous Fndc3asys mice is a consequence, 

and not cause of loss of Fndc3a in germ cells. It is currently unknown whether Leydig cell lipid 

defects are observed in other mouse models with defects in Sertoli-spermatid adhesion. 

Previous studies have shown that men with non-obstructive azoospermia have increased 

Leydig cell volume but no significant difference in the average number of individual Leydig cells 

per testicle, suggesting spermatogenic failure results in Leydig cell hypertrophy but not 

hyperplasia (Tash et al., 2002). It may be possible that increased Leydig cell volume is 

associated with lipid accumulation, however the authors in this study did perform lipid staining or 

quantification. Performing oil red O staining on different strains of mice with spermatogenic 

defects could be used to determine if Leydig cell lipid accumulation is a generalized response to 

spermatogenic failure. Further studies quantifying the number of Leydig cells in sterile male 

Fndc3a mutant mice can also determine if the increase in Leydig cell lipids is due to Leydig cell 



 169 

hyperplasia or hypertrophy. These studies may indicate whether Leydig cell lipid accumulation 

occurs in response to defects in adhesion between spermatids and Sertoli cells or to 

generalized spermatogenic failure, and if this response is primarily due to Leydig cell 

hypertrophy. 

Despite the abnormal appearance of Leydig cells in homozygous Fndc3asys mice, 

androgen synthesis and mobilization do not appear to be disrupted as evidenced by no 

decrease in seminal vesicle weight of Fndc3a mutant mice. Androgen signaling to Sertoli cells 

also does not appear to be disrupted as evidenced by transcription of Rhox5 by Sertoli cells in 

response to androgen receptor activation. It seems unlikely that Fndc3a is required in other 

somatic testis cells such as Sertoli cells for spermatogenesis, as Fndc3a does not appear to be 

expressed in this cell type. Indeed, the available evidence suggests Fndc3a is expressed only in 

germ cells, Leydig cells and endothelial cells in both mouse and human testis. These results 

support the model that spermatogenic defects in homozygous Fndc3asys mice are primarily due 

to a germ cell intrinsic defect.  

 

Is lipid accumulation in Leydig cells in sterile male Fndc3a mutant mice due to increase 

in Forssman-lipid? 

Oil red O staining does not identify the specific type of lipids accumulate in Leydig cells 

of Fndc3a mutant mice. The most dramatic change in lipid profiles of mice lacking Fndc3a either 

globally or specifically in germ cells is the increase in Forssman-lipid containing 22-24 carbon 

fatty acids (Fig. 4.4A). Previous studies have observed increased Forssman-lipid in “germ cell-

free” KitW-v/KitW mice (Rabionet et al., 2008) and mice that form symplasts of round spermatids 

due to defective ULC-PUFA glycosphingolipid synthesis (Rabionet et al., 2015). This indicates 

Forssman-lipid glycosphingolipids are likely produced by somatic cells of the testis. The 

observation of Forssman-lipid increase in these three distinct male sterile mouse strains 
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indicates it is likely an indirect response to spermatogenic defects. Further studies performed 

quantifying Forssman-lipid in these mice in parallel can determine if a consistent increase in 

Forssman-lipid occurs. Interestingly, the increase in Forssman-lipid is more apparent in older 

sterile male mice (Fig. 4.4), which is consistent with oil red O staining of younger versus older 

sterile adult male Fndc3a mutant mice (Fig. 5.3A). Lipid profiling of Leydig cells isolated from 

sterile male Fndc3a mutant mice can determine if Forssman-lipid increase accounts for the 

increased oil red O stain in Leydig cells. It is unknown how an increase in Forssman-lipid relates 

to spermatogenic defects in these mice. According to the phenotype database from the NIH 

Knockout Mouse Project repository of the Davis-Toronto-Charles River-CHORI (DTCC) 

Consortium, the most notable phenotype of mice containing a homozygous null mutation for 

Forssman Glycolipid Synthetase (GBGT1) is incomplete penetrance of pre-weaning lethality, 

but no significant fertility defects. Thus, although the synthesis of Forssman-lipid is not essential 

for male fertility, it may be possible that increase in Forssman-lipid occurs in response to defects 

in spermatogenesis. 
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Fig 5.1 Normal androgen signaling despite lipid accumulation in Leydig cells of 

Fndc3asys/sys adult mice. 

(A,B) Oil red O lipid staining reveals accumulation of lipids in Fndc3asys/sys Leydig cells (B) 

compared to wild-type (A). Higher magnification images can also be seen in Figure 3.1 (L. Guy, 

K. Waymire, MacGregor Lab). (C,D) Rhox5 is an androgen-dependent transcription factor 

expressed in Sertoli cells. Rhox5 is transcribed by Sertoli cells in both wild-type (C) and 

Fndc3asys/sys (D) seminiferous tubules. (E) The weight of seminal vesicles is a reliable indicator 

of steady-state testosterone. The average seminal vesicle weight of Fndc3asys/sys mice was 

0.355g (n=4, SEM=0.050), which is slightly greater than the average seminal vesicle weight of 

wild type mice at 0.327g (n=3, SEM=0.050). 
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Fig 5.2 Fndc3a is not required in Leydig cells for spermatogenesis.  

PAS-hematoxylin stained paraffin testis sections and contents of vasa deferentia imaged under 

DIC and DAPI stain from Cyp17iCre(+);Fndc3a(FL/+) (A-E) and Cyp17iCre(+);Fndc3a(FL/FL) 

(F-J) adult mice. No spermatogenic defects were observed in Stage I-III (A,F), Stage VIII (B,G), 

Stage IX-X (C,H), or Stage XI-XII (D,I) seminiferous tubules, and vasa deferentia contained 

mature spermatozoa (E,J). 
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Fig 5.3 Loss of Fndc3a in germ cells, but not Leydig cells, causes lipid accumulation in 

Leydig cells. 

Oil red O staining reveals lipid accumulation in Leydig cells in 3.3, 7.8, and 8.5 month old 

Stra8Cre(+);Fndc3a(FL/sys) mice that lack FNDC3A in germ cells (B-D). Normal Leydig cell lipid 

content is observed in 3.3 month old Stra8Cre(+);Fndc3a(FL/+) control mouse (A). No overt 

difference is observed in oil red O staining of 8.2 month old Cyp17iCre(+);Fndc3a(FL/+) (E) 

versus Cyp17iCre(+);Fndc3a(FL/FL) (F) mice. Normal Leydig cell lipid content is observed in 

7.4 and 10.3 month old mice (G-H). 
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CHAPTER 6 

Fndc3a is required for spermatogenesis in adult mice 

6.1 INTRODUCTION 

 Using mice containing the Fndc3aFL conditional null allele, I have shown that Fndc3a is 

required in germ cells, but not Leydig cells, for mouse spermatogenesis. Consistent with 

Fndc3asys/sys mice, male mice lacking Fndc3a in germ cells are sterile due to failure in 

maintenance of intercellular bridges and spermatid-Sertoli cell adhesion. This suggests 

spermatogenic defects in Fndc3asys/sys mice are primarily due to loss of Fndc3a in germ cells. 

Although these studies demonstrated that Fndc3a is required in male germ cells for 

spermatogenesis, they do not determine if Fndc3a is required to maintain spermatogenesis 

once it is established in adult mice. Previous studies have shown that the first wave of mouse 

spermatogenesis during adolescence is distinct from subsequent adult cycles (Yoshida et al., 

2006). Significantly, genes have been identified that function in either the initiation or 

maintenance of spermatogenesis, but not both (Qin et al., 2008; Zhao et al., 1998). Hence, 

Fndc3a might only be required during a critical time point during prepubertal development, and 

loss of Fndc3a after this time might have no effect on spermatogenesis in adult mice.. 

 Studies utilizing Fndc3asys mice or conventional Cre mediated recombination of 

Fndc3aFL do not permit analysis of the effect of loss of Fndc3a in adult fertile mice. One 

advantage of the Cre/loxp approach for conditional null mice is the ability for temporal control of 

gene recombination. Cre-ERT2, is a second-generation hybrid protein generated by the fusion of 

Cre recombinase with the ligand-binding domain of estrogen receptor mutated to be activated 

by the synthetic ligand tamoxifen but not by estradiol. (Feil et al., 2009). To perform Cre 

recombination in adult mouse testis, I used R26CreERT2 mice which ubiquitously express Cre-

ERT2 (Ventura et al., 2007). In this chapter, I describe how I generated a protocol for oral 

gavage of tamoxifen to efficiently induce Cre-ERT2 recombination in the mouse testis. I 
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demonstrate that a lower dosage of tamoxifen induces a mosaic-like pattern of Cre-ERT2 

recombination in seminiferous tubules, with poor recombination of Fndc3aFL in male gametes 

and does not decrease male fertility in R26CreERT2;Fndc3aFL mice. After confirming that a 

higher dosage of tamoxifen induces efficient recombination in Cre reporter mice, I then used this 

protocol in R26CreERT2;Fndc3aFL mice to show that Fndc3a is required for maintenance of  

spermatogenesis in adult mice. 

 

6.2 MATERIALS AND METHODS 

Mice 

Mice with Fndc3asys and Fndc3aFL alleles were described in Chapter 3. R26CreERT2 

mice were obtained from the Jackson Laboratory (Bar Harbor, ME). For CreERT2 induction, 

tamoxifen (Sigma, T-5648) was suspended in warm 100% ethanol at 42°C for 30 min, then 

added to warm corn oil (Sigma, C8267) and incubated at 50°C until dissolved (50 mg/ml final 

concentration in 5% ethanol in corn oil). Mice were administered tamoxifen solution by oral 

gavage using split doses of 5 x 5mg / 25 g adult mouse delivered over 5 consecutive days, or 3 

x 1mg / 25 g adult mouse delivered every other day. Cre recombination was verified using R26R 

Cre reporter mice (Soriano, 1999). 

 

Histology of testis and analysis of contents of vas deferens 

This was performed as described in Chapter 4. 

 

X-Gal staining 

 Testes were dissected, the tunica removed, and whole tubules were disaggregated by 

trituration in PBS using a 1 ml syringe without a needle. The disaggregated tubules were fixed in 

4% PFA in 0.1M sodium phosphate buffer pH 7.4 for 15 minutes. Tissues were stained at 30°C 
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in X-gal staining solution (1.25 mg/ml X-gal, 1.3mM MgCl2, 3mM K3Fe(CN)6, 3mM K4Fe(CN)6, 

0.01% sodium deoxycholate, 0.02% NP-40 in 0.1M sodium phosphate buffer pH 7.3). Whole 

tubules were imaged using a Zeiss STEMI SV11 stereomicroscope equipped with a MRc5 color 

digital camera and Axiovision 4.8 (Zeiss, Thornwood, NY). 

 

6.3 RESULTS 

Establishing conditions for efficient tamoxifen induced CreERT2 recombination in the 

adult mouse testis 

To determine the efficiency of Cre-ERT2 recombination in adult mouse testis, R26Cre-

ERT2 mice were mated with R26r Cre reporter mice. Cre-mediated recombination of the R26r 

allele activates lacZ expression, and positive X-gal staining identifies tissues and cell lineages in 

which Cre recombination occurred. Initial experiments were performed with oral gavage of 3 x 

1mg of tamoxifen delivered every other day, for 3mg total tamoxifen. X-gal staining of 

R26CreERT2(+);R26r(+) mice treated with this dosage revealed mosaic blue staining in 

seminiferous tubules, indicating incomplete recombination (Fig. 6.1B). To increase the efficiency 

of recombination, the tamoxifen dosage was increased, and the experiment was repeated with 

5mg tamoxifen delivered daily via oral gavage for five days (25mg total). In 

R26CreERT2(+);R26r(+) mice treated with 25mg of tamoxifen, ubiquitous expression of LacZ in 

seminiferous tubules observed by X-gal stain (Fig. 6.1A). No positive X-gal staining was 

observed in tubules from R26CreERT2(-);R26r(+) or R26-CreERT2(+);R26r(-) mice gavaged with 

25mg of tamoxifen, indicating blue X-gal staining was due to recombination of the R26r allele 

and not background staining (Fig. 6.1D,E). To verify recombination does not occur in the 

absence of tamoxifen, R26CreERT2(+);R26r(+) mice were gavaged with drug vehicle (10% 

ethanol in corn oil). No positive X-gal staining was detected in seminiferous tubules from 

R26CreERT2(+);R26r(+) mice treated with vehicle (Fig. 6.1C). These results indicate oral gavage 
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with 5 x 5mg of tamoxifen can induce efficient Cre-ERT2 recombination in the adult mouse testis, 

and recombination does not occur in the absence of tamoxifen induction. 

 

Fndc3a is required for maintaining adult spermatogenesis 

 To determine if Fndc3a is required for maintaining adult spermatogenesis, Fndc3aFL 

mice were mated with R26CreERT2 mice. All R26CreERT2(+);Fndc3aFL/sys experimental mice 

were confirmed to be fertile via test mating prior to tamoxifen treatment by oral gavage. Initial 

R26CreERT2(+);Fndc3aFL/sys mice were gavaged with 3 x 1mg, and were fertile (n=2/3 males, 

with one male not breeding as evidenced by absence of vaginal plugs) siring litters of normal 

sizes >1 month after receiving final dose of tamoxifen. The average litter size from these mice 

was 8.75 (n=4 litters), compared to 8.5 (n=6 litters) from R26CreERT2(+);Fndc3aFL/+ and a 

R26CreERT2(-);Fndc3aFL/sys control mice receiving the same dosage of tamoxifen. To estimate 

the efficiency of 3mg tamoxifen induction of Cre-ERT2 recombination, offspring from 

R26CreERT2(+);Fndc3aFL/sys and R26CreERT2(+);Fndc3aFL/+ mice were genotyped and the 

inheritance of Fndc3aFL versus Fndc3aDEL allele was quantified. Out of 60 pups (n=7 litters), 31 

inherited an intact Fndc3aFL allele and 2 inherited a recombined Fndc3aDEL allele. This indicates 

~6% (2/33) recombination of the Fndc3aFL allele by R26CreERT2 following 3mg tamoxifen 

induction. The actual recombination efficiency is likely higher, as the X-gal staining of 

R26CreERT2(+);R26r(+) mice that received 3mg of tamoxifen indicates regions of seminiferous 

tubules may have undergone recombination in R26CreERT2(+);Fndc3aFL/sys. These regions may 

contain spermatogenic defects and fail to transmit spermatozoa. 

