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Characterization of NANOS Expression and Function in Human Germ Cells 

by 

Vanessa Therese Angeles 

 

ABSTRACT 

 Although errors during human germ cell development are the leading cause 

of birth defects and infertility, studies in this field are hindered by an 

inaccessibility of germ cells during fetal development.  Thus, we implemented an 

in vitro system to differentiate human embryonic stem cells (hESCs) to the germ 

cell lineage.  We evaluated the ability of in vitro-derived germ cells to erase 

genomic imprints as well as assessed the genetic dependency of germ cell 

development by investigating if the highly-conserved NANOS genes are required 

for human gametogenesis. 

 In hESCs, we observed mono-allelic expression of two imprinted genes, H19 

and KCNQ1OT1, as well as a 1:1 ratio of methylated to unmethylated DNA at the 

H19 and PEG1 loci.   Methylation assessment of in vitro-derived human germ 

cells revealed germ-cell specific hypomethylation at the H19 imprinted locus.  

This data suggests that hESC-derived germ cells have initiated erasure of 

genomic imprints, thereby recapitulating a landmark property of human germ 

cells in vitro. 

 We also assessed if human germ cell development is dependent on NANOS 

expression.   We detected NANOS1, 2 and 3 mRNA and protein in human 

gonads, although NANOS1 was also detected in somatic tissues.  We observed 



v 
 

expression of NANOS3 in human germ cells throughout spermatogenesis and 

oogenesis, indicative of a germ cell function for NANOS3 in both sexes.  

Surprisingly, NANOS3 expression was highest in human germ cell nuclei, with 

the protein remaining bound to DNA during cellular division. 

 Functional analysis was also performed by knocking down NANOS3 

expression in hESC-derived germ cells.  We observed decreased expression of 

genes required for pluripotency, germ cell development and meiosis.  NANOS1 

and 2 expression was also reduced, implying a regulatory role for NANOS3 

within the NANOS family.  Moreover, we discovered decreased expression of the 

known germ cell factor DAZL, at both mRNA and protein levels, following 

knockdown of NANOS3 expression. 

 Together, this data demonstrates that human germ cells can be generated in 

vitro, and that NANOS3 modulates this fundamental process.  These findings 

contribute to our understanding of the processes required for human germ cell 

development and likely have clinical applications, particularly in the field of 

human fertility studies. 
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Reproduction is essential for the propagation of a species, including 

humans, yet 10-15% of couples are plagued by infertility [1].  While the sources 

of several of these problems have been identified and are attributed equally to 

both deficiencies in the male and female reproductive systems, in the majority of 

cases, the cause of infertility is idiopathic [2].  Given that the germ cells, the cells 

that will eventually become either sperm or oocytes, are essential components of 

reproduction, the fidelity of the complex process of germ cell development is 

critical (Figure 1).   

 

Germ Cell Development 

Germ cells possess a unique distinction: they are the only cells required for 

the transmission of genetic material from generation to generation in sexually-

reproducing organisms.  Amazingly, germ cells routinely and consistently 

reproduce a cell’s totipotency, or the ability to differentiate into every cell type in 

the organism, including extra-embryonic tissues.  Thus, germ cells are potentially 

immortal, as they are required for the survival of a species and ultimately for the 

propagation of life.   

The term “germ cells” collectively refers to multiple stages of gametes 

including primordial germ cells, gonocytes, oogonia, and spermatogonia.  The 

mature cell types are included as well, although these cells are more commonly 

referred to as sperm and oocytes/eggs.  All other cells that comprise the body, 

whether they are neurons, cardiomyocytes, blood cells, or epithelial cells, are 

incapable of dividing and differentiating into cells which can propagate the 
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species.  By definition then, all non-germline cells are known as somatic cells, a 

term derived from the Latin word soma, meaning body. 

 

Germ cell formation 

Two divergent methods of germ cell development have evolved.  First, in non-

mammalian species such as Drosophila melanogaster and Caenorhabditis 

elegans, factors that are required for germline allocation or formation are 

localized to the germ plasm, a portion of the oocyte cytoplasm that is 

microscopically-distinct [3, 4].  Germ plasm is particularly rich in RNAs and RNA-

binding proteins and segregates with cells destined to become germ cells.  Thus, 

inheritance of germ plasm determines the cells which will ultimately transmit the 

genetic material of the organism.   

While a number of the components of germ plasm are conserved in 

mammalian species, the mechanism of germ cell development is not.  Outside 

the embryo proper, cells in the extra-embryonic ectoderm actively secrete 

factors, namely Bone Morphogenetic Protein 4 (BMP4) and BMP8b [5-7].  In a 

process known as epigenesis, these molecules act as signals for neighboring 

cells within the proximal epiblast to enter into a program of germ cell 

development at approximately embryonic day 6-6.5 (E6-6.5) [7].  This effect is 

non-cell autonomous, as evidenced when the cells in the proximal epiblast were 

replaced with cells from the distal epiblast: the transplanted cells still assumed a 

germ cell fate when placed in contact with the extra-embryonic ectoderm [8].   
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In mice, PGCs are first detected at E6.25 as a cluster of approximately 6 cells 

which express Blimp-1 [9].  This founder population gives rise to approximately 

45 primordial germ cells which are first detected at E7.25 as a cluster of cells in 

the proximal epiblast which stains positively for tissue nonspecific alkaline 

phosphatase (TNAP) [10].  Prior to gastrulation, these primordial germ cells 

migrate out of the embryo proper and reside in the extra-embryonic tissues until 

gastrulation is complete.  Once the three germ layers have formed, the PGCs re-

enter the embryo and migrate to the nascent gonads to resume the process of 

germ cell development. 

 

Migration and Germ Cell Proliferation 

PGCs must travel a great distance from the extra-embryonic tissues, through 

the hindgut and into the genital ridges--a journey which is guided by attractive, 

repulsive and survival cues sent out from somatic tissues lining the migratory 

path [11, 12].  Upon arrival at the genital ridges, PGCs actively invade the tissues 

that will eventually give rise to either the testes in males or ovaries in females.  

During both the processes of migration and colonization, the PGCs proliferate 

mitotically for the purpose of increasing germ cell number.  In humans, there are 

approximately seven million fetal germ cells at the completion of germ cell 

proliferation (20 weeks), although the vast majority of the cells will undergo 

atresia, an apoptosis-based process [13-15].  By birth, only two million oocytes 

remain and this number will eventually be reduced to 300,000 oocytes at puberty 

[16, 17].   Although there is some controversial evidence which suggests 
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otherwise [18], it is still generally believed that women are born with the total 

number of germ cells they will possess throughout their lifetime and that this 

supply dictates the life-span of a woman’s fertility.  Conversely, male germ cells 

continue to proliferate mitotically, thereby maintaining fertility well into the late 

stages of adulthood [19, 20].  

In mice, the male and female germ cells are morphologically indistinct upon 

colonization of the gonad.  By E10.5, expression of the testis-determining gene 

Sry begins, initializing differentiation along the male pathway.  At approximately 

E12.5, morphological distinctions in the gonad are detected, as the genital ridges 

differentiate into either the testes, with germ cells arranged as cords, or ovaries, 

with a more random arrangement of germ cells [21, 22].  Thus, sex determination 

is non-cell autonomous and depends on the surrounding tissue which signals the 

germ cells to assume a male or female identity and influences differentiation of 

germ cells into sperm or oocytes, respectively. 

 

Genomic imprinting 

Upon reaching the genital ridges, germ cells undergo a complex and 

fundamental property of mammalian germ cell development: genomic imprinting.  

Genomic imprinting was first discovered when scientists combined 2 female 

pronuclei or 2 male pronuclei, transferred the pronuclei to an enucleated egg and 

assessed the fidelity of embryonic development [23, 24].  When 2 female 

pronuclei were combined, embryonic development appeared to progress 

normally, although development of the trophectoderm and extra-embryonic 
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tissues was poor.  In contrast, when 2 male pronuclei were combined, extra-

embryonic tissues developed normally, but development of the embryo proper 

was grossly hindered (Figure 2).  These experiments demonstrated that merely 

having two copies of genetic material is not sufficient for embryo development, 

leading scientists to conclude that “Specific imprinting of the paternal and 

maternal genomes occurs during gametogenesis, which is perhaps why both of 

them are required in an egg for full-term development” [24]. 

It was later determined that genomic imprinting was mediated by epigenetic 

modifications  made to the genome by DNA methylation, resulting in the 

expression of genes from only one of the two parental chromosomes [25].  DNA 

methylation serves as an epigenetic mark of either active or inactive chromatin; 

such marks are inheritable and indicate from which parent the chromosome 

arose, thereby carrying intrinsic information as to which genes may be 

transcriptionally active or silenced throughout development of the embryo (Figure 

3).  These “instructions” regarding gene expression are established in the 

parental germ cells via differential methylation of the genome at specific loci, 

collectively known as imprinted genes.  DNA Methylation is established when 

DNA methyltransferases (DNMTs) apply a methyl group to the cytosine residue 

of CpG dinucleotides, which generally cluster together to form “CpG Islands.”   

There are two classes of methyltransferases required to create and maintain 

the signal for genomic imprinting.  Dnmt3a and Dnmt3b are required for initiating 

de novo methylation and for establishing new methylation patterns during 

embryonic development.  Loss of both methyltransferases results in an 
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embryonic lethal phenotype [26, 27].  Conditional Dnmt3b germline mutants and 

their offspring, however, demonstrate no detectable phenotype, while Dnmt3a 

conditional deletions result in impaired spermatogenesis, associated with a loss 

of DNA methylation of paternally imprinted genes as well as a lack of methylation 

of maternally imprinted genes in oocytes [26].  Interestingly, the phenotype of 

mice with Dnmt3a germline mutations is analogous to those with a deletion in the 

Dnmt3L gene (a non-catalytic co-factor that is specifically expressed in germ 

cells) [28]; it is thought that the establishment of imprinting requires the presence 

of Dnmt3L [29].  In contrast to these factors, Dnmt1 is not required to establish 

methylation, but rather to maintain the methylation pattern of proliferating cells 

[30].  Dnmt1 recognizes and preferentially methylates hemi-methylated strands of 

DNA, post-replication.  An oocyte-specific isoform of Dnmt1 exists (Dnmt1o) and 

is thought to play an important role in maintaining methylation within the maternal 

germline during post-fertilization proliferation [31].  

During development, there are two waves of global demethylation.  Soon after 

fertilization, methylation marks are removed from the DNA, except at imprinted 

loci, which are protected from this initial wave of global erasure [32, 33].  Even at 

this stage, the male and female genomes are not equivalent, as the parental 

genome undergoes active demethylation while the female genome demethylates 

passively through successive rounds of replication without maintenance of 

methylation [32, 33].  The second wave of erasure occurs only in PGCs as they 

arrive at the genital ridges.  At this time, methylation is again removed, including 

the imprinted marks on the developing germ cells [34-38].  The imprints are then 
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re-established in the developing sperm or oocytes to reflect the sex of the 

embryo (Figure 4).  This process of erasure and re-establishment of genomic 

imprints is limited to germ cells, making it a highly-specific assay for germ cell 

development.  However, the erasure and subsequent re-establishment of 

maternal and paternal imprinting in human germ cells has not been 

extensively studied. 

Although scientists understand some of the components of genomic 

imprinting, many aspects of this biological phenomenon remain a mystery.  For 

instance, it has yet to be determined what the evolutionary purpose of genomic 

imprinting is, particularly since mono-allelic expression forgoes the advantages 

conferred by diploidy [39, 40].  It is widely accepted that the predominance of 

diploidy in multiple organisms is to mask the harmful effects of recessive 

mutations [41].  In fact, several human imprinted disorders arise when the single 

allele which drives expression at the imprinted locus is mutated or deleted, as in 

the cases of Angelman Syndrome, Prader-Willi Syndrome, and Silver-Russel 

Syndrome [42-48].   

The specific mechanism of how genes are targeted for genomic imprinting is 

likewise unknown.  If the epigenetic marks are erased in primordial germ cells, 

what is the nature of the instructions that dictate which genes should be targeted 

for imprinting in male or female germ cell development?  We also question what 

the mechanism is for demethylation/erasure.  It is known that passive 

demethylation occurs following several rounds of DNA replication in the absence 

of a maintenance DNA methyltransferase.  However, there is also evidence for 
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active demethylation of the DNA, which occurs at a much faster rate, although 

the molecules which participate in this process are as yet unknown.   

Despite these facets of genomic imprinting which remain to be characterized, 

the information which scientists have garnered tells us that the complex process 

of genomic imprinting must be executed at a high fidelity during germ cell 

development to avoid deleterious outcomes in the developing embryo. 

 

Meiosis 

Germ cells must be haploid, since the sperm and oocyte pronuclei will 

eventually fuse to restore 2N DNA content.  Accordingly, a second major 

hallmark of oogenesis and spermatogenesis is the completion of meiosis, where, 

in contrast to mitosis, one round of DNA replication is followed by two 

subsequent divisions (Meiosis I/MI and Meiosis II/MII) that result in haploid cells 

with 1N DNA content.  Each stage of division is comprised of four stages: 

prophase (condensation of DNA and formation of mitotic spindle), metaphase 

(alignment of chromosomes at the spindle equator), anaphase (sister chromatid 

separation) and telophase (re-formation of the nuclear envelope around fully-

separated and de-condensed chromatids).  The prophase stage of MI is further 

divided into five stages, as defined by the morphology associated with the 

assembly and breakdown of a proteinaceous structure known as the 

Synaptonemal Complex (SC).  The five stages of prophase I are as follows: 

leptotene (condensation of duplicated, paired homologs), zygotene (development 

of SC begins), pachytene (fully formed SC exists), diplotene (decondensation of 
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chromosomes, highly transcriptionally active) and diakinesis (chromosomes 

recondensed, transition to metaphase ensues) [49].   

In humans, meiosis is initiated in the female embryo at 11-12 weeks of 

gestation [50].   At this stage, oocytes enter prophase I where genetic 

recombination occurs.  Upon completion of recombination, the oocytes arrest 

before the first meiotic division is complete.  Around this time, somatic cells 

surround the arrested oocytes, forming primordial follicles, although many 

oocytes are lost during this process [51].  Meiosis resumes as the female enters 

sexual maturity, when several oocytes are recruited into maturation, complete MI 

and extrude half of the DNA content as a polar body.   After completion of MI, the 

oocyte enters MII immediately with chromosomes aligning at the spindle equator 

then arresting for a second time.  The oocyte will remain arrested at metaphase 

of MII until fertilization or degeneration of the oocyte.  Conversely, 

spermatogenesis is halted following mitotic proliferation in the genital ridges, and 

later resumes when the male reaches puberty.  As this time, meiosis and 

spermatogenesis proceed continuously, thereby enabling males to maintain 

fertility for many years beyond the female [52, 53]. 

Each of the aforementioned processes described (namely germ cell 

specification, migration, erasure/establishment of genomic imprinting and 

meiosis) must be precisely executed to create a functional germ cell.  Also critical 

to the process of germ cell development is the appropriate expression pattern of 

germ-cell specific genes. 
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Gene function is conserved in germ cell development 

 The coordinated expression of numerous genes during germ cell 

development is critical.  Each gene must be expressed and/or down-regulated at 

precisely the right moment to yield a functional germ cell.  Unregulated 

expression, on the other hand, has potentially disastrous effects including mutant 

germ cells, sterility or teratoma formation.  Thus, it is imperative that each of the 

genes required for germ cell development is transcribed properly to ensure that 

the correct instructions are given for PGC formation and development (Figure 5).  

What remains unknown, however, is the precise nature of these instructions.  

Despite the differences between invertebrate and vertebrate germ cell 

development, a number of factors that retain their function in germ cell 

development are highly conserved [54-58].  Moreover, it has also been shown 

that some of the mechanisms of action of these molecules are also conserved, 

namely the protein-protein interactions required for gene regulation [59, 60]. 

The Deleted in Azoospermia (DAZ) family of genes has members with germ 

cell functions that are highly conserved from model organisms to humans.  In 

humans, deletions and genetic variants in DAZ are associated with the 

production of very few or no germ cells in men [61] while in diverse model 

organisms, these genes are required solely for the development of the germ cell 

lineage. This is particularly true in Xenopus, where Xdazl RNA is localized to 

germ plasm and depletion studies have confirmed that it is required for primordial 

germ cell (PGC) development [62], while in mice, loss of function of Dazl (Daz-

like) leads to loss of the fetal germ cell population in both sexes [63].   
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Vasa, originally discovered in Drosophila, is another gene whose germ cell 

function is highly conserved.  In Drosophila, the mutant phenotype revealed that 

vasa is required for formation of abdominal segments and for specification of 

germ cells as well as germline cyst development and oocyte differentiation [64-

66].  The vasa gene encodes an ATP-dependent DEAD-box helicase which acts 

to promote translation of mRNA; similar helicases have been identified in mice, 

rats, frogs, zebrafish, nematodes and humans [54-56].  Despite having a 

conserved germ cell function in every species studied to date, vasa mRNA and 

proteins have different expression patterns in various species, indicating 

divergent forms of regulation including translational control, post-translational 

control, sub-cellular localization and protein-protein interactions [67].  Indeed, in 

Drosophila, vasa has been shown to regulate the highly-conserved germ cell 

gene, nanos [68], a gene whose expression and function are characterized and 

explored to a significant extent in this work. 

 

The Nanos gene family plays a critical role in germ cell development 

The Nanos gene family is highly conserved and has been characterized 

extensively in diverse organisms including Drosophila, C. Elegans and M. 

musculus [69-71].  Initially, in Drosophila, it was discovered that nanos is 

required to establish anterior-posterior polarity in the developing fly [72].  Pumilio 

(Pum), another conserved protein required for germ cell development, acts 

together with nanos (Nos) to repress translation of hunchback (hb, a target 

mRNA), to establish the gradient required for axial polarity and abdomen 
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formation [73].  PUM actively binds target mRNAs via a nanos response element 

(NRE) in the 3’ untranslated region (3’ UTR) [74], then Nos dictates the 

repression location.  Nos is also able to bind target mRNAs directly via a zinc 

finger domain that is evolutionarily conserved among numerous species [75]. 

In addition to a regulatory role during embryogenesis, it was also discovered 

that Nos and Pum likewise work together to regulate germline development in 

Drosophila [69, 76].   In Nos mutants, the germ cells that do not acquire nanos 

from the germ plasm develop normally, but fail to enter the gonad or differentiate, 

resulting in a loss of functional germ cells [69, 77].  Moreover, mutations in either 

pum or nos result in pole cells entering mitosis prematurely, due to the aberrant 

expression of cyclin B protein [69, 76].  This result led researchers to conclude 

that the pole cell-specific function of Pum and Nos is to maintain transcriptional 

quiescence in germline progenitor cells.  Additionally, it was discovered that Nos 

is also required to establish and maintain the identity of germline cells by 

suppressing both apoptosis and somatic cell fate [78].  

Recently, homologues of these and other germ plasm components have been 

identified in mammalian germ cells, including those of humans.   In mice, 

generation of null alleles of the three Nanos homologs revealed that Nanos1 is 

expressed in the central nervous system, is dispensable for development, and 

lacks a germ cell phenotype [79].   Although Nanos1 does not appear to have a 

conserved germ cell function, it was later discovered that both Nanos2 and 

Nanos3 have unique and important roles in mouse germ cell formation and the 

maintenance of early germ cell populations [71].  Nanos2 appears to have a 



14 
 

male-specific function, as it is expressed in male gonads from E13.5-E16.5 and 

was not detected in the female germline.  Accordingly, nanos2-null female mice 

developed normally while nanos2-/- male mice showed defects in 

spermatogenesis.  The nanos2-/-

Nanos3, on the other hand, appears to play a role in both male and female 

gametogenesis, as the null female and male mice both showed decreased 

weight and size in the ovary and testis, respectively.  Upon closer examination, it 

was discovered that Nanos3-null mice specify germ cells normally, although the 

germ cells are not maintained during migration.  It was later discovered that the 

loss of germ cells was due to an increase in apoptosis.  More specifically, it was 

shown that Nanos3 acts to maintain the germ cell lineage in the mouse by 

suppressing both Bax-dependent and –independent apoptotic pathways [80].  

Furthermore, additional characterization of the relationship between Nanos2 and 

Nanos3 revealed that, although there is some functional redundancy between the 

two proteins, Nanos2 plays a distinct role during male germ cell development 

[81].  These results indicate that the Nanos family of genes plays a conserved 

role between invertebrates and vertebrates during germ cell development.   

 male mice showed reduced size and weight of 

the testes relative to wild-type, and upon further examination, it was discovered 

that germ cells were present in well-organized testicular cords at E14.5, but by 

E18.5, the number of germ cells was greatly reduced.   

While the Nanos genes have been studied extensively in model organisms, 

very little is known about NANOS gene expression and function in humans.  

Initial characterization of the human NANOS homologues has revealed 
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conservation of structural domains, particularly those required for interactions 

with other molecules.  It has been reported that, in humans, NANOS1 (NOS1) 

and PUMILIO-2 (PUM2) interact via highly conserved domains as they do in 

Drosophila germ plasm [82], but neither NANOS2 nor NANOS3 has been 

characterized to date.    

Although conservation of structural domains implies conservation of 

gene function, little is known of the role that the NANOS genes play in 

human germ cell formation and maintenance of early germ cell 

populations.  Ethically, however, it is difficult to study primordial germ cells in a 

developing human embryo, thereby necessitating a robust in vitro system.  

Human embryonic stem cells (hESCs) provide such a system. 

 

In Vitro Gametogenesis 

Surprisingly, scientists have begun to recapitulate this complex and intricate 

series of events in vitro using embryonic stem cells.  Embryonic stem cells 

(ESCs) are derived from the inner cell mass (ICM) of a developing embryo at the 

blastocyst stage.  ES cells possess the unique ability to self-renew continuously, 

allowing for the propagation of undifferentiated cells in culture, indefinitely.  More 

importantly, however, ESCs are pluripotent, as they maintain the ability to 

differentiate into all cell types of the body (Figure 6).  This is in contrast to other 

stem cells (neural stem cells, hematopoietic stem cells, etc.) which have a limited 

differentiation potential and thus are only able to differentiate along a specific, 

pre-defined lineage.  To date, ESCs have been derived from multiple species, 
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although this work is based upon earlier research using mouse or human 

embryonic stem cells [83, 84]. 

Several groups have differentiated mouse embryonic stem cells along the 

germ cell lineage, to varying degrees of development [85-88].  Scientists have 

also differentiated human embryonic stem cells into putative in vitro-derived germ 

cells [89, 90].  Isolation and analysis of hESC-derived germ cells would enable 

researchers to probe the mechanisms of human germ cell development—a field 

that is hindered due to the inability to study its progression in vivo.  Thus, the 

ability to derive germ cells from embryonic stem cells provides a long-awaited 

system with which to study the genetics of germ cell development as well as the 

mechanics of genomic imprinting.  The findings of these studies have potential 

implications in both the fields of somatic cell nuclear transfer and infertility 

assessment and treatment.   

