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Current methods for evaluating potential gonadotoxicity of environmental agents and 

pharmaceutical compounds rely heavily on the use of animal data. However, current gold 

standard in vivo functional assays in animals are limited in their human predictive capacity, 

and existing human in vitro models of testicular toxicity do not recapitulate the complex 

signaling interactions of the native tissue environment. The overall goal of this study was to 

develop, characterize, and evaluate a 3-dimensional (3D) human testis organoid culture 

system for use as both a novel predictive first tier drug-screening tool and as a model of 

human testicular function in vitro. 

Model system development consisted of (1) Identification and analysis of specific cell 

sources, (2) Establishment of basic design parameters, culture conditions, and (3) 

Characterization of human testicular organoids using live cell imaging, IF, IHC, ELISA, 

qPCR, TUNEL, viability, and dose-response assays. 

Human spermatogonial stem cells (SSC), Sertoli cells, and Leydig cells were isolated 

from cryopreserved testes fragments and successfully integrated into multicellular 3D 

organoids. Cultures maintained viability and function during extended culture, and qPCR 
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analyses of stage-specific markers showed a capacity to differentiate into postmeiotic cells. 

Cultures were able to both secrete androgens, and respond to HCG stimulation in vitro. 

Multicellular human testicular organoids were further evaluated as a novel screening tool for 

reproductive toxicity via exposure to four clinically relevant antimitotic chemotherapeutic 

drugs, including busulfan, cisplatin, doxorubicin, and etoposide. Organoids under all drug 

treatment conditions maintained IC50 values significantly higher than cells cultured in 2D. A 

significant decrease in apoptosis was observed in 3D organoid cultures when compared to 2D 

for three of the four drug treatment conditions, and specific gene expression analysis 

following drug treatment further revealed that expression of cell-specific markers maintained 

significantly higher in 3D cultures. 

Here, we present a physiologically relevant, modular 3D testicular organoid model 

system that has been evaluated for viability, spermatogenesis progression, androgen 

production, and dose-response to gonadotoxic drugs. Significant advantages were observed 

using 3D organoids vs. 2D cultures for determinants including viability, apoptosis, 

morphology, and gene expression. Thus, this system holds promise as a potential testicular 

toxicity-screening tool.  
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 Structure and Function of the Mammalian Testis 

The mammalian testis contains an elaborate communication network among several 

cell subpopulations that cooperatively drives both differentiation of male germ cells through 

spermatogenesis, and the production of androgens via the process of steroidogenesis (1-4). 

This dual functionality reflects activities of two distinct testicular regions, the seminiferous 

tubules and interstitial tissue of the testis (5-7).  

The seminiferous tubules are the specific location of spermatogenesis in males, and 

are further subdivided into regions of outer lamina propria and inner germinal epithelium. 

This lamina propria, or tunica propria as it pertains to the testis is formed by the close 

association and casing of peritubular epithelial cells across the outside of each tubule 

compartment. The inner seminiferous epithelium is the specific location of spermatogenic 

cells, which includes spermatogonia, spermatogonial stem cells (SSC), and androgen-

responsive Sertoli cells(8, 9). Sertoli cells are believed to be terminally differentiated 

quiescent cells after puberty, and function in maintaining the overall tubule structural 

environment of the testis. During fetal development Sertoli cells become polarized and attach 

to inner basal lamina extracellular matrix proteins, and aid in the direct formation of an 

immunologically privileged inner tubular partition known as the blood-testis barrier. This 

division is produced by direct Sertoli-Sertoli tight junction formation and effectively 

segregates the seminiferous epithelium into basal and luminal facets(10). Here, primitive 

spermatogonia located at the basal membrane migrate towards the inner lumen following a 

specific cycle of differentiation ultimately resulting in their release as haploid spermatids 

destined to become mature sperm(11).  
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The interstitium or intertubular region of the testis is the location of testicular 

microvasculature, innervation, and immunological response. Several cell populations exist in 

this space including macrophages, fibroblasts, and most importantly; endocrine-producing 

Leydig cells. Leydig cells are responsible for producing among other factors the primary 

male sex hormone, testosterone. During development testosterone production is integral to 

genital virilization, masculinization of the brain, and initiation of spermatogenesis during 

puberty as a fundamental component of the hypothalamic-pituitary-gonadal axis(12). 