Additional R26CreERT2;Fndc3a experimental and control mice were generated, and 

treated with 5 x 5mg of tamoxifen oral gavage. With this dose, no R26CreERT2(+);Fndc3aFL/sys 

mouse (n=6) sired a litter >25 days after the last date of tamoxifen induction. In contrast, fertility 

was observed in R26CreERT2(+);Fndc3aFL/+ mice (n=1/2 males) and R26CreERT2(-);Fndc3aFL/sys 

mice (n=1/2 males) litter mate control animals >25 days after last date of tamoxifen induction. 
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Consistent with Fndc3asys/sys male mice, testis histology of R26CreERT2(+);Fndc3aFL/sys mice 

following tamoxifen treatment revealed failure of germ cells to mature beyond step 8 of 

spermiogenesis in (Fig. 6.2L). Round spermatids failed to elongate and formed symplasts in 

Stage IX-X seminiferous tubules (Fig. 6.2L), and either detached from Sertoli cells or 

progressively degenerated in Stage XI-XII (Fig. 6.2M) and Stage I-III (Fig. 6.2) seminiferous 

tubules. Vasa deferentia from R26CreERT2(+);Fndc3aFL/sys mice lacked spermatozoa and 

contained symplasts (Fig. 6.2O). Normal progression of spermatogenesis was observed in 

R26CreERT2(+);Fndc3aFL/+ (Fig. 6.2A-D) and R26CreERT2(-);Fndc3aFL/sys (Fig. 6.2F-I) control 

mice gavaged with tamoxifen. Spermatozoa were present in vasa deferentia from 

R26CreERT2(+);Fndc3aFL/+ (Fig. 6.2E) and R26CreERT2(-);Fndc3aFL/sys (Fig. 6.2J) control mice 

gavaged with tamoxifen. These results indicate Fndc3a is required for maintaining adult 

spermatogenesis. 

 

6.4 DISCUSSION 

Usage of tamoxifen induced CreERT2 for studying adult functions of genes 

In this chapter, I established a protocol for inducing efficient CreERT2 activity in the adult 

mouse testis. Despite the tamoxifen dosage used, toxicity in mice was limited and male fertility 

was observed in most control animals treated with tamoxifen. This method allowed the 

investigation of whether continued expression of Fndc3a is required for maintaining fertility in 

adult male mice. This protocol may also be used in future experiments to determine the adult 

functions of genes known to be required for survival before adulthood, such as Fndc3b. Mice 

lacking Fndc3b die shortly after birth displaying signs of respiratory distress due to failure to 

inflate lungs. No function has been described for Fndc3b in adult mice, aside from my data 

showing that Fndc3b is not required in germ cells for male fertility. One possibility is that Fndc3b 

is required for the synthesis, activation, or secretion of pulmonary surfactant proteins. 
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Alternatively, increased Smad dependent signaling might retard maturation of the lungs in 

Fndc3b null fetuses. By mating R26CreERT2 mice with Fndc3bFL mice, I can determine whether  

Fndc3b is required for pulmonary function in adult mice. 

 

Fndc3a is required for maintaining adult spermatogenesis 

The results discussed in earlier chapters of this thesis indicate Fndc3a functions in a 

germ cell-intrinsic manner for maintaining intercellular bridges and spermatid-Sertoli adhesion. 

Previous studies have also shown that spermatogenic failure in mice lacking Fndc3a initiates 

during the first wave of spermatogenesis (Russell et al., 1991). Although these defects have 

been observed in adult Fndc3a mice, it was unknown whether Fndc3a is continuously required 

for actively maintaining spermatogenesis in adulthood. The experiments performed in this 

chapter demonstrate that loss of Fndc3a in fertile adult mice inhibits spermatogenesis. One 

caveat to this study is that R26CreERT2 expression is ubiquitous in mouse tissues, and 

tamoxifen was not introduced in a site-specific manner. As in Fndc3asys mice, loss of Fndc3a in 

multiple tissues may contribute to male infertility observed in R26CreERT2(+);Fndc3aFL/sys mice 

treated with tamoxifen. However, I have shown that Fndc3a expression occurs primarily in germ 

cells and Leydig cells of the testis, and that Fndc3a is required in germ cells but not Leydig cells 

for spermatogenesis to occur. Further, the spermatogenic defects observed in mice lacking 

Fndc3a either specifically in germ cells or lost in presumably all tissues in adult mice are 

consistent with defects in Fndc3asys/sys mice. In these sterile Fnd3a mouse mutants, spermatids 

form symplasts primarily during step 6-8 of spermiogenesis, do not develop normally past step 8 

of spermiogenesis, and fail to maintain adhesion with Sertoli cells. The consistency of these 

findings indicate Fndc3a function in germ cells is required during all waves of spermatogenesis. 

The results from this chapter show Fndc3a is necessary for maintaining adult 

spermatogenesis. Experiments to rescue Fndc3a in germ cells in mice have not been performed 

due to abnormal effect following over-expression of Fndc3a in cells in culture. However, if 
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possible, this approach would test whether Fndc3a function in germ cells alone is sufficient for 

maintaining adult spermatogenesis. One way in which the difficulty of over-expression of 

Fndc3a could be circumvented is to restore function of a mutated endogenous Fndc3a locus in 

germ cells.  This might be possible using the Fndc3aGT ("mutant first, conditional later") mice 

described in Chapter 3. The Fndc3aGT allele contains a gene-trap cassette flanked by FRT sites 

between exons 7 and 8 of Fndc3a, blocking transcription from the essential downstream exons 

(Fig. 3.5). This allele may potentially be used in a FLP/FRT-based approach to knock-in Fndc3a 

expression in tissues where FLP recombinase is expressed. Mating Fndc3aGT mice with mice 

expressing FLP in male germ cells can determine if Fndc3a expression in germ cells is sufficient 

for spermatogenesis to occur. 
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Fig 6.1 Establishing conditions for efficient tamoxifen induced CreERT2 recombination in 

adult mouse testis. 

X-Gal staining of whole disaggregated seminiferous tubules dissected from (A,B) 

R26CreERT2(+);R26r(+), (D) R26CreERT2(-);R26r(+), and (E) R26CreERT2(+);R26r(-) mice 

following tamoxifen induction, and (C) R26CreERT2(+);R26r(+) mouse treated with 10% 

ethanol/corn oil. 5 split doses of 5mg tamoxifen (25mg total) induces ubiquitous CreERT2 activity 

as reported by positive X-Gal staining in (A) R26CreERT2(+);R26r(+) tubules. 3 split doses of 

1mg tamoxifen (3mg total) induces inconsistent CreERT2 activity as reported by mosaic pattern 

of X-Gal staining in (B) R26CreERT2(+);R26r(+) tubules. No endogenous CreERT2 activity is 

observed in tubules from (C) R26CreERT2(+);R26r(+) mice treated with drug vehicle 

(ethanol/corn oil) alone. Positive X-gal staining was absent in (D) R26CreERT2(-);R26r(+) and 

(E) R26CreERT2(+);R26r(-) mice treated with 25mg of tamoxifen. The faint, non-specific pale 

blue staining in panels C-E is a result of non-specific staining derived in Leydig cells in whole-

mount preparations. 
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Fig 6.2 Fndc3a is required for spermatogenesis in adult mice.  

PAS-hematoxylin stained paraffin testis sections and contents of vasa deferentia imaged under 

DIC and DAPI stain from R26CreERT2(+);Fndc3a(FL/+) (A-E), R26CreERT2(-);Fndc3a(FL/sys) 

(F-J), and R26CreERT2(+);Fndc3a(FL/sys) (K-O) mice following tamoxifen treatment as adults. 

Following tamoxifen treatment, spermatids in R26CreERT2(+);Fndc3a(FL/sys) mice fail to 

progress beyond step 8 of spermiogenesis (K), form symplasts of round spermatids in Stage IX-

X seminiferous tubules (L), and degenerate in Stage XI-XII (M) and Stage I-III (N) seminiferous 

tubules. Symplasts that sloughed off into the lumen of seminiferous tubules were found in the 

contents of vasa deferentia with no spermatozoa present (O). Normal spermatogenesis was 

observed in seminiferous tubules from R26CreERT2(+);Fndc3a(FL/+) (A-D) and  

R26CreERT2(-);Fndc3a(FL/sys) (F-I) mice treated with tamoxifen, and vasa deferentia 

contained mature spermatozoa (E,J). 
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CHAPTER 7 

Identification of proteins that can interact with FNDC3A or FNDC3B in 

vitro 

7.1 INTRODUCTION 

Understanding how FNDC3 proteins may function by identifying their interacting 

partners 

 The experiments described earlier in this thesis identified where Fndc3a is required for 

mouse spermatogenesis. However, these studies are limited as they provide no information 

about the molecular mechanism(s) of FNDC3 protein function. A challenge to perform these 

studies is the limited availability of antibodies that specifically detect FNDC3A (or FNDC3B) 

either by western blot or immunohistochemistry, which could be used to perform 

immunoprecipitation to identify proteins that interact with FNDC3A in an unbiased manner. An 

additional challenge comes from the fact that overexpression of FNDC3A in mammalian cells in 

culture results in cell death, which makes it difficult to identify interacting proteins using this 

system. Here, I used an alternative, candidate based, approach to identify proteins that might 

interact with FNDC3 proteins. To do so I compared the primary amino acid sequence of multiple 

FNDC3 orthologs and paralogs to identify conserved amino acids that might provide insight into 

proteins that interact with FNDC3A or FNDC3B.   

As described in the introduction, FNDC3 proteins are composed of a proline rich region 

(PRR) at the N-terminus, followed by eight or nine fibronectin type-III (FnIII) domains, and a 25-

26 (in vertebrates) amino acid long hydrophobic C-terminus. The presence of multiple 

conserved WW-domain binding motifs in the N-terminal PRR of all FNDC3 family members 

(Chapter 1, Fig 1.2) suggests these proteins function in part by interacting with WW-domain 

containing proteins (Bork and Sudol, 1994). PRR of FNDC3A and FNDC3B proteins contain one 

Group I PPxY and one Group IV p(S/T)P WW-domain binding motifs that are conserved in all 
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orthologs, raising the possibility that FNDC3 proteins could bind WW-domains in a competitive, 

combinatorial, or redundant manner. Additional paralog-specific WW-domain binding motifs in 

this region suggest the possibility of additional unique or synergistic WW-domain interactions. 

Taken together, these observations suggest FNDC3 proteins function, possibly in part, by 

binding and localizing WW-proteins to the cytosolic face of organelles, such as the spermatid 

acrosome, within the cytoplasm. 

 In this chapter I describe analysis of the relative affinity of the PRR of FNDC3A and 

FNDC3B for individual WW-domains from a range of different proteins. Based on the results, I 

performed in situ hybridization for a subset of of these genes to determine if they are co-

expressed with Fndc3a in male germ cells where interaction with FNDC3A may be required to 

maintain intercellular bridges and spermatid-Sertoli cell adhesion. I also collaborated with Drs. 

Lee and Jane Bardwell from the Bardwell Lab at UCI to verify these interactions using an 

independent method and to define the region(s) of the PRR of FNDC3A required for in vitro 

binding to full-length WW-domain containing interacting proteins. Lastly, I describe results of 

experiments performed by Katrina Waymire and Juliet Masumi from our research group that 

used live imaging to identify cell-intrinsic defects in mouse embryonic fibroblasts (MEFs) lacking 

Fndc3a that could be due to altered actin dynamics.  

 

7.2 MATERIALS AND METHODS 

WW-domain array binding of PRR N-termini of FNDC3 domains 

 WW domain arrays were purchased from Panomics, Affymetrix at Santa Clara, CA. The 

coding sequence of the first 304 N-terminal amino acids of FNDC3A was cloned into pET-19b 

plasmid (Novagen) for bacterial expression of His-tagged PRR of FNDC3A. The coding 

sequence of the first 367 N-terminal amino acids of FNDC3B was cloned into pMAL-c5X (New 

England BioLabs) for bacterial expression of maltose-binding protein fusion with His-tagged 
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PRR of FNDC3B. Expression was induced in BL21(DE3)pLysS competent cells (Invitrogen) 

using 1mM IPTG for 3 h at 37°C prior to harvest. His-tagged proteins were purified using 

HisTrap HP 1ml columns (GE Healthcare) and eluted with 100-400mM series of elution buffer 

according to manufacturer’s instructions. Eluates containing highest concentration of purified 

protein were identified by PAGE and Coomassie stain and selected for use. Samples were 

dialyzed overnight using Slide-A-Lyzer dialysis cassettes (Thermo Scientific) in 1x PBS 

containing 15% glycerol and 2mM EDTA. WW domain arrays were blocked using LI-COR 

blocking buffer for 2 h, rinsed with PBS-T (0.1% Tween-20), incubated with extracts for 2 h, and 

washed 4 x 5 min in PBS-T. Membranes were incubated with mouse anti-His monoclonal 

antibody diluted 1:3000 in LI-COR blocking buffer plus 0.2% Tween-20 for 1 h, washed 4 x 5 

min in PBS-T, incubated with LI-COR IRDye 680 goat-anti-mouse secondary antibody, washed 

3 x 5 min in PBS-T, and final wash 2 x 5 min in 1x PBS. WW-domain arrays were scanned 

using LI-COR Odyssey Sa. 

 

In vitro binding assays for FNDC3 proteins (performed by Bardwell Lab, UC Irvine) 

 Plasmids containing full-length mouse cDNA clones of putative FNDC3 interacting 

proteins were obtained from Thermo-Fisher IMAGE. Open reading frames were subcloned 

downstream of a bacteriophage RNA polymerase promoter for in vitro transcription/translation 

using [35S]methionine for labeling. The PRR of FNDC3A was subcloned into pGEX-LB for 

bacterial expression of GST-tagged PRR of FNDC3A, and mutated by site-directed 

mutagenesis to generate isoforms shown in Figure 7.4A. GST pull-down assays were 

performed as described in (Whisenant et al., 2010). 
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Wound healing assay of mouse embryonic fibroblasts (performed by K. Waymire, 

MacGregor Lab) 

 Mouse embryonic fibroblasts isolated from Fndc3asys/sys and wild-type mice were cultured 

on fibronectin coated glass bottom dishes. Cells were grown to confluency and scratch 

wounded using a sterile 200µl micropipette tip. Time-lapse recording was performed using DIC 

optics on an Axiovert 200M microscope (Zeiss, Thornwood, NY) using a built in incubator 

system to provide 37°C, 5% CO2 in air. Independent experiments were repeated at least three 

times. 

 

7.3 RESULTS 

WW-domains have different affinities for the PRR N-termini of FNDC3 domains in vitro 

 The proline rich region (PRR) at the N-terminus of all FNDC3 family members contains 

multiple conserved WW-domain binding motifs. The presence of both shared and unique WW-

domain binding motifs between FNDC3A and 3B suggest these proteins may have redundant 

and paralog-specific interactions with WW-domain containing proteins. To identify putative 

interacting proteins, the relative affinity of various WW domains for the PRR of FNDC3A and 3B 

was quantified using WW domain arrays (Panomics, Affymetrix, Santa Clara, CA).  The WW 

domain arrays consist of membranes spotted in duplicate with individual GST-tagged WW 

domains from various proteins, and His-ligand and GST positive and negative controls. A 

plasmid vector was generated containing a 10xHis-tag fused to the amino terminus of the PRR 

of FNDC3A and soluble protein was expressed and purified from E. coli.  Expression of HIS-

tagged FNDC3B PRR in bacteria produced insoluble polypeptide.  To generate a soluble 

10xHis-tagged PRR of FNDC3B, I cloned the FNDC3B sequence into a vector expressing a 

maltose-binding protein fused to its amino terminus.  The WW domain arrays were reacted with 

the purified protein and incubated with α-His primary antibody and fluorescent secondary 
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antibody before being scanned using a LI-COR Odyssey IR imager (LI-COR, Lincoln, NE).  The 

fluorescent signal from each array spot corresponds to the amount of His-tagged protein bound 

to each WW domain.  