 

Mouse embryonic stem cells can differentiate along the germ cell lineage 

Initially, due to a lack of evidence, it was thought that mouse embryonic stem 

cells were unable to differentiate to the germline. In reality, however, the germ 

cells were, in fact, present although the means to identify them were not.  The 

first evidence that mouse embryonic stem cells possessed the ability to 

differentiate along the germ cell lineage was published in 2003.  In this study 

from the Hans Scholer laboratory, Hubner et al engineered a fluorescent germ 

cell-specific reporter to identify PGCs in vitro [86].  Expression of Oct4, a 

transcription factor expressed in both ES and germ cells, was restricted to germ 
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cells by deleting two conserved regions of the promoter.  The promoter was also 

engineered to drive expression of a green fluorescent protein (GFP) instead of 

Oct4.  This construct, named gcOct4-GFP, was transfected into mESCs, followed 

by characterization of expression in germ cells in transgenic mice.  Of the three 

mESC lines created, two showed germ cell-specific expression and were 

characterized further. 

The gcOct4-GFP ES cells were differentiated in a monolayer in vitro, in ESC 

media lacking growth factors other than those contributed by serum.  After 

several days in culture, approximately 40% of the cells were GFP positive and 

were later isolated via flow cytometry.  To characterize the isolated cells, 

expression of the germ cell markers Oct4, C-kit and Vasa were analyzed and 

found to be expressed in a subset of the population.   

During differentiation, clusters of Vasa positive cells detached and formed 

small aggregates in the supernatant.  These cells were collected via 

centrifugation, re-plated and further differentiated.  In these cultures, the 

aggregates became increasingly organized and began to resemble early ovarian 

follicles.  Within two weeks, the aggregates appeared similar to advanced follicle-

like structures, 20% of which had oocytes approximately 40µm in diameter. 

In vivo, supporting cells in the ovaries secrete factors necessary for oocyte 

development.  Similarly, the supernatant of the cells grown in vitro had increased 

levels of steroidogenic enzymes, indicating that the supporting somatic cells 

secreted estradiol as they would in the endogenous niche. 
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At day 26 of differentiation, putative oocytes were released from their follicle-

like structures, resembling ovulation.  These putative oocytes had a fragile zona 

pellucida and most were within the normal size range of 50-70µm.  After 43 days 

of differentiation, the oocyte morphology began to resemble that of pre-

implantation embryos, indicating that spontaneous activation had occurred in the 

absence of sperm.  Morphologically, the blastocysts looked similar to normal 

developing blastocysts.   

Although this research provided the first evidence that embryonic stem cells 

were capable of differentiating into germ cells, it offered no insight into the 

function of the putative germ cells.  There was evidence of expression of the 

meiotic marker Dmc1, though the authors did not show evidence of a haploid 

chromosome complement.  Additionally, analysis of imprinting and ability of the 

putative oocytes to be fertilized and give rise to pups remains to be completed 

before these cells can accurately be defined as germ cells. 

Soon after the work from the Scholer laboratory was published, the Noce 

laboratory revealed that they were also able to differentiate mouse embryonic 

stem cells into germ cells, namely mature sperm [88].  Again, the struggle here 

was to accurately identify putative germ cells in vitro.  Noce and colleagues 

constructed two reporters with either GFP or LacZ placed under control of the 

Mouse Vasa Homologue (MVH) promoter.  Neither of these reporters generated 

a positive signal in undifferentiated mouse embryonic stem cells or in mESCs 

that were differentiated in a monolayer.  Next, a three-dimensional differentiation 

strategy was attempted, in which mESCs were differentiated in suspension 
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where they could form structures known as embryoid bodies (EBs).  These EBs 

are thought to more likely represent the endogenous niche in which germ cells 

normally arise.  After 3 to 5 days of differentiation as EBs, approximately one 

tenth (1/10) of the aggregates became either GFP or LacZ positive, with clusters 

of cells strongly expressing the reporters at the periphery of EBs after 5 to 7 

days.  At day 5, the EBs were dissociated and sorted via flow cytometry.  The 

GFP and LacZ positive populations were assayed and tested positively for 

expression of known germ cell markers, namely Oct3/4, E-cadherin, Ssea1, C-

kit, Gcna1 and Scyp3.   

Since mammalian germ cells are induced by neighboring cells in the 

extraembryonic ectoderm (a trophoblast precursor), Toyooka et al hypothesized 

that exogenous signals are also required in culture.  Thus, mESCs were co-

cultured with D7.5 trophoblast cells that expressed either BMP4 or BMP8b.  After 

a single day, the number of PGCs in culture increased significantly when cells 

were exposed to Bmp4; these enriched putative germ cells were sorted via flow 

cytometry to yield a more pure population. 

To further reconstruct the endogenous niche, germ cells were co-aggregated 

with E12.5 to E13.5 male gonadal cells, followed by transplantation into testicular 

tubules of male nude mice.  Following 6 to 8 weeks of differentiation in vivo, the 

recipient testes were analyzed and revealed that LacZ positive germ cells were 

present in the tubules and that mature sperm were found in the lumen of several 

tubules.  The tubules contained cells which stained positively for β-gal and 

Hsc70t, to detect LacZ positive cells and elongated spermatids respectively, 
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indicating that the in vitro-derived germ cells were competent to participate in 

spermatogenesis.  Although the differentiation procedure yielded mature sperm, 

evidence of meiosis, erasure of genomic imprints or function were not assessed 

in this study. 

The third group to report successful differentiation of germ cells from mESCs 

came from the George Daley laboratory [85].  Here, the PGC population was 

hypothesized to be a subset of the population that was positive for both Oct4 (as 

indicated by an Oct4-GFP reporter) and Stage Specific Early Antigen-1 (Ssea1).  

Since these markers are also expressed in undifferentiated cells, mESCs were 

differentiated as embryoid bodies in the presence of Retinoic Acid (RA), a 

molecule which quickly differentiates mESCs into other cell lineages while 

sustaining proliferation of the PGC population. 

EBs were plated on mouse embryonic fibroblasts (MEFs) and grown for 7 

days in the presence of retinoic acid.  Under these conditions a small subset of 

the population remained SSEA1 positive.  These cells, upon further analysis, 

formed colonies which stained positively for alkaline phosphatase and were 

surrounded by cells which resembled PGCs that had begun to migrate.    

Next, Daley and colleagues assayed for erasure of genomic imprints, a major 

hallmark of germ cell development that was not evaluated in the earlier mESC-to-

germ cell reports.  Geijsen et al differentiated mEBs in the presence of retinoic 

acid then assessed the methylation status of several clones.   After 10 days of 

differentiation, all clones surveyed were unmethylated, indicating the successful 

erasure of imprints at the analyzed loci.  This study provided the first evidence 
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that this biological property of germ cells was maintained as the cells developed 

in vitro.   

The putative germ cells were then isolated via immunomagnetic sorting of the 

Ssea1 positive population and the expression of germ cell markers was assayed.  

The findings indicated that the developing embryoid body effectively mimicked 

the endogenous environment in which PGCs naturally form, at least to some 

extent.  Accordingly, both Luteinizing Hormone Receptor (Lh-r) and Mullerian 

Inhibiting Substance (Mis) were present in the EB supernatant, indicating that 

Leydig cells and Sertoli cells respectively produced appropriate secretions.  

Additionally, it was determined that Sex Determining Region on Y (Sry), a gene 

which promotes male germ cell development, is expressed in the putative germ 

cells. 

The Fe-J1 antibody was used to assay for the presence of male meiotic germ 

cells, of which only 0.01% of the population stained positively.  This indicated that 

meiotic progression was inefficient in vitro and future studies should investigate 

this problem further.  The few haploid cells identified were isolated nonetheless 

and used in functional studies to determine their ability to fertilize mature 

oocytes.  Intracytoplasmic sperm injection (ICSI) was used to inject a single 

sperm into a recipient oocyte.  Fifty percent (50%) of the oocytes injected began 

to cleave, then arrested at the 2-cell stage while twenty percent (20%) 

progressed to the blastocyst stage.  Although this evidence alludes to the 

functional competence of in vitro-derived sperm, unequivocal evidence would be 

the generation of normal, healthy live pups.   
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An additional report was published demonstrating differentiation of ES cells to 

putative germ cells.  Lacham-Kaplan et al differentiated mouse embryonic stem 

cells in the presence of media conditioned by fetal testicular cell cultures (TCC) 

[91].  The ES cells were differentiated in a hanging drop, and after 48-, 72- and 

120-hours, stained positively for Oct4, Mvh and C-kit.  Strikingly, after 72-120 

hours of culture in TCC media, ovarian-like structures appeared in approximately 

81% of the hanging drops.  After 6 to 7 days of differentiation, follicle-like 

structures appeared, which, when dissociated, revealed putative oocytes ranging 

in size from 15-35µm.  No zona pellucida was detected around the “oocytes,” 

which is likely a result of the lack of expression of Zp1 and Zp2, as assayed by 

RT-PCR.  The oocytes did express some oocyte-specific markers, namely Fig-α, 

Zp3 and Stra8, but also incorrectly expressed Sry, a marker of male germ cells.  

No assessment of meiosis, imprinting or function was made in this study and 

replication of this data has yet to be reported. 

In 2006, Nayernia et al reported generation of mESC-derived germ cells 

which were able to give rise to live offspring [87].  Two fusion genes, Stra8-EGFP 

and Prm1-DsRed, were created by placing fluorescent proteins under the control 

of promoter regions from Stra8 or the post-meiotic gene Protamine1 to 

successively identify putative germ cells in culture.  To induce germ cell 

development in vitro, mouse ES cells transfected with the Stra8-EGFP reporter 

were cultured in the presence of RA, the growth factor that has been shown to 

contribute to the survival and self-renewal of mouse germ cells that lack a 

somatic niche [92-95] as well as promote progression of male germ cells through 
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early stages of meiosis [96, 97].  EGFP-positive cells were isolated via 

fluorescence activated cell sorting (FACS), transfected with the prm1-DsRed 

fusion construct, and positive cells were again selected, resulting in the 

generation of two cell lines used for further analysis. 

The gene expression profile of the isolated cell lines was examined, revealing 

expression of early germ-cell specific genes including Oct4, Fragilis, Mvh, Stra8 

and C-kit as well as expression of meiotic and post-meiotic genes including 

Scp3, Dmc1 and Prm1.  Given the expression of meiotic markers, Nayernia et al 

assessed the ability of these putative germ cells to undergo meiosis.  Assaying 

for DNA content, it was discovered that 30% of the putative spermatogonial stem 

cells (SSCs) underwent meiosis to yield a haploid cell population.  Additionally, 

the authors assessed the fidelity of genomic imprinting mechanisms in the 

putative SSCs.  Methylation status of the DMRs of several imprinted genes was 

assessed, and revealed that H19 ICR and Igf2r DMR2 showed a decrease in 

methylation, consistent with the germ-cell specific process of erasure of genomic 

imprints, although the Snrpn DMR1 showed an unexpected increase in 

methylation levels. 

To assess the functionality, the in vitro-derived germ cells were transplanted 

into the germ cell-depleted testis of a recipient mouse.  After four months, the 

authors found evidence of spermatogenesis-like structures as well as immotile 

sperm in the lumen of 2 out of the 10 mice assayed, although teratomas were 

also detected.  As an additional assay of function, DsRed-positive haploid cells 

were injected by ICSI into wild-type oocytes and the fidelity of embryonic 
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development was assessed.  Sixty-five two-cell embryos were transferred into 

the oviducts of pseudopregnant females, giving rise to the birth of twelve 

animals.  The offspring were either smaller or larger than controls and each died 

prematurely (between 5 days and 5 months after birth).  Assays to confirm 

presence of the transgene revealed that not all animals were transgenic and that 

this transgenic loss was presumably due to recombination during meiosis and/or 

allele segregation.  Genomic imprinting was also assessed in the newborn 

animals, revealing methylation abnormalities which likely contributed to the 

overgrowth or growth-retardation of the live pups.  Thus, although the in vitro-

derived germ cells were able to yield live offspring, it is clear that germ cell 

development did not proceed normally, given the premature deaths of the 

newborn animals.  Further optimization of this and the afore-mentioned protocols 

is therefore necessary to yield fully functional in vitro-derived mouse germ cells 

and preserve the normal lifespan of any resulting offspring. 

 

Human embryonic stem cells can also differentiate into putative germ cells 

In 2004, our laboratory provided the first evidence that human embryonic 

stem cells (hESCs) were also capable of differentiating along the germ cell 

lineage [89].  Again, the limitation in the human system was the inability to isolate 

these cells upon differentiation.  Given this shortcoming, this report focused on 

characterization of putative germ cells through analysis of mRNA and protein 

expression of germ cell-specific and germ cell-enriched markers.  Therefore, a 

thorough profile of markers was compiled and used throughout the manuscript, 
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the results of which assisted in the identification of possible germ cell reporter 

candidates for subsequent studies. 

Human embryonic stem cells spontaneously differentiated when cultured in 

suspension and in the absence of FGF2 or other growth factors.  Based on 

mRNA and protein levels, it was determined that undifferentiated hESCs express 

markers of early germ cell development, but not those of late development.  To 

confirm these findings in single cells, immunohistochemistry was used to assay 

expression of STELLAR, DAZL (markers of early germ cells) and VASA (which is 

expressed later in migratory germ cells).  Both STELLAR and DAZL were present 

in undifferentiated hESCs, while VASA was not, signifying that hESCs may be 

similar to PGCs. 

Because hESCs are inner cell mass (ICM) explants, Clark et al sought to 

compare the two cell populations, specifically assaying for expression of germ 

cell-specific genes.  The two populations were found to be closely related, 

although NCAM1 and DAZL expression had been turned on in ES cells.  This 

indicated that ICM extraction from blastocysts may have induced a spontaneous 

differentiation of hESCs into PGCs, although this differentiation is limited to early 

stages of germ cell development since expression of VASA was not detected. 

ES cells were then cultured in suspension as EBs for 14 and 21 days (to 

allow for further progression into the germ cell lineage), sectioned, then analyzed 

via immunohistochemistry.  Again, expression patterns of STELLAR, DAZL and 

VASA proteins were analyzed.  All three germ-cell specific proteins were present 

in EBs, although, as expected, not every cell was STELLAR, DAZL or VASA 



26 
 

positive since somatic differentiation likely occurred in parallel.  Given the counts 

of VASA-positive cells at D14 and D21, and comparing these to the percentage 

of STELLAR and DAZL positive cells at D0, the researchers concluded that a cell 

that expresses STELLAR or DAZL at day 0 does not necessarily continue to later 

stages of germ cell formation, as assessed by VASA expression. 

Meiotic progression of the putative germ cells was also surveyed.  PGCs 

were stained with Synaptonemal Complex Protein-3 (SCP3) and Mut-L 

homologue 1 (MLH1) to determine the fidelity of meiosis.  Although at D14, SCP3 

positive cells were identified, the staining was cytoplasmic and sometimes 

punctate within the nucleus, rather than aligned on the chromosomes as it is in 

normal meiotic progression.  MLH1 expression was never detected, even after 

twenty-two days of differentiation, indicating that recombination nodules had not 

formed.   It appeared that the cells had begun to enter into meiosis, although 

external signals required for completion of this process may have been lacking. 

Previous studies in mice have shown that the signaling factors, Bmp4, Bmp7 

and Bmp8b are required for the formation of PGCs since their disruption leads to 

either a complete loss of or severe reduction in PGCs both in vivo and in vitro [5, 

98].  To develop a more robust hESC differentiation protocol, our laboratory 

investigated the ability of these BMPs to enrich the human germ cell population 

in vitro [99].  Various combinations of BMPs were tested, and the inductive effect 

on VASA expression was assayed.  It was determined that BMP4, 7 and 8b each 

increased VASA expression individually and in pairs, although the greatest 

induction was achieved when all three BMPs were added in concert.  
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Comparison of EBs differentiated in the presence and absence of BMPs revealed 

that VASA expression was higher in EB + BMPs at all time-points assayed.  

Moreover, the same EBs were sectioned and stained with anti-VASA antisera, 

with the percentage of VASA-positive cells quantified.  It was determined that EB 

+ BMPs yielded approximately 13% VASA-positive cells, relative to the ~2% 

identified in the negative control.  Thus, the number of putative primordial germ 

cells generated in vitro can be increased by the addition of BMP4, 7 and 8b to 

culture media. 

More recently, our lab has modified the hESC differentiation protocol and 

generated a reporter for the purpose of identifying human germ cells in vitro [90].    

To isolate the putative germ cell population, a VASA lentiviral reporter was 

created.  This construct consists of 2.5Kb of DNA/promoter sequence 5-prime to 

the human VASA open reading frame (ORF), eGFP (enhanced Green 

Fluorescent Protein), and 1Kb of 3-prime untranslated region (UTR) (Figure 7).  

Using this reporter, it was determined that hESCs differentiated for 7 days in an 

adherent monolayer (rather than as embryoid bodies) in the presence of BMP4, 7 

and 8b increased the percentage of in vitro derived germ cells from 0.03% in 

undifferentiated hESCs to ~5%.  The putative germ cells were isolated via FACS 

and assessment of gene expression revealed an increase in the expression of 

several early germ cell markers including DAZL, BLIMP, STELLAR and VASA.   

Thus, this work demonstrates extensive enrichment of the germ cell population 

and provides a tool to identify and isolate putative human germ cells in vitro.   
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In total, the research studies described provide strong evidence that germ cell 

development can be recapitulated in vitro.  As there are ethical and physical 

restrictions to studying early germ cell development in vivo in humans, we 

frequently depend on the results from model organisms to understand how germ 

cells develop.  Yet, germ cell development differs between species in many 

aspects including specification, gestation periods, and gene conservation and 

regulation, thereby creating a need for a robust in vitro system to study human 

germ cell development.  

 

Based on the findings described above, I hypothesized that the hESC 

system was suitable for genetic studies of human germ cell differentiation 

and that the progress and fidelity of germ cell development could be traced 

by tracking erasure of imprints in germ line cells.  Furthermore, I 

hypothesized that members of the NANOS gene family were required for 

early germ cell formation and development in humans.   

 

Thus, my specific aims were to: 

1) Characterize the differentiation of human ESC-derived germ cells in vitro, 

specifically focusing on the landmark process of erasure of imprinting. 

2) Characterize the genetic dependency of human germ cell development in 

vitro, specifically evaluating the expression and function of NANOS1, 2, 

and 3. 
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Figure 1.  A schematic depicting the stages of mammalian germ cell 

development.  The process is initiated by sperm and oocyte fusion, resulting in 

zygote formation.  Several rounds of replication result in morula, then blastocyst 

formation (at this stage, the inner cell mass can be dissected to generate ESC 

lines).  Primordial germ cells migrate to the gonad following gastrulation, then 

differentiate along either the male or female lineage through several 

developmental stages including gonocytes and gonia until they become 

spermatocytes or oocytes, which eventually mature into sperm and eggs. 

 

Figure 2.  A diagram summarizing the experiments that were paramount in 

the discovery of genomic imprinting.  Transfer of the pronuclei from a sperm 

and egg into an enucleated embryo resulted in normal embryonic development.  

Conversely, when two male pronuclei or two female pronuclei were combined, 

embryos either had poor extra-embryonic or poor embryonic development, 

respectively.  

 

Figure 3.  Genomic imprinting results in the differential expression of 

genes.  At non-imprinted loci, transcription factors have equal access to both 

copies of DNA, resulting in bi-allelic expression.  Conversely, at imprinted loci, 

methylation can act to block transcription factors from binding to promoter 

regions of either the maternal or paternal chromosome, resulting in mono-allelic 

expression. 
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Figure 4.  Genomic imprints are maintained and read throughout 

development, but are not static in germ cells.  Rather, they are subject to 

erasure followed by establishment in a sex-specific manner; both processes are 

specific to cells of the germline. 

 

Figure 5.  Coordinated gene expression is critical during germ cell 

development.  At each stage of germ cell development, specific genes must be 

turned on or down-regulated, as depicted here.   

 

Figure 6.  A schematic for ES cell isolation and differentiation.  Embryonic 

stem cells are derived from the inner cell mass (ICM) of a developing embryo 

and, subsequently can be cultured indefinitely in vitro or differentiated to each 

lineage of the embryo proper. 

 

Figure 7.   VASA-eGFP reporter construct.  This construct consists of 2.5Kb of 

DNA/promoter sequence 5-prime to the human VASA open reading frame 

(ORF), eGFP (enhanced Green Fluorescent Protein), and 1Kb of 3-prime 

untranslated region (UTR) of the VASA gene. 
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Chapter 2 

Hypomethylation at the H19 locus indicates initiation of 

genomic imprint erasure in hESC-derived germ cells 
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Introduction 

 The generation of functional germ cells, whether in vivo or in vitro, requires a 

process known as genomic imprinting, whereby epigenetic modifications to the 

DNA are used to distinguish maternal from paternal genetic material and vice 

versa.  Currently, there are approximately 60 confirmed imprinted loci in the 

human genome, although dozens more are ear-marked with a “predicted” 

imprinted status (geneimprint.com, Table 1).  Two commonly-characterized 

maternally imprinted genes are Paternally Expressed Gene1 (PEG1/MEST) and 

SNRPN, whereas H19 is one of the few genes which acquires a genomic imprint 

on paternal DNA. 

 It is now known that the epigenetic change which imprints maternal and 

paternal chromosomes is DNA methylation.  DNA methylation is a modification to 

the genome, typically at CpG dinucleotides, in which DNA methyltransferases 

add a methyl group to the 5’ position of the cytosine residue.  CpG dinucleotides 

can be found clustered together in “CpG islands,” which are defined as having 1) 

greater than 500bp in the sequence, 2) GC content greater than 55% and 3) an 

observed CpG/expected CpG ratio of 0.65 [100, 101].  CpG islands are 

generally, but not always, found in promoter regions.  Indeed, assessment of the 

5’ region (5’ UTR, promoter, and exon 1) of multiple genes found that 

approximately 40% of genes have CpG islands within the investigated 

sequences [102].  Clustering of multiple methyl groups typically has a silencing 

effect on gene expression.  In the classic model for genomic imprinting, DNA 

methylation is targeted to either the maternal or paternal allele.  This mark 
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renders the methylated allele transcriptionally-silent, resulting in mono-allelic 

expression from the unmethylated copy.  There are cases, however, where 

regulation of genomic imprinting can be far more complex than this, including cis- 

and trans-regulation from local or remote imprinting centers, mono-allelic 

expression in specific cell types, or a combination of maternal- and paternal-

specific gene products transcribed from the same locus [40].   

 Genomic imprinting has a significant impact within the contexts of germline 

and embryonic development in both mice (Figure 1) and humans (Figure 2).  