Importantly, correct secretion of androgens by Leydig cells in the testicular interstitium is 

absolutely crucial for effective maintenance and progression of spermatogenesis throughout 

adult life(4).  

 

Mammalian Spermatogenesis 

Spermatogenesis begins at puberty and can be delineated into three distinct stages: 

spermatocytogenesis, spermatidogenesis, and spermiogenesis. The initial process of 

spermatocytogenesis involves synchronous spermatogonial stem cell self-renewal and 

differentiation and takes place within the close confines of the basement membrane of the 

seminiferous epithelium in close contact with Sertoli cells(11)(Figure 1). The specific 

spermatogonial stem cell population of this region is collectively known as spermatogonia, 

and includes distinct subtypes. In humans, three functionally distinct spermatogonia have 

been identified to date: type A dark (Ad), type A pale (Ap), and type B (B)(13, 14). Type A 

dark spermatogonia are believed to function in directly maintaining the spermatogonia 

population as a reserve stem cell pool, and proliferate only in conditions of extreme stress as 

part of a complex testicular damage response. Type A pale spermatogonia divide at every 
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mitotic stage of the spermatogenic cycle and includes the renewing stem cell pool. Each Ap 

spermatogonia is able to self-renew into either another type Ap or a more differentiated type 

B spermatogonia. Type B spermatogonia migrate into the adluminal compartment and 

undergo mitosis to produce two primary spermatocytes. The entire process of SSC 

differentiation into primary spermatocyte takes 16 days to complete in humans(15, 16). 

Resulting primary spermatocytes eventually enter into meiosis as a reductional division over 

a period of 24 days. 

 

Figure 1. Schematic representation of the mammalian seminiferous tubule and 
spermatogonial stem cell niche. SSC maturation occurs within the seminiferous tubules in 
close association with Sertoli cells. Image courtesy Holstein AF, Schulze W, & Davidoff M 
(2003) Understanding spermatogenesis is a prerequisite for treatment. Reprod Biol 
Endocrinol 1:107. 
 

Primary spermatocytes move through meiosis I in distinct preleptotene, leptotene, 

zygotene, pachytene, and diplotene morphogenic stages to become diploid secondary 

spermatocytes. These cells immediately progress through a second round of meiotic division 

over a period of several hours (meiosis II), resulting in the formation of haploid spermatids(2, 
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17, 18). This transient process of round spermatid formation from secondary spermatocyte 

intermediates is known as Spermatidogenesis. The final stage of spermatogenic 

differentiation is known as spermiogenesis, and encompasses the functional maturation of 

round spermatids into motile sperm. Round spermatids are small symmetrically circular cells. 

As spermiogenesis begins these cells begin to polarize, forming a distinct head region. Golgi 

within these cells function in the formation of an acrosomal vesicle that attaches to, increases 

in size, and spreads over the anterior pole of the nucleus, forming the acrosomal cap(6). A 

10-fold reduction of nuclear chromatin also occurs, the nucleus elongates, and formation of 

tail structures occurs. Cytoplasm extending into and beyond the newly formed tail region is 

then phagocytized by surrounding Sertoli cells, resulting in the release of structurally 

independent sperm cells into the tubule lumen. Sperm are subsequently able to migrate into 

the epididymis for further maturation and storage within the distal ductus epididymis prior to 

ejaculation(8).  

 

Mammalian Steroidogenesis and Endocrine Signaling 

The second major function of the testis, steroidogenesis is the biological process of 

steroid hormone synthesis from cholesterol precursors (3). This is accomplished via intricate 

coordination of constituent cell types, specifically Sertoli, Leydig, peritubular myoid, and 

spermatogonia. The coordinated association and physical location of these cell types within 

the testis makes correct endocrine and gonadotrophic signaling possible. As part of a 

synchronized signaling cascade between the hypothalamus, pituitary gland, and testis, the 

hypothalamus-pituitary-gonadal axis functions in initiating and maintaining spermatogenesis 

and also in direct signaling between brain and testis. During early development 



6 
	  	  

gonadotropin-releasing hormone (GnRH) levels remain low. However, at the onset of 

puberty specialized neurons within the arcuate nucleus of the hypothalamus begin to secrete 

kisspeptin, which binds to GPR54 receptor sites on GNRH-primed neurons in a G-protein 

cascade to release large amounts of GnRH in a pulsatile manner(4). GnRH then acts directly 

on the anterior pituitary to systematically release two glycoprotein hormones: luteinizing 

hormone (LH), and follicle-stimulating hormone (FSH). The former directly stimulates 