 The relative affinity of the PRR from either FNDC3A or 3B for different WW domains was 

quantified relative to negative control (GST) or positive control (His-ligand) (Fig. 7.1A,B).  The 

signal to noise ratio of each array was determined from the ratio of fluorescent signal from His-

ligand (positive) versus GST only (negative) controls.  Both arrays incubated with the PRR from 

FNDC3A had a signal to noise ratio of >2, but the signal to noise ratio for both arrays for 

FNDC3B was weaker (ratio = 1.16 for array 2).  This was most likely due to the poor solubility of 

the PRR from FNDC3B despite fusion with maltose-binding protein.  As an arbitrary cut-off, WW 

domains with a signal greater than twice that of the GST control were used.  Using this criterion, 

16 proteins were identified as being putative interactors for FNDC3A. The PRR of FNDC3B had 

a lower signal to noise ratio between His-ligand and GST positive and negative controls, 

possibly due to the addition of maltose binding protein (MBP) tag to increase the solubility of the 

PRR of FNDC3B. The PRR of FNDC3B had a broader affinity for WW domains, with 10 of the 

16 putative interactors of FNDC3A containing WW domains with the highest affinity for 

FNDC3B; i.e. IQGAP2, ITCH, MAGI1, MAGI2, NEDD4L, SMURF1, SMURF2, WWP1, and 

WWP2. Seven of the putative interactors of FNDC3A did not contain WW domains of relative 

high affinity for FNDC3B: APBB1, FNBP4, NEDD4, TCERG1, WAC, and WBP4. Interestingly 

the WW domain of FNBP4 had the highest measured affinity for the PRR of FNDC3A, but did 

not bind the PRR of FNDC3B. The similarities and differences in the binding affinity of WW 

domains for the PRR of FNDC3A and FNDC3B support the model that FNDC3 proteins may 

have redundant and unique functions. However, my data using conditional mutant mice has 

shown that Fndc3a, but not Fndc3b, is required in a germ cell-intrinsic manner for male fertility, 

suggesting the protein interactions that are unique for FNDC3A (e.g. FNBP4) may be required 

during spermatogenesis. 
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Putative FNDC3A protein interactors are transcribed in male germ cells 

 Although we have identified proteins that may interact with FNDC3A in vitro, it is 

important to determine whether these proteins may also be expressed in the same cells as 

Fndc3a. In situ hybridization reveal Fndc3a transcripts are broadly detected in germ cells of wild 

type mice, and in highest abundance in pachytene spermatocytes (Fig. 7.2A). Fnbp4 is 

transcribed primarily in spermatocytes and round spermatids, at lower levels in elongate 

spermatids, and not detected in spermatogonia (Fig. 7.2B). Iqgap1 and Iqgap2 have similar 

expression patterns, and are primarily expressed in elongate spermatids, and expressed at low 

levels in spermatogonia, spermatocytes, and round spermatids (Fig. 7.2C,D). Smurf1 is 

transcribed primarily in elongate spermatids, and spermatocytes, and at lower levels in 

spermatogonia and round spermatids (Fig. 7.2E). No background staining was observed in 

tissues processed in parallel without antisense probe (Fig. 7.2F). 

 

FNDC3A interacts with WW domain containing proteins in vitro via a conserved novel 

KKLK sequence and not via WW domains (experiments performed in collaboration with 

Drs. Jane and Lee Bardwell, Bardwell Lab, UC Irvine) 

 The presence of multiple conserved WW-domain binding motifs in the N-terminus of 

FNDC3A raised the possibility that FNDC3A functions by interacting with WW-domain 

containing proteins. In mice that lack Fndc3a in germ cells, spermatids form symplasts due to 

failure in the maintenance of germ cell intracellular bridges and failure in maintaining spermatid-

Sertoli cell adhesion via the apical ES, both of which are specialized actin-based structures 

(MacGregor et al., 1990; Russell et al., 1991). Actin cytoskeleton defects may also account for 

the defects observed in Fndc3asys/sys MEFs during wound healing. These observations suggest 

FNDC3A may function by regulating the actin cytoskeleton that lines the intercellular bridges 

between elongating round spermatids or the actin cytoskeleton required for maintaining apical 
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ES adhesion (Aivatiadou et al., 2007; Weber and Russell, 1987). To determine how FNDC3A 

may function, in vitro binding assays were performed between the GST-tagged PRR of 

FNDC3A (aa1-266) and WW-domain containing proteins with known or predicted functions in 

regulating actin cytoskeleton; i.e. Formin Binding Protein 4 (FNBP4) (Chan et al., 1996), IQ 

Motif Containing GTPase Activating Protein 1 (IQGAP1) (Mataraza et al., 2003; Noritake et al., 

2005), and SMAD Specific E3 Ubiquitin Protein Ligases 1 (SMURF1 (Tian et al., 2011; Wang, 

2003)) and 2 (SMURF2) (Fukunaga et al., 2008). FNBP4, IQGAP1, SMURF1, SMURF2 bound 

GST-FNDC3A with greater affinity than GST alone (Fig. 7.3A). To determine whether the WW-

domain binding motifs in the PRR of FNDC3A are required for binding FNBP4, IQGAP1, and 

SMURF2, all four motifs were mutated (FNDC3APPXYmut4, Fig. 7.3A). Strikingly, mutation of all 

four WW domain ligands in FNDC3A-PPXYmut4 had no significant effect on binding of FNBP4, 

IQGAP1, and SMURF2 (Fig. 7.3A), suggesting that interaction between the PRR of FNDC3A 

occurs independently of the WW-domain binding motifs. To identify which regions of the PRR of 

FNDC3A are required for protein interactions, truncated GST-FNDC3A proteins were generated 

(aa1-201, 1-173, 1-137) (Fig. 7.3A). FNBP4, IQGAP1, and SMURF2 bound GST-FNDC3A1-201, 

but not GST-FNDC3A1-173, GST-FNDC3A1-137, or GST alone (Fig. 7.4B-D), indicating that the 

amino acid residues 174-201 for FNDC3A are necessary for binding to occur. 

To identify the specific amino acid residues located within FNDC3A174-201 that are 

required for binding, we looked for evidence of a conserved sequence in FNDC3A orthologs. A 

conserved KKLKDRQ sequence located at FNDC3A188-194 (Fig. 7.3B). The conservation of 

similar residues between chordates and insects suggested the KKLKDRQ sequence might be 

important for FNDC3A function. To determine whether this sequence is required for protein 

interaction, alanine missense mutations were introduced to generate GST-FNDC3A1-

201KKLKDRQmut (Fig. 7.4A). FNBP4, IQGAP1, and SMURF2 bound GST-FNDC3A1-201 but not GST-

FNDC3A1-201KKLKDRQmut (Fig. 7.4B-D), indicating the conserved KKLKDRQ sequence of FNDC3A 

is indeed necessary for binding. These results raise the possibility that FNDC3A may function 
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by interacting with FNBP4, IQGAP1, or SMURF2 to regulate intercellular bridge actin filaments 

during spermatogenesis. Remarkably, these interactions are mediated through a novel 

KKLKDRQ motif, and not through the conserved WW-domain binding motifs as originally 

hypothesized. 

 

Delayed response and rounded morphology of Fndc3asys/sys mouse embryonic 

fibroblasts during wound healing (experiment performed by Katrina Waymire, 

MacGregor Lab) 

 The results in Chapter 4 indicate germ cell-intrinsic function of Fndc3a is essential to 

maintain spermatid intercellular bridges and spermatid-Sertoli adhesion. Altered actin dynamics 

in germ cells in Fndc3a sys/sys mice might lead to defective maintenance of intercellular bridges 

or spermatid-Sertoli adhesion. To screen for evidence of altered actin dynamics we analyzed 

cell migration in mouse embryonic fibroblasts (MEFs) isolated from wild-type or Fndc3asys/sys 

using a simple in vitro scratch-wound healing assay. MEFs were plated on glass bottom dishes 

coated with fibronectin. After being grown to confluency and scratch wounded we used live 

time-lapse imaging to record cell migration during wound healing (Fig. 7.5A,B). At two hours 

after wounding, wild-type MEFs have already migrated into the wound space, but Fndc3asys/sys 

MEFs remain at the edges of the wound. At three hours post wound, some Fndc3asys/sys MEFs 

begin to migrate into the wound, but remain delayed relative to wild-type MEFs through 6 hours 

post wounding. By 14 hours post wound, wound closure in Fndc3asys/sys MEFs is similar to wild-

type MEFs, and both wild-type and Fndc3asys/sys MEFs eventually complete closure of the 

wound. To determine if the initial delay in wound healing was due to differences in repolarization 

of the MEFs prior to migration, we analyzed the location of the centrosome by 

immunofluorescence for γ-tubulin, quantifying the number of cells at the edge of the wound that 

had correctly oriented the centrosome within a 120° arc towards the center of the wound. 
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Fndc3asys/sys MEFs appear to polarize correctly. At 2 hours after wounding 46.34% (n=123) of 

Fndc3asys/sys MEFs orient towards the wound correctly compared to 52.94% (n=136) for wild-

type MEFs, and only 19.52% of Fndc3asys/sys and 20.59% of wild-type MEFs do not orient 

correctly (Fig. 7.6A). At 4 hours after wound, 61.16% of Fndc3asys/sys MEFs and 67.18% of wild-

type MEFs orient correctly, and only 11.57% of Fndc3asys/sys MEFs and 11.45% of wild-type 

MEFs do not orient correctly (Fig. 7.6B). These observations suggest Fndc3asys/sys MEFs do not 

have defects in polarization during wounding. However, throughout the wound healing process, 

Fndc3asys/sys MEFs have an unusually rounded appearance compared to the normal spindly 

appearance of wild-type MEFs. Further, after wound closure Fndc3asys/sys MEFs maintain a 

cobblestone appearance relative to each other, whereas wild-type cells appear more densely 

packed together. The delay in initial wound healing and abnormal morphology of Fndc3asys/sys 

MEFs indicate a cell-intrinsic defects due to loss of Fndc3a, possibly as a consequence of 

cytoskeletal defects. 

 

7.4 DISCUSSION 

FNDC3A may interact with FNBP4, SMURF1, and IQGAP1 in pachytene spermatocytes 

and spermatids for spermatogenesis 

In this chapter I present results of experiments to identify proteins that FNDC3A may 

interact with, and whose interaction may be required in germ cells for spermatogenesis. Male 

germ cells in Fndc3a mutant mice display defects in intercellular bridges and abnormal 

spermatid adhesion, and both processes involve specialized actin-based structures. . 

Interestingly, FNDC3A is required in MEFs for normal wound-healing based cell migration and 

cell morphology. Consequently, we were particularly interested in proteins that can interact with 

FNDC3A and whose function is either known, or likely to, regulate the actin cytoskeleton. The 

expression pattern of putative FNDC3A protein interactors indicate Fnbp4 and Smurf1 are likely 
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to be co-expressed with Fndc3a in spermatocytes and round spermatids. These observations 

suggest FNDC3A may function in a germ cell intrinsic manner by interacting with FNBP4 and 

Smurf1, proteins with known functions in regulating the actin cytoskeleton. 

Formin Binding Protein 4 (FNBP4) was discovered as a protein that interacts with the 

proline rich FH1 domain of formins (Chan et al., 1996). The function of FNBP4 is poorly 

understood, with the only information currently reported involving a homozygous point mutation 

in Fnbp4 in patients with microphthalmia and limb abnormalities (Kondo et al., 2013). One 

possibility is that FNDC3A localized at the acrosome of round spermatids recruits FNBP4 to 

bind formins and assemble, or modify the actin cytoskeleton near the acrosome. In support of 

this model, the formins mDia1 and Fmnl3 have been identified as major factors that enhance 

actin polymerization in order to stabilize E-cadherin at epithelial junctions (Rao and Zaidel-Bar, 

2016). Another possibility is that FNDC3A may localize to smooth ER cisternae localized at 

spermatid intercellular bridges to recruit FNBP4 and formins to assemble the actin filaments 

required to surround and stabilize intercellular bridges. These actin filaments at intercellular 

bridges are also unbranched, indicating likely nucleation by formins rather than Arp2/3. 

 The HECT E3 ubiquitin ligase SMURF1 regulates BMP signaling by targeting Smad1 

and Smad5 for degradation (Zhu et al., 1999). SMURF1 has also been shown to regulate actin 

cytoskeleton dynamics with functions in cell migration, polarity, and adhesion (Ozdamar, 2005; 

Wang, 2003). Although MEFs lacking Fndc3a still polarize in response to wounding, cells 

lacking Fndc3a were rounded in appearance and formed a cobblestone, epithelial-like pattern 

following wound closure, indicating changes in cell morphology likely to be associated with 

changes in actin cytoskeleton. During epithelial-to-mesenchymal transition, Smurf1 has been 

shown to regulate cell morphology by targeting RhoA for degradation, leading to loss of tight 

junctions (Ozdamar, 2005). The observation that FNDC3A and SMURF1 may interact in germ 

cells indicates that FNDC3A may function by binding SMURF1 to target RhoA for degradation 

where FNDC3A is localized. If this interaction also occurs in MEFs, this might explain why 
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Fndc3a mutant MEFs have an epithelial-like appearance; i.e. they may have undergone a 

mesenchymal-to-epithelial transformation due to inability to suppress RhoA activity in proximity 

to the ER. Relating back to spermatogenesis, previous studies have shown that RhoB 

negatively regulates apical ES adhesion (Lui et al., 2003). RA-RhoGAP is a Rho GTPase-

activating protein and known effector protein of Rap1. Expression of dominant negative Rap1 in 

spermatids causes decreased apical ES adhesion and release of immature (occasionally 

multinucleated) spermatids into the lumen of seminiferous tubules (Aivatiadou et al., 2007). 

Thus, negative regulation of RhoB by Rap1 is required for maintaining spermatid-Sertoli 

adhesion. The fact that regulating Rho is important for maintaining spermatid-Sertoli adhesion 

indicates that FNDC3A and SMURF1 binding may be essential for regulating RhoA activity in 

spermatids to maintain spermatid-Sertoli adhesion. 