First, genomic imprints are read and maintained within a developing embryo, as 

proper imprinting ensures that both a maternal and paternal copy of DNA are 

present.  Having successfully completed this checkpoint, embryonic development 

continues, with the imprint-associated methylation pattern protected from an 

initial wave of global demethylation, whereby the paternal genome demethylates 

actively while the maternal genome undergoes passive demethylation [32].  As 

the primordial germ cells colonize the gonad, a second wave of demethylation 

occurs whereby the genomic imprints within the developing germ cells are 

erased, allowing for eventual re-establishment in a manner that reflects the sex 

of the developing embryo.  While erasure of genomic imprints appears to be a 

fairly synchronized event, this does not appear to be the case for the 

establishment of genomic imprints.  Rather, establishment of methylation 

patterns appears to be loci-specific and can occur while the embryo is still in 

utero as well as after birth (post-partum, pp) (Figure 1) [103, 104].    
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 It is critical to note that the processes of erasure and establishment of 

genomic imprints are germ-cell specific, thereby making these highly-specific 

assays for in vitro germ cell development.  Although the process of germ cell 

development has been recapitulated in vitro in both mice and humans, to date, 

no group has reported successful germ cell development, as defined by the 

generation of normal, healthy offspring.  While this benchmark is widely accepted 

in model organisms, research using human embryonic stem cells has restrictions 

on human cloning.  For this reason, I have defined the following germ cell 

characteristics as measures of in vitro human germ cell development: 

morphology, gene expression, protein expression, meiosis, genomic imprinting, 

and function (Figure 3), with specific focus on the fidelity of the mechanisms 

required for genomic imprinting. 

  Human embryonic stem cells, specifically H9 (Wicell WA09, XX), can be 

passaged indefinitely on a layer of mouse embryonic feeders (MEFs) in media 

supplemented with basic Fibroblast Growth Factor (FGF2), where they grow in 

tightly-compacted colonies with well-defined borders (Figure 4).  Under these 

conditions, hES cells self-renew and expand via mitotic divisions.  Conversely, 

hESCs can be differentiated to the three germ layers (endoderm, mesoderm and 

ectoderm) through either adherent differentiation or via a peri-implantation 

structure known as an embryoid body (EB).  EB differentiation requires removal 

from the feeder layer, addition of serum (typically Fetal Bovine Serum) to the 

media, and elimination of FGF2 supplementation.  This induces growth of 

spheroid clusters which float in suspension and give rise to differentiated cell 
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types.  Additionally, hESC differentiation to the germ cell lineage can be 

enhanced via a protocol by Kee et al, using adherence to a basement membrane 

matrix in identical media as that used for EB differentiation and the addition of 

BMPs [99].   

 Thus, we can attempt to recapitulate human germ cell development in vitro by 

differentiating human embryonic stem cells to the germ cell lineage.  Using this 

system, we can assess the fidelity of genomic imprinting in hESC-derived 

gametes.  We hypothesize that putative germ cells identified and isolated in 

culture are faithfully recapitulating the fundamental germ cell property of 

genomic imprint erasure, similar to their in vivo counterparts. 
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Results 

Allele-specific expression of imprinted genes in hESCs 

  Human embryonic stem cells are ex vivo transplants from the inner cell mass 

(ICM) of a developing embryo.  At the time the ICM is dissected out, numerous 

developmental processes are taking place, including both passive and active 

genome-wide demethylation.  Therefore, it is critical to assess the baseline 

methylation status of imprinted loci in hESCs prior to differentiation.   

 Single Nucleotide Polymorphisms (SNPs) are naturally occurring base-pair 

mismatches that generally do not affect protein synthesis, given the degeneracy 

of the genetic code, but can be used as markers to distinguish between alleles 

(here, unmethylated versus methylated alleles) of DNA.  Locations of SNPs 

within the differentially methylated regions (DMRs) of the imprinted genes H19 

(mono-allelic expression from the maternal allele) and KCNQ1OT1 (mono-allelic 

expression from the paternal allele) were identified.  Genomic DNA (gDNA) and 

RNA were extracted from undifferentiated hESCs, and the RNA was converted to 

cDNA via reverse transcription PCR (RT-PCR).  Following amplification of the 

DMRs of each imprinted gene, the PCR products were assessed via direct 

sequencing.  Examination of the gDNA sequence of both H19 and KCNQ1OT1 

revealed a SNP at each imprinted locus, as represented by an N in the 

sequence.  Trace analysis revealed cytosine and thymine residues expressed at 

equal frequency, indicating that both alleles are present in the DNA sequence at 

the same position, and thus must be on opposing strands of DNA (Figure 5).  

Upon analysis of the sequenced cDNA, it was determined that only cytosine 
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residues were detected, indicating effective silencing of the T-bearing allele.  

Thus, the mono-allelic expression pattern expected of imprinted genes is 

maintained in undifferentiated human embryonic stem cells. 

 

Methylation-sensitive and –dependent digestions reveal erasure at the H19 

imprinted locus 

 To provide a general assessment of the imprinted status at several imprinted 

loci, genomic DNA was analyzed via methylation-sensitive and –dependent 

restriction digests.  A number of restriction enzymes have been characterized as 

either methylation-sensitive (unable to cut DNA if methyl groups are present) or 

methylation-dependent (require the presence of methylation on DNA to enable 

digestion).  H9 hESCs, differentiated for 7 days in the presence of BMPS, were 

FACS-sorted using a VASA-GFP reporter to isolate in vitro-derived germ cells.  

Genomic DNA was digested with methylation-sensitive and –dependent 

restriction enzymes then assayed using imprinted gene-specific primers (H19, 

PEG1, SNRPN, KCNQ) and SYBR green technology.  SYBR green, a dye which 

specifically labels double-stranded DNA and releases a quantifiable fluorescent 

signal was used to detect PCR products.  Assessment of the methylation status 

in the GFP-negative population was found to be close to the expected ratio of 

50/50 methylated to unmethylated strands of DNA at PEG1 and KCNQ, and 

slightly lower at the H19 locus (40/60 methylated to unmethylated) (Figure 6A).  

Methylation levels at the SNRPN locus could not be detected in the GFP-

negative population (Figure 6A).   Conversely, in the isolated GFP-positive cells, 
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it was determined that only 20% of the DNA was methylated at the H19 locus, 

indicative of erasure of the genomic imprint in germ cells (Figure 6B).   At the 

PEG1 and SNRPN loci, methylation levels were at 1:1 ratios of methylated to 

unmethylated DNA (Figure 6B), whereas DNA at the KCNQ locus was found to 

be hypermethylated in the GFP-positive population (Figure 6B).  These results 

indicate that erasure of the H19 imprinted locus was initiated in a germ cell-

specific manner in vitro, although we did not observe similar results in other 

imprinted loci. 

 

Bisulfite genomic sequencing of undifferentiated hESC gDNA reveals a 

somatic methylation profile 

To confirm the putative erasure at the H19 locus, we sought to use a more 

sensitive assay, namely bisulfite genomic sequencing, to detect DNA methylation 

on individual strands of DNA [105].  Unmethylated cytosine residues, when 

treated with bisulfite, are converted to uracil residues (that are eventually read as 

thymine residues upon sequencing), whereas methylated cytosines are protected 

by the methyl group and remain unchanged (Figure 7).  Following PCR 

amplification of an imprinted locus, the methylation-dependent sequence 

differences can be quantified and interpreted.  Thus, bisulfite sequencing 

introduces changes within the DNA sequence, based on the methylation status at 

a single CpG dinucleotide, thereby allowing for assessment of methylation status 

at specific imprinted loci.  Given the equal contributions of maternal and paternal 

DNA at an imprinted locus, one would expect to see a 1:1 ratio of methylated: 
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unmethylated DNA in somatic cells.  Indeed, upon assessment of the methylation 

status of the human blood lymphocytes used as a somatic control, we found a 

ratio of approximately 1:1 (53:47 percent methylated to unmethylated DNA), as 

expected (Figure 8).  Bisulfite genomic sequencing of the H19 locus in 

undifferentiated hESCs revealed a ratio of 65% methylated DNA to 35% 

unmethylated DNA (Figure 9).  Although hESCs are slightly hypermethylated, the 

ratio is still within range of the expected 50:50 ratio.  Methylation at a second 

imprinted locus, PEG1/MEST, a maternally imprinted gene, was found to be 47% 

methylated versus 53% unmethylated (Figure 9).  This data indicates that the 

methylation status of hESCs at two imprinted loci is approximately 50:50, as 

expected for somatic cells [106]. 

 

In vitro-derived germ cells undergo erasure of genomic imprints at the H19 

locus 

 To assess if in vitro-derived germ cells undergo the same epigenetic changes 

as their in vivo counterparts, namely the erasure of genomic imprints, hESCs 

were differentiated to the germ cell lineage using the previously described 

adherent protocol in media supplemented with BMP 4, 7, and 8b.  Putative 

human germ cells were isolated using the VASA-GFP reporter as described by 

Kee et al [90] after 7 days of differentiation then subjected to bisulfite genomic 

sequencing.  Assessment of the PEG1/MEST locus revealed a hyper-methylated 

pattern in both the VASA-GFP positive (putative germ cell) population as well as 

in the somatic cell negative control (VASA-GFP negative population) (Figure 10).  
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This hypermethylation of the DNA in both populations was unexpected.  Since 

the hESCs used for this experiment were between passage 50-70, this result 

may allude to the epigenetic instability that can accompany higher passage 

hESCs [106]. 

 In addition to assessment of the methylation status at PEG1/MEST, we also 

examined the methylation status at the paternally imprinted H19 locus.  Relative 

to the approximately 1:1 ratio of methylated to unmethylated DNA in the GFP-

negative population (Figure 11), the putative germ cells showed significantly 

reduced methylation (14% of analyzed alleles) whereas 86% of the alleles were 

unmethylated (Figure 11).  Thus, this germ-cell specific decrease in methylation 

indicates that the landmark process of genomic imprint erasure is recapitulated in 

in vitro-derived human germ cells and further corroborates similar results which 

we generated using methylation-sensitive restriction digests. 

 

Development of a novel assay to assess genomic imprinting in single cells 

 Currently, the existing techniques used to assess methylation patterns are 

limited because each of the assays requires analysis of a total cell population.   

Thus, a major problem encountered when performing these assays is cell-to-cell 

variability, particularly since epigenetics is an inherently dynamic process.  In the 

bisulfite genomic sequencing performed in this study, at least 20 alleles were 

cloned and sequenced per sample and the methylated: unmethylated ratio was 

calculated as an average of those 20 alleles (out of >100,000 cells analyzed).   

Therefore, it seems unlikely that 20 alleles of DNA can accurately depict the 
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highly dynamic nature of epigenetic modification in over 100,000 cells, yet this 

assay provides the highest level of resolution currently available.  Thus, given the 

caveats of the existing techniques, we sought to establish an assay to assess the 

imprinted gene expression pattern at the single cell level.   

 First, we determined the baseline expression of imprinted genes by assaying 

cells with a known imprinted status.  We used human germ cells, given the 

haploid DNA content and well-characterized imprinted profiles.  Human oocytes 

and sperm were donated by in vitro fertility (IVF) patients receiving treatment at 

the Stanford University IVF clinic and used as research material in this study.  

We isolated cDNA from single human sperm cells, human cumulus cells, and 

from Germinal Vesicle (GV), MI (arrested in meiosis I) and MII (arrested in 

meiosis II) human oocytes and used the Biomark Fluidigm system and taqman 

probes to assess gene expression at 48 loci: 18 maternally expressed genes, 19 

paternally expressed genes, 6 control genes and 5 housekeeping genes. 

 We isolated 5 single sperm from one patient and assessed the gene 

expression pattern at the 48 afore-mentioned loci.  Currently, in mammals, only 

three known genes have genomic imprints that are established on paternal DNA: 

H19, Dlk1 and Rasgrf18.  Since a probe against RASGRF18 was not available, 

we focused instead on H19 and DLK1.  As expected, we found that the 

expression of H19 and DLK1 had been silenced by methylation.  We also 

discovered that expression of the other maternally expressed (Figure 12A) and 

paternally expressed (Figure 12B) genes was highly variable between individual 

sperm cells.  Expression at all but three loci was extremely low; indeed, the 
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detected gene expression was approximately 10-fold lower than that which we 

observed in oocytes (Figure 13).  The three imprinted genes that were detected 

at higher levels were OSBPL5, MKRN3 and ZIM2.  Expression of each was 

mutually exclusive and the expression pattern of all three genes was not 

reproduced in other cells assayed.   Gene expression at all control loci examined 

were either undetected or detected at very low levels using this system, 

suggesting that this phenomenon was not specifically attributed to imprinted 

genes alone (Figure 12C).   

 We also assessed the gene expression at multiple imprinted loci in oocytes.  

In GV oocytes, 9 maternally expressed genes were expressed at high levels, 1 

gene was moderately expressed, and 8 genes had no detectable expression 

(Figure 13A).  In MI and MII oocytes, the levels of expression of maternally 

expressed genes had either decreased or were not expressed.  This expression 

pattern suggests that the oocyte may be establishing genomic imprints during 

maturation from GV oocytes to MI and MII oocytes, since increased methylation 

is typically associated with silencing of gene expression.    

 Surprisingly, a similar pattern was detected when assessing expression levels 

of paternally expressed genes.  Most paternally expressed genes were detected 

in GV oocytes, with expression levels decreasing in more mature oocytes (Figure 

13B).  Given that these genes were chosen based on their specific expression 

from the paternal allele, we did not anticipate expression of any of these genes in 

oocytes.  This expression pattern may indicate that the genomic imprints required 

to silence expression from the paternal allele have yet to be established.  
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 Cumulus cells were used as a somatic control which we expected to exhibit 

mono-allelic expression of each imprinted gene.  We did not detect expression 

levels consistent with this somatic methylation pattern, however.  Rather, gene 

expression was not detected in several of the maternally or paternally expressed 

genes and expression levels varied in the genes that were expressed, 

suggesting that the low expression levels may not be due to the samples 

themselves, but rather to single copy number or possibly the resolution of the 

technique used to quantify gene expression (Figure 13A, B). 

 Expression at the OCT4, CDH1, PHEMX, TSSC4, XAF1 and XIST loci in 

oocytes was also assessed since these genes have shown to be regulated by or 

associated with methylation.  OCT4 is a well-characterized gene, with expression 

in both stem cells and germ cells and the regulation of OCT4 expression occurs 

via methylation of the promoter region [107-109].  E-cadherin (CDH1) is 

commonly hypermethylated in incidences of human cancer, but more important 

for our purposes, is hypermethylated in normal adult testis [110].  PHEMX, while 

not imprinted itself, is located within an imprinted gene hotspot, as is TSSC4 

[111, 112].  X-linked inhibitor of apoptosis (XIAP-1)-associated factor (XAF1) and 

XIST are genes which are regulated via methylation [113, 114].  We determined 

that OCT4 was expressed in each oocyte stage as well as in cumulus cells, albeit 

at lower levels of expression.  CDH1 expression was only detected in human 

oocytes while XAF1 and XIST expression were only detected in cumulus cells.  

We did not detect expression of either PHEMX or TSSC4 in any of our 4 

samples. 
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 Thus, this system yielded highly-variable results from samples with a single 

copy of DNA and a known imprinted status.  Given this variability, we opted to 

not pursue analysis of in vitro-differentiated germ cells using this technique, as it 

is clear that additional studies are necessary to generate a more reliable and 

reproducible assay. 

 

Discussion 

 Fidelity of genomic imprinting is crucial for survival.  Indeed, germ cells 

derived in vitro do not give rise to normal healthy pups, likely due to problems 

with imprinting-related DNA methylation [87].   Moreover, alteration of the 

regulation of a single imprinted gene, H19, has been shown to be sufficient to 

restore viability to a once embryonic-lethal phenotype [115].  Thus, if the process 

of germ cell development is to be recapitulated in vitro, it is necessary to ensure 

the fidelity of the landmark process of genomic imprinting in germ cell 

development, namely erasure and establishment of genomic imprints.   

 In this work, we used human embryonic stem cells (hESCs) as a means to 

generate germ cells in vitro.  We first assessed the baseline status in hESCs to 

determine if genomic imprinting was indeed maintained.  We demonstrated that 

the allele of DNA carrying the thymine residue was effectively transcriptionally 

silenced, and thereby resulted in the classic mono-allelic expression phenotype 

associated with genomic imprinting.  This experiment serves as proof-of-principle 

that the process of genomic imprinting is maintained in human embryonic stem 

cells. 
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 We then used the conventional method of assessing the methylated status of 

genes of interest using methylation-sensitive restriction digests.  Through this 

technology, we were able to distinguish the relative percentages of methylated 

vs. unmethylated DNA at the H19, PEG1, SNRPN, and KCNQ loci.  We 

discovered that the H19 locus, in the GFP-positive population, was 

hypomethylated.  This expression pattern is consistent with the initiation of 

genomic imprint erasure and is germ cell-specific, since the GFP-negative 

population maintained a 50:50 ratio of methylated to unmethylated DNA at the 

H19 locus.  Methylation levels at the SNRPN locus could not be detected, likely 

due to incomplete digestion of genomic DNA.  Indeed, incomplete genomic DNA 

digestion is the greatest caveat of this protocol, as its presence can lead to the 

generation of false positive results.  Thus, although we were able to detect germ-

cell specific erasure of imprints at the H19 locus, we still sought further evidence 

that this landmark event was being recapitulated in vitro. 

  Bisulfite genomic sequencing is an assay which detects the methylation 

status of individual CpG dinucleotides on a single allele of DNA.  Given the high 

level of resolution, it is the gold standard for methylation assessment assays.  In 

somatic cells, imprinted genes should have a 1:1 ratio of methylated to 

unmethylated DNA.  For instance, in maternally imprinted genes, one copy of 

methylated DNA is contributed by the mother, with the second unmethylated 

allele contributed paternally.  Undifferentiated hESCs at the H19 and PEG1 loci 

exhibited analogous methylated to unmethylated DNA ratios which fell within the 

range of expected values for somatic cells, although DNA at H19 appears slightly 
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hypermethylated.  As the hESCs used for this experiment were of high passage 

number, the increased methylation in undifferentiated hESCs is likely attributed 

to the previously-described epigenetic instability of higher-passage hESCs [106]. 

 To confirm our findings that hESC-derived germ cells may be undergoing 

imprint erasure, we further assessed the methylation status of the H19 and PEG1 

loci in hESC-derived germ cells using the same differentiation protocol and a 

VASA-GFP reporter.  FACS-isolated cells were analyzed via bisulfite genomic 

sequencing, and revealed a hypermethylated status in both the GFP-positive 

germ cell population as well as in GFP-negative somatic counterparts at the 

PEG1 locus.  This data was surprising, as it was distinctly incongruent with the 

methylation status recorded using methylation-sensitive restriction digests, which 

reported a nearly 50/50 ratio of methylated to unmethylated DNA in both GFP-

positive and –negative populations.  Moreover, we expected to see a decrease in 

the methylation status of the GFP-positive population, since erasure of genomic 

imprints is reported to be synchronous within imprinted genes.  Given that only a 

single differentiation timepoint was assessed, it is possible that the window for 

erasure of genomic imprints at the PEG1 locus was missed.  Thus, further 

experiments assessing other timepoints may be necessary to more clearly define 

the timing of imprint erasure and establishment at the PEG1 imprinted locus.. 

 In contrast to PEG1, assessment of the H19 locus by bisulfite genomic 

sequencing confirmed the hypomethylation at this locus, with percentages similar 

to those obtained via methylation-sensitive restriction analysis.  Additionally, this 

erasure of genomic imprints is likewise specific to the germ cell population since 
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assessment of the methylation status of the GFP-negative population was closer 

to the expected 50/50 ratio.  Thus, this data provides further evidence that the 

genomic imprints at H19 in in vitro-derived germ cells have initiated the germ 

cell-specific process of erasure. 

 Taken together, data from both methylation-sensitive restriction digests and 

from bisulfite genomic sequencing demonstrate that hESC-derived germ cells 

have initiated the process of imprint erasure at the H19 locus.  While this 

indicates that at least some component of the erasure machinery is functioning in 

vitro, the process was not completed, as we were only able to detect erasure at 

one imprinted locus.  Thus, further experiments are necessary to either improve 

the differentiation protocol to yield germ cells that are more similar to those 

derived in vivo, or to assess the methylation status of imprinted genes at 

additional timepoints during differentiation to more clearly define the timing of 

genomic imprint erasure.  Nonetheless, this study is important as it provides 

critical evidence that erasure of genomic imprints does occur in human germ 

cells in vitro. 

As previously described, however, methylation analysis of a population can 

yield high variability or ambiguous results.  Thus, we sought to create an assay to 

analyze the imprinted status of multiple loci within single cells.  Using the 

Biomark system (Fluidigm), we assessed gene expression at multiple imprinted 

loci at the single cell level.  To test this assay, we first used human germ cells, 

namely sperm and oocytes, because 1) germ cells have a haploid DNA content 

and 2) genomic imprints are established in these cell types.   Since germ cells 
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have a haploid DNA content, expression is driven from a single allele, similar to 

the mono-allelic expression seen in imprinted genes, where one allele is 

silenced.  Moreover, given that genomic imprints are established in human germ 

cells, assessment at multiple timepoints could provide insight into the timing of 

genomic imprinting, ranging from erasure to establishment, thereby allowing us 

the opportunity to distinguish between the expression patterns of methylated 

versus unmethylated DNA.  

 We first determined the gene expression pattern of imprinted genes in single 

human sperm.  We expected to find that expression of these two genes had been 

silenced by methylation.  We also expected to see high expression of each of the 

paternally expressed genes accompanied by low or no expression of maternally 

expressed genes (and vice versa in oocytes).  Since only three genomic imprints 

are acquired in the male germline (H19, DLK1 and RASGRF18), the majority of 

imprints must be established in oocytes and would not be detected in sperm, 

given that the genomic imprints were erased in the fetal gonad to allow for sex-

specific re-establishment.  Thus, this system would be highly useful to determine 

the expression pattern of a mostly unmethylated sample whose transcription 

initiates from a single allele of DNA. 

 As expected, we did not detect expression of either H19 or DLK1.  However, 

we also did not detect expression of the majority of other imprinted genes.  

Moreover, those genes in which expression was quantified were found to be 

expressed at extremely low levels, particularly with respect to the values 

obtained in oocytes.  Additionally, we found that gene expression profiles varied 
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greatly from sperm to sperm, with no two sperm showing similar expression 

profiles of either maternally or paternally expressed genes.  These issues are 

likely attributed to the scarcity of RNA present in human sperm (approximately 

0.1pg, relative to approximately 20-40pg in other cell types) [116, 117] since both 

control genes and other genes analyzed were either at or below the threshold of 

resolution.  Thus, although this system held great potential to create a profile of 

unmethylated imprinted genes, we speculate that not enough RNA is present to 

reliably quantify gene expression. 

  We then sought to perform our single cell quantitative PCR analysis on a 

human Germinal Vesicle (GV) oocyte and oocytes arrested in Meiosis I and 

Meiosis II (MI and MII, respectively).  We expected to see the highest levels of 

expression from GV oocytes, as these are the most immature and may not have 

established the methylation marks on all of the imprinted genes.  