Leydig cells in the interstitium to produce testosterone. Follicle-stimulating hormone has a 

critical direct effect on spermatogenesis through binding of Sertoli cell-specific FSH-

receptors(19). Receptor binding by FSH increases androgen-binding protein (ABP) 

expression by Sertoli cells to aid in the local sequestering of testosterone at high enough 

levels to allow spermatogenesis progression. FSH has been shown to act as a meiotic 

gatekeeper of spermatic progression by stimulating primary spermatocytes to move through 

the first meiotic division to become secondary spermatocytes(20). Sertoli cells produce 

several other factors that have been shown to be important for spermatogenesis and androgen 

signaling in vivo(21). In addition to FSH, Sertoli cells produce both activin and inhibin upon 

androgen stimulation. These protein complexes have opposite biological effects; activin 

stimulates FSH production and secretion, while inhibin down regulates FSH 

biosynthesis(22). Significantly, Sertoli cell inhibin synthesis along with testosterone and 17β-

estradiol by Leydig cells function together in an intricate negative-feedback loop to control 

spermatogenesis via maintenance control of FSH, inhibin, luteinizing hormone, and 

testosterone levels in the body(9). 

Steroidogenesis by interstitial Leydig cells follows known biochemical pathways and 

regulatory mechanisms for the synthesis of testosterone from cholesterol precursors. The first 



7 
	  	  

step in this pathway initiates upon the delivery of cholesterol into Leydig cell mitochondria. 

A lipid transfer domain-containing 37-kDa phosphoprotein known as steroidogenic acute 

regulatory protein (StAR) functions in this step to facilitate cholesterol transfer into the inner 

mitochondrial membrane (IMM). This transfer action is further believed to require an intact 

peripheral benzodiazepine receptor protein known as translocator protein, or TSPO(19, 23-

26). Previous studies have demonstrated that each individual StAR protein molecule is able 

to transfer several hundred individual molecules of cholesterol prior to inactivation. It is 

important to note that cholesterol transfer in this way is not StAR/TSPO dependent. And 

gene-knockout studies have shown that cholesterol transfer does occur in the absence of 

these proteins, although steroid synthesis is attenuated by nearly 85% under these 

conditions(27).  

 

 



8 
	  	  

 

Figure 2. Relevant steroidogenic biochemical pathways of the mammalian testis . Initial 
delivery of cholesterol to Leydig cell mitochondria is catalyzed via StAR/TSPO signaling. 
Signaling cascade adapted from Miller WL, and Auchus RJ Endocr Rev 2011;32:81-151. 

 

While acute regulatory action of cholesterol transport and steroidogenesis is 

accomplished by StAR, the initial hormone-regulatory and overall rate-limiting step in this 

process is carried out by the cytochrome p450 cholesterol side-chain cleavage enzyme, or 

P450scc. Encoded by the CYP11A1 gene, P450scc catalyzes the conversion of cholesterol to 

pregnenolone. During this process, the P450scc is active in the actual cholesterol side-chain 

cleavage oxidative cleavage of the C20-22 bonding of 20(R),22(R)-dihydroxycholesterol into 

isocaproaldehye and pregnenolone. Fate-determination of pregnenolone is dictated by a 

catalyzed hydroxyl conversion and double bond isomerization effect by a 42-kDa enzyme 

called 3β-hydroxysteroid dehydrogenase (3β-HSD)(28). This versatile enzymatic conversion 

of pregnenolone further catalyzes several additional reactions, including (1) conversion of 
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pregnenolone to progesterone, (2) conversion of DHEA to androstenedione, and (3) 