IQ Motif Containing GTPase Activating Protein 1 (Iqgap1) and Iqgap2 could also be co-

expressed with Fndc3a in round spermatids. It is important to note that IQGAP1 can interact 

with FNDC3A, and both IQGAP1 and IQGAP2 have important functions in regulating actin 

cytoskeleton. IQGAP1 interacts with Rac1 and Cdc42 to regulate cell adhesion and migration 

(Noritake et al., 2005). Interestingly, IQGAP1 interactions with Cdc42 have been shown to 

regulate Sertoli-germ cell adherens junction dynamics (Lui et al., 2005). In Sertoli-germ cell co-

cultures, adherens junction formation due to the addition of germ cells causes a transient 

induction of Cdc42 and IQGAP1 (Lui et al., 2005). IQGAP2 has also been shown to bind Rac1 

and Cdc42 (Brill et al., 1996), and may regulate actin cytoskeleton dynamics (Schmidt et al., 

2003). However, it should be noted that IQGAP2 did not appear to bind FNDC3A in vitro (Fig. 

7.4A).  
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Pitfalls of performing in vitro protein binding assays and the importance of independent 

methods to assess interaction 

 One of the biggest surprises in the results discussed in this chapter was the apparent 

contradiction between the WW domain interactions with the PRR of FNDC3A using the WW 

domain arrays versus the interaction of WW-domain proteins with the PRR of FNDC3A via the 

conserved KKLKDRQ sequence between amino acids 188-194 of FNDC3A. The binding via the 

KKLKDRQ sequence is convincing since FNBP4, IQGAP1, and SMURF2 bound GST-

FNDC3A1-201, but not GST-FNDC3A1-201KKLKDRQmut (Fig. 7.4B-D), indicating the conserved 

KKLKDRQ sequence of FNDC3A is absolutely necessary for binding. Further experiments 

testing the binding of the PRR of FNDC3A with a series of truncated mutants of each interacting 

protein would identify where interactions occur. Other possibilities are the limitations of 

performing analysis of bacterial expressed protein with individual WW domain peptides on a 

solid-state array. Most WW proteins contain two or more WW domains and the avidity effect of 

multiple WW domains can influence target recognition (Chong et al., 2010). Other challenges 

present problems for in vitro protein binding assays. For example, post-translational 

modifications such as phosphorylation can regulate the interaction between WW-domains and 

binding motifs (Ilsley et al., 2002). More recently, it has been shown that the first four FnIII 

domains of FNDC3B are required for interaction with Annexin 2 (ANXA2) (Lin et al., 2016) 

suggesting that protein interactions with FNDC3A and FNDC3B may occur via regions other 

than the N-terminal PRR. Future experiments utilizing immunoprecipation are clearly important 

to determine whether the FNDC3A protein binding observed in this chapter can also occur in 

vivo. 
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Fig 7.1 The PRR of FNDC3A and FNDC3B vary in affinity for WW domains in vitro  

Fluorescence intensity quantified for WW domains from array 1 (A) and 2 (B) represent the 

relative amount of His tagged PRR from FNDC3A or -3B bound to each WW domain, GST 

(negative control), or His-ligand (positive control). Bars represent the average of two spots per 

sample, with the exception of His-ligand (28 spots). Error bars indicate range per sample, and 

standard deviation for His-ligand. 

  



 203 

  

 



 204 

Fig 7.2 Fndc3a is co-expressed with putative interactors Fnbp4 and Smurf1 in pachytene 

spermatocytes 

In situ hybridization of testis sections from identical wild-type mouse detecting Fndc3a (A), 

Fnbp4 (B), Iqgap1 (C), Iqgap2 (D), and Smurf1 (E) transcripts in seminiferous tubules. Fndc3a, 

Fnbp4, and Smurf1 are all strongly expressed in pachytene spermatocytes. Iqgap1 and Iqgap2 

are expressed primarily in elongate spermatids, which are later in development than the round 

spermatids that form symplasts form in Fndc3asys/sys mice. No staining was observed in tissues 

processed without anti-sense probe (F). 
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Fig 7.3 FNDC3A binds FNBP4, IQGAP1, SMURF1, and SMURF2 in vitro via a conserved 

“KKLK” sequence (experiments performed by Bardwell Lab, UC Irvine). 

The GST-tagged PRR of FNDC3A in full length, containing truncation mutations, or containing 

amino acid substitutions noted in cartoon was for GST-pull down assays to determine 

interaction with FNBP4, IQGAP1, SMURF1, and SMURF2 (A). Proteins were transcribed and 

translated in vitro. Note: the four conserved WW-domain binding motifs (i.e. PPIY, PPGY, 

PPLP, and PPPR) are not required for binding, but the conserved sequence 188-194 (“KKLK”) 

(B) is required for binding all four interacting proteins. 
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Fig 7.4 FNDC3A does not bind IQGAP2, but binds FNBP4, IQGAP1, and SMURF2 in vitro 

via a conserved “KKLK” sequence (experiments performed by Bardwell Lab, UC Irvine). 

Example results of GST-FNDC3(PRR) protein precipitation assays to determine binding with 

WW-proteins. Radiographs measure abundance of [35S]met WW-protein indicated at top, with 

expected protein labeled horizontally. Coomassie stained gels show total input for each lane. 

The PRR of FNDC3A and -3B bind SMURF2, but not IQGAP2 (A). The binding between the 

PRR of FNDC3A with FNBP4 (B), IQGAP1 (C), and SMURF2 (D) requires the presence of the 

KKLKDRQ sequence in FNDC3A. 
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Fig 7.5 Delayed response and rounded morphology of Fndc3asys/sys mouse embryonic 

fibroblasts during wound healing (K. Waymire, MacGregor Lab) 

Mouse embryonic fibroblasts (MEFs) isolated from wild-type (A) and Fndc3asys/sys (B) mice. 

Time after wounding is displayed as hours:minutes:seconds. Fndc3asys/sys MEFs take longer 

time to begin migrating into wound (4 hours), but wound closure occurs at approximately the 

same time (14 hours). Fndc3asys/sys MEFs in wound site are also rounded in a shape and form a 

cobblestone-like pattern versus the spindly shape observed in wild-type MEFs. 
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Fig 7.6 Fndc3asys/sys MEFs polarize normally in response to wounding (J. Masumi, 

MacGregor Lab). 

Orientation of centrosome polarization from the nucleus towards wound site in wild-type (blue) 

and Fndc3asys/sys (green) MEFs. “Front” = within 120° of the cell region towards wound site, “left” 

= 120° to the left rear of the cell away from the wound site, and “right” = 120° to the right rear of 

cell away from the wound site. Cells with duplicated (“double”) centrosomes were not assigned 

a direction. Results are representative of a minimum of three independent experiments. 
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CHAPTER 8 

Summary, Models for function of FNDC3A in spermatogenesis, and 

Future Directions 

8.1 SUMMARY 

 When these studies were begun in Spring 2010, the following was known about Fndc3a 

null mice. Homozygous male symplastic spermatids (sys) transgenic mice were sterile 

containing spermatids that fail to elongate and instead form symplasts of round spermatids 

(MacGregor et al., 1990). The male sterility was due to failure of spermatid development beyond 

step 8 of spermiogenesis, symplast formation following the widening of round spermatid 

intercellular bridges, and loss of adhesion between spermatids and Sertoli cells (MacGregor et 

al., 1990; Russell et al., 1991). Analysis of chimeric mice generated by fusing wild-type and 

homozygous sys mutant preimplantation embryos suggested the sterility in male sys mice was 

due to a defect of a cell type within the testis (MacGregor, 2002). After the mouse genome was 

sequenced, the sys mutation was later identified as a 1.24Mb deletion in mouse chromosome 

14 and comparative genomic analysis suggested that only gene, Fndc3a, was located within the 

deletion mutation. To verify loss of Fndc3a was the primary cause for the phenotype of 

Fndc3asys mice, genetic complementation analysis was performed by mating Fndc3asys mice 

with mice containing a targeted mutation in Fndc3a, Fndc3aRRP208 (Obholz et al., 2006). 

FNDC3A protein was shown to localize to the acrosome of spermatids in the testis and is also 

expressed in Leydig cells (Obholz et al., 2006). Later, FNDC3A was demonstrated to be a tail-

anchored integral membrane protein that localizes to the ER-Golgi in cells in culture, with the N-

terminus facing the cytosol (M. Pomeroy, MacGregor Lab). Loss of Fndc3a in mice also has 

pleiotropic effects including abnormal mammary gland development (A. Akopyan, MacGregor 

Lab) failure in mammary gland lipid secretion (A. Akopyan), and accumulation of lipid in liver (K. 

Waymire, MacGregor Lab). 
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 Fndc3b, also known as factor for adipocyte differentiation-104 (Fad104), was identified 

as a positive regulator of adipogenesis (Tominaga et al., 2004). In 2005, mice homozygous for a 

targeted mutation in Fndc3b, Fndc3bXK507, died shortly after birth displaying signs of respiratory 

distress and failure to inflate lung alveoli (D. Tirrell, MacGregor Lab). These observations were 

also described by another research group (Kishimoto et al., 2011; Nishizuka et al., 2009). 

Fndc3b was also shown to be a negative regulator of osteoblast differentiation and regulator of 

calvarial bone formation (Kishimoto et al., 2013; 2010).  

 During my thesis work, I have contributed to the understanding of Fndc3 gene function 

and mechanism of action by making, or helping to make, the following discoveries. First, to 

investigate in which tissues Fndc3a and Fndc3b are expressed, I analyzed Fndc3a and Fndc3b 

expression in a variety of mouse tissues and compared relative levels of transcripts with protein 

(quantitative western blot analysis of mouse tissues performed by M. Pomeroy, MacGregor 

Lab). The results revealed there was no direct relationship between steady-state levels of 

mRNA and protein for both FNDC3A and FNDC3B in several tissues in the adult mouse, 

including Fndc3a in the testis. This is consistent with the general finding that mRNA with 

relatively long 5' and 3' UTRs, (i.e. such as those found in both Fndc3a and Fndc3b), are 

subject to post-transcriptional regulation. Consistent with this finding, expression of both 

FNDC3A and FNDC3B can be controlled by miRNAs (Shan et al., 2009; Zhang et al., 2009).  

 Using ES cells that contained conditional mutant floxed alleles of both Fndc3a and 

Fndc3b, we generated conditional mutant Fndc3a and Fndc3b floxed mice that were 

subsequently used to investigate tissue and cell specific functions for Fndc3a in vivo. In situ 

hybridization analysis was used to demonstrate that both Fndc3a and -3b are transcribed in 

male germ cells of the testis. Use of male germ cell expressing Cre mice in conjunction with 

mice having the floxed alleles of each Fndc3 gene demonstrated that Fndc3a, but not Fndc3b, 

is required in a germ cell-intrinsic manner for spermatogenesis. Additional analysis of Fndc3a 

mutant male mice indicated that loss of spermatid-Sertoli adhesion was not due to loss of 
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androgen signaling in Sertoli cells and that Fndc3a is required to maintain spermatid 

intercellular bridges in a mechanism not affecting TEX14 ring stabilization or ULC-PUFA lipid 

synthesis (lipid analysis by R. Sandhoff Lab, Heidelberg, Germany). I demonstrated that Fndc3a 

is not required in Leydig cells for male fertility, and that defects in Leydig cell lipid homeostasis 

observed in Fndc3asys mice are due to loss of Fndc3a in germ cells. I developed and validated a 

protocol for inducing efficient Cre-ERT2 mediated recombination of loxP sites in adult mice and 

used this to demonstrate that Fndc3a function is required for maintaining adult 

spermatogenesis, indicating that Fndc3a function is required in all waves of spermatogenesis. 

Lastly, I helped identify proteins that can interact with the proline rich region (PRR) of FNDC3A 

and showed that genes for such proteins shown by the Bardwell Lab to interact with FNDC3A in 

vitro are expressed in the same germ cells as Fndc3a, raising the possibility that abnormal 

localization or function of the interacting proteins could result in male sterility in Fndc3a mutant 

mice. 

In the following section I discuss these findings, focusing on how FNDC3A may function 

in a germ-cell intrinsic manner for spermatogenesis. I also discuss experiments to test these 

models. 

  

8.2 Possible models of FNDC3A function in mouse spermatogenesis  

Model 1—FNDC3A is required for maintaining germ cell intercellular bridges 

TEX14 has been shown to be an essential component for formation of germ cell 

intercellular bridges (ICBs). Measurement of the TEX14 ring diameter in spermatids of 

Fndc3asys/sys P25 as well as adult mice indicates that during opening of intercellular bridges and 

formation of symplasts, TEX14 rings do not widen due to loss of Fndc3a (Fig. 4.5). This is in 

contrast to studies of TEX14 in mice with different gene defects in which symplasts of male 

germ cells form at different stages of spermatogenesis. For example, mice lacking 
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MgcRacGAP, an essential component of centralspindlin, specifically in germ cells do not form 

TEX14 ring structures, and form symplasts of spermatogonia (Lorès et al., 2014). In mice 

lacking Syntaxin 2, TEX14 mis-localizes in a patchy pattern at the periphery of symplasts of 

spermatocytes (Fujiwara et al., 2013). In mice lacking Ceramide synthase 3 specifically in germ 

cells, TEX14 rings are present but widen prior to formation of round spermatid symplasts 

(Rabionet et al., 2015). Thus, the structure and sub-cellular localization of TEX14 can vary 

depending on the specific mutation and possibly time of formation of multinucleated germ cells 

during spermatogenesis. The results presented in this thesis indicate TEX14 rings remain intact, 

at least during early stages of formation of symplasts of spermatids, in Fndc3a mutant mice, 

suggesting that FNDC3A functions in a novel way to maintain intercellular bridges in male germ 

cells independently of TEX14 ring formation or structure. 

None of the previous studies that used TEX14 as a marker addressed how the highly 

convex and curved plasma membrane at ICBs between spermatids is normally maintained in 

relation to both the bridge density / ER cisternum and the TEX14 ring.  TEX14 rings appear to 

form normally in spermatids lacking Fndc3a. In combination with the previous ultra-structural 

analysis of ICBs in Fndc3a mutant mice (Russell et al 1991), this suggests that TEX14 rings in 

spermatids lacking Fndc3a dissociate from the intercellular bridge complex. FNDC3A has been 

shown to localize to the acrosome of round spermatids, but the possible localization of FNDC3A 

to the small cisternum of ER at intercellular bridges has not been observed. In this location 

FNDC3A might function to maintain connection between TEX14 and the cisternum of ER 

associated with the ICB bridge density. Future studies using immunogold labeling and electron 

microscopy may help determine the relation of known intercellular bridge proteins such as 

TEX14 with the ultra-structure surrounding germ cell intercellular bridges, and what happens to 

this structure in germ cells lacking Fndc3a. 