Correspondingly, we expected to see decreased levels of expression of imprinted 

genes in the more mature MI and MII oocytes, although very little is known 

regarding the establishment of genomic imprints in humans [118].  Indeed, in the 

GV oocyte, we saw the greatest number of maternally and paternally expressed 

genes expressed at high levels, which may be indicative of the hypomethylation 

at imprinted loci associated with erasure.  Likewise, we detected decreased 

expression of most maternally and paternally expressed loci in both the MI and 

MII oocytes.  This decreased expression of imprinted genes can be correlated 

with the increased methylation levels known to be associated with the 

establishment of genomic imprints [29].  Moreover, the results of this experiment 
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may provide evidence that imprinting of maternal loci in oocytes can occur later 

in oocyte development.   

 In this system, cumulus cells were used as a control, in which we expected to 

see mono-allelic expression of each imprinted gene, due to the expected 50/50 

ratio of methylated to unmethylated DNA found in somatic cells.  On the contrary, 

at least half of the genes (both maternally and paternally expressed) were 

undetected by qPCR in cumulus cells, which may be due to either the single 

copy number or resolution of the qPCR technique.  Moreover, it is known that 

some imprinted genes have tissue-specific expression patterns [119-121], 

possibly explaining the pattern seen here.  Thus, somatic cells from other 

lineages should also be assessed in parallel to create a more accurate somatic 

profile. 

 Lastly, expression of several control genes was similarly analyzed.  OCT4, 

XAF1 and XIST were included as genes that are regulated via methylation, but 

are not imprinted, while CDH1 is hypermethylated in the normal adult human 

testis and thus is not expressed.  PHEMX and TSSC4 are likewise non-imprinted 

genes that are found near clusters of genes which undergo genomic imprinting.   

 We detected OCT4 expression in 2 sperm cells and in oocytes at higher 

levels than in cumulus cells, as expected.  Also, as expected, CDH1 was 

expressed in female germ cells, although one sperm sample also aberrantly 

exhibited CDH1 expression.  Additionally, we expected to see expression of each 

control gene in the somatic cell population.   XAF1 and XIST were both 

exclusively expressed in cumulus cells, although we also expected to see 
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PHEMX and TSSC4 positively expressed in this sample as well.  In summary, 

both OCT4 and CDH1 expression appear to be regulated appropriately, given the 

tissue-specific expression.  XIST, on the other hand, should also have exhibited 

oocyte-specific expression since X-inactivation should not be occurring at this 

time, and this was not maintained or detected in this system.  It is clear from 

these results, that further studies are necessary to determine if the system 

effectively and reliably reflects genomic imprinted statuses. 

 Thus, our original goals were to quantify maternal and paternal imprinting 

through a readout of gene expression levels and to determine an expression 

pattern that would be indicative of 1) a methylated allele, 2) an unmethylated 

allele and 3) an allele with a 50:50 ratio of methylated to unmethylated DNA.  

While we were able to detect what may be establishment of genomic imprinting 

in maturing oocytes, it is still unknown which genes should or should not be 

expressed in a normally imprinted oocyte.  Along those lines, due to the low 

levels of RNA present in human sperm, we also do not know which genes, if any, 

are expressed in human sperm.  It is possible that H19 and DLK1 expression is 

silenced, as expected, but further experiments are necessary to confirm this.  

Lastly, we were also unable to distinguish between methylated, unmethylated 

and 50/50 alleles based on expression level alone, again warranting further 

investigation. 

 It is important to note that the human samples used in this study were 

obtained from patients who are seeking fertility treatment.  Thus, it is impossible 

to rule out the possibility that the expression patterns detected here arise from 



59 
 

inherent defects that affect germ cell development, most notably in the pathways 

required for appropriate erasure and establishment of genomic imprints. 

 While an assay for single cell analysis of genomic imprints would be ideal, 

clearly, the most reliable methods are still those which have been previously 

characterized, namely methylation-sensitive restriction digests and bisulfite 

genomic sequencing.  Using these methods, we were able to identify the 

initiation of genomic imprint erasure at the H19 locus in hESC-derived germ cells.  

This finding is a significant advance in the field of in vitro gametogenesis and 

brings researchers closer to making functional germ cells which may one day be 

used in clinical applications including fertility treatment and somatic cell nuclear 

transfer.   
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Table 1.  Human Imprinted Genes.  Currently, approximately 60 genes have a 

known imprinted status in humans.  Dozens more have been predicted to be 

imprinted, following an in silico genome-wide screen. 

 

Figure 1.  Timeline of mouse embryonic development.  In mice, the gestation 

period is 20 days and is well-characterized.  It is known that the paternal and 

maternal genomes respectively undergo active and passive demethylation 

shortly after fertilization, during which the genomic imprints are protected.  

Implantation of the embryo occurs at embryonic day 4.5 days post coitus 

(4.5dpc), followed by migration of the PGCs into the extraembryonic ectoderm to 

prepare for the ensuing process of gastrulation at 7.5dpc.  Germ cells re-enter 

the embryo then migrate to the hindgut, where colonization takes place.  At this 

time (9.5-11.5dpc), erasure of genomic imprints takes place, in addition to germ 

cell proliferation.  Establishment of genomic imprints, unlike the synchronous 

process of erasure, is dependent on the imprinted gene.  H19 is established in 

male germ cells in utero, while SNRPN and PEG1 are established several days 

post-partum in oocytes. 

 

Figure 2.  Timeline of human embryonic development.  Human embryonic 

development takes approximately 40 weeks and is not well-characterized, due to 

ethical and physical limitations.  It is known, however that global demethylation 

occurs in both parental genomes 1-3d after fertilization, followed by blastocyst 

development at day 4 and implantation between 7-12d.  PGC migration out of the 
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embryo proper and gastrulation occur between 13-19d of gestation, with PGCs 

visible in the yolk sac at 24d.  It is known that PGCs arrive at the genital ridge 

between 30-52d post-fertilization, and while it is hypothesized that erasure 

occurs at this time, proof is as yet unavailable.  After 24 weeks of gestation, both 

the H19 and PEG1 imprinted loci remain unmethylated.  It is likewise unknown 

precisely when the genomic imprints are established in human germ cells, but 

studies have shown that H19 imprints are present in adult spermatogonia and 

that SNRPN methylation marks are detected in GV, MI and MII oocytes. 

 

Figure 3.  Characterization of in vitro derived germ cells.  In mice, the 

benchmark for fully functional in vitro-derived germ cells is the generation of live, 

healthy pups.  As this is not feasible in the human system, 6 characteristics of 

germ cell development have been identified.  Characterization of hESC-derived 

germ cells will be executed by assessing morphology, gene and protein 

expression, meiotic progression, erasure and establishment of genomic imprints 

and function. 

 

Figure 4. Differentiation of human embryonic stem cells.  Human embryonic 

stem cells can be maintained in a self-renewing state by culture on a MEF feeder 

layer in the presence of FGF2.  Two differentiation protocols exist, using media 

supplemented with serum and BMPs to enrich the germ population.  The first 

differentiation protocol involves ES cell differentiation in suspension, where three-

dimensional spheroids known as embryoid bodies (EBs) are formed.  
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Alternatively, hESCs can be differentiated as a monolayer grown on a synthetic 

basement membrane. 

 

Figure 5.  Mono-allelic expression of H19 and KCNQ1OT1 in 

undifferentiated hESCs.  PCR was used to amplify single nucleotide 

polymorphisms (SNPs) identified within imprinted gene sequences in both 

genomic DNA and cDNA.  DNA sequencing of genomic DNA revealed the 

presence of both a cytosine and thymine residue at the same position.  Only a 

cytosine residue was detected, however, upon sequencing of cDNA at both H19 

and KCNQ1OT1, indicating that one allele (carrying the thymine residue) was 

transcriptionally silenced, presumably by DNA methylation. 

 

Figure 6.  Erasure of the H19 genomic imprint in hESC-derived germ cells, 

as assessed by methylation-sensitive restriction digests.  Genomic DNA 

isolated from in vitro-derived germ cells (GFP-positive) and somatic cells (GFP-

negative) was digested using methylation-sensitive restriction enzymes and 

quantified using SYBR green/qPCR technology.  A) In the somatic cellular 

counterpart, all assayed loci are approximately 50% methylated and 50% 

unmethylated, except SNRPN which was not detected (ND).  B) In hESC-derived 

germ cells, PEG1 and SNRPN have a 1:1 methylated to unmethylated DNA ratio.  

KCNQ is hypermethylated with methylation detected in 70% of the DNA.  

Conversely, H19 is hypomethylated in in vitro-derived germ cells, a methylation 

status indicative of genomic imprint erasure.   
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Figure 7.  Bisulfite genomic sequencing can distinguish between 

methylated and unmethylated cytosine residues.  Bisulfite treatment of DNA 

converts cytosine residues which are not protected by a methyl group (

 

) into 

uracil.  Thus, methylated cytosines and unmethylated cytosines can be 

differentiated from one another following DNA sequencing (detected as cytosine 

and thymine, respectively). 

Figure 8.  Human somatic tissue is approximately 50% methylated, 50% 

unmethylated, as expected.  Bisulfite genomic sequencing of the H19 locus in 

genomic DNA from somatic cells revealed a ratio of 53% methylated DNA versus 

47% unmethylated DNA.  Each circle indicates a CpG dinculeotide within the 

differentially methylated region (DMR) of the imprinted gene.  Black circles 

represent methylated cytosine residues, white circles represent non-methylated 

cytosines; each row represents a single DNA allele.   

 

Figure 9.  Bisulfite genomic sequencing analysis of undifferentiated hESCs.  

Undifferentiated hESCs were assessed via bisulfite genomic sequencing at the 

H19 and PEG1 loci.  H19 was found to be slightly hypermethylated (65:35, % 

methylated versus % unmethylated), although still within the expected 50/50 ratio 

for somatic cells.  47% of the DNA strands at the PEG1 locus were methylated, 

with 53% found to be unmethylated. 

 



64 
 

Figure 10.  PEG1 is hypermethylated in both GFP-positive and GFP-

negative cells.   Human ES cells were differentiated for 7 days in the presence 

of BMPs, with putative germ cells isolated using the VASA-GFP reporter.  

Bisulfite genomic sequencing of the PEG1 locus revealed hypermethylation in 

putative germ cells (GFP-Positive) as well as in the somatic control (GFP-

Negative). 

 

Figure 11.  Erasure of genomic imprints at the H19 locus.  Human ES cells 

were differentiated for 7 days in the presence of BMPs, with putative germ cells 

isolated using the VASA-GFP reporter.  In the germ cell/GFP-Positive population, 

the H19 locus was found to be hypomethylated (14% methylated versus 86% 

unmethylated), whereas a somatic methylation profile (41% methylated versus 

59% unmethylated) was identified in the somatic control (GFP-Negative).  This 

pattern is consistent with germ-cell specific erasure of genomic imprints at the 

H19 locus. 

 

Figure 12.  Imprinted gene expression analysis of single sperm.  Single 

sperm were isolated and analyzed to generate an imprinted gene expression 

profile.  Gene expression was detected at maternally expressed loci (A), 

paternally expressed loci (B), and in control loci (C).  The gene expression 

profiles of each single sperm varied widely, with Sperm E expressing the greatest 

number of maternally and paternally expressed genes. 
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Figure 13.  Imprinted gene expression analysis of single oocytes.  Single 

oocytes (GV, MI and MII) and cumulus cells were analyzed via qPCR at 

maternally expressed (A), paternally expressed (B), and control loci (C).  

Expression of the highest number of imprinted genes was detected in GV 

oocytes, possibly correlative with a hypomethylated imprinting status.  Decreased 

imprinted gene expression was detected in both MI and MII oocytes, suggesting 

that more imprinted loci had been established in these more mature cell types. 

 



GENE LOCATION STATUS EXPRESSED ALLELE
TP73 1:3548988-3649715  (1p36.3)   Imprinted  Maternal

DIRAS3 1:68274232-68299047 AS (1p31)  Imprinted Paternal
NAP1L5 4:89826089-89848002 AS (4q22.1)  Imprinted Paternal
PLAGL1 6:144293129-144381245 AS (6q24-q25)  Imprinted Paternal
HYMAI 6:144355721-144386549 AS (6q24)  Imprinted Paternal

SLC22A2* 6:160547779-160609948 AS (6q26)  Imprinted Maternal
SLC22A3* 6:160679414-160806003  (6q26-q27)  Imprinted Maternal
MESTIT1 --- (7q32)  Imprinted Paternal

COPG2IT1 --- (7q32)  Imprinted Paternal
DDC 7:50483627-50610647 AS (7p12.2)  Imprinted Isoform Dependent

GRB10 7:50615258-50838651 AS (7p12-p11.2)  Imprinted Isoform Dependent
TFPI2 7:93343677-93368000 AS (7q22)  Imprinted Maternal
SGCE 7:94042477-94133413 AS (7q21-q22)  Imprinted Paternal
PEG10 7:94113623-94146938  (7q21)  Imprinted Paternal

PPP1R9A 7:94364911-94770958  (7q21.3)  Imprinted Maternal
DLX5 7:96477643-96502078 AS (7q22)  Imprinted Maternal
CPA4 7:129710229-129761249  (7q32)  Imprinted Maternal
MEST 7:129903281-129943368  (7q32)  Imprinted Paternal
KLF14 7:130058017-130079399 AS (7q32.2)  Imprinted Maternal

DLGAP2 8:1426975-1654048  (8p23)  Imprinted Paternal
KCNK9 8:140683985-140794480 AS (8q24.3)  Imprinted Maternal

INPP5F V2 10:121465598-121588648  (10q26.11)  Imprinted Paternal
KCNQ1OT1 --- (11p15)  Imprinted Paternal

H19 11:1962981-1985640 AS (11p15.5)  Imprinted Maternal
IGF2 11:2096925-2119540 AS (11p15.5)  Imprinted Paternal

IGF2AS 11:2108322-2136469  (11p15.5)  Imprinted Paternal
INS 11:2127584-2148999 AS (11p15.5)  Imprinted Paternal

KCNQ1 11:2412796-2836915  (11p15.5)  Imprinted Maternal
KCNQ1DN 11:2837868-2859910  (11p15.4)  Imprinted Maternal
CDKN1C 11:2851440-2873550 AS (11p15.5)  Imprinted Maternal

SLC22A18 11:2867526-2913051  (11p15.5)  Imprinted Maternal
PHLDA2 11:2896078-2917225 AS (11p15.5)  Imprinted Maternal
OSBPL5 11:3054921-3153115 AS (11p15.4)  Imprinted Maternal

WT1-Alt trans 11:32355900-32423662 AS (11p13)  Imprinted Paternal
DLK1 14:100252981-100281225  (14q32)  Imprinted Paternal
MEG3 14:100352214-100407118  (14q32)  Imprinted Maternal

SNORD109A --- (15q11.2)  Imprinted Paternal
SNORD115@ --- (15q11.2)  Imprinted Paternal

PWCR1 15:260567-280661  (15q11.2)  Imprinted Paternal
SNRPN 15:1443610-1616684  (15q11.2)  Imprinted Paternal
MKRN3 15:21351546-21374652  (15q11-q13)  Imprinted Paternal
MAGEL2 15:21429787-21452081 AS (15q11-q12)  Imprinted Paternal

NDN 15:21471646-21493542 AS (15q11.2-q12)  Imprinted Paternal
SNURF 15:22741227-22784821  (15q12)  Imprinted Paternal

SNORD107 15:22768233-22788307  (15q11.2)  Imprinted Paternal
SNORD64 15:22771339-22791405  (15q12)  Imprinted Paternal

SNORD108 15:22773164-22793232  (15q11.2)  Imprinted Paternal
SNORD109B 15:23064582-23084648  (15q11.2)  Imprinted Paternal

UBE3A 15:23123488-23245220 AS (15q11-q13)  Imprinted Maternal
ATP10A 15:23463512-23669962 AS (15q11.2)  Imprinted Maternal
TCEB3C 18:42798570-42820446 AS (18q21.1)  Imprinted Maternal

ZIM2 19:61967731-62053886 AS (19q13.4)  Imprinted Paternal
PEG3 19:62005614-62053875 AS (19q13.4)  Imprinted Paternal

ZNF264 19:62384680-62432350  (19q13.4)  Imprinted Maternal
SANG --- (20q13.32)  Imprinted Paternal
NNAT 20:35573020-35595505  (20q11.2-q12)  Imprinted Paternal

L3MBTL 20:41566487-41613948  (20q13.12)  Imprinted Paternal
GNAS 20:56838189-56929641  (20q13.3)  Imprinted Maternal

Table 1
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Chapter 3 

NANOS3 expression during spermatogenesis and oogenesis 

indicates a role for NANOS3 in human germ cell 

development 
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Introduction 

 Members of the Nanos gene family play diverse roles during the development 

of several model organisms, most notably with a highly conserved function during 

germ cell development.  Although it is clear that the Nanos family is required for 

germ cell development in model organisms, the processes that Nanos1, 2 and 3 

regulate appear to be divergent.  For example, in Drosophila, the lone nanos 

homolog is implicated in germ cell migration [76], suppression of somatic cell fate 

in the germ line [78], and maintenance of germ stem cell self-renewal [122], in 

addition to involvement in axial body patterning [72].  In C. elegans, three Nanos 

homologs exist, with only Nos-1 and Nos-2 functioning during germ cell 

development.  Nos-2 regulates incorporation of germ cells into the gonad while 

Nos-1 and Nos-2 play redundant roles in preventing PGC division in starved 

animals to maintain germ cell viability [70].   

 In mice, none of the three Nanos homologs are required for germ cell 

specification, and, in fact, Nanos1 appears to have no discernible germ cell 

function [79].  Rather, knockout mouse models of Nanos2 and Nanos3 indicate 

that both act later during germ cell development [71].  Nanos2 functions to 

maintain male germ cells between E13.5 and E17.5, after the PGCs have 

already been incorporated into the gonad.  Moreover, the mutant Nanos2 

phenotype cannot be rescued by Nanos3, indicating an independent, non-

redundant role for Nanos2 during male germ cell development [81].  Conversely, 

Nanos3 is expressed in the founder PGC population at E7.25, and is implicated 
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in maintaining the germ cells during migration by suppressing Bax-dependent 

and –independent apoptosis [80]. 

 Humans also possess three NANOS homologs which share the most 

sequence similarity with other mammalian species, namely the rat and mouse 

(Figure 1).  Given the conserved germline function in mice, it is not surprising that 

mammalian Nanos2 and Nanos3 are more closely related, with Nanos1 being 

more divergent.  Closer examination of the Nanos protein sequence in several 

model organisms revealed that the majority of the protein sequence is divergent.  

There is a highly conserved region, however, which has 8 invariant cysteine and 

histidine residues in the CCHC CCHC configuration that is characteristic of zinc 

finger motifs (Figure 2A).  Zinc fingers are domains within the protein that 

coordinate zinc ions to alter protein structure; the proposed configuration of the 

zinc-binding sites within the context of the Nanos protein was previously reported 

[75] (Figure 2B).  Zinc fingers are typically classified as interaction modules 

which facilitate the binding of DNA and RNA to the protein, generally for 

regulatory purposes.  It was determined that these 8 conserved amino acids form 

two zinc finger motifs which confer the translational repression properties of the 

Nanos family [75]. 

 Thus, given the conservation of both the germ cell function between 

invertebrates and vertebrates and of the DNA/RNA binding domains in humans, 

it seems reasonable to speculate that one (or more) of the NANOS family 

members functions during germ cell development in humans.  Therefore, we 

hypothesized that, in vivo, members of the NANOS gene family are 
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expressed in a pattern consistent with germ cell function, namely 

expression in the human testis and/or ovary, with specific localization to 

human germ cells. 



84 
 

Results 

Nanos2 and Nanos3 gene expression is enriched in mouse gonadal tissue 

 To confirm previously reported data that Nanos2 and Nanos3 are germ cell-

specific in the mouse, and to establish a point of comparison for the human 

system, we first sought to determine gene expression of Nanos2 and Nanos3 in 

mouse tissues.  Quantitative PCR (qPCR) reveals increased expression of 

Nanos2 and Nanos3 in the mouse testis, with lower expression of both genes 

detected in the ovary (Figure 3A).  The detection of Nanos2 in ovaries is 

surprising, however, since it was previously reported that Nanos2 was not 

expressed in female gonads [71].  Nanos1, although highly expressed in both the 

ovary and testis, is also expressed in the heart, consistent with previous results 

that Nanos1 expression is not restricted to gonadal tissue [79] (Figure 3A).  The 

resultant qPCR products were also analyzed using gel electrophoresis and 

further confirmed 1) the enrichment of both Nanos2 and Nanos3 in mouse 

gonadal tissues and 2) a ubiquitous gene expression pattern for Nanos1 (Figure 

3B). 

 

NANOS2 and NANOS3 exhibit a gene expression profile similar to genes 

required for human germ cell development 

 In humans, there is a paucity of information regarding the expression or 

function of NANOS2 and NANOS3, although both are necessary for germ cell 

development in mice.  Thus, we first sought to determine the tissue expression 

pattern of these genes in humans and directly compare the profile with those of 
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known germ cell components.   To ascertain the overall expression profile of 

each member of the NANOS family, gene expression was assessed via qPCR of 

cDNA from various human fetal and adult tissues (Clontech).  Analysis of 

NANOS1 expression in human tissues revealed a ubiquitous pattern as NANOS1 

mRNA transcripts were found in each of the adult and fetal tissues assessed 

(Figure 4A).  Thus, NANOS1 expression in humans, similar to the mouse, is not 

specific to gonadal tissue [79].   

 Conversely, NANOS2 and NANOS3 exhibited enriched gene expression in 

the fetal and adult testes and ovaries (Figure 4B).  This expression pattern is 

similar to that of VASA and DAZL, two evolutionarily-conserved genes with 

germline-specific functions.  Conventional PCR of the fetal cDNA panel was also 

performed, and confirmed the predominant expression of NANOS2 and NANOS3 

in the fetal ovary and testis (Figure 4C).  Therefore, the expression pattern of 

both NANOS2 and NANOS3 implies a possible germ-cell function for these 

genes in humans.  Unlike NANOS2 and NANOS3, however, NANOS1 does not 

appear to play a specific function in the germline.  For this reason, further 

characterization was focused on NANOS2 and NANOS3. 

 

NANOS3 is expressed in the human ovary and testis 

 To determine protein expression and localization of NANOS1, 2 and 3, 

custom antibodies against each protein were generated.  Two criteria, in 

particular, were considered when choosing each peptide sequence: 1) antibody 

specificity among NANOS family members and 2) predicted hydrophilicity of the 
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protein.  We aligned the three NANOS sequences to allow us to discriminate 

against the conserved regions (two zinc finger motifs).  We identified sequences 

that were specific to NANOS1, 2 and 3 (Figure 5) and screened these for 

hydrophilicity.  A Kyte-Doolittle hydropathy plot was used to locate hydrophilic 

regions of each protein sequence as amino acids are graded for hydrophobicity 

and plotted; values below baseline indicate possible surface regions in proteins 

and are therefore accessible by antibodies.  Thus, protein-specific peptide 

sequences with a high potential for antibody access (Figure 6) were generated 

then injected as antigens into host animals to generate immunological 

responses.   