conversion of androstenediol to testosterone. Pregnenolone can also be converted into 17α-

hydroxyprepnenolone via 17α-hydroxylation by P450c17(19). Previous functional studies 

have demonstrated the enzymatic versatility of Leydig cell-specific steroidogenic 

metabolism. Abundant levels of both 3β-hydroxysteroid dehydrogenase and also 17β-

hydroxysteroid dehydrogenase 3 indicate that Leydig cells are able to consistently produce 

testosterone by both androstenedione (17β-hydroxysteroid dehydrogenase 3) and 

androstenediol (3β-hydroxysteroid dehydrogenase) precursor pathways(29, 30)(Figure 2).  

 

Gene Regulation in Spermatogenesis and Testicular Function 

 The effective transcriptional control and regulation of spermatogenesis and 

steroidogenesis-specific genes is absolutely essential for maintaining positive progression of 

germ cell differentiation within the testicular microenvironment. Expression of cell type-

specific functional genes along with their corresponding receptor-expression drives this 

process in a determined way, with several of these genes having previously been shown to 

play a major, if not required role in the overall process(1, 31). Initiation and maintenance of 

spermatogenesis following Leydig cell-produced testosterone sequestration by Sertoli cell 

ABP-expression is activated directly through androgen receptor (AR) signaling. This 

hormone receptor is part of the nuclear hormone receptor 3 superfamily and has been 

thoroughly characterized in mammalian studies both in vivo and in vitro as being an 

obligatory spermatogenesis gene(32-35). Decades-old studies followed up recently using 

several murine knockout strains have demonstrated that AR-expressing cells in the presence 

of the AR ligand testosterone are able to support complete spermatogenesis completely 
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independent of FSH and LH signaling(36-41). Androgen receptor is known to express in 

most testicular cell types including but not limited to: peritubular myoid, Sertoli, Leydig, and 

spermatogonial cell populations. Combined results from studies involving the role of AR in 

spermatogenesis indicate that AR signaling is mandatory at several key spermatogenesis 

checkpoints including initiation of meiosis I, late-round to early elongating spermatid 

progression, and release from Sertoli contacts into the epithelial lumen(4, 42).  

 Interestingly, estrogen signaling has also been shown to be important for 

spermatogenesis. The majority of the evidence for this relies on murine data. In the 1990’s 

several groups demonstrated that estrogen receptor (ER) knockout mice were both 

completely infertile, and also showed significant testicular degeneration following the onset 

of puberty(43-45). Initial studies evaluating cell-specific production of estrogens using rats 

determined that estrogen is synthesized at significant levels in the adult testis by mature 

Leydig cells(46). However, results of several subsequent studies began to paint a clearer 

picture of estrogen synthesis and signaling as it pertains to humans. The most complete 

understanding of estrogen signaling currently involves several testicular cell types temporally 

staged during developmental progression(47). Estrogen synthesis during early stages of pre-

pubertal development has been demonstrated in Sertoli cells using several mammalian 

species including mouse, rat, dog, bank vole, bull, monkey, and human. During development 

primary estrogen synthesis shifts towards Leydig cell lineages as these cells begin to 

synthesize androgens at puberty. Significantly, germ cells (including stage-specific 

expression in spermatogonia, spermatocyte, spermatid, and spermatozoa populations) have 

also been shown to be immunologically reactive to estrogens(43, 48, 49).  
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 Although estrogens are often associated primarily with female reproduction and 

development, testosterone production in the testis exists as a significant precursor source of 

estrogens. All testicular cell types capable of synthesizing estrogen do so via the direct 

aromatization of either androstenedione or testosterone into either estrone or estradiol. The 

catalyzing agent in this process, aromatase, is transcribed by the cytochrome p450 aromatase 

(CYP19A1) gene in humans. Aromatase has been shown to be important for the 

differentiating progression of spermatids in mice, as aromatase knockout mice show 

significant spermatid degeneration(48, 50). 

 Certain other transcription factors have been shown to be important for 

spermatogenesis in animal studies. Of these, nuclear hormone receptors testicular receptor 2 

(TR2) and testicular receptor 4 (TR4