 Male germ cells, after crossing the blood-testis-barrier, begin synthesis of specialized 

gylcosphingolipids with ultra long chain-polyunsaturated fatty acids (ULC-PUFA); i.e. those 
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containing 26-32 carbon atoms and 4-6 double bonds. Given their unique structure, these 

unusual fatty acids may function to allow formation of the highly convex plasma membrane that 

surrounds the ICBs in spermatids. Several genes required for the synthesis of ULC-PUFA 

complex glycosphingolipids are required for male fertility, and mice lacking these genes form 

symplasts of round spermatids (Table 8.1). Mice that lack the ability to produce ULC-PUFA’s 

(Zadravec et al., 2011) or complex glycosphingolipids containing ULC-PUFA’s (Sandhoff et al., 

2005) are sterile due to spermatogenic failure. Male germ cells that fail to produce either 

ceramide containing ULC-PUFA (germ cell-specific CerS3 null mice) (Rabionet et al., 2015) or 

complex glycosphingolipids (Galgt1 null mice) (Sandhoff et al., 2005) fail to maintain meiotic 

intercellular bridges and form symplasts of round spermatids, a phenotype similar to that 

observed in Fndc3a mutant mice. However, mice lacking Fndc3a or mice lacking Fndc3a 

specifically in germ cells synthesize normal amounts of ULC-PUFA sphingolipids and complex 

glycosphingolipids. This indicates failure in spermatid intercellular bridge maintenance is 

independent of ULC-PUFA synthesis and unlikely to be due to differences in composition of 

membranes associated with the ICB. 

 The normal appearance of TEX14 rings and ULC-PUFA glycosphingolipids in Fndc3a 

mutant mice suggests an alternative, and possibly novel, mechanism for maintaining ICBs. It 

has been shown that actin filaments encircle spermatid ICBs. Disruption of the actin 

cytoskeleton by intra-testicular injection of cytochalasin D into rat testes disrupts the ultra-

structure of ICBs, resulting in their widening and formation of symplasts of round spermatids 

(Russell et al., 1987). How the formation of the ICB actin filaments is regulated is unknown. In 

Fndc3asys/sys mice, widening of intercellular bridges in step 6-7 spermatids was frequent, but the 

ultra-structure of ICBs varied in appearance (Russell et al., 1991). In some bridges, reduced 

bridge density material is observed with reduced association with smooth ER. In other bridges, 

the bridge density is observed but is no longer associated with actin filaments or smooth ER. 

Other bridges were wider, but appeared structurally normal. These observations may indicate a 
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stepwise pattern in disassembly of the ultra-structure of ICBs in Fndc3asys/sys mice. It would be 

interesting to conduct EM based studies to investigate how the ultra-structure of ICBs is affected 

in other mouse mutants that cause symplast formation. 

An important question concerns whether FNDC3A localizes to the smooth ER 

associated with ICBs in round spermatids. A previous study found no evidence for such 

localization (Obholz et al., 2006). However, this could be due to the fixation or antibody used, or 

possibly masking of the antigenic epitopes at the ICB. Unfortunately none of the polyclonal 

rabbit antisera used in this study remains. Future studies with immunogold staining using 

appropriate anti-FNDC3A antibodies combined with EM could indicate whether FNDC3A may 

be localized to spermatid ICBs. Exciting studies in combination with the Bardwell Lab have 

shown that FNDC3A can interact with FNBP4, SMURF1 and IQGAP1 in vitro, and the studies in 

this thesis show that transcripts for these proteins are detected in germ cells that also express 

Fndc3a. Future immunoprecipitation or co-localization studies using male germ cells may 

determine whether these interactions may occur in vivo. FNBP4, IQGAP1 and SMURF1 are of 

possible relevance to the mechanism of development of symplasts in Fndc3a mutant mice, as 

all three proteins have known functions in regulating actin cytoskeleton (Chan et al., 1996; Tian 

et al., 2011; Wang, 2003) and therefore may be required for maintenance of the actin structure 

during evolution of the IBC during spermiogenesis. Of potential interest, a region within the first 

four FnIII repeats of FNDC3B was recently shown to interact with annexin A2 (Lin et al., 2016). 

Annexin A2 is a calcium-dependent phospholipid binding protein that can cap F-actin to regulate 

membrane - cytoskeletal interactions and has been implicated in both exocytosis and cell-cell 

adhesion (Gerke and Moss, 2002). If FNDC3A also binds to annexin A2, this could offer an 

additional potential mechanism by which FNDC3A could mediate linkage of an ER cisternum to 

the plasma membrane at the ICB, or by which it might mediate spermatid-Sertoli cell adhesion 

at the apical ES. Demonstration that FNDC3A co-localizes to germ cell ICBs and can interact 
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with FNBP4, IQGAP1 or SMURF1 or other actin cytoskeleton proteins in vivo would provide 

support that FNDC3A function is required for maintaining intercellular bridge actin filaments. 

 

Model 2—FNDC3A is required for maintaining spermatid-Sertoli adhesion 

 Loss of spermatid-Sertoli cell adhesion is also observed in sterile male Fndc3a mutant 

mice. This defect occurs during spermiogenesis at the stage when the apical ES becomes the 

sole adhesive structure between spermatids and Sertoli cells, indicating that FNDC3A may also 

be required to maintain apical ES-mediated adhesion between the round spermatid and Sertoli 

cell. In Fndc3asys/sys mice, spermatid nuclei with an overlying acrosome can be observed in 

contact with the plasma membrane of the symplast, which in turn is in contact with a Sertoli cell 

(Russell et al., 1991). Electron microscopy analysis of the apical ES in Fndc3asys/sys also reveals 

normal appearance of the ER cisternum within the Sertoli cell as well as the associated Sertoli 

cell actin bundles at the apical ES, suggesting normal formation of the apical ES on the Sertoli 

cell side (Russell et al., 1991). These observations suggest loss of spermatid-Sertoli adhesion in 

Fndc3asys/sys mice occurs despite the otherwise normal appearance of adhesive proteins that 

are components of the apical ES. In future studies it would be of interest to perform western and 

immunofluorescence analyses to investigate whether proteins normally associated with 

adhesive junctions on the spermatid side of the apical ES (i.e. laminin 3,3,3, VE-cadherin, N-

cadherin, JAM-C, nectin) are present and localized correctly in symplast spermatids in Fndc3a 

mutant mice.  

Loss of adhesion at the apical ES may occur due to actin cytoskeleton defects within 

germ cells despite the presence of adhesion proteins at the membrane surface. This is 

supported by evidence from freeze fracture studies that demonstrate the continued presence of 

apical ES membrane components on faces of spermatids and Sertoli cells following loss of 

adhesion (O'Donnell et al., 2000; Russell et al., 1988). Loss of spermatid-Sertoli cell adhesion 

occurs following acute disruption of the actin cytoskeleton by intra-testicular injection of 
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cytochalasin D (Russell et al., 1988). Other studies provide evidence for the importance of 

regulation of the actin cytoskeleton within spermatids for maintenance of spermatid-Sertoli 

adhesion. The Ras-like small GTPase RAP induces radial stress fiber dissolution and promotes 

the formation of circumferential actin bundles, in order to form linear adherens junctions and 

tighten endothelial cell junctions (Ando et al., 2013). In the testis, expression of a dominant 

negative Rap1 in spermatids causes VE-cadherin to lose association with the actin cytoskeleton 

and other junctional components, resulting in decreased apical ES adhesion (Aivatiadou et al., 

2007). 

If actin structure or dynamics are affected in spermatids in Fndc3a mutant mice, a key 

question involves how this occurs. Collaborative studies with the Bardwell Lab has shown that 

FNDC3A can bind FNBP4, IQGAP1 and SMURF1 in vitro, and results in this thesis show that 

these proteins may be co-expressed in round spermatids. Therefore, FNDC3A may function by 

binding FNBP4, IQGAP1 or SMURF1 to regulate the actin cytoskeleton of male germ cells. In 

support of this hypothesis, MEFs lacking Fndc3a have cell migration defects and abnormal cell 

morphology (Fig. 7.2). It would be interesting to determine if FNDC3A co-localizes with  

IQGAP1, FNBP4, or SMURF1 in wild type MEFs and whether the subcellular localization of 

these proteins differs in Fndc3a mutant MEFs, especially during cell migration. It would also be 

of interest to determine if RhoA activity, a known target of SMURF1, is altered in Fndc3a mutant 

MEFs during cell migration. 

 

8.3 Future directions 

Identifying subcellular localization of FNDC3A and its interacting proteins in vivo 

A key unresolved question from these studies concerns how FNDC3A functions in vivo. 

Insight into the answer might be obtained by knowing the subcellular localization of FNDC3A in 

cells and tissues in vivo. Such studies routinely rely on the availability of an antibody that can 
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react specifically with FNDC3A. Our lab reported the localization of FNDC3A in mouse testis by 

immunohistochemistry (Obholz et al., 2006), however the antisera used for this study has been 

depleted and attempts to generate oligopeptide-specific antisera against FNDC3A were 

unsuccessful. As an alternative, we obtained several commercially available antibodies against 

FNDC3A, but many of these do not recognize the expected protein, immunohistochemistry 

studies with those that do been unsuccessful when used in conjunction with negative control 

(Fndc3asys/sys) tissues, and poor reproducibility has been observed even between batches of 

antibodies produced by the same vendor. As shown in this thesis, RNA in situ hybridization can 

provide information about which cells transcribe Fndc3a or Fndc3b in vivo. However, based on 

the studies in this thesis, and others (refs), it is clear that the presence of mRNA does not 

necessarily correlate with presence of FNDC3 protein. 

One way that might overcome the lack of a suitable antibody for immunofluorescence 

(IF) or immunoprecipitation (IP) studies of FNDC3A is to introduce a coding sequence for a 

fluorescent protein (one for which there are suitable monoclonal antibodies for IF or IP) into the 

genome of the mouse, thereby fusing the fluorescent reporter to the N-terminus of FNDC3A. 

The advent of CRISPR/Cas9 might facilitate this goal (Yang et al., 2014; 2013). There are 

several reasons why such a tagged allele of Fndc3a could be a powerful reagent for future 

studies. First, expressing from the endogenous locus can overcome the issue of cell death 

observed following ectopic expression of FNDC3A in cultured cells. Second, a tagged protein 

could allow both static and real-time analysis of FNDC3A protein localization in tissues from 

mice, as well as in MEFs derived from them. This might help understand how FNDC3A 

functions in the processes affected in Fndc3a mutant mice, including mammary gland 

development, lipid homeostasis in liver and stability of spermatid ICBs as well as spermatid-

Sertoli adhesion. For example, an exciting possibility would be if such a fluorescent fusion 

protein was found to be localized to both the surface of the acrosome and the ICBs in mice. 

With this type of approach, an important first step would be to verify wild-type function of the 
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tagged-FNDC3A, which could be performed by analyzing the phenotype of Fndc3axFP-FNDC3A/sys 

mice.  

 

Future investigation of functions of Fndc3b in mice 

Mice lacking Fndc3b die shortly after birth with acute respiratory distress and have 

skeletal abnormalities including abnormal development of the cranial bones ((Nishizuka et al., 

2009) and MacGregor Lab). Interestingly, two cases of human infants with mutations of 

FNDC3B were recently reported in which the affected individuals display craniofacial 

dysmorphology (Cao et al., 2016). Hence, Fndc3b mutant mice should prove valuable as a 

model system to understand the function of FNDC3B in humans. Fndc3b was first identified as 

being involved in differentiation of white adipocytes (Tominaga et al., 2004). Consequently, it 

would be interesting to know if the human infants mutant for FNDC3B have reduced white 

adipose mass. 

To date, no group has reported analysis of functions of Fndc3b in post-natal mice. My 

results are the first such genetic analysis that demonstrate Fndc3b is not required in germ cells 

for spermatogenesis in mice. To identify additional functions of Fndc3b in other adult tissues, I 

have generated additional conditional null mice for Fndc3b and experiments using these are in 

progress.. One study involves understanding why Fndc3b-null neonates die at birth due to acute 

respiratory distress. One possibility is that Fndc3b is required for normal development of the 

mouse lung and that the Fndc3b mutant mice die due to pulmonary immaturity. However, based 

on the defects in secretion of lipid droplets from mammary epithelial cells and accumulation of 

lipid in hepatocytes in Fndc3a mutant mice, an alternative hypothesis is that FNDC3B is 

required for a specific pulmonary function; i.e. secretion of surfactants essential for neonatal 

survival (Melton et al., 2003). To determine if Fndc3b function in lungs is required during 

adulthood, I have recently used tamoxifen to induce Cre recombination ubiquitously in 

R26CreERT2;Fndc3bFL/FL mice. I gavaged a cohort of 3 experimental R26CreERT2;Fndc3bFL/FL 
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mice, along with mice lacking R26CreERT2 as littermate controls, with the same dosage of 

tamoxifen that I used in R26CreERT2;Fndc3aFL/sys mice. Interestingly, in the month since 

treatment with tamoxifen, they experimental animals have not displayed evidence of respiratory 

distress, suggesting that Fndc3b may be required for development of the lungs rather than 

being required for post-natal function. 

 

Further investigation of Fndc3a and Fndc3b double conditional null mice 

 The results in this thesis indicate that FNDC3A and FNDC3B are co-expressed in many 

different mouse organs. However, at least in the case of Fndc3a, the mutant phenotypes 

observed in mice are relatively restricted. As for many other gene families, this raises the 

interesting possibility of functional overlap between Fndc3a and Fndc3b. In this case, double 

mutant animals would be expected to have more severe defects than mice lacking either gene 

alone. To test whether loss of Fndc3a and Fndc3b has any effect, I have generated 

R26CreERT2;Fndc3aFL/FL;Fndc3bFL/FL mice. It will be of interest to use the protocol described in 

this thesis to administer tamoxifen at different developmental stages pre- and post-natal to 

investigate for overlapping functions of Fndc3a and Fndc3b. 
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Table 8.1. Gene mutations, pharmacological agents, and other conditions that 
cause male germ cell symplast formation 
 
Gene mutation or 
compound 

Description Germ cell 
stage 

Reference 

Ceramide 
synthase 3 
(CerS3), germ 
cell-specific 
deletion in mice 

Required for synthesis of ceramides 
containing ultra long polyunsaturated fatty 
acids (ULC-PUFA, C26-32:4-6n). Germ cell-
specific deletion by Stra8Cre results in male 
infertility, round spermatid arrest, increased 
apoptosis in spermatocytes, Sertoli cell 
vacuolization, and widening of spermatid 
intercellular bridges (TEX14) leading to 
symplast formation. 

Symplasts of 
round 
spermatids 

(Rabionet et al., 
2015) 

Glucosyl 
ceramide 
synthase (Gcs), 
germ cell-specific 
deletion in mice 

Required for synthesis of glucosyl 
ceramides. Germ cell-specific deletion by 
Stra8Cre results in male infertility, round 
spermatid arrest, nuclear vacuolization in 
spermatids, and widening of spermatid 
intercellular bridges (TEX14) leading to 
symplast formation. 

Symplasts of 
round 
spermatids 

(Rabionet et al., 
2015) 

ELOVL fatty acid 
elongase 2 
(Elovl2), targeted 
Neo insertion 
mutation in mice 

ELOVL enzyme essential for synthesis of 
C24-30:5n-6 polyunsaturated fatty acids in 
testis. Reduced fertility in Elovl2+/- males, 
and Elovl2-/- males are infertile due to 
primary spermatocyte arrest, degeneration, 
and formation of symplasts. 