 A single NANOS1 antibody was raised in chicken, while two antibodies each 

were generated for NANOS2 and NANOS3 in mouse and rabbit, respectively 

(Figure 6).  Each group of animals generated immunological responses against 

the injected antigens, with the exception of NANOS2-2 (Table 1).  The specificity 

of each antibody in human testicular lysates was assayed via Western Blot.  A 

single band at approximately 60 KD was identified when probing with the 

NANOS1 antibody.  The predicted size for NANOS1 is ~30 KD.  We also 

identified the NANOS2 protein at approximately 24 KD as well as the NANOS3 

protein at ~28 KD.  The predicted sizes for these proteins are 15 KD and 18 KD, 

respectively.  The differences in actual versus predicted size of the detected 

proteins may be attributed to post-translational modifications, although this 

remains to be investigated. 
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 Tissue-specific expression was assessed to determine the site of function for 

each of the NANOS proteins.  Lysates from fetal and adult human testes and 

ovaries, and from the adult brain, heart and liver were analyzed via Western blot.  

Western blot analysis revealed that NANOS1, 2 and 3 are each expressed in 

fetal and adult gonadal tissue, with NANOS3 expression also detected in the 

adult human brain.   Expression was not detected in the human heart or liver, 

however, for any of the NANOS homologues (Figure 8).   

 

NANOS3 is undetectable in human somatic tissue 

 To further confirm the tissue specificity of NANOS3, tissue sections from adult 

human thymus (Figure 9A) and heart (Figure 9B) were assessed for NANOS3 

expression via immunohistochemistry.  In both tissue types, NANOS3 reactivity 

was comparable to that of the pre-immune antiserum (Figure 9A, B).  Although 

some background staining was detected, it is not specific to any particular cell 

type within the tissues.  Thus, we conclude that NANOS3 is not present in either 

of these somatic tissues at the protein level.  This data likewise correlates with 

our findings that NANOS3 has specific expression in the human testis, ovary and 

brain, but not in somatic tissue. 

 

NANOS3 is expressed in the nuclei of germ cells during multiple stages of 

human spermatogenesis  

  To determine the cellular localization of NANOS3, human testis biopsies 

were sectioned and assayed via immunohistochemistry.  Assessment of human 
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fetal testis tissues reveals positive staining for NANOS3 (Figure 10B), relative to 

the pre-immune serum negative control (Figure 10A).  The staining, however, 

does not appear to be specific to any particular cell type.  Immunohistochemistry 

analysis of adult human testis biopsies indicates that the pre-immune serum was 

non-reactive (Figure 10C), while NANOS3, on the other hand, was expressed in 

the gonad (Figure 10D) in a specific subset of cells.  NANOS3 expression was 

detected during multiple stages of spermatogenesis, including in Type A and 

Type B Spermatogonia (SA, SB), primary spermatocytes (S1), round Spermatids 

(S3) (Figure 10E) and elongated spermatids (S4) (Figure 10F).  However, 

NANOS3 was not detected in the immature sperm (Figure 10F) found within the 

lumen of the seminiferous tubules.  This expression pattern suggests that 

NANOS3 functions during human germ cell development in a cell-autonomous 

fashion.   

 Surprisingly, we also discovered that NANOS3 localizes to the nuclei of 

human germ cells and remains bound to DNA during cellular division (arrowhead, 

Figure 10E).  To date, this novel NANOS3 expression pattern has not been 

detected in any other species.   

 

NANOS3 is expressed in the cytoplasm and nuclei of adult human oocytes 

 Because Nanos3 functions during both male and female germ cell 

development in mice, we sought to determine if NANOS3 also plays a role during 

human oogenesis.  Biopsies of adult human ovaries were analyzed via 

immunohistochemistry and assessed for NANOS3 expression and localization.  
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While the pre-immune serum was again non-reactive in the serial sections 

analyzed (Figure 11A, C, E), it was determined that NANOS3 is expressed 

during multiple stages of human oogenesis.  We identified expression of 

NANOS3 in primordial (Figure 11B), primary (Figure 11B), secondary (Figure 

11D) and antral follicles (Figure 11F).  NANOS3 was highly expressed in oocyte 

cytoplasm, and, to a lesser extent, within the surrounding granulosa cells which 

comprise the follicle.  Taken together, this data implies that NANOS3 functions 

during critical components of human oogenesis, namely oocyte and follicular 

development.     

 

Discussion 

The NANOS gene family is extremely well-characterized in numerous 

species, ranging from obscure organisms such as glossiphnoiid leeches and 

planarians to more well-known model systems including the fly and mouse [69, 

71, 123, 124].  In these model systems, Nanos is required for germ cell 

development, although the mechanism of action varies from specification of germ 

cells to regulation of apoptosis [69, 80].  Given the plethora of information in 

model organisms describing the importance of the NANOS genes in germ cell 

development, it is surprising that little is known about this gene family in humans.   

Humans, similar to other mammals, have three NANOS homologs which each 

possess two highly conserved zinc finger motifs required for DNA and RNA 

binding.  Beyond this structural information, much of what is known about 

NANOS function in mammals comes from the mouse.  We have confirmed that 
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Nanos1 is expressed in mouse somatic and germline tissues, while Nanos3 

expression is restricted to the ovary and testis.  Contrary to previous reports, 

however, we have shown that Nanos2 is not male-specific, but rather is also 

expressed in the ovary as well, albeit at low levels.  Given that our studies were 

performed on whole ovaries and the work by Tsuda et al was performed with 

isolated germ cells [71], our work suggests that Nanos2 may also be expressed 

in the somatic tissues of the mouse gonad.   

Although the mouse model is a useful model system for understanding germ 

cell development, we cannot directly translate the results to the human system, 

given the differences between these two organisms.  Thus, we sought to 

characterize the expression of each NANOS homolog in human tissues, first by 

determining the respective transcriptional expression pattern of each homolog.  

NANOS1 was found to be expressed in every fetal and adult tissue assessed, a 

pattern that is generally not coincident with a gene required for germ cell 

function.  Previously, it was reported that NANOS1 RNA was detected, via 

Northern blot analysis, specifically in human testis, but not in somatic tissues 

[82].  In our study, however, we show, via qPCR that is able to detect single-copy 

templates, that there are detectable levels of NANOS1 mRNA in both gonadal 

tissues as well as in each somatic tissue assayed.   

Unlike NANOS1, both NANOS2 and NANOS3 are enriched in human gonadal 

tissue.  This expression pattern mirrors that of DAZL and VASA, both of which 

are genes known to be required for human germ cell development.  Our data 

regarding expression of NANOS2 and NANOS3 in the adult ovary is possibly 
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inaccurate, however, as the ages of the tissue donors are unknown.  It is a 

possibility that some of the donors used in the pooled tissue sample may have 

already entered menopause, leaving the ovaries devoid of germ cells, thereby 

resulting in the decreased expression of NANOS2 and NANOS3 seen in this 

tissue.  Nonetheless, the enriched expression in gonadal tissue implies a 

possible germ cell function for NANOS2 and NANOS3.   

Recently, it was reported that NANOS2 expression was testis-specific, as 

determined by Northern blot analysis [125].  Data from our gene expression and 

western blot analyses contradicts this evidence, however, as both assays 

identified expression of NANOS2 in human ovaries, in addition to expression in 

the testis.  We again cite the possibility that donor age may have skewed the 

previously reported expression data, given that most available ovarian samples 

are from women beyond reproductive age. 

Despite the differences that we see in the mRNA expression profiles of the 

NANOS genes, we identified similar protein expression patterns for NANOS1, 2 

and 3.   Each member of the NANOS family was found to be expressed in both 

fetal and adult ovaries and testes, but not in somatic tissues (with the exception 

of NANOS3 expression in the brain).  The restriction of NANOS1 protein to 

gonadal tissue is reminiscent of the regulation of nanos in Drosophila.  It has 

been reported that unlocalized nanos RNA is translationally repressed by 8 

factors, including oskar and vasa, in developing Drosophila embryos [126].  

Repression of unlocalized nanos RNA is mediated by the nos 3’UTR, thereby 

restricting nanos function to the posterior pole where it represses the translation 
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of the transcription factor Hunchback.  It is possible that NANOS1 expression is 

restricted to human gonadal tissue by a similar mechanism.  Further studies 

characterizing the NANOS1 3’UTR may reveal the mechanism by which 

unlocalized NANOS1 mRNA is regulated in humans. 

To lend further evidence towards the germ cell-specificity of NANOS3, we 

assayed both somatic and gonadal tissue via immunohistochemistry.  We 

confirmed that neither the thymus nor the heart express NANOS3.  Contrarily, 

NANOS3 is expressed in human seminiferous tubules, with specific localization 

to the germ cells.  NANOS3 was detected in human fetal testis sections at 

elevated levels relative to the negative control, with NANOS3 expression found in 

primordial germ cells as well as in cells which comprise the somatic niche of the 

fetal testis.  Primitive seminiferous tubules can be visualized after treatment with 

the NANOS3 antibody, and NANOS3-positive cells can be detected at the 

basement membranes and within the tubules, as well as in the interstitial space 

between the cords. 

Adult human testis cross-sections were also analyzed via 

immunohistochemistry, revealing a germ-cell specific expression pattern for 

NANOS3.  High-magnification of the cross-sections allowed for identification of 

the specific subtypes of cells that comprise the well-characterized process of 

spermatogenesis.  NANOS3 expression was detected in Type A and Type B 

spermatogonia, primary spermatocytes, round spermatids, and elongating 

spermatids, but not in immature sperm.  Type A spermatogonia self-renew to 

maintain the spermatogonia population, while type B spermatogonia give rise to 
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differentiated daughter cells; both cell types are found at the basement 

membrane of the seminiferous tubule.  NANOS3 expression was detected on the 

condensed chromosomes in primary spermatocytes which are in the prophase 

stage of Meiosis I, indicating a cell-cycle specific role for NANOS3 during 

meiosis.  NANOS3 expression was also detected in haploid round and elongated 

spermatids.  Elongating spermatids are undergoing the final process of 

spermiogenesis, where they grow a tail, condense and re-package their 

chromatin, then shed most of their cytoplasm.  Elongating spermatids give rise to 

immature sperm, which are then transported from the lumen of the tubule to the 

epididymis where they complete the maturation process and gain motility.  Our 

findings show that NANOS3 is expressed throughout each stage of 

spermatogenesis and during spermiogenesis, from self-renewal through 

differentiation to elongated spermatids. This expression pattern is highly 

suggestive of a functional, cell-autonomous role for NANOS3 during human 

spermatogenesis. 

A similar pattern was discovered when assessing NANOS3 expression during 

human oogenesis.  We found that NANOS3 is expressed in both immature 

(primordial, primary and secondary) and mature (antral) follicles, with highest 

expression in oocytes, although NANOS3 signal was also detected in the 

granulosa cells which comprise the follicles.  It remains to be determined, 

however, if NANOS3 expression persists into later stages of oogenesis.   

The most striking feature of NANOS3 expression during human germ cell 

development is the nuclear localization of the protein.  In contrast to the fly, worm 
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and mouse, where Nanos localizes to the cytoplasm of pole/germ cells [70, 122, 

127], NANOS3 is clearly upregulated in the nucleus and remains bound to DNA 

during cellular division.  It remains unknown, however, how the protein is 

targeted to the nucleus, given that NANOS3 lacks a nuclear localization signal 

(NLS).  The cytoplasmic and nuclear localization pattern of NANOS3 is 

reminiscient of DAZ and DAZL, which shuttle back and forth between the nucleus 

and cytoplasm, dependent on the stage of germ cell development, to regulate 

human germ cell development[128].  Whether NANOS3 is regulating germ cell 

development in a similar manner remains to be determined.   

In model organisms, Nanos functions in the cytoplasm by binding RNA as a 

means to regulate translation.  In contrast, we have provided the first evidence 

that NANOS3 is found in the nucleus of human germ cells, where it may function 

by binding targets at either the DNA or RNA level (or both) to regulate germ cell 

development.  Identification of NANOS3 targets is critical towards understanding 

the specific mechanism by which NANOS3 regulates germ cell function.  

However, potential targets for any mammalian NANOS homolog remain 

unknown.  Thus, global screening for putative targets in humans, possibly by 

identifying proteins with NANOS response elements (NREs), is warranted. 

 Taken together, the data we have provided here demonstrate germ cell-

specific gene and protein expression of NANOS3, suggesting that NANOS3 likely 

functions in the human germline.  Furthermore, we have presented the novel 

discovery that NANOS3 localizes to the nuclei of human germ cells—evidence 

that the germ cell function of NANOS3 may have evolved from those found in 
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model organisms.  Further experiments are necessary to elucidate the 

mechanism of NANOS3 in human germ cells as well as potential targets of this 

well-characterized translational repressor protein. 

 Given the conserved expression of NANOS3 in human germ cells, it is likely 

that mutations in this gene negatively impact a person’s ability to reproduce.  

Thus, screening both the infertile male and female subsets of the population for 

mutations in any of the NANOS family members would be an important step in 

understanding the genetic causes of human fertility.  Recently, it was reported 

that NANOS2 has testis-specific expression as well as significance for human 

male reproduction, based on mutation screening of infertile or sub-fertile patients 

[125].  In this study, patients with various phenotypes of spermatogenic failure 

were screened for NANOS2 mutations.  Of these patients, two mutations were 

identified, although the contribution to the infertility phenotype was not 

determined [125].   

Similarly, two studies were performed in which females with premature 

ovarian failure (POF) and males with sterility phenotypes were screened for 

NANOS3 mutations [129, 130].  The first study screened 80 Chinese and 88 

Caucasian women with POF and reported that mutations in NANOS3 exons are 

rare in both populations [129].  A single SNP was identified in the Caucasian 

population of women with POF, although functional studies to determine the 

effect on ovarian function were not performed.  In the second study, 214 infertile 

males were screened for gene mutations in NANOS3.  A single intronic deletion 

was identified in a patient with azoospermia that was not identified in fertile men 
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[130].  Together, these studies report a possibility that mutations in NANOS2 and 

NANOS3 may be influencing reproductive failure in men and women with 

infertility.  This data further strengthens our hypothesis that NANOS3, based on 

expression in the male and female germline, functions to regulate human germ 

cell development. 
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Figure 1.  NANOS is conserved in humans.  Alignment of the protein 

sequences of NANOS homologs in multiple organisms reveals conservation from 

invertebrates to vertebrates.  Mammalian species (M. musculus/mouse, R. 

norvegicus/rat, H. sapiens/human) each have three NANOS homologs and share 

the highest sequence similarity, relative to more primitive species (X. laevis/frog, 

B. mori/silkworm, D. rerio/zebrafish, C. elegans/worm, D. melanogaster/fly). 

 

Figure 2.  NANOS proteins contain two CCHC zinc finger motifs that confer 

DNA- and RNA-binding capabilities.  A) The NANOS protein sequence is 

mostly divergent, outside of the 8 amino acids which comprise the zinc finger 

motifs (CCHC CCHC), designated in red.  B) Proposed conformation of the 

nanos protein (D. melanogaster) binding two zinc ions, as presented previously 

[75]. 

 

Figure 3.  Nanos2 and Nanos3 are enriched in mouse gonads.  A) 

Quantitative PCR shows increased expression of Nanos1, 2 and 3 in mouse 

ovary and testis, although Nanos1 is also expressed in the heart.  B) Gel 

electrophoresis of Nanos1, 2 and 3 PCR products confirming germ cell-specific 

expression of Nanos2 and 3 and ubiquitous expression of Nanos1. 

 

Figure 4.  NANOS2 and 3 expression are enriched in human fetal and adult 

gonadal tissue in a profile similar to the known germ cell genes VASA and 

DAZL.  A) NANOS1 is expressed in all human fetal and adult tissues assessed, 



98 
 

with the highest expression found in the fetal brain and in the fetal and adult 

splenic tissues, as determined via quantitative PCR.  B) NANOS2 and 3, similar 

to DAZL and VASA, are expressed in the adult testis.  High NANOS2 and 3 

expression are also detected in the fetal testis, with lower expression of both 

genes detected in the fetal and adult ovaries.  All four genes were also 

expressed in the fetal brain at moderate levels.  C) PCR products from qPCR of 

human fetal tissue visualized via gel electrophoresis show ovary- and testis-

specific expression of NANOS2 and NANOS3. 

 

Figure 5.  Protein sequence alignment of NANOS1, 2 and 3.  The majority of 

the protein sequence between the three human homologs is divergent, with the 

exception of the two zinc finger motifs (amino acid conservation denoted by *, 

similar amino acids denoted by :).  Amino acid sequences used for antibody 

generation are underlined (NANOS1: green, NANOS2: red, NANOS3: blue).   

 

Figure 6.  Generation of antibodies against NANOS1, 2 and 3.  Kyte-Doolittle 

hydropathy plots indicating hydrophilicity of each protein are shown.  Regions 

below baseline are hydrophilic and are more likely to be on the external surface 

of the protein.  Hydrophilic regions were targeted for antibody generation; host-

species are also indicated for each protein (NANOS1: chicken, NANOS2: mouse, 

NANOS3: rabbit). 
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Table 1.  Custom Antibody Titers.  One chicken, when injected with the 

NANOS1 antigen generated a detectable immunological response after 10 

weeks.  The NANOS2-1 antigen produced a response in four mice, although the 

NANOS2-2 antigen did not induce immuno-reactivity.  Two rabbits were injected 

with two independent NANOS3 antigens and generated high titers of NANOS3-1 

and NANOS3-2 antibodies.   

 

Figure 7.  Western blot analysis of NANOS1, 2 and 3.  Human testicular 

lysates were assayed via Western Blot to test the specificity of the custom 

NANOS antibodies.  NANOS1 is detected at ~60 KD, NANOS2 is detected at 24 

KD, and NANOS3 is detected at ~28 KD. 

 

Figure 8.  NANOS1, 2 and 3 are expressed in the fetal and adult testis and 

ovary.  Western blot analysis of human tissue lysates shows that NANOS1, 2 

and 3 are detected in human gonadal tissue (fetal testis, fetal ovary, adult testis, 

and adult ovary).  NANOS3 is also expressed in the human brain.  Neither 

NANOS1, 2 or 3 is expressed in the adult human heart or liver.  GAPDH serves 

as a loading control. 

 

Figure 9.  NANOS3 is not expressed in the adult human heart or thymus.  

Immunohistochemical analysis of sections of adult somatic tissues show that 

NANOS3 is not expressed.  A) Serial cross-sections of thymus tissue treated with 

pre-immune serum or NANOS3 antibody are at low (10x) and high (63x) 
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magnification.  Both treatments have similar non-specific staining patterns.  B)  

Serial sections of human heart tissue treated with either pre-immune serum or 

NANOS3 antibody at 10x and 20x magnification.  No specific cell-types stained 

positively in either treatment. 

 

Figure 10.  NANOS3 is expressed during multiple stages of human 

spermatogenesis and localizes to the nuclei of human germ cells.  Fetal and 

adult testis sections were analyzed via immunohistochemistry using either the 

NANOS3 antibody or pre-immune serum as a negative control.  A) Fetal testis 

section treated with pre-immune serum.  B) Fetal testis section treated with anti-

NANOS3 antibody.  Although NANOS3 expression in fetal testis is increased 

relative to the negative control (A), specific cell types could not be identified.  C) 

Negative control, adult human testis section.  D) NANOS3 is expressed in human 

testis cross-sections.  E) Increased magnification of testicular section stained 

with NANOS3 antibody. NANOS3 is expressed specifically by germ cells at 

varying stages of spermatogenesis.  Type A spermatogonia (), found at the 

basement membrane of the seminiferous tubule, express NANOS3, as do Type 

B spermatogonia ().  Primary spermatocytes () (pre-meiotic) and round 

spermatids () also stain positively for NANOS3.  NANOS3 localization is 

predominantly nuclear in all positive cell types; NANOS3 remains bound to the 

DNA during cellular division (arrowhead).  F) NANOS3 is detected late in 

spermatogenesis in elongated spermatids (), but was not detected in immature 

sperm found in the lumen of seminiferous tubules. 
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Figure 11.  NANOS3 is expressed in human oocytes and follicles.  

Immunohistochemical analysis of cross-sections of the adult human ovary reveal 

expression of NANOS3.  A, C, E) Serial sections treated with pre-immune anti-

serum (negative control).  B) NANOS3 is expressed in the oocytes and granulosa 

cells of primordial and primary follicles.  D) A secondary follicle: NANOS3 is 

expressed in granulosa cells which comprise the follicle, with highest expression 

detected in the oocyte proper.  F) NANOS3 is highly expressed in an oocyte 

encapsulated by an antral follicle, as well as in the surrounding somatic tissue 

(granulosa cells). 
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Figure 4
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Antibody Animal #
Pre-

Bleed 4 weeks 8 weeks
10 

weeks Comments
hNANOS1-1 U0552 <50 <50 Terminate U0552

U0553 <50 13861 IgY Purification

hNANOS2-1 W0272 <50 1600

W0273 <50 <50

W0903 <50 2695

W0904 <50 1470

W0905 <50 9711

hNANOS2-2 W0906 <50 <50

W0907 <50 <50

W0908 <50 <50

W0909 <50 <50

W0910 <50 <50

hNANOS3-1 C9879 <50 58354 112690 118735

BOOST C9879 
and C9878: 

1month

C9878 <50 71203 58588 54064

hNANOS3-2 D0187 <50 183759 204800 204800

D0188 <50 74777 103753 191708

Table 1
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Chapter 4 

Conserved NANOS3 expression and function in  

in vitro-derived human germ cells 
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Introduction 

Although it is of great importance to understand human germ cell 

development for the sake of improving reproductive health and human infertility 

treatments, the studies on these topics are scarce, largely due to the ethical and 

physical barriers which hinder this research. To circumvent these restrictions, 

several groups have generated mouse germ cells from embryonic stem cells, 

through various stages of development [85-87].  While many of the 

breakthroughs in germ cell development research have stemmed from 

experiments such as those using mouse embryonic stem cells and mouse 

models, the information must be extrapolated and adapted to fit human 

physiology, with few of the results translating directly to the human system.   

For instance, many genes within the human genome have evolved so rapidly 

that even the same homolog in the closest evolutionary neighbor differs 

significantly in either sequence or timing [131, 132].  Additionally, genes which 

reside on sex chromosomes can be expressed at various dosages, dependent 

on the species of the organism, or in more extreme cases, as in the Deleted in 

Azoospermia (DAZ) gene, it may be missing from the genome altogether.  DAZ is 

known to be required for human spermatogenesis, as men who have deletions in 

this gene are generally oligospermic [61].  The DAZ gene was mapped to the Y 

chromosome as an RNA-binding protein with four tandem DAZ repeats in human 

males; a more divergent copy of DAZ, Daz-like (DAZL), has also been 

discovered on chromosome 3 in humans.  While DAZL is highly conserved in 

model organisms, the DAZ gene is only present in non-human primates and 
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humans [133].  Thus, while model organisms offer a plethora of information on 

germ cell development, it is clear that a human-specific model system is 

necessary. 

Although extrapolations from model organisms are a fundamental and 

important aspect of science, it is still imperative to probe the species-specific 

expression patterns and function of a particular gene.  Given the highly 

conserved germ cell function of the Nanos gene family in numerous model 

organisms and given the germ-cell enriched expression pattern of NANOS3 in 

human tissues, we sought to determine the mechanism of action of NANOS3 

during human germ cell development.  Given the scarcity of an in vivo system to 

study human germ cell development, we chose to focus on the characterization 

of NANOS3 function in hESC-derived germ cells, using various knock-down 

technologies.  Using this system, we hypothesized that, in the absence of 

NANOS3, the molecular program which drives human germ cell 

development would be altered, thereby disrupting normal germ cell 

development in vitro. 

 

 



 

118 
 

Results 

Human NANOS protein-protein interactions are not detected in mouse 

spermatogonial stem cells 

 One evolutionarily conserved feature of the Nanos proteins is the protein-

protein interactions that facilitate translational regulation [73, 76, 77, 82, 134].  

We sought to determine if these complexes that are critical for regulation of germ 

cell development in model organisms are likewise conserved in humans.  We 

constructed vectors in which the constitutively-active CMV promoter was used to 

drive expression of the green fluorescent protein (GFP) or the red fluorescent 

protein (RFP).  NANOS2 and NANOS3 were each cloned into a GFP and RFP 

vector, to create a total of four fluorescently labeled constructs (Figure 1A).  The 

constructs were used to detect the possible fluorescence resonance energy 

transfer (FRET) that can occur between two proteins which are in close proximity 

(within 100 Angstroms) and are thus likely to interact.   

 To detect FRET, light is used to activate the GFP protein.  GFP emits a green 

light that is at the appropriate wavelength required to activate RFP.  If the GFP 

protein is within 100 angstroms of the RFP protein, red light will be emitted, 

indicating positive FRET.  Conversely, if the two proteins are greater than 100 

angstroms apart, green light will be detected (Figure 1B).  Additionally, FRET can 

be quantified by plotting the Acceptor/Donor Ratio (Red/Green) against the 

FRET/Donor Ratio (FRET/Green) using data from at least twenty cells.  Positive 

FRET can be detected by the presence of a best-fit line at ~45 degrees, whereas 

negative FRET results in data points which cluster along the baseline.  An 
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established system existed in our laboratory, in which mouse spermatogonial 

stem cells (mSSCs) were transfected with GFP and RFP constructs, then 

assessed for FRET.  Mouse spermatogonial stem cells were chosen as they 

provided a germ cell niche and were easy to propagate, maintain and 

manipulate.   

 Using this system, we sought to determine if any of the NANOS proteins 

homo-dimerized, interacted with each other or formed complexes with DAZL, 

PUMILIO1 (PUM1), or PUMILIO2 (PUM2) (Figure 1C).  NANOS2-GFP was 

transfected into mSSCs with NANOS2-RFP, DAZL-RFP or PUM1-RFP.  No 

FRET was detected, indicating that NANOS2 neither homodimerizes nor 

interacts with DAZL or PUM1 in mSSCs (Figure 2). 

 NANOS3 was also transfected into mSSCs in combination with NANOS3, 

DAZL, PUM1 or PUM2.  No FRET was detected when assessing for either 

homo-dimerization of NANOS3 or for interactions with DAZL or PUM1 (Figure 3).  

Thus, NANOS3 does not form a protein-protein interaction with itself, DAZL or 

PUM1 in mouse SSCs (Figure 3).  Conversely, in cells transfected with NANOS3 

and PUM2, positive FRET was detected (Figure 3), indicative of an interaction 

between the two proteins.  Upon closer inspection, however, this was 

disconcerting given the nuclear localization of NANOS3 and the cytoplasmic 

localization of PUM2.  Thus, we repeated the experiment using a decreased 

concentration of NANOS3-GFP and found that FRET was no longer detected 

(Figure 3, **). Thus, we were unable to detect any protein-protein interactions 

involving either NANOS2 or NANOS3 using this experimental system.   
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 It is important to note, however, that the localization pattern of NANOS3 was 

found to be nuclear in mouse spermatogonial stem cells, as this data 

corroborates previous data showing nuclear localization of NANOS3 in human 

germ cells undergoing spermatogenesis. 

 

NANOS1, 2 and 3 have distinct expression profiles upon spontaneous 

differentiation of hESCs 

 Three hESC lines (HSF1 (XY-bearing), HSF6 and H9 (both XX-bearing)) 

were spontaneously differentiated as embryoid bodies, without the exogenous 

addition of BMPs.  HSF1 and HSF6 were differentiated in parallel experiments for 

21 days, with timepoints taken at 0, 4, 7, 10, 14 and 21 days (Figure 4).  

NANOS1 was expressed at each timepoint collected, with highest expression 

detected at Day 21 in HSF1.  Conversely, NANOS2 was absent throughout 

hESC differentiation, in both cell lines.  Interestingly, NANOS3 expression 

increased upon spontaneous differentiation of hESCs, peaking at T=4 days in 

both cell lines assessed. 

 Similarly, H9 was differentiated via embryoid bodies for a total of 10 days, 

with timepoints taken at 0, 3, 7 and 10 days (Figure 4).   In this experiment, 

NANOS1 was again expressed throughout differentiation, while NANOS2 was 

undetectable at all timepoints.  NANOS3 was not expressed in undifferentiated 

hESCs, but increased at Day 3 and remained expressed through Day 10.  Taken 

together, this data suggests that NANOS1 is expressed in undifferentiated 

hESCs and during differentiation while NANOS2 is either not expressed or 
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expressed at levels below resolution in both undifferentiated and differentiated 

cell types.  NANOS3 expression was not detected in undifferentiated cells, but 

increased significantly upon differentiation of hESCs.   This expression pattern 

suggests that NANOS3 is expressed in a more-differentiated cell-type, although 

further experiments were necessary to determine the identity of the NANOS3-

expressing cells. 

 

NANOS3 is expressed in the cytoplasm and nucleus of hESC-derived germ 

cells 

 To generate in vitro-derived germ cells, we differentiated hESCs via an 

adherent differentiation protocol in media supplemented with BMPs for 7 days on 

glass cover slips coated with Matrigel (BD Biosciences).  Cells were labeled 

using the NANOS3 antibody and a FITC-labeled secondary antibody, then 

imaged via confocal microscopy.  We identified cells undergoing cellular division 

by DAPI-stained DNA morphology (Figure 5A).  We discovered that these cells 

highly express NANOS3, with apparent localization in both the cytoplasm and on 

the DNA (Figure 5B, C).  We also noted that cells undergoing apoptosis, as 

evidenced by the presence of fragmented DNA, also express NANOS3, although 

this is likely non-specific binding (Figure 5C, arrowhead).  Increased 

magnification (Figure 5D) revealed that the NANOS3 protein coats the DNA, but 

is likewise diffusely expressed throughout the cytoplasm.  Given that BMPs were 

added to direct differentiation towards the germline, it is probable that the 

NANOS3-positive cells that we visualized are in vitro-derived germ cells.  
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However, residual undifferentiated ES cells may remain in culture, and since 

undifferentiated ES cells are also capable of dividing, further tests were 

necessary to determine the identity of the NANOS3-positive cells. 

 

NANOS3 co-localizes with BLIMP1, STELLA and VASA in dividing hESC-

derived germ cells 

 Human ES cells were again differentiated for 7 days in adherent culture in 

media supplemented with BMPs and analyzed via immunofluorescence.  We 

confirmed 1) the presence of the NANOS3 protein in both the cytoplasm as well 

as bound to the DNA and 2) that NANOS3 was highly expressed in actively 

dividing cells (Figure 6).  We then assayed for expression of proteins required for 

germ cell development in humans, namely BLIMP1, STELLA and VASA.  We 

determined that BLIMP1, STELLA and VASA are also expressed in dividing cells, 

where, unlike NANOS3 each protein localizes specifically to the cytoplasm 

(Figure 6).  Various stages of cellular division were identified, based on the 

morphology of the DNA, including prometaphase, metaphase and telophase 

(data not shown); NANOS3 was co-expressed with BLIMP1, STELLA and VASA 

at each of these stages.  Thus given the co-localization in dividing cells with 

known germ cell proteins BLIMP1, STELLA and VASA, we can conclude that 

NANOS3 is expressed in hESC-derived human germ cells.  Moreover, this data 

provides further evidence towards the functionality of our in vitro germ cell 

differentiation system.  Lastly, we have provided the third piece of evidence 

supporting our novel discovery that the NANOS3 protein has a nuclear 
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localization pattern, most notably during cellular division.  This expression pattern 

is suggestive of a cell-cycle specific role for NANOS3 in dividing germ cells. 

 

Knockdown of NANOS3 expression in hESCs decreases expression of 

NANOS1, NANOS2, germline determinant factors and regulators of 

pluripotency 

 Upon determining the expression pattern of NANOS3, we then sought to 

elucidate the role of NANOS3 during human germ cell development.  To achieve 

this, we designed a control short hairpin RNA (shRNA) targeting LACZ, 5 

shRNAs targeting the open reading frame (ORF) of NANOS3, and 2 shRNAs 

targeting the 3’ untranslated region (3’UTR) of NANOS3 (Figure 8A).  The 

shRNAs were individually cloned into the pSicoR-GFP vector (Figure 7A) then 

recombined with the pLenti4/Block-It-DEST expression vector to enable 

Lentivirus production.  Each shRNA was transduced into hESCs via lentiviral 

infection, followed by selection with antibiotics for 7 days.  Following selection, 

hESCs were harvested for gene expression analysis.  We discovered that 

independent introduction of 5 different shRNA decreased NANOS3 expression in 

undifferentiated hESCs relative to the LACZ negative control (Figure 8B). 

 Given the extent of the achieved knockdown, we then sought to determine 

what effects decreased NANOS3 expression had in undifferentiated hESCs.  We 

analyzed the previously harvested RNA using the Biomark system (Fluidigm), 

enabling us to assess gene expression at 48 unique loci.  We analyzed gene 

expression in the control shRNA line as well as in two NANOS3 knockdown lines, 
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each containing an independent shRNA targeting the 3’UTR of NANOS3 (825 

and 826).  We observed decreased expression of NANOS1 and NANOS2 in the 

NANOS3 knockdown lines (Figure 9A).  Moreover, we discovered that decreased 

NANOS3 expression also results in a reduction in the expression of two key 

regulators of pluripotency, SOX2 and TERT (Figure 9B).  Analysis of the 

expression of several genes required for human germ cell development revealed 

decreased expression of DAZL and ablated expression of STELLAR (Figure 9C).  

Moreover, gene expression analysis of three meiotic markers revealed 

decreased levels of MLH1 and SCP3 in the NANOS3-knockdown lines, as well 

as increased DMC1 expression.  Taken together, these results indicate that 

knockdown of NANOS3 alters expression of genes required for the maintenance 

of pluripotency, germ cell development and meiotic progression. 

 We cloned the NANOS3 open-reading frame, along with the EF1-alpha 

promoter, into the 2K7 over-expression vector (Figure 7B) [135] for the purpose 

of rescuing the NANOS3 knockdown phenotype.  However, upon transduction of 

this construct via Lentivirus infection, we discovered that over-expression of 

NANOS3 was lethal to all undifferentiated hESCs (data not shown).  Cells were 

also transduced with an empty 2K7 construct as a negative control.  We were 

able to propagate this cell line for numerous passages, following the 2 day 

blasticidin antibiotic selection period, in contrast to the NANOS3 over-expression 

lines, which died in culture.  We were, therefore, unable to rescue the NANOS3 

knockdown phenotype via over-expression. 
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Morpholino knockdown of NANOS3 results in decreased DAZL expression 

 A second knockdown strategy was implemented to further characterize the 

function of NANOS3 in hESC-derived germ cells.  Morpholino oligonucleotides 

(MO) are antisense oligonucleotides (typically ~25 base pairs in length) which 

bind mRNA to prevent protein synthesis [136].  Morpholinos are distinguished 

from DNA oligonucleotides by the altered backbone linkages which confer a 

resistance to digestion by nucleases.  Unlike RNA-DNA hybrids which are 

substrates for RNaseH, RNA-MO hybrids are not, and therefore are not 

degraded at the mRNA level.  Morpholinos are typically targeted to the 5’UTR or 

start codon of the genes of interest, since MOs within the open reading frame are 

displaced by the translation machinery and, therefore, do not confer knockdown 

of the protein.   

 Morpholino oligonucleotides targeting either the NANOS3 start site (NANOS3 

ATG MO) or 5’ untranslated region (UTR) (NANOS3 5’ MO) were introduced into 

undifferentiated hESCs via nucleofection (Amaxa/Lonza); experiments performed 

with both MOs yielded similar results.  Water and a morpholino targeting a 

human beta-globin intron mutation that causes beta-thalessemia (Standard 

Control) were included as negative controls.  Following nucleofection, hESCs 

were re-plated onto Matrigel-coated tissue culture plates and either maintained 

as undifferentiated hESCs or differentiated in the presence of BMPs.  Cells were 

harvested at Day 0, 3, and 7, then analyzed via Western blot.  We detected 

knockdown of the NANOS3 protein upon introduction of the NANOS3 ATG MO at 

both Days 0 and 3 (Figure 10A); densitometry of the Western blot bands 
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indicated that protein expression was reduced by approximately 50% (Figure 

10B).  By Day 7, NANOS3 expression returned to levels comparable to those 

found in cells nucleofected with the Standard Control (Figure 10A, B).  

Interestingly, further analysis of the cells collected after 7 days of NANOS3 MO-

knockdown and differentiation in the presence of BMPs revealed that DAZL 

expression was reduced by approximately 50% (Figure 10A, C).  

 Thus, we have established a second NANOS3 knockdown system which 

allows for quantification of NANOS3 knockdown at the protein level.  Using this 

system, we have discovered that decreased NANOS3 expression results in 

downregulated DAZL expression in hESCs that have been differentiated toward 

the germline.  

 

Morpholino knockdown of NANOS3 results in reduced germ cell number 

and down-regulation of the germ cell molecular profile. 

 Human ES cells nucleofected with either the NANOS3 MO or SC MO were 

differentiated for 7 days in the presence of BMPs.  Germ cell number in both the 

control and NANOS3-knockdown populations was quantified by screening for 

dividing cells that expressed both STELLA and VASA (Figure 11).  We found that 

27% of the dividing cells in the control population were positive for both germ cell 

markers, relative to 18% of dividing cells nucleofected with the ATG NANOS3 

MO (Figure 11).  Thus, upon introduction of the NANOS3 MO, in vitro-derived 

germ cell number was reduced. 
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 NANOS3 knockdown cells (T = 0, 3, 7d) were harvested for gene expression 

analysis using Biomark Expression Arrays (Fluidigm).  Expression data was 

clustered at the sample and gene levels using dChip Software (Cheng Li Lab).  

Data clustering revealed that gene expression at Day 0 and Day 3 was similar 

between NANOS3 MO and SC samples (Figure 12).  Analysis of gene 

expression data from cells differentiated for 7 days, however, revealed significant 

differences between the NANOS3 MO and SC MO (Figure 12).  In the control 

population, genes required for pluripotency (SOX2), germ cell development 

(NANOS1, NANOS2, CKIT, PRDM1A, VASA, PUM2) and meiosis (SCP3, 

STRA8, DMC1, MLH1) were highly expressed, as were markers of the 

ectodermal lineage  (NCAM, NES, PAX6).  In the NANOS3-knockdown cells, 

however, expression of each of these genes was significantly lower than in the 

control population.  This indicates that NANOS3 is either directly or indirectly 

required for proper regulation and expression of key regulators of pluripotency, 

germ cell development, meiotic progression and differentiation to the ectodermal 

lineage. 

 Quantitation of the gene expression in NANOS3-knockdown and control cells 

was also carried out.  Surprisingly, we detected decreased NANOS3 expression 

at each timepoint assessed (0, 3 and 7 days) (Figure 13A).  Given that 

morpholino oligonucleotides function to knock down expression at the protein 

level, this data indicates that there may be a feedback loop regulating NANOS3 

expression.  We also found decreased expression of NANOS1 and NANOS2 

following 3 and 7 days of differentiation (Figure 13A), ruling out the possibility of 
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compensation and alluding to a regulatory role for NANOS3 within the NANOS 

family.   

 Given that this was a differentiation-based experiment, we sought to 

determine the effects on 1) regulation of pluripotency and 2) differentiation to the 

three germ layers.   We discovered that decreased levels of NANOS3 resulted in 

decreased expression of three key regulators of pluripotency: NANOG, TERT 

and SOX2 (Figure 13B).   Examination of key markers of endodermal and 

mesodermal differentiation did not reveal any significant lineage-specific 

differences between cells transduced with either the NANOS3-morpholino or the 

control morpholino (Figure 13D, E).  On the contrary, we determined that 

expression of all three ectodermal markers assessed showed significantly 

decreased levels of expression, relative to control cells: NCAM, NES and PAX6 

(Figure 13C).  This data is consistent with our findings that NANOS3 is 

expressed in the brain at both the mRNA and protein levels and suggests a 

putative role for NANOS3 in the development of the human ectoderm. 

 We next sought to determine if knockdown of NANOS3 expression affects in 

vitro germ cell development.  We found that decreased NANOS3 expression 

results in lower expression levels of the early germ cell markers CKIT, DAZL, 

STELLAR and GDF3 (Figure 13F, G), as well as decreased levels of the late 

germ cell genes FSHR and VASA (Figure 13G).  We also found decreased levels 

of the germ cell markers PRDM1A, PRDM1B and PRDM14 in the NANOS3-

knockdown lines (Figure 13H).  We also compared expression levels of the 

meiotic regulators STRA8, SCP3 and DMC1 and found that all showed 
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decreased expression in the NANOS3-knockdown lines at T = 7d (Figure 13I).  

Expression of genes in the 1FITM and PUMILIO families (1FITM1, 1FITM3, 

PUM1, PUM2) was not affected, however, by decreased NANOS3 expression 

(Figure 13 J, K). 

 Taken together, this expression profile indicates that NANOS3 is required for 

human germ cell development, given that a 50% reduction of NANOS3 

expression was sufficient to reduce germ cell number as well as alter the 

expression of genes required for the maintenance of pluripotency, germ cell 

development and meiotic progression. 

 

Discussion 

 Human germ cell development, despite its undeniable impact on the survival 

of our species, is very poorly understood, due, in part, to ethical restrictions.  

Since 10-15% of humans are faced with infertility [2], it is critical to understand 

the complex processes that comprise germ cell development.  In particular, the 

genetic pathways which drive human germ cell development are not well-

characterized, with the exception of the DAZ family.  Mutations in DAZ family 

genes have been found to correlate with azoospermia or other reproductive 

parameters in both men and women [61, 137]; similar findings have been 

reported in the mouse [58, 128, 138].  Together, these studies provide evidence 

that genes with evolutionarily-conserved germ cell functions can manifest as 

reproductive phenotypes in humans.  Thus, it is important to investigate the 

function of other highly-conserved genes during human germ cell development. 
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 We have previously characterized the in vivo expression pattern of NANOS3 

in human tissues and found expression in both male and female germ cells.  

Moreover, we identified a novel localization pattern for NANOS3, with low levels 

of expression in the cytoplasm and high protein levels found in the nucleus of 

human germ cells.    Given this expression pattern, we then sought to 

characterize the function of NANOS3 using an in vitro system, in which human 

embryonic stem cells are differentiated to the germ cell lineage.  

 Although it was previously reported that NANOS interacts with PUM [82], we 

were unable to detect this interaction via Fluorescence Resonance Energy 

Transfer (FRET) in which human proteins were over-expressed in mouse 

spermatogonial stem cells.  Moreover, we were unable to detect any interaction 

between NANOS2 and NANOS3 as homodimers or in complexes with the germ 

cell proteins assessed, namely DAZL, PUM1, and PUM2.  Although we could not 

confirm the presence of protein-protein interactions using this system, nor can we 

conclude that they do not exist.  It is possible that the human proteins were not 

regulated properly, given that they were introduced into a mouse germ cell niche.  

Moreover, as in the case of Drosophila, it is possible that the conservation of the 

NANOS-PUM protein-protein interaction requires association with the appropriate 

target mRNA [139].  Thus, further studies may be necessary to determine if the 

protein-protein interactions that are so critical for germ cell function in model 

organisms exist in humans.  It is important to note, however, that we did discover 

that NANOS3 was again localized to the nuclei of mouse spermatogonial stem 
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cells, similar to the localization pattern which we discovered in developing human 

germ cells.   

 We next sought to determine the expression patterns of the NANOS genes in 

human ES cells and their differentiated derivatives.  We found that, while 

NANOS1 was expressed at each timepoint assessed in three independent hESC 

lines (HSF1, HSF6 and H9), NANOS2, on the contrary, was not expressed in 

either undifferentiated or differentiated cell types.  The expression pattern of 

NANOS1 correlates with our previous findings that this gene is ubiquitously 

expressed, and further justifies our decision to not pursue characterization of 

NANOS1.  On a similar note, given that we were unable to detect NANOS2 

expression in our in vitro system, our focus shifted solely to NANOS3.  We 

discovered that NANOS3, while not expressed in any undifferentiated ES cell 

lines, became upregulated upon differentiation, and persisted through at least 21 

days of differentiation in HSF1 and HSF6 hESCs.  This expression pattern was 

consistent with our hypothesis that, upon differentiation of hESCs, a specific 

subset of differentiated cells begins to express NANOS3 and continues to do so 

throughout the process of in vitro germ cell development.   

 We further concluded that NANOS3-expressing cells are human germ cells.  

Previous results from our laboratory confirmed the presence of in vitro-derived 

germ cells in differentiated hESC cultures, based on the initiation of the germ cell 

program as defined by the coordinated expression of several genes, including 

STELLAR, DAZL and VASA [89].  We identified NANOS3-positive cells which co-

express the known germ cell markers BLIMP1, STELLA and VASA, thus 
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confirming the germ cell identity of NANOS3-expressing cells.  Moreover, each of 

these germ cell markers was found to be expressed in dividing cells.  While it is 

possible that the dividing cells are residual undifferentiated stem cells, we have 

discounted this possibility given the co-expression of multiple germ cell markers.   

 In model organisms, Nanos functions in the cytoplasm by binding mRNA as a 

means to repress translation [126, 140].  In contrast, the high expression of 

NANOS3 in the nucleus of human germ cells suggests that targets may be at 

either the DNA or RNA level, or both.  However, potential targets for any 

mammalian Nanos homologs remain unknown, and are surely under 

investigation in model systems such as the mouse.  Nonetheless, this is the first 

evidence that any member of the Nanos gene family has nuclear localization and 

suggests that the mechanism and/or targets of NANOS3 in humans may differ 

from findings in model organisms, thereby warranting studies in a human-based 

model system. 