Symplasts of 
primary 
spermatocytes 

(Zadravec et al., 
2011) 

Gal-NAc 
transferase 
(Galgt1) 

Enzyme required for synthesis of ganglio-
series of glycosphingolipids (GSLs). 
Comparison of infertile Galgt1-/- and fertile 
Siat9-/- mice indicate fucosylated GSLs 
containing C26-32:4-6n polyunsaturated 
fatty acids found in male germ cells 
beginning with pachytene stage 
spermatocytes. Galgt1-/- male mice are 
infertile, with Sertoli cell vacuolization and 
round spermatid symplasts. 

Symplasts of 
round 
spermatids 

(Rabionet et al., 
2008; Sandhoff et 
al., 2005) 

Cerebroside 
sulfotransferase 
(Cst), targeted 
pGk-Neo 
insertion mutation 
in mice 

Enzyme responsible for sulfation of 
galactosylalkylacylglycerol (GalEAG) during 
seminolipid synthesis. Cst-/- male mice are 
infertile and lack secondary spermatocytes 
and haploid germ cells in seminiferous 
tubules. Late spermatocytes undergo 
apoptosis and form symplasts at metaphase 
during meiosis I. 

Symplasts of 
metaphase I 
spermatocytes 

(Honke et al., 
2002; Zhang et al., 
2005) 

Dihydroxyacetone
phosphate 
acyltransferase 
(Gnpat), targeted 
pGk-Neo 
insertion mutation 
in mice 

Key enzyme in synthesis of ether lipids 
including plasmalogens required for 
formation and maintenance of cell junctional 
complexes. Gnpat-/- male mice are infertile 
with prolonged meiotic prophase, Sertoli cell 
vacuolization, and round spermatid 
symplasts. Blood testis barrier defects 
including disrupted basal ES tight junction 
formation and remodeling, and increased 
blood testis barrier permeability. 

Symplasts of 
round 
spermatids 

(Komljenovic et 
al., 2009) 
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Huntingtin (Htt), 
germline deletion 
in mice 

Gene linked to Huntington’s disease. 
Germline deletion by Stra8Cre results in 
male infertility, azoospermia, smaller testes, 
round spermatid arrest, and formation of 
symplasts.  

Symplasts of 
round 
spermatids no 
later than step 
7 

(Yan et al., 2016) 

Regulatory factor 
X2 (Rfx2), null 
mice generated 
from conditional 
RfxFL mice 

Transcription factor that regulates genes 
required for cilium function, cell adhesion, 
and cytoskeleton remodeling. Male mice 
lacking Rfx2 are sterile, failure in flagellar 
axoneme formation, round spermatid arrest, 
and formation of symplasts. 

Symplasts of 
step 7 round 
spermatids 

(Kistler et al., 
2015; Shawlot et 
al., 2015; Wu et 
al., 2016) 

PTP protein 2 
(Ptbp2), germ 
cell-specific 
deletion in mice 

RNA binding protein known to regulate 
alternative splicing. Germ cell-specific 
deletion by Stra8Cre results in 
azoospermia, round spermatid arrest, 
increased apoptosis in spermatocytes, 
round spermatid arrest, and formation of 
symplasts. 

Symplasts of 
step 1-3 round 
spermatids 

(Zagore et al., 
2015) 

Male germ cell 
Rac GTPase-
activating protein 
(MgcRacGAP), 
germ cell-specific 
deletion in mice 

GTPase Activating Protein that negatively 
regulates Rac and Cdc42 and regulates 
contractile ring constriction prior to somatic 
cell abscission. Germline deletion by 
Stra8Cre results in male infertility, reduction 
of undifferentiated spermatogonia, loss of 
TEX14 localization to intercellular bridges, 
and widening of spermatogonial intercellular 
bridges leading to symplast formation.  

Symplasts of 
spermatogoni
a 

(Lorès et al., 2014) 

Syntaxin2 
(Epimorphin) 
(STX2), mice with 
ENU-induced 
mutation 
(Stx2repro34) or 
targeted GFP-
Neo insertion 
mutation in mice 

t-SNARE protein required for midbody 
abscission in somatic cells. Required for 
maintenance of germ cell intercellular 
bridges during meiotic prophase of 
spermatogenesis, and trafficking of 
sulfoglycolipids. Male mice homozygous for 
STX2repro34 are infertile with meiotic 
prophase arrest and spermatocyte 
symplasts containing TEX14 in patches at 
periphery of symplasts. 

Symplasts of 
spermatocytes 

(Fujiwara et al., 
2013; Wang et al., 
2006) 

Boule, null mice Member of DAZ (Deleted in Azoospermia) 
family of RNA binding proteins deleted in 
10-15% of azoospermic men. Boule-/- male 
mice are infertile, lack elongating 
spermatids, and round spermatid symplasts 
in stage VI-X tubules without increase in 
apoptosis (by TUNEL staining). 

Symplasts of 
round 
spermatids 

(VanGompel and 
Xu, 2010) 

Tumor 
suppressor of 
lung cancer 1 
(TSLC1/IGSF4), 
null mice 
generated from 
conditional 
nullTslc1FL mice 

Immunoglobulin superfamily member 
protein with functions as a tumor 
suppressor, synaptic cell adhesion, and 
germ cell-Sertoli adhesion. Tslc1-/- male 
mice are infertile with round and elongate 
spermatids degenerating, undergoing 
apoptosis, vacuolization, and failure in 
adhesion with Sertoli cells. Abnormal head 
shapes of elongate spermatids, and 
multinucleated giant cells of either round or 
elongate spermatids. 

Symplasts of 
round and 
elongate 
spermatids 

(van der Weyden 
et al., 2006) 
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RING finger 
protein 17 
(Rnf17), targeted 
pGk-Neo 
insertion and 
deletion mutation 
in mice 

Protein containing RING finger and tudor 
domains that localizes to granules in 
spermatocytes, spermatids, and residual 
bodies. Male mice lacking Rnf17 are 
infertile, and contain spermatids that fail to 
develop past step 4 of spermiogenesis. 

Symplasts of 
up to step 4 
round 
spermatids 

(Pan et al., 2005) 

cAMP-responsive 
element 
modulator 
(CREM), targeted 
pGk-Neo or LacZ-
Neo insertion 
mutation in mice 

Basic-leucine zipper domain-containing 
protein that binds cAMP response 
elements. Crem-/- male mice are infertile 
with absence of elongate spermatids and 
spermatozoa. Spermiogenesis is arrested 
with symplasts forming of step 1-5 round 
spermatids undergoing apoptosis. 

Symplasts of 
step 1-5 round 
spermatids 

(Blendy et al., 
1996; Nantel et al., 
1996) 

p53, multiple 
strains of 
transgenic p53 
promoter-
chloramphenicol 
acetyltransferase 
(CAT), and 
targeted PolII-
Neo insertion 
mutation mice 

Multiple strains of transgenic mice with 
reduced expression of p53 mRNA and 
protein, and p53 null mice (129 background) 
contain germ cell symplasts in varying size 
and frequency. Symplasts are not observed 
in p53 null mice on mixed C57BL/6x129 
background. 129 background p53 null mice 
are infertile, though elongate spermatids are 
observed in all mice described. 

Symplasts of 
germ cells (no 
stage 
specified) 

(Rotter et al., 
1993) 

Cytochalasin D, 
intratesticular 
injection, rats 

Alkaloid mycotoxin that inhibits actin 
polymerization, resulting in actin filament 
depolymerization. Injection in rat testes 
results in opening of germ cell intercellular 
bridges and symplast formation primarily in 
step 1-2 and step 5-7 round spermatids. 
Components of step 1 and 2 spermatid 
bridges disassociate as observed by 
electron microscopy. 

Symplasts of 
steps 1-2 and 
5-7 round 
spermatids 

(Russell et al., 
1987) 

Rap1, Prm1 
promoter driving 
dominant 
negative Rap1A 
in spermatids, 
mice 

Small GTPase of the Ras-related protein 
family with known functions in cell adhesion 
and cell junction formation. Endogenous 
Rap1 is expressed in spermatids, and mice 
overexpressing DN-Rap1A have impaired 
spermatid-Sertoli cell adhesion and release 
of immature spermatids (occasionally 
multinucleated) into lumen of seminiferous 
tubules. Decreased mature spermatozoa 
were found in epididymis. 

Symplasts of 
round 
spermatids 

(Aivatiadou et al., 
2007; Berruti and 
Paiardi, 2014) 

Aflatoxin 
treatment, IP 
injection, mice 

Dietary toxin produced by Aspergillus 
molds. Male mice treated with aflatoxin 
AFB1 contain seminiferous tubules with very 
few spermatids beyond step 8 of 
spermiogenesis, and symplasts of round 
spermatids with apoptotic morphology and 
opening of spermatid intercellular bridges. 
Symplasts and Sertoli cells were 
vacuolized. 

Symplasts of 
round 
spermatids 

(Faridha et al., 
2007) 

Carbendazim 
treatment, oral 
gavage, rats 

Metabolite of the fungicide benomyl. 
Causes acrosome and manchette 
abnormalities; and abnormally large 
spermatid nuclei or binucleate spermatids in 

Binucleate 
round (in pre-
pubertal 
animals) or 

(Nakai et al., 
1998) 
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pre- and post-pubertal animals elongate 
spermatids 
(post-pubertal) 

Trinitrobenzene 
(TNB) treatment, 
oral gavage, rats 

Environmental contaminant found in 
trinitrotoluene (TNT) production waste sites 
and some military test grounds. Absence of 
spermatozoa, degeneration of round and 
elongate spermatids, Sertoli cell 
vacuolization, and formation of spermatid 
symplasts found in epididymis. 

Symplasts of 
step 1-4 round 
spermatids 

(Chandra et al., 
1997) 

Men with 
oligozoospermia 
or over 65 years 
in age 

Symplasts of spermatocytes or spermatids 
can be found in men with oligozoospermia 
or men who are older than 65 years. 

Symplasts of 
spermatocytes 
or spermatids 

(Holstein and 
Eckmann, 1986; 
Miething, 1993) 
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Abstract To identify ways to improve the efficiency

of generating chimeric mice via microinjection of

blastocysts with ES cells, we compared production

and performance of ES-cell derived chimeric mice

using blastocysts from two closely related and com-

monly used sub-strains of C57BL/6. Chimeras were

produced by injection of the same JM8.N4 (C57BL/

6NTac) derived ES cell line into blastocysts of mixed

sex from either C57BL/6J (B6J) or C57BL/6NTac

(B6NTac) mice. Similar efficiency of production and

sex-conversion of chimeric animals was observed with

each strain of blastocyst. However, B6J chimeric

males had fewer developmental abnormalities

involving urogenital and reproductive tissues (1/12,

8 %) compared with B6NTac chimeric males (7/9,

78 %). The low sample size did not permit determi-

nation of statistical significance for many parameters.

However, in each category analyzed the B6J-derived

chimeric males performed as well, or better, than their

B6NTac counterparts. Twelve of 14 (86 %) B6J male

chimeras were fertile compared with 6 of 11 (55 %)

B6NTac male chimeras. Ten of 12 (83 %) B6J

chimeric males sired more than 1 litter compared

with only 3 of 6 (50 %) B6NTac chimeras. B6J male

chimeras produced more litters per productive mating

(3.42 ± 1.73, n = 12) compared to B6NTac chimeras
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(2.17 ± 1.33, n = 6). Finally, a greater ratio of

germline transmitting chimeric males was obtained

using B6J blastocysts (9/14; 64 %) compared with

chimeras produced using B6NTac blastocysts (4/11;

36 %). Use of B6J host blastocysts for microinjection

of ES cells may offer improvements over blastocysts

from B6NTac and possibly other sub-strains of

C57BL/6 mice.

Keywords ES cell chimeric mice � C57BL/6J �
JM8.N4 ES cells

Introduction

The use of mouse embryonic stem cells and homol-

ogous recombination has revolutionized the field of

functional mammalian genomics (van der Weyden

et al. 2002; Glaser et al. 2005). An international

consortium is applying this powerful technology to

generate ES cell lines with targeted cre-recombinase

conditional mutant alleles of each mouse gene (Skar-

nes et al. 2011). These potentially valuable ES cell

lines are being distributed to the scientific community,

but their conversion into a whole animal frequently

requires participation of a core facility. The increasing

demand for ES- cell injection services makes it

important to identify new methods, or refine estab-

lished methods, to convert ES cell based resources into

mice using fewer animals and with improved

efficiency.

Relatively few studies have investigated the effect

of the host embryo strain in production of germ-line

transmitting chimeric mice. Genetic analysis of chi-

meric mice made by aggregating pre-compaction

stage mouse embryos indicated that the relative

contribution of two male embryos to the somatic and

germline tissues of such animals could vary dramat-

ically (Mintz 1968; Krzanowska et al. 1991; MacGr-

egor 2002). Studies involving mixing of mouse ES

cells with blastocysts in different strain combinations

revealed similar effects. For example, Papaioannou

and Johnson reported that 129/Sv-derived ES cells

produced good chimerism with germline transmission

following injection of C57BL/6J blastocysts, while

use of random-bred CD-1 embryos produced poor

chimeras with minimal contribution to the germline

(Papaioannou and Johnson 1993). Ledermann and

Bürki described that C57BL/6—derived ES cells

colonized the germline of chimeras formed using

BALB/c but not 129/Sv host blastocysts (Ledermann

and Burki 1991). Similarly, Schuster-Gossler et al.

showed that C57BL/6J-derived ES cells could con-

tribute to the germ line following injection into

C57BL/6J-Tyrc-2J/J but not FVB/N blastocysts,

(Schuster-Gossler et al. 2001). The reasons why

different combinations of ES cells and host embryos

vary in their ability to produce germline-transmitting

chimeras remain unclear.

More recently, investigators have used novel

methods such as laser drilling of a hole in the zona

pellucida of 8-cell stage embryos to improve the

efficiency of production of chimeras from injected ES

cells using different combinations of inbred or hybrid

B6 ES cells into Swiss Webster embryos, or BALB/c

ES cells into C57BL/6NTac embryos (Poueymirou

et al. 2007). This novel approach is a major advance,

but requires relatively sophisticated and expensive

laser drilling equipment and compatible optics. The

international knockout mouse consortium is using ES

cells derived from C57BL/6NTac mice for its project.

In looking for ways to modify established methods to

improve both production and performance of ES cell

derived chimeric mice, we compared use of two

closely related and commonly used strains of C57BL/

6 mice as sources of host blastocysts for production of

ES-cell derived chimeric mice.

Inbred male mice vary in their reproductive

performance (Krzanowska 1971; Chubb 1992; Handel

2011). Amongst commonly used inbred strains,

C57BL/6J mice have larger testis weight, increased

number of Sertoli cells per gram testis weight and

increased sperm output compared to many other

inbred strains, including C57BL/6JByJ and C57BL/

10J (Chubb 1992; Handel 2011). The genetic basis for

this difference is not published although multiple loci

are known to affect testis weight in mice (Le Roy et al.

2001). C57BL/6J (B6J) mice have a mutant allele of

the Nnt locus that encodes nicotinamide nucleotide

transhydrogenase (NNT) (Toye et al. 2005). This

mutation, which arose spontaneously in the production

facility at Jackson Laboratory (Bar Harbor, ME, USA)

between 1976 and 1984, involves an in-frame deletion

of exons 7–11 and a missense (M35T) mutation in the

mitochondrial leader peptide sequence that results in

reduced expression of Nnt mRNA and no functional
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protein (Toye et al. 2005; Huang et al. 2006). The

NntC57BL/6J mutant allele appears to be restricted to the

C57BL/6J strain and sub-strains developed from it

after the mutation arose (Mekada et al. 2009; Huang

et al. 2006). Strains with the NntC57BL/6J deletion allele

include C57BL/6J, C57BL/6JJcl and C57BL/6JmsSlc.

Strains not carrying this mutation include C57BL/

6NCrl, C57BL/6JEi, C57BL/6JByJ, C57BL/10J,

C57L/J, C58/J, FVB/N, C3H/HeJ, DBA/2J, BALB/

cJ, CAST/EiJ, SJL/J, SPRET/EiJ, MOLF/EiJ and

AKR/J, NOD and 129 Sv/J. Based on correspondence

from The Jackson Laboratory, the commercial stock of

the albino-B6 strain (B6(Cg)-Tyrc-2J/J, Jax Lab stock

number 000058, formerly known as C57BL/6J-Tyrc-2j/

J) that is frequently used to produce host blastocysts

for injection of C57BL/6NTac ES cells is homozygous

for the NntC57BL/6J deletion allele. Whether the

mutation in Nnt in C57BL/6J mice contributes to the

increased testis weight, number of Sertoli cells and

sperm output in this strain compared to C57BL/6JByJ

and C57BL/10J is currently unknown.

As Nnt is expressed in many tissues (Hoek and

Rydstrom 1988; Arkblad et al. 2001) and loss of NNT

is associated with increased cellular oxidative stress

(Arkblad et al. 2005), we reasoned that Nnt wildtype

ES cells might contribute differently to tissues of

chimeric embryos following their injection into a Nnt-

null host blastocyst, compared to injection into a Nnt

wildtype blastocyst and that this might be manifest in

chimeric animals with differences in developmental

abnormalities and breeding performance. Here, we

show improvement of multiple parameters of chimeric

male mice generated by microinjection of a sub-line of

C57BL/6NTac (B6NTac)-derived JM8.N4 ES cells

(Pettitt et al. 2009) into B6J (Nnt-null) blastocysts

compared to B6NTac (Nnt wild type) blastocysts. Use

of B6J blastocysts as a host for production of chimeric

mice with B6NTac-derived ES cells may offer

improved efficiency for production of germ line

transmitting ES cell-derived chimeric mice.

Materials and methods

Mice

Sources, history and diet of mouse strains at vendors—

C57BL/6J (Nnt -/-; Cat # 000664, F226 (January

2010), maintained on diet 5K52 (PMI); Jackson

Laboratory, Sacramento, CA). C57BL/6NTac (Nnt

?/?; Cat # B6-F, B6-M, Taconic, Oxnard, CA.

Maintained on NIH#31M diet (Taconic); Hall to Jax in

1948; Jax at F32 to NIH in 1951; NIH at F151 to

Taconic in 1991). After arrival at UCI, mice were

housed in individually ventilated cages (Techniplast,

Philadelphia, PA, USA) provided with Teklad 2920X

irradiated diet (Harlan, Indianapolis, IN) and non-

acidified tap water ad libitum. Mice were maintained

on a light cycle of 14 h on, 10 h off, with lights on at

06.30 and off at 20.30. Studies involving animals were

approved by the UCI Institutional Animal Care and

Use Committee.

Preparation of blastocysts

Female B6J mice (age 24–25 days at PMSG injection)

were mated to B6J stud males after superovulation by

IP injection of 5 IU of pregnant mare serum gonado-

tropin (PMSG, obtained from the National Institutes of

Health National Hormone and Peptide Program)

between 14.00 and 14.30, followed 46–48 h later by

5 IU of human chorionic gonadotropin (hCG, catalog

number C1063, Sigma-Aldrich, St. Louis, MO).

Female B6NTac mice were superovulated and mated

with B6NTac males in the Taconic production facility

in Oxnard, CA, and arrived at 1.5 or 2.5 days post-

coitus (dpc). Uteri were removed on the morning of

e3.5 and blastocysts flushed using FHM media

buffered with 10 mM HEPES, pH 7.3 (Millipore,

Billerica, MA, USA). Blastocysts were maintained in

FHM at 37 �C before and after injection.

Culture of ES cells, microinjection and embryo

transfer

Feeder-independent JM8.N4 (B6NTac-derived) ES

cells were electroporated with a vector targeting the

ROSA26 locus on chromosome 6 to introduce a cDNA

under transcriptional control of the endogenous

ROSA26 locus. The cDNA is preceded by three

copies of an SV40 polyadenylation signal (3xpA),

which is flanked by loxP sites. In the absence of cre

recombinase the cDNA is not expressed (data not

shown). One of the resulting clones, JM8_2H5, shown

to be correctly targeted using Southern blots hybrid-

ized with probes specific for the 50 and 30 ends (data

not shown), was cultured in KnockOut DMEM

(Invitrogen, Carlsbad, CA) containing 10 % fetal
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bovine serum (ES cell characterized, HyClone Labo-

ratories, Logan, UT), supplemented with 2 mM L-

glutamine, 1 lM b-mercaptoethanol, 1,000 U/ml LIF

(ESGRO, Millipore), and G418 at 150 lg/ml, without

antibiotics.

JM8_2H5 ES cells were trypsinized immediately

before microinjection and maintained in ES cell

medium on ice until use. Approximately 15–20 ES

cells with small, round and smooth morphology were

injected into the cavity of each blastocyst using a

microinjection pipette while visualizing embryos

using an inverted microscope equipped with differen-

tial interference contrast optics and a cooling stage

(Brook Industries, Lake Villa, IL, USA) set to 10 �C.

The number of cells injected per blastocyst was

recorded during each injection session using a video

camera. Surviving embryos were transferred to the

uterus of pseudo-pregnant HSD:ICR (CD-1) female

mice via insertion of the transfer pipette through the

utero-tubal junction as described (Chin and Wang

2001). To minimize experimental variation, all ES cell

culture was performed by S. W. and all embryo

manipulation including microinjection was performed

by K.-X. S.

Biopsy of potential chimeric animals and breeding

analysis

To identify animals with contribution from injected

ES cells a tail biopsy was collected from each weaned

pup and solubilized at 55 �C overnight in 0.2 ml of

0.1 M Tris, pH 8.5, 5 mM EDTA, 0.2 % SDS, 0.2 M

NaCl and 3.4 lg/ll of Proteinase K (Sigma-Aldrich,

St. Louis, MO), followed by centrifugation at 10,0009

g for 5 min. The supernatant was used for PCR

without further purification. To analyze breeding

efficiency each male chimera was housed with two

B6NTac female mice. Matings were established

simultaneously in the same ventilated cage rack and

continued for 4 months. Offspring were removed

following birth and a biopsy taken for genotyping

analysis. Females were kept in the cage throughout the

mating period to permit mating during post-partum

estrus. To provide the best opportunity to reproduce

and to rule out the possibility that any females might

be sterile, males who failed to sire offspring after

4 months of being housed with the 2 females, were

caged for an additional 3 months with proven breeder

B6NTac female mice.

Extraction of total DNA from tissues

Total genomic DNA was isolated from one testis, heart

(mesoderm), lung (endoderm) and brain (ectoderm)

from each male chimera. If an animal was a hermaph-

rodite and had only one testis, the testis was used for

histology without DNA extraction. Each tissue sample

was homogenized in 5 ml of 50 mM Tris–HCl (pH 8.8

at 20 �C), 20 mM EDTA. After adding SDS to 0.5 %

and Proteinase K to 250 lg/ml, the sample was mixed

by inverting the tube three times and incubated at

55 �C overnight. The solution was extracted three

times with an equal volume of equilibrated phenol,

then chloroform:isoamyl alcohol (25:1). After ethanol

precipitation, total DNA was washed in 70 % ethanol,

briefly air dried, and solubilized in 10 mM Tris pH 7.4,

1 mM EDTA.

Genotyping by semi-quantitative PCR analysis

of Nnt locus or neo

B6NTac and B6J strains were genotyped for their

respective Nnt alleles using a three primer, two allele

PCR assay that discriminates between the wild-type

allele of Nnt (B6NTac) and the mutant allele lacking

exons 7–11 in B6J mice (Nicholson et al. 2010). The

coding sequence for aminoglycoside transferase (neo)

was detected by PCR using Neo-For (50-GGG

CGCCCGGTTCTTTTTGTCA-30) and Neo-Rev

(50-CACACCCAGCCGGCCACAGTCG-30) primers

that produces a 516 bp product. Amplification was

performed in 30 ll, using 19 Qiagen Taq polymerase

buffer (Qiagen, Valencia, CA, USA) with a final

concentration of 0.83 mM MgCl2, 0.33 lM Neo-For,

0.33 lM Neo-Rev, 0.33 mM dNTP’s, 1 % DMSO,

and 1.25 units of Qiagen Taq polymerase. Amplifica-

tion conditions used were initial melt 94 �C, 5 min;

then 35 cycles of 94 �C, 45 s, 57 �C, 15 s, 72 �C, 45 s;

followed by a final extension of 5 min at 72 �C.

Quantitative PCR analysis of neo in total DNA

extracted from chimeric animals

To enable reproducible pipetting of DNA, an aliquot

of each genomic DNA was sheared by passing ten

times through a 22 g needle attached to a 1 ml syringe

barrel. To analyze the relative contribution of ES cells

to different tissues from each chimera, we quantified

the amount of neo target, derived from the JM8_2H5
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ES cell line, relative to an autosomal locus (Slc25a4,

referred to here as Ant1, which encodes adenine

nucleotide translocator 1). The assay was validated

using total genomic DNA from heterozygous

ROSA22 mice (Campbell et al. 2002), which also

have a single copy of a neo coding sequence, serially

diluted with wild type B6NTac genomic DNA. This

assay could reproducibly detect as low as a 1 %

contribution of neo positive ES cell DNA (data not

shown).

Quantitative PCR (qPCR) was performed with a

real-time PCR instrument (Chromo4, BioRad, Hercu-

les, CA) equipped with Opticon Monitor 3 software

(BioRad). Assays were performed using FastStart Taq

DNA Polymerase (Roche) and PrimeTime qPCR

Assays (IDT) utilizing hydrolysis probes containing

FAM or HEX 50 reporter dyes paired with 30 Iowa

Black FQ (BkFQ) quenchers. Names of primers, their

sequences and modifications were as follows (all 50–
30). Ant1_Probe_1.1.pt (FAM-CCCGCTGGACTTTG

CTAGGACC-BkFQ); Ant1_For_1.1.pt (GCTACTT

TGCTGGTAACCTGG); Ant1_Rev_1.1.pt (TGAAT

TCTCGCTGGGAAGATC); neo.1.pt_probe (HEX-

CACTGAAGCGGGAAGGGACTGG-BkFQ); neo.1.

pt_For (AGGTGAGATGACAGGAGATCC); neo.1.

pt_Rev (AATGAACTGCAGGACGAGG). The linear

dynamic range and sensitivity of the assay was

determined using samples containing DNA from a

ROSA22 (neo positive) heterozygous animal mixed

with wild type B6NTac DNA. The assay reliably

detected at least a 1 % contribution of ES cell DNA

and was linear over at least two orders of magnitude.

The quantity of cells originating from hemizygous

neo ? ES cells in adult chimeric mouse tissues was

calculated with the DDCt method using Ant1 as a

reference gene. Assays were performed in triplicate

for each sample to determine technical error, repre-

sented as the standard deviation from the mean.

Reaction sizes of 25 ll contained 19 buffer (Roche

FastStart Taq DNA polymerase), 400 lM dNTPs,

1 mM MgCl2, 500 nM Ant1_For_1.1.pt, 500 nM

Ant1_Rev_1.1.pt, 250 nM Ant1_Probe_1.1.pt,

500 nM neo.1.pt_For, 500 nM neo.1.pt_Rev, 250

nM neo.1.pt_probe, 1 unit of FastStart Taq polymer-

ase (Roche) and 2 ll of sheared genomic DNA at

50 ng/ll. Cycling conditions were 95 �C, 5 min;

followed by 35 cycles of 95 �C for 30 s and 60 �C

for 10 s with the relative amount of FAM and HEX

recorded at the end of each cycle.

Statistical analysis

Statistical methods used and the P values obtained are

reported in Table 1. Significance was defined as

P B 0.05.

Results

Identification and initial characterization

of chimeric animals

Microinjection of ES cells into C57BL/6J (B6J) or

C57BL/6NTac (B6NTac) blastocysts produced a total

of 31 offspring from each type of host blastocyst

(Table 1). To identify animals with contribution from

ES cells we performed semi-quantitative PCR analysis

of DNA from tail biopsy of each animal. Animals

generated using B6J (Nnt mutant) embryos were

genotyped for the presence of both neo and the wild

type allele of Nnt present in JM8_2H5 (B6NTac) ES

cells. Genotypes of chimeras generated using B6NTac

embryos were informative for neo alone. By this

assay, 19 of 31 animals produced using B6NTac

blastocysts, and 25 of 31 animals produced using B6J

blastocysts were chimeric (Table 1). Hereafter, we

refer to these animals as ‘‘B6NTac chimeras’’ and

‘‘B6J chimeras’’. When analyzed at weaning, 15

(79 %) of the 19 B6NTac chimeras and 20 (80 %) of

the 25 B6J chimeras had male external genitalia.

Female chimeras were not analyzed further. Two male

chimeras from each host strain blastocyst background

died due to unknown causes after weaning but before

being tested for fertility. Two additional B6NTac

chimeras were euthanized due to developmental

abnormalities (one each; hydrocephalus and deformed

lower jaw). Eleven B6NTac and fourteen B6J male

chimeras remained for further analysis (Table 1).

Breeding analysis of male chimeras

To analyze fecundity and to determine whether the

injected ES cells had contributed to the germ line, we

bred surviving chimeric males with two B6NTac

females in trios for at least 4 months. Six of 11 (55 %)

B6NTac chimeric males were fertile while 12 of 14

(86 %) of B6J chimeric males produced offspring

(Table 1). Each fecund chimeric male sired a first litter

of pups within 21–25 days after establishing matings,
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with the exception of one B6NTac chimeric male who

first sired pups 11 weeks after being mated. During the

4-month mating period a greater proportion (10 of 12;

83 %) of fertile B6J chimeras sired more than a single

litter compared with B6NTac chimeras (3 of 6; 50 %).