 Interestingly, we found high levels of NANOS3 bound to the DNA of actively 

dividing hESC-derived germ cells, indicative of a putative cell cycle-specific role 

for NANOS3.  We have yet to determine if the cells are dividing mitotically or 

meiotically, given that germ cells are capable of undergoing both types of cellular 

division.  It has been reported that the transcriptional machinery of eukaryotic 

cells is repressed during cellular division [141-145].  Given that 1) the NANOS3 

protein is found localized to the DNA during cellular division and 2) NANOS3, in 

model organisms, has a repressive function via its zinc finger motifs, we 

speculate that NANOS3 may be functioning to repress transcription during 
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cellular division of germ cells, although more research is necessary to confirm 

this hypothesis.   

 We next sought to determine the function of NANOS3 in in vitro-derived 

human germ cells.  Knocking down expression of NANOS3 using two-

independent silencing methods (short-hairpin RNA (shRNA) and morpholinos 

(MO)) both resulted in similar changes in the germ cell program, as quantified via 

qPCR.  Cells treated with control constructs in both experimental systems 

initiated a germ cell program after 7 days of differentiation, as evidenced by 

expression of genes required for germ cell development, maintenance of 

pluripotency and meiotic progression.  Conversely, the NANOS3 knockdown 

cells had significantly decreased expression of genes required for these 

developmental processes as well as reduced germ cell number in the MO 

knockdown cell lines.  Moreover, we discovered that a key regulator of germ cell 

development, DAZL, was decreased by 50% at the protein level in the NANOS3 

knock-down cells, relative to the control.  Together, these results indicate that 

expression of NANOS3 is required for the appropriate expression of numerous 

genes that function to initiate and maintain human germ cell development in vitro. 

 In mice, there is evidence that Nanos2 and Nanos3 have coordinated 

expression.  In Nanos2 null mice, Nanos3 expression is upregulated at both the 

mRNA and protein levels to account for the loss of Nanos2 expression [81]; 

Nanos2 expression in Nanos3-null mice was not assessed.  In hESC-derived 

human germ cells, we have shown that decreased NANOS3 expression results 

in decreased expression of both NANOS1 and NANOS2.  While it is possible that 
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this expression pattern arises due to the finding that there are fewer germ cells in 

culture, it is also possible that NANOS3 either directly or indirectly regulates 

expression of each of these genes.   

 Also of interest is the expression pattern of NANOS3 in the human brain.  We 

have detected NANOS3 mRNA in the fetal brain and NANOS3 in the adult brain.  

Moreover, we have shown that decreased expression of NANOS3 results in 

reduced expression of three genes required for ectodermal development in 

humans: NCAM, NES, and PAX6.  In mice, there is no known evidence that 

either Nanos2 or Nanos3 functions in the brain.  However, while Nanos1 does 

not appear to play a role during germ cell development in mice, it is 

predominantly expressed in the central nervous system (CNS) [79].  Similarly, in 

zebrafish, nos2 is detected in the nervous system, but not in the germ cells [146].   

These findings point to a putative function for NANOS3 in the human brain and 

should be investigated further.  Moreover, this data provides the first evidence 

that the same NANOS gene functions during both ectodermal and germ cell 

development, whereas in model organisms, the two functions are carried out by 

independent Nanos homologs [71, 79, 146]. 

 In conclusion, our data has shown that a germ cell function for NANOS3 has 

been evolutionarily conserved in humans.  NANOS3 appears to act via a novel 

mechanism, however, as we have discovered a human-specific expression 

pattern for NANOS3, in which the NANOS3 protein localizes to the nuclei of 

human germ cells.  Moreover, we have shown that NANOS3 function may be cell 

cycle-related, given that NANOS3 is found localized to the DNA of actively 
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dividing human germ cells.  Further investigation of the specific functions and 

potential targets of NANOS3 would broaden the scope of knowledge of 

mechanisms by which human germ cell development is regulated.  These studies 

are critical for the dissection of the complex pathways which control germ cell 

development in humans and may provide insight into the development of clinical 

tools which have the potential to advance human fertility studies and treatments. 
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Figure 1.  FRET analysis to detect NANOS protein-protein interactions.  A) 

Four constructs were created to detect NANOS2 and NANOS3 expression in 

mouse spermatogonial stem cells (mSSCs).  The open reading frames of 

NANOS2 and NANOS3 were each independently introduced into an enhanced 

green fluorescent protein (eGFP) and a red fluorescent protein (RFP) vector, 

both with expression controlled by the CMV promoter.  B) Schematic of the 

possible readouts of FRET experiments.  If two proteins are within 100 

Angstroms of each other, red light will be emitted in the FRET channel.  

Conversely, if the two proteins are greater than 100 Angstroms apart, green 

fluorescence will be detected.  C) Schematic of the possible protein-protein 

interactions investigated in this study. 

 

Figure 2.  NANOS2 protein-protein interactions.  NANOS2-GFP was co-

transfected into mouse spermatogonial stem cells (mSSCs) with NANOS2, DAZL 

or PUM1.  None of these proteins formed a detectable complex with NANOS2, 

as indicated by the lack of FRET. 

 

Figure 3.  NANOS3 protein-protein interactions.  NANOS3 was co-transfected 

into mSSCs with NANOS3, DAZL, PUM1 or PUM2.  NANOS3 is the only protein 

found localized in the nucleus as well as in the cytoplasm—all other proteins 

were restricted to the cytoplasm.  Positive FRET was identified in cells co-

transfected with NANOS3 and PUM2, despite the observation that these proteins 

do not co-localize in the same cellular compartment.  The experiment was 
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repeated with decreased concentration of NANOS3 which eliminated the 

fluorescence resonance energy transfer (**).    

 

Figure 4.  NANOS expression during spontaneous differentiation of hESCs.  

Expression of NANOS1, 2 and 3 was assessed in undifferentiated hESCs as well 

as in cells differentiated via embryoid bodies.  Three federally-approved hESC 

lines were used: HSF1 (XY-bearing), HSF6 and H9 (both XX-bearing).  NANOS1 

expression is detected at each timepoint assessed.  NANOS2 is not detected at 

any timepoint in any of the three cell lines used.  NANOS3 is not expressed in 

undifferentiated hESCs in all three cell lines.  Expression increases upon 

differentiation and persists through Day 21 (HSF1, HSF6).  In H9 cells, 

expression is normalized to GAPDH (2 –ΔCT

 

).  In experiments using HSF1 and 

HSF6, expression is normalized to CENTRIN, CTNNB1, GAPDH and TBP 

(Genorm). 

Figure 5.  NANOS3 is bound to the DNA of dividing hESC-derived cells.  H9 

hESCs were differentiated for 7 days in media supplemented with BMPs, stained 

with anti-NANOS3 and anti-DAPI antibodies, and imaged via Confocal 

microscopy.  A) DNA, as stained by DAPI.  Cellular division was scored by DNA 

morphology, namely the identification of condensed chromosomes.   B) Anti-

NANOS3 antibody staining.  C) Merge.  Arrowhead indicates apoptotic cell, as 

indicated by fragmented DNA.  D) Increased magnification of cell denoted in C.  
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NANOS3 is expressed both cytoplasmically, as well as bound to the DNA in cells 

undergoing cellular division. 

 

Figure 6.  NANOS3 is expressed in in vitro-derived germ cells that are 

undergoing cellular division.  H9 hESCs, differentiated for 7 days in media 

supplemented with BMP4, 7 and 8b, were stained for known germ cell markers 

BLIMP1, STELLA and VASA and imaged via confocal microscopy.  NANOS3 

expression is detected in cells which co-express BLIMP1, STELLA or VASA and 

are undergoing cellular division.  NANOS3 expression is predominantly nuclear, 

although cytoplasmic expression is also detected.   BLIMP1, STELLA and VASA 

expression is restricted to the cytoplasm.  Cellular division was scored via DNA 

morphology (DAPI).   

 

Figure 7.  shRNA and over-expression vectors.  A) Plasmid map of the 

pSicoR-GFP vector used for CMV-driven expression of the shRNA constructs.  

B) Schematic of the 2K7 lentivector, into which the EF1-alpha promoter and 

NANOS3 open-reading frame were cloned, for the purpose of NANOS3 over-

expression. 

 

Figure 8. NANOS3 shRNA constructs.  A) Seven shRNA constructs were 

designed, targeting either the NANOS3 open reading frame (581 base pairs, in 

length) or the 3’UTR.  shRNA number denotes the position of the first base pair 

of the shRNA within the NANOS3 sequence.  B) Gene expression analysis of six 
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H9 hESC lines transduced with either LACZ (negative control) or an individual 

shRNA targeting NANOS3 (119, 127, 133, 825, 826).  NANOS3 expression is 

decreased in each of the knockdown lines tested, relative to the LACZ control. 

 

Figure 9.  shRNA knockdown of NANOS3 in hESCs.   Undifferentiated H9 

hESCs were transduced with an shRNA construct targeting either LACZ 

(negative control) or one of two sites in the 3’UTR of NANOS3 (825, 826).  A) 

Expression of NANOS1, NANOS2 and NANOS3 is decreased in both NANOS3 

knockdown lines.  B) Expression of two key regulators of pluripotency, SOX2 and 

TERT is reduced upon knockdown of NANOS3, whereas no significant difference 

in expression is detected in DNMT3B, NANOG and POU5F1/OCT4.  C) In cells 

transduced with shRNA targeting NANOS3, expression of two germ cell genes is 

decreased: DAZL and STELLAR.  CKIT expression does not appear to be 

affected; VASA was not detected in any of the three cell lines.  D) Expression of 

the meiotic genes MLH1 and SCP3 is decreased upon knockdown of NANOS3 

expression, while DMC1 expression increases.  Gene expression is normalized 

to CTNNB1, GAPDH, and RPLPO (Genorm). 

 

Figure 10.  Morpholino knockdown of NANOS3 in hESCs.  A morpholino 

targeting the ATG start site of NANOS3 (NANOS3 ATG MO), a control 

morpholino (Standard Control) or water was nucleofected into H9 hESCs.  A) 

NANOS3 is expressed at lower levels in the NANOS3 ATG MO lines relative to 

either water or the Standard Control in undifferentiated hESCs (0d) or in hESCs 
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differentiated for 3 days in the presence of BMPs.  NANOS3 expression is 

restored to Standard Control levels by Day 7.  At Day 7, DAZL expression is 

decreased in the NANOS3 ATG MO line relative to the Standard Control.  B, C) 

Densitometry quantification of Western blots.  

 

Figure 11.  Germ cell quantification.  The Standard Control and NANOS3 ATG 

MO constructs were independently introduced into hESCs then differentiated for 

7 days in media supplemented with BMPs.  Germ cell number is decreased in 

the NANOS3 ATG MO line, relative to the Standard Control.  hESC-derived 

germs cells are quantified by screening for cells undergoing cellular division and 

which positively express both STELLA and VASA.   

 

Figure 12.  Expression profile of NANOS3-knockdown cells.  Gene 

expression analysis was performed on undifferentiated hESCs (T = 0) and 

hESCs differentiated for 3 or 7 days in the presence of BMPs.  Gene expression 

profiles from cells transduced with either the Standard Control or the NANOS3 

ATG morpholino (ATG) were compared by clustering both samples and genes.  

Control and MO profiles from undifferentiated hESCs (T=0) and cells 

differentiated for 3 days (T=3) are virtually identical.  The Standard Control 

sample, after 7 days of differentiation (SC T=7) expresses genes required for 

germ cell development, meiotic progression, and ectodermal differentiation.  

While the NANOS3 ATG MO line (ATG T=7) upregulates expression of some 
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genes required for germ cell development, most of the genes activated in the 

Standard Control sample are not expressed in the NANOS3 knockdown line. 

 

Figure 13.  Gene expression analysis of NANOS3-knockdown cells.  H9 

hESCs, transduced with either the Standard Control morpholino (SC) or with the 

NANOS3 ATG MO (NANOS3 MO), were differentiated for 0, 3 or 7 days in media 

supplemented with BMPs.  A) NANOS1, 2 and 3 expression is decreased in the 

NANOS3 knockdown line at 3 and 7 days.  B) NANOG, TERT and SOX2, 

regulators of pluripotency, are decreased in the 7D population in the NANOS3 

MO line.  C) Markers of ectodermal development (NCAM, NES and PAX6) show 

decreased expression at 7D in the NANOS3 MO population.   D, E) No 

significant changes were detected in the overall expression profile of either the 

mesodermal or endodermal lineages.  F, G, H) Expression of early regulators of 

germ cell development (CKIT, DAZL, STELLAR, GDF3, PRDM1A, PRDM1B, 

PRDM14) as well as late germ cell markers (FSHR, VASA) decrease after 7 days 

of differentiation, in the NANOS3 ATG MO line, relative to the Standard Control.  

I) Three genes required for meiotic progression (STRA8, SCP3, DMC1) are 

decreased in the NANOS3 knockdown cells at Day 7.  J, K) No changes in 

expression were detected in genes from the PUMILIO or 1FITM families. 
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Chapter 5 

Conclusions 
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 While numerous studies have characterized many of the facets of germ cell 

development (including specification, migration, meiotic progression, 

differentiation, genetic dependency) in multiple model systems (i.e. flies, worms, 

mice), studies on the development of human germ cells are rare, in contrast.  

Human germ cell-specific studies are necessary, however, because many of the 

findings from model organisms do not translate directly within the parameters of 

human reproductive biology.  Ethical and physical limitations exist, however, 

which hinder studies of human germ cell development, thereby necessitating an 

alternative approach.   

 To develop this thesis project, we referenced several ground-breaking studies 

which reported the generation of germ cells from mouse embryonic stem cells.  

Similarly, a study from our own laboratory had recently provided evidence that 

human embryonic stem cells were likewise capable of giving rise to germline 

cells.  Given these findings, we proposed the following hypothesis:  

 

I hypothesize that the hESC system is suitable for genetic studies of human 

germ cell differentiation and that the progress and fidelity of germ cell 

development can be traced by tracking erasure of imprints in germ line cells.  

Furthermore, I hypothesize that members of the NANOS gene family are 

required for early germ cell formation and development in humans.  I propose the 

following Specific Aims: 
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1) Characterize the differentiation of human ESC-derived germ cells in vitro, 

specifically focusing on the landmark process of erasure of imprinting. 

2) Characterize the genetic dependency of human germ cell development in 

vitro, specifically evaluating the expression and function of NANOS1, 

NANOS2, and NANOS3.  

 

Aim 1 Summary: Characterize the differentiation of human ESC-derived 

germ cells in vitro, specifically focusing on the landmark process of 

erasure of imprinting 

 When recapitulating a biological phenomenon such as germ cell development 

in vitro, it is essential to determine if the processes which occur in vivo are 

mirrored in the experimental system.  Of the landmarks which occur during the 

development of sperm and eggs, I chose to characterize the progression of 

genomic imprinting by identifying if imprinted loci were undergoing the germ cell-

specific process of erasure in vitro. 

 The first goal was to demonstrate that genomic imprints manifest as mono-

allelic expression in human stem cells.  This proof-of-principle experiment was 

carried out by identifying naturally-occurring polymorphisms within the DNA, then 

comparing DNA sequences at the genomic and cDNA levels.  In doing so, we 

were able to determine that one allele of DNA was silenced, thereby driving 

expression from a single strand of DNA—the classic expression pattern of 

imprinted loci.  We documented this phenomenon at two well-characterized 

imprinted loci, H19 and KCNQ1OT1.   
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 Having confirmed that genomic imprinting regulates expression of multiple 

imprinted loci in hESCs, we then sought to determine if the genomic imprints 

were erased in vitro as they are in vivo.  Using both methylation-sensitive 

restriction digests as well as bisulfite genomic sequencing, we were able to 

detect hypomethylation of the H19 locus, indicative of erasure.  Moreover, we did 

not detect hypomethylation of the somatic counterpart, indicating that erasure at 

the H19 locus was specific to the germ cell population, as it is in vivo.  Thus, we 

were able to recapitulate germ cell development in vitro, in an experimental 

system which supports specification and maturation of germ cells, at least 

through the stage which genomic imprint erasure is initiated.    

 We were only able to identify erasure at a single imprinted locus using this 

experimental system, however.  This may indicate that the timing of imprinting-

related events is critical and that the timeframe which we investigated (7 days of 

differentiation) was coincident with the erasure of H19.  Thus, further timepoints 

should be examined to determine if we can identify erasure at other imprinted 

loci.  It is also possible that our in vitro differentiation system is conducive to only 

a subset of the processes required to fully erase genomic imprints (similar to 

meiosis-related results, in which we detect initiation of meiosis, but not 

completion).  Thus, optimization experiments to generate in vitro-derived germ 

cells which more-closely resemble in vivo counterparts are likewise necessary, 

for the purpose of creating a better system with which to study genomic 

imprinting. 
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 Nonetheless, having completed our first specific aim, we then sought to 

develop an assay to probe the imprinting status of multiple imprinted loci in single 

cells.  We first set out to characterize the expression pattern associated with 

imprinted loci in control cells, namely human sperm and oocytes.  These cells 

were chosen due to 1) the presence of a haploid DNA content which resulted in 

mono-allelic expression, and 2) the knowledge of which imprinted genes are 

expressed maternally or paternally.  In the end, however, we were unable to 

distinguish expression patterns associated with either a methylated allele, an 

unmethylated allele, or an allele with a 50:50 ratio of methylated to unmethylated 

DNA. 

 While an assay for single cell analysis of genomic imprints would be ideal, the 

most reliable methods remain to be methylation-sensitive restriction digests and 

bisulfite genomic sequencing.  Using these methods, we were able to identify the 

initiation of genomic imprint erasure at the H19 locus in human germ cells.  This 

finding is a significant advance in the field of in vitro gametogenesis, as it brings 

us closer to generating functional germ cells for the purpose of clinical 

applications such as fertility treatment and somatic cell nuclear transfer.    

 

Aim 2 Summary: Characterize the genetic dependency of human germ cell 

development in vitro, specifically evaluating the expression and function of 

NANOS1, NANOS2, and NANOS3 

At the inception of this thesis project, very little was known regarding the 

expression and function of the NANOS gene family in humans.  A single study 
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had reported the conservation of a NANOS-PUMILIO complex in humans, but at 

the time of publication, only two NANOS homologs had been identified.  Given 

the high conservation of Nanos germ cell function in model organisms, and the 

presence of three NANOS homologs in the human genome, we speculated that 

one, or all, of the NANOS homologs were required for germ cell development in 

humans. 

To prove this hypothesis, we first characterized the expression of each 

NANOS homolog at both the mRNA and protein levels.  We discovered that 

NANOS1 was ubiquitously expressed in human tissues at the mRNA level, but 

that expression of the NANOS1 protein became restricted to human gonadal 

tissue.  Additionally, both NANOS2 and NANOS3 mRNA and protein were 

enriched in the male and female gonads.  More specifically, we found NANOS3 

to be expressed in the cytoplasm and nuclei of germ cells during multiple stages 

of spermatogenesis and oogenesis.  This expression pattern in human germ cells 

was highly suggestive of a functional role for NANOS3 during germ cell 

development in humans.  Thus, we sought to characterize the putative function 

for NANOS3 in human germ cells. 

We used two independent silencing systems (short hairpin RNA and 

Morpholino Oligonucleotides) to knockdown expression of NANOS3 in human 

embryonic stem cells, differentiated the cells along the germline, and 

characterized the resultant knockdown phenotype.  Silencing of NANOS3 by 

morpholino resulted in decreased germ cell number, decreased expression of 

DAZL at both the mRNA and protein levels, and decreased expression of genes 
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required for germ cell development, maintenance of pluripotency, and meiotic 

progression.  We also identified down-regulation of each of NANOS1 and 

NANOS2 upon knockdown of NANOS3, indicative of a potential regulatory role 

for NANOS3 within the NANOS family.  Similar, although less extensive, results 

were yielded upon silencing of NANOS3 by shRNA.  Additionally, we discovered 

a putative function for NANOS3 in human ectodermal development, as 

characterized by expression of NANOS3 in the fetal and adult brain, as well as 

decreased expression of three markers of ectodermal development upon 

silencing. 

We also identified a novel nuclear localization pattern for NANOS3 using 

three independent methods.  First, we imaged human testis biopsies via 

immunohistochemistry, and found NANOS3 localized in the nuclei of male 

human germ cells.  Secondly, we over-expressed NANOS3-GFP and NANOS3-

RFP fusion constructs in mouse spermatogonial stem cells and discovered that 

NANOS3 localization was predominantly nuclear, although we also detected 

lower expression levels in the cytoplasm.  Lastly, we imaged hESC-derived germ 

cells via immunofluorescence and confocal microscopy and found NANOS3 

tightly bound to the DNA of cells undergoing cellular division, in addition to the 

cytoplasmic protein localization.  The NANOS3-positive cells also expressed 

known germ cell markers STELLA, VASA and BLIMP1, indicative of a germ cell 

identity.   

In our model, we suggest that NANOS3-expressing human embryonic stem 

cells can either develop into cells of the ectodermal lineage or differentiate into 
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human germ cells (Figure 1).  Within the germ cell, as defined by co-expression 

of BLIMP1, STELLA and VASA, NANOS3 potentially regulates expression of 

itself, in addition to NANOS1 and NANOS2.  NANOS3 also functions within the 

nucleus of germ cells, where it is able to bind DNA, and may possibly act to 

repress mitotic transcription during cellular division. 

Taken together, this data confirms our hypothesis that one or all of the 

NANOS gene family members functions during human germ cell development.  

More specifically, we have shown that NANOS3 is required for human germ cell 

development in vitro, as determined by expression analysis and characterization 

of the knockdown phenotype. 

 

Conclusion 

We have shown here that human embryonic stem cells are capable of giving 

rise to human germ cells in vitro, and that the fidelity of the resultant germ cells is 

maintained, as indicated by the erasure of the H19 genomic imprint.  

Furthermore, we have identified a genetic dependency of human germ cells, 

namely that the development of the human germline requires expression of 

NANOS3.   

This study provides the first piece of evidence that any member of the 

NANOS gene family functions during human germ cell development.  While we 

recognize the importance of research performed in model organisms, we present 

further evidence that human-specific studies of reproduction are necessary, 

particularly given the divergent localization pattern of NANOS3.  While we have 
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uncovered a role for NANOS3 in human germ cell development, several 

questions remain to be explored.  Future studies may elucidate potential DNA or 

RNA targets of the NANOS proteins as well as identify the specific mechanism 

by which NANOS3 regulates human germ cell development.  Similarly, it would 

be interesting to characterize the means by which NANOS gene expression is 

regulated as well as how these genes regulate others, whether independently or 

in concert with other germ cell factors.   