Five of 11 (45 %) B6NTac chimeric males but only 2

of 14 (14 %) B6J chimeric males failed to produce

offspring, despite substituting their females with

proven breeder females for an additional 3 months

of breeding. During the entire breeding period, fecund

B6NTac chimeric males sired fewer litters per

productive mating (2.17 ± 1.33, n = 6) than did

B6J chimeric males (3.42 ± 1.73, n = 12). To iden-

tify germ line transmission of DNA derived from ES

cells, offspring of chimeras were genotyped for the

presence of neo. Four of 11 (36 %) B6NTac male

chimeras produced offspring arising from ES cell-

derived gametes while a larger proportion of B6J

Table 1 Comparison of parameters of chimeric animals generated by injection of JM8_2H5 ES cells into C57BL/6J or C57BL/

6NTac blastocysts

B6NTac B6J Notes

# Pups produced from injected

blastocysts

31 31

# Chimeras (% of live born pups)a 19 (67 %) 25 (81 %) P = 0.161, Fisher’s exact test,

two tailed

# Chimeras male:female (%M:%F) 15 M:4F (79 % M:21 %

F)

20 M:5F (80 % M:20 %

F)

# Male chimeras surviving to adult (%) 11/15 (73 %)b 18/20 (90 %)c

# Chimeras mated 11 14

# Fecund (%) 6 (55 %) 12 (86 %) P = 0.178, Fisher’s exact test,

two tailed

Total litters 13 41

Litters per productive mating

(mean ± SD; SEM (n))

2.17 ± 1.33; 0.54 (n = 6) 3.42 ± 1.73; 0.5 (n = 12) P = 0.141; two-tailed unpaired

t test

Litter size (mean ± SD; SEM (n)) 6.3 ± 2.7; 0.7 (n = 13) 7.3 ± 2.8; 0.4 (n = 41) P = 0.283; two-tailed unpaired

t test

# Fertile chimeras with [1 litter 3/6 (50 %) 10/12 (83 %)

# Neo positive offspring—germ-line

transmitting (GLT) chimeras only (%)

27/51 (53 %) 87/221 (39 %)

# GLT per all male chimeras bred (%) 4/11 (36 %) 9/14 (64 %) P = 0.238, Fisher’s exact test,

two tailed

# GLT per fecund male chimeras bred

(%)

4/6 (67 %) 9/12 (75 %)

Mean body mass of male chimeras (g)

(Mean ± SD; SEM (n))

55.1 ± 8.3: 2.8 (n = 9) 47.7 ± 5.5; 1.6 (n = 12) P = 0.038; two-tailed Welch’s

unpaired t-test

# Chimeras with abnormal urogenital

tract or mammary gland

7/9 (78 %) 1/12 (8 %) P = 0.002, Fisher’s exact test,

two tailed

Testis wt (mg) (Mean ± SD; SEM (n)) 53.9 ± 30.6; 7.7 (n = 16) 80.6 ± 23.2; 4.9 (n = 23) P = 0.007; two-tailed Welch’s

unpaired t test

Percentage abnormal or atrophic

seminiferous

tubules (Mean ± SD; SEM (n))

25.3 ± 20.4; 6.8 (n = 9) 18.7 ± 23.2; 6.7 (n = 12) P = 0.494; two-tailed Welch’s

unpaired t test

Seminal vesicle wt (mg)

(Mean ± SD; SEM (n))

575 ± 320; 107 (n = 9) 701 ± 282; 81 (n = 12) P = 0.355; two-tailed

unpaired t test

a Chimerism defined by positive PCR signal using neo or Nnt polymorphism assay
b Four B6/NTac chimeric males died before reaching breeding age; one each was euthanized due to hydrocephaly or cleft jaw, while

two others died of unknown causes
c Two B6/J-host chimeric males died of unknown causes before reaching breeding age
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chimeras, 9 of 14 (64 %), produced offspring from ES

cell-lineage gametes (Table 1).

Analysis of internal organs and testis of chimeric

males

After breeding, chimeras were necropsied and the

gross morphology of internal organs analyzed with

particular attention to the reproductive system. The

mean body mass of B6NTac chimeric males

(55.1 ± 8.3 g, n = 9) was significantly greater than

that of B6J chimeras (47.7 ± 5.5 g, n = 12). This

difference is similar to that observed in non-chimeric

animals from the different strain backgrounds of mice

used to produce blastocysts. Analysis of 142 day old

stud male B6J (29.88 ± 1.42 g, n = 12) and B6NTac

(32.24 ± 3.71 g, n = 18) mice in our colony housed

under identical conditions showed a similar difference

in body weight. The mean testicular weight of

B6NTac-host chimeras (53.9 ± 30.6 mg, n = 16)

was significantly less than that of B6J-host chimeras

(80.6 ± 23.2 mg; n = 23). Again, a similar differ-

ence is observed in different strain backgrounds of

mice used to produce blastocysts, with average paired

testis weight of adult (8–10 weeks) C57BL/6J mice

being 182 ± 8 mg (n = 5) (Handel 2011), while the

values for C57BL/6NTac mice are 113 ± 6 mg

(n = 10) (B6 physiological data, February 2004,

Taconic.com). The mean weight of seminal vesicles

was also lower in B6NTac chimeras (575 ± 320 mg;

n = 9) compared with B6J chimeras (701 ± 282 mg;

n = 12). Seven of 9 B6NTac chimeric males had

abnormal internal organs. The most common abnor-

mality, found in 4 out of 9 (44 %) animals, was the

presence of mammary glands on one side of the body.

The mass and internal structure of these glands were

similar to that found in adult virgin females (data not

shown). Three of 9 B6NTac chimeras had markedly

enlarged kidneys or adrenal glands and two animals

were hermaphrodites. In contrast, only 1 of 12 (8 %)

of B6J chimeras analyzed showed any abnormality of

internal organs, this animal being a hermaphrodite

(Table 1).

The status of spermatogenesis in chimeras was

examined by quantifying the number of atrophic

seminiferous epithelia in testis histology (data not

shown). The mean percentage of atrophic tubule cross-

sections was similar in B6NTac chimeras

(25.3 ± 20.4 %, n = 9) and B6J chimeras

(18.7 ± 23.2, n = 12). As anticipated, there was a

general inverse correlation between percentage of

atrophic tubules and testis weight. However, chimeras

produced from either strain background with a rela-

tively large proportion of atrophic tubules and reduced

testis weight could be fertile and fecund. Conversely,

chimeras on either strain background could have testis

weights approaching that of non-chimeric control

animals, and have few atrophic seminiferous tubules,

but fail to sire offspring.

Quantification of relative contribution of ES cells

to testis, heart, lung and brain in chimeric males

To determine if there was a correlation between

contribution of ES cells to the testis, and ability to

transmit ES-derived gametes (i.e. GLT-chimera), total

genomic DNA was isolated from one testis of

chimeras and analyzed by qPCR for the relative ratio

of neo (JM8_2H5 ES cell derived) to a locus (Ant1;

official name Slc25a4) present in both ES cells and the

host blastocyst. The PCR assay used could detect at

least 1 % contribution of ES cells (data not shown) and

was linear through over a hundred fold difference in

DNA concentration (data not shown). We analyzed

total genomic DNA from testes from eleven B6J

chimeras and four B6NTac chimeras (Fig. 1). Each

GLT-chimera had at least 30 % contribution of ES

cell-derived DNA to the testis, although 1 animal

(#56.4) out of 11 having at least 30 % contribution did

not transduce the ES cell derived allele. Two B6J

chimeras (#58.2 and 58.4), each with approximately

20 % contribution of ES cell DNA to the testis, were

fertile, although no ES cell-derived gamete was

transmitted during the breeding analysis.

To determine whether there was consistent contri-

bution of ES cells to tissues from different germ

layers, as well as whether this was similar to the ES

cell contribution to the testis, we also performed qPCR

for neo and Ant1 target sequences using total genomic

DNA from lung (endoderm), brain (ectoderm) and

heart (mesoderm) of B6J chimeras (Fig. 1). In six

chimeras (#’s 54.4, 54.5, 56.1, 56.4, 58.2, 58.4) the

relative concentration of neo (normalized to Ant1) in

testis was similar to, or slightly less than, that found in

somatic tissues of the same chimera (Fig. 1). How-

ever, in four chimeras (#’s 53.2, 53.3, 54.1 and 56.3)

the amount of neo target in testis DNA was greater

than that in somatic tissues from the same animal. A

Transgenic Res (2012) 21:1149–1158 1155

123

242



plausible reason for the latter finding is that the host

blastocyst in each of these four animals was 40, XX. In

this scenario any 40, XX host blastocyst-derived germ

cells (neo negative) present in the neonatal testis

would not progress beyond T1-prospermatogonia

(Burgoyne 1987), allowing expansion of the (40,

XY) ES cell-derived (neo positive) prospermatogonia

to populate the neonatal testis. Regarding the relative

amount of neo target in tissues representing different

germ layers, with the exception of one animal (# 54.3),

brain consistently had an equal or greater contribution

of ES cell-derived DNA compared with either lung or

heart (Fig. 1).

Discussion

To identify ways to improve the efficiency of produc-

tion and subsequent reproductive performance of male

ES-cell derived chimeric mice in which the ES cells

contribute to functional gametes (i.e. germ line

transmission (GLT)—chimeras), we compared use of

blastocysts from C57BL/6J (B6J) and the closely

related strain C57BL/6NTac (B6NTac) as hosts for

injected B6NTac-derived ES cells. As the B6J strain is

functionally null for Nnt, we reasoned that during

development of the chimera, the injected JM8.N4

(B6NTac) derived Nnt wild type (40,XY) ES cells

might contribute differently to tissues of the chimera

than when they are injected into Nnt wild type C57BL/

6NTac hosts. In addition, C57BL/6J mice have

superior reproductive characteristics including testis

weight and sperm count (Chubb 1992; Handel 2011)

that could also influence breeding performance of

chimeric animals.

While the number of animals analyzed does not

permit determination of statistical significance at

P \ 0.05 for all parameters analyzed, of the adult

male chimeras bred, a greater ratio of GLT-chimeric

males was obtained using B6J blastocysts (9/14;

64 %) compared with chimeras produced using

B6NTac blastocysts (4/11; 36 %). Comparison of

several other parameters supports a conclusion that

B6J blastocysts may be better hosts for production of

chimeric mice compared to B6NTac blastocysts. With

the ES cell line injected, the B6J chimeric animals had

significantly fewer abnormalities in their urogenital

system and mammary glands compared with B6NTac-

host chimeras (1/12; 8 %, compared with 7/9; 78 %).

Abnormal development of the reproductive system in

chimeric mice can occur following injection of 40, XY

ES cells into a 40, XX blastocyst. The abnormalities
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Fig. 1 Quantification of relative amount of neo DNA in

somatic tissues and testis in chimeric animals. Each bar chart

represents the amount of neo target relative to Ant1 in total DNA

isolated from a testis, brain, heart or lung from the indicated

chimeras. The bar indicates the mean value of three experi-

mental replicates and each error bar represents two standard

deviations. A value of 0.4 corresponds to 40 % of the DNA

originating from ES cell derivatives
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are usually a consequence of insufficient contribution

of 40, XY ES cells to the gonadal rudiments prior to

the time of sexual differentiation (i.e. around e10.5) in

a chimeric embryo originating from a 40, XX host

blastocyst. This can result in a chimera whose

reproductive organs and tract can vary from female

to inter-sex (hermaphrodite). Defects in normal

development of the urogenital system could also

account for the unilateral cystic kidney and fluid-filled

Müllerian duct derivatives (uterus, oviduct) observed

in some B6NTac chimeras. One possibility is that the

injected ES cells were better able to contribute to

development of the urogenital system in the B6J host-

blastocyst derived embryos. It would be of interest to

investigate if the low incidence of such defects in B6J

chimeras is associated with the injected Nnt wild type

ES cells having a competitive advantage in colonizing

specific embryonic tissues in B6J blastocyst-derived

chimeras compared with B6NTac chimeras.

For all fertile chimeras, B6J chimeras produced

more litters than their B6NTac counterparts. The

improved breeding performance of B6J chimeras

might be due to their reduced adult body mass

compared to B6NTac chimeras (47.7 ± 5.5 g for

B6J chimeras (n = 12), versus 55.1 ± 8.1 g for

B6NTac chimeras (n = 9), both at 38 weeks old).

Non-chimeric 20 week-old stud C57BL/6J male mice

in our colony also have reduced body mass

(29.88 ± 1.42 g, n = 12) compared to C57BL/6NTac

mice (32.24 ± 3.71 g, n = 18) housed under identical

conditions. Thus, the difference in weight observed in

chimeric animals may be independent of the injected

ES cell line and due to the strain background of the

host blastocyst. Regardless, the reduced weight of the

adult male B6J chimeras may contribute to improved

breeding performance of these animals as they age

relative to their B6NTac counterparts.

As with inbred C57BL/6J and C57BL/6NTac

males, the mean testis weight of B6J chimeric males

was significantly greater than that of B6NTac chime-

ras. However, no consistent correlation was found

between mean testis weight and the proportion of

abnormal seminiferous tubules, and fecundity (i.e.

numbers of litters sired per male) for chimeras from

either host-blastocyst background. For example, two

B6NTac chimeras with 31 and 28 % atrophic tubules

were fertile and transmitted ES cell-derived gametes,

although these animals each sired only one litter

during the test period. In comparison, two B6J

chimeras with 43 and 45 % atrophic tubules each

sired between 3 and 6 litters from ES-cell derived

sperm during the same period. Conversely, a B6NTac

chimera with testis weights of 91 and 97 mg, and

\1 % abnormal tubules failed to sire offspring, as did

B6J chimera # 58.2 which had testis weights of 94 and

102 mg and\1 % atrophic tubules.

Since the first report 50 years ago of chimeric mice

produced by embryo aggregation, coat color genetics

has enabled simple visual assessment of the degree of

contribution of genetically distinct cells in a chimeric

mouse (Tarkowski 1961). Although simple, this

method is semi-quantitative and influenced by inves-

tigator bias, which confounds comparison of results

from different studies. Quantitative PCR allows accu-

rate quantification of the relative contribution of cells

of different genotypes in a tissue, although it cannot

provide information on the distribution of cells in that

tissue. Methods for quantitation of coding sequence

for neo (commonly used while targeting mutations in

ES cells) in mouse tissues will enable accurate and

reproducible quantification of the percentage of chi-

merism in different tissues. When used in conjunction

with JM8.A3 ES cells, which are derived from

C57BL/6NTac ES cells in which function of the

Agouti locus has been restored in one allele (Pettitt

et al. 2009), quantification can be performed using

both qPCR and coat color. Based on our data with the

combination of JM8.N4 ES cells and C57BL/6J or

C57BL/6NTac embryos, we predict that a threshold of

30 % neo (or other ES-derived) chimerism may be a

useful working predictor for determining whether a

chimeric male may transmit ES-derived DNA through

the germline. This prediction is based on an assump-

tion that the proportion of ES cell derived DNA found

in heart, brain, lung and testis is similar to that found in

tail, which is comprised of ectoderm and mesoderm

derivatives. In conclusion, use of C57BL/6J host

blastocysts for microinjection of ES cells may offer

improvements over blastocysts from C57BL/6NTac

and possibly other sub-strains of C57BL/6N mice.
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