 The research presented here further extends our knowledge of the conserved 

germ cell function of the NANOS genes by defining a role for NANOS3 in human 

germ cell development.  This work provides a firm foundation for the burgeoning 

field of human germ cell development, particularly for studies which aim to probe 

the genetic requirement of this fundamental biological process.   When combined 

with recent clinical reports which indicate that mutations in NANOS2 and 

NANOS3 may be associated with premature ovarian failure and/or sterility, this 

work has significant potential for clinical applications, specifically in the 

development of treatments for human infertility in both males and females. 

 Ultimately, the goal of this research is to generate fully functional in vitro-

derived human germ cells, which would be useful, both as a tool to better 

understand human development and as a means to circumvent infertility.  It is my 

belief that this goal is a tangible one, and that the research presented in this 

dissertation has brought scientists closer to achieving it.
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Figure 1.  Proposed Model.    Human embryonic stem cells which positively 

express NANOS3 are capable of entering either the ectodermal or germ cell 

lineages.  In human germ cells, NANOS3 is co-expressed with STELLA, VASA 

and BLIMP1 in the cytoplasm.  NANOS3 may play a self-regulatory role as well 

as regulate the expression of both NANOS1 and NANOS2.  In the nucleus, 

NANOS3 is bound to the DNA of dividing germ cells, where it may function to 

repress mitotic transcription during cellular division. 
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Chapter 6 

Materials and Methods 
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Three federally-approved human embryonic stem cell (hESC) lines were used 

in this study: HSF1 (XY), HSF6 (XX) and H9 (XX).   Human ES cell cultures were 

maintained on a uniform layer of cesium-irradiated mouse embryonic fibroblasts.  

Cultures were grown at 37°C with 5% CO2 in KSR + bFGF medium [knockout 

DMEM supplemented with 20% knockout Serum Replacer, 1 mM L-glutamine, 

0.1 mM nonessential amino acids, 0.1 mM β-mercaptoethanol, and 4 ng/mL 

recombinant human basic fibroblast growth factor (bFGF, R&D systems)].  

Human embryonic stem cells: Culture and Differentiation 

To differentiate as embryoid bodies, hESCs were treated with Type IV 

Collagenase (1mg/mL) for 10 minutes, scraped with a 5mL sterile pipette, then 

transferred to a low-adhesion culture dish in Differentiation Media [knockout 

DMEM supplemented with 20% fetal bovine serum, 1 mM L-glutamine, 0.1 mM 

nonessential amino acids, 0.1 mM β-mercaptoethanol, and 50 ng/mL 

recombinant human BMP4, BMP7, and BMP8b (R&D systems)]. 

For adherent differentiation, hESCs were either 1) treated with Type IV 

Collagenase (1mg/mL) for 10 minutes then scraped with a 5mL pipet or 2) 

manually passaged under a dissection microscope with a sterile cell lifter.  

Approximately 5 x 104 hESCs (to achieve less than 50% confluency in a 6-well 

tissue culture plate) were transferred onto Matrigel-coated 6-well plates (1:30, BD 

Biosciences).  Cells were grown on Matrigel for 1-2 days in MEF-conditioned 

media (KSR + bFGF media collected following overnight incubation on irradiated 

MEFs), rinsed once in PBS w/o Ca++, Mg++, then cultured in Differentiation 



169 
 

Media (see EB differentiation).  Differentiation media was changed after 7 days of 

culture, if further differentiation was required. 

 

To isolate germ cells from hESCs and other differentiated cell-types, we used 

a VASA-GFP (pLVGV) reporter.  The reporter consists of 2.5 KB of the VASA 

promoter sequence driving expression of the enhanced green fluorescent protein 

(eGFP), followed by 1 KB of the 3’ untranslated region (3’UTR).   293FT cells 

were transfected with the pLVGV plasmid (Lipofectamine 2000, Invitrogen), then 

incubated for 3 days.  Supernatant containing the Lentivirus was harvested, 

- C.   

VASA-GFP Reporter 

hESCs were transduced with the VASA-GFP reporter via Lentiviral infection.  

hESCs were grown on Matrigel in conditioned media until approximately 75% 

confluent, then incubated with concentrated Lentivirus for 6 hours.  After 6 hours, 

conditioned media was added, and the cells were incubated overnight.  Following 

infection, cells underwent selection with 200 mg/mL Genetecin/G418 in 

conditioned media for 7 days. 

 

GFP-positive undifferentiated hESCs grown on Matrigel or GFP-positive 

adherent-differentiated hESCs were harvested following treatment with Type IV 

Collagenase (1mg/mL, 10 minutes) followed by TrypLE Express treatment (10 

minutes).  Harvested cells were centrifuged and resuspended in KSR + bFGF or 

Fluorescence Activated Cell Sorting (FACS) 
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differentiation media for hESCs or differentiated cells, respectively.  The cell 

suspension was then passed through a 40μm cell strainer, then analyzed on a 

MoFlo sorter or BD FACSAria II.  GFP-positive and GFP-negative cells were 

collected either singly or as populations into 1.5mL tubes or 96-well plates in 

hESC media or lysis buffer. 

 

To collect hESCs and adherently differentiated cells for Western blot analysis, 

cells were washed with 3mL PBS without Ca2+ and Mg2+, then treated with 

- C.  Trypsin was inactivated with either hESC 

or differentiation media, then cells were detached from the plate using a cell 

scraper and harvested.  The cell suspension was centrifuged at 1000 RPM for 5 

- C or 

lysed in RIPA buffer (Sigma) supplemented with Protease Inhibitors (Complete 

C with 

agitation for 30 minutes.  Cell debris was centrifuged out at 15,000 RPM for 30 

minutes, and the supernatant was harvested.  Protein concentration was 

determined via BCA Assay (Pierce). 

Western blot analysis 

C for 5 minutes, then loaded 

onto 8%, 10% or 12% SDS-PAGE gels.  The SDS-PAGE gels were run at 225V 

for 45 minutes, then transferred to PVDF membranes for 60 minutes at 100V.  

Blots were then blocked in 5% non-fat milk with 10% FBS for 1 hour at room 

temperature.  Primary antibody in 5% blocking solution was added and the blots 
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C (1:500 NANOS1, 1:1000 NANOS2-1, 1:1000 

NANOS3-1, 1:10,000 GAPDH (Abcam), 1:1000 DAZL, 1:500 VASA (Abcam).  

Blots were washed 3x in PBST (1x PBS, 0.1% Tween-20) for 15 minutes each, 

then incubated in Secondary antibody (1:10,000) for 1 hour at room temperature 

(NANOS1: anti-chicken HRP; NANOS2: anti-mouse HRP; NANOS3, VASA, 

DAZL, GAPDH: anti-rabbit HRP).  Following 3 x 15minute washes in PBST, blots 

were visualized using ECL (GE) on film.  Human tissue lysate sources are as 

follows: Fetal Testis, Fetal Ovary: ABR; Adult Testis, Adult Ovary: Novus 

Biologicals; Adult Brain, Liver and Heart (Pro-Sci). 

 

Cells were harvested in one of three ways: 1) scraped from tissue culture 

dishes in cold PBS, 2) via FACS or 3) as single cells harvested under a 

microscope using a stripper pipette.  Total RNA was collected using either 

RNeasy (Qiagen) or Picopure (Arcturus) and cDNA was prepared using 

Superscript III Reverse Transcriptase (Invitrogen) according to manufacturer’s 

protocols.   

Quantitative PCR 

Quantitative PCR was performed using either the ABI 7300 (Applied 

Biosystems) or Biomark Dynamic Arrays (Fluidigm) using gene-specific Taqman 

Probes (Applied Biosystems) and Taqman Master Mix (Applied Biosystems).  

Gene expression was normalized to at least 3 of the following housekeeping 

genes (GAPDH, RPLPO, EEF1A1, CTNNB1, TBP, ACTB) using Genorm.   
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shRNA vectors targeting NANOS3 were constructed using the Block-It 

inducible H1 lentiviral system (Invitrogen).  The short hairpin RNAs were cloned 

into the pENTR/H1/T0 vector then transferred into pLenti4/BLOCK-It-DEST 

destination vectors.  Viral supernatants were prepared as described for pLVGV.  

hESCs were transduced with NANOS3 shRNA lentiviral supernatant as 

described for pLVGV, although selection was performed using 2 mg/mL zeocin in 

conditioned media for 3 days.  NANOS3 shRNA primer sequences are as listed 

(Table 1). 

shRNA and Over-expression vectors 

Over-expression vectors were constructed using the p2K7-blas vectors.  The 

EF1a promoter and the NANOS3 open reading frame were cloned into the p2K7 

vector and lentivirus was generated as previously described (pLVGV).  Selection 

was carried out using 2 mg/mL blasticidin for 3 days in conditioned media.   

 

Single nucleotide polymorphisms were identified in H19 and KCNQ1OT1.  

Genomic DNA and RNA were extracted using QIAamp DNA mini kit (Qiagen) 

and RNeasy RNA extraction kit (Qiagen), respectively.  RNA was converted to 

cDNA using Superscript III Reverse Transcriptase (Invitrogen) according to 

manufacturer’s protocols.  Gene-specific primers were used to amplify the DMRs 

using either genomic DNA or cDNA as template using the following PCR 

program: 95°C for 2 min, 35 cycles of 95°C for 45s, 60-70°C for 45s, 72°C for 

60s, then 72°C for 5 min.  Primers used are as follows: SNP KCNQ1OT1 H9-1A: 

Mono-allelic expression analysis 
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CAGCCACCTCTGTGGCGTGAATGTTCT; SNP KCNQ1OT1 H9 1B: 

GCTCAAACCCGTCTCTGAAATGCACGG; SNP H19 1A: CGG ACA CAA AAC 

CCT CTA GCT TGG AAA; SNP H19 1B: GCG TAA TGG AAT GCT TGA AGG 

CTG CTC [106].  Resultant PCR products were run on a 1% TBE gel, extracted 

using the QIAquick gel extraction kit (Qiagen), then sequenced using ABI BigDye 

v3.1 dye terminator sequencing technology (Applied Biosystems) and a ABI 

PRISM 3730xl capillary DNA analyzer (Applied Biosystems).  

 

Genomic DNA was extracted using the ZR Genomic DNA II kit (Zymo 

Research) or the QIAamp DNA Mini kit (Qiagen).  100ng of genomic DNA was 

converted using the Epitect Bisulfite kit (Qiagen) according to manufacturer’s 

protocol.  1 ul of bisulfite-treated DNA was PCR-amplified with imprinted gene-

specific primers as previously described (H19, PEG1) [118].  The PCR reaction 

was run on a 1% TBE gel, extracted using the Qiaquick gel extraction kit 

(Qiagen) and cloned into the TOPO TA vector (Invitrogen).  At least 20 colonies 

were selected, and mini-prepped (Qiagen) according to manufacturer’s protocol, 

then sequenced using ABI BigDye v3.1 dye terminator sequencing technology 

(Applied Biosystems) and ABI PRISM 3730xl capillary DNA analyzer for 

sequence analysis. 

 

Bisulfite Genomic Sequencing 
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Methylation was quantified using Methyl-Profiler DNA Methylation qPCR 

Assays (SABiosciences) per manufacturer’s protocols.  Briefly, 50-200 ng of 

each genomic DNA sample was divided equally: 1) control (incubated with 

buffers), 2) methylation sensitive restriction enzymes (Not1, HhaI, and HpaII; 

New England Biolabs) and 3) methylation-dependent restriction enzymes 

(McrBC; New England Biolabs).  1/30 of the digested genomic DNA was used as 

the input for a qPCR reaction using ABI Power SYBR green Master Mix (Applied 

Biosystems).  Primers specific for the DMRs of H19 [118], PEG1 [118], SNRPN 

[106] and KCNQ [106] were used; each sample was run in triplicate.  Methylation 

percentages were calculated as described by the manufacturer. 

Methylation-sensitive restriction digests 

 

Human testis cDNA was amplified by PCR using primers to amplify NANOS2 

and NANOS3 ORFs (NANOS3 FWD BamHI: 

GGGggatccGGGACCTTTGACCTGTGGA; NANOS3 REV HindIII: 

CCCaagcttCTCTAGGTGGACATGGAGGGAG; NANOS2 FRET FWD (BglII): 

GGGagatctCAGCTGCCACCCTTCGACAT; NANOS2 FRET FWD (EcoRI) : 

GGGgaattcCAGCTGCCACCCTTCGACAT; NANOS2 FRET REV (BglII): 

CCCagatctTCTCACGATGCTCAGCGCTTG; NANOS2 ORF FRET (EcoRI): 

CCCgaattcTCTCACGATGCTCAGCGCTTG. 

GFP and RFP fusion proteins 

The ORFs were cloned into the peGFP-C2 (Clontech) or pDSRed2-C1 (BD 

Biosciences).  NANOS3 was digested with HindIII and BamHI sequentially, then 



175 
 

cloned in at BglII and HindIII.  NANOS2 was cut with BglII and EcoRI, then 

cloned into either peGFP-C2 or pDSRed2-C1 at the same sites.  8 clones were 

mini-prepped according to manufacturer’s instructions (Qiagen), and digested 

(NANOS2/C2: BglII and EcoRI, NANOS3/C1: AgeI and HindIII), run on 1.5% TBE 

gel, gel extracted, and sequenced to confirm that no mutations were introduced. 

 

The S4 mouse spermatogonial stem cell (mSSC) line (M. Dym, Georgetown 

University) was cultured as previously described [147].  FRET experiments were 

also performed as described [148].  Briefly, two days prior to FRET analysis, 

mSSCs were seeded onto glass slides coated with 1:6 dilution of Matrigel (BD 

Biosciences) then transfected (Lipofectamine 2000, Invitrogen) with 700ng of 

each construct 24h prior to FRET experiments.  On the day of the FRET 

experiment, media was changed to fresh mSSC media.  Coverslips were 

mounted into a Sykes-Moore Chamber, then imaged on a Nikon TE2000 inverted 

fluorescence microscope.  Images were collected sequentially (RFP: acceptor, 

eGFP: donor, and FRET) then imaged using Metamorph Software (Universal 

Imaging).  FRET values were normalized to the amount of donor (FRET/eGFP) 

and plotted against acceptor/donor ratios (RFP/eGFP).  A minimum of 20 cells 

were analyzed per experiment. 

Fluorescence Resonance Energy Transfer (FRET) 
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Custom antibodies were designed against NANOS1, NANOS2, and NANOS3 

using Custom Polyclonal Antibody Production (Invitrogen).  Kyte-Doolitle 

Hydropathy plots were generated to identify hydrophilic regions within the protein 

sequence (gcat.davidson.edu).  Peptide sequences specific to NANOS1, 2 or 3 

were selected (NANOS1: RSARDGPPGKKLR (aa 280-292), NANOS2:  

GQRLETQEIEEPS (aa 62-74) and RRSGRNSAGRRVKR (aa 160-173), 

NANOS3:  GKEGPETRLSPQPE (aa 22-35) and  KAKTQDTGHRRGG (aa 156-

167).  NANOS1 antibodies, raised in chickens, were harvested after 10 weeks, 

then purified via IgY Purification (Invitrogen).  Both NANOS2 peptides were 

introduced into mice, with the antibody harvested after 10 weeks.  NANOS2-2 

peptide did not generate an immunological response.  NANOS3 antibodies were 

raised in rabbits; NANOS3-1 was extended/boosted for 1 month.  NANOS3-1 

antibody was used for all western blot protocols, NANOS3-2 antibody was used 

for all immunohistochemistry and immunofluorescence protocols.  

Custom Antibodies 

 

Human embryonic stem cells were grown on Lab-Tek II chambered 

coverglass (Nunc) coated with Matrigel (BD Biosciences) according to 

manufacturer’s protocol.  Media was aspirated, washed once with 1x PBS, then 

fixed in 4% Paraformaldehyde for 10min at room temperature (RT).  Cells were 

washed 3x in 0.1% Tween20 in PBS (PBST) for 5 min each, RT, followed by 

permeabilization with 1%TritonX in PBST for 10 minutes (cytoplasmic proteins) 

Immunofluorescence 
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or 1 hour, 30 minutes (nuclear proteins) at RT.  Cells were blocked overnight 

(ON) in 4% goat serum (NANOS, STELLA, SSEA1) or 4% chicken serum 

C.  Primary antibody was added in 1% serum for 4 hours RT 

(NANOS3 1:500 (Custom, Invitrogen), VASA 1:200 (R&D), STELLA 1:200, 

SSEA1 1:200 (Millipore), BLIMP1 1:200 (Novus Biologicals)).  Cells were washed 

3x in PBST, 5 minutes each, then secondary antibody in 1% serum was applied 

for 30 minutes at RT (NANOS3: Goat anti-Rabbit IgG 1:500, VASA: Chicken anti-

Goat IgG 1:500, STELLA, BLIMP1: Goat anti-Mouse IgG 1:500, SSEA1: Goat 

anti-Mouse IgM 1:500) (Molecular Probes).  If cells were stained using two 

independent antibodies, the IF protocol (Block, primary antibody, and secondary 

antibody) was performed sequentially.  Cells were washed 3x with PBST for 5 

minutes each, counterstained with DAPI/PBS and imaged using either a Zeiss 

LSM510 Meta inverted confocal microscope with environmental control chamber 

or the Leica DMI6000B. 

 

Tissue sections on glass slides were de-paraffinized in 2 x 10 minute Xylene 

washes.  Sections were rehydrated in descending concentrations of ethanol 

washes for 3-5 minutes each (2 x 100%, 95%, 70%, 50%), incubated in Coplin 

- C water bath for 30 

minutes, cooled at RT for 20 minutes, then washed in PBS, 3 x 5 minutes.  10% 

Hydrogen Peroxide in methanol was used to block endogenous peroxidase 

activity (20 minutes, RT).  Slides were washed 3 x 10 minutes in PBS + 1% BSA 

Immunohistochemistry 
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+ 0.1% Tween (PBST).  0.1% Triton X in PBS was used to permeabilize cell 

membranes (5 minutes), followed by 3 x 5 min washes in PBST.  Tissues were 

circled using a PAP pen (Fisher), then blocked in 4% goat serum in PBST for 1 

C in humid 

chamber (NANOS3-2 or Pre-Immune, 1:1000).  Following overnight incubation, 

sections were equilibrated to RT, then washed 3 x 10 minutes in PBST.  

Secondary antibody (1:200 anti-rabbit HRP) in 1% goat serum/PBST was applied 

to slides for 45 minutes at RT, followed by 3 x 10 min washes in PBST.  Protein 

localization was imaged using Vectastain ABC reagent (Vector Labs) and DAB 

(Vector Labs) according to manufacturer’s protocols.  DAB reactivity was stopped 

by incubating slides with water.  Tissue sections were rehydrated for 3-5 minutes 

each in 50%, 70%, 95% and 2x100% ethanol washes, then dipped in Xylene 

briefly for removal of PAP pen markings.  Cells were mounted and cover-slipped, 

then imaged using a Leica DM4000B upright microscope.  Tissue section 

sources are as follows: (Adult Human Testis: Joerg Gromoll Laboratory, 

Germany; Adult Human Ovary: Zyagen; Adult Thymus and Heart: Imgenex) 

 

Two anti-sense non-overlapping morpholino oligonucleotides (MO) were 

designed to target either the 5’ unstranslated region (UTR) of NANOS3 

(NANOS3 5’ MO: GAAGGAGTCACAGAGACAAGTAACC) or the NANOS3 start 

codon in the open reading frame (ORF) (NANOS3 ATG MO: 

CTGTCCACAGGTCAAAGGTCCCCAT) (Gene-tools, LLC).  A standard control 

Morpholino Oligonucleotides 
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MO (SC: CCTCTTACCTCAGTTACAATTTATA) (Gene-tools, LLC) was used in 

parallel, as a negative control.  MOs were nucleofected using the Human Stem 

Cell (H9) 96-well Nucleofector Kit (Amaxa/Lonza) according to manufacturer’s 

specifications.  Following nucleofection, cells were re-plated in 12-well tissue-

culture dishes (Falcon) or Lab-Tek II Chambered Coverglass (Nunc) coated with 

Matrigel (BD Biosciences) in conditioned media.   

 

Cells were prepared for analysis via Immunofluorescence, as previously 

described using the following primary antibodies: (VASA 1:200 (R&D), STELLA 

1:200 (Millipore)).  Secondary antibodies are Chicken anti-Goat 1:500 IgG and 

Goat anti-Mouse IgG 1:500 (Molecular Probes).  Cells were counterstained using 

DAPI in PBS.  Germ cells were quantified by screening for cells undergoing 

cellular division (as assessed via DNA morphology), then assessing the 

percentage of dividing cells which positively express both STELLA and VASA. 

Germ Cell Quantification 
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Table 1.  shRNA primers sequences.  A list of the primers used to generate 

shRNAs targeting NANOS3.  Each construct consists of  1) short nucleotide 

sequence ranging from 19-29 nucleotides derived from the target gene, 2) a 

short spacer of 4-15 nucleotides (i.e. loop) and 3) 19-29 nucleotide sequence 

that is the reverse complement of the initial target sequence. 
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PRIMER NAME shRNA PRIMER SEQUENCE
148886759_shrna_119_top CACCGACCTTTGACCTGTGGACAGACGAATCTGTCCACAGGTCAAAGGTC

148886759_shrna_119_bottom AAAAGACCTTTGACCTGTGGACAGATTCGTCTGTCCACAGGTCAAAGGTC

148886759_shrna_120_top CACCACCTTTGACCTGTGGACAGATCGAAATCTGTCCACAGGTCAAAGG

148886759_shrna_120_bottom AAAACCTTTGACCTGTGGACAGATTTCGATCTGTCCACAGGTCAAAGGT

148886759_shrna_127_top CACCACCTGTGGACAGATTACCTGGCGAACCAGGTAATCTGTCCACAGG

148886759_shrna_127_bottom AAAACCTGTGGACAGATTACCTGGTTCGCCAGGTAATCTGTCCACAGGT

NANOS3_shrna_133_top CACCGGACAGATTACCTGGGTTTGGCGAACCAAACCCAGGTAATCTGTCC

NANOS3_shrna_133_bottom AAAAGGACAGATTACCTGGGTTTGGTTCGCCAAACCCAGGTAATCTGTCC

NM_001098622_shrna_134_top CACCGACAGATTACCTGGGTTTGGCCGAAGCCAAACCCAGGTAATCTGTC

NM_001098622_shrna_134_bottom AAAAGACAGATTACCTGGGTTTGGCTTCGGCCAAACCCAGGTAATCTGTC

148886759_shrna_825_top CACCGGCAAGGGAAGAGCTGAAATCCGAAGATTTCAGCTCTTCCCTTGCC

148886759_shrna_825_bottom AAAAGGCAAGGGAAGAGCTGAAATCTTCGGATTTCAGCTCTTCCCTTGCC

NANOS3_shrna_826_top CACCGCAAGGGAAGAGCTGAAATCGCGAACGATTTCAGCTCTTCCCTTGC

NANOS3_shrna_826_bottom AAAAGCAAGGGAAGAGCTGAAATCGTTCGCGATTTCAGCTCTTCCCTTGC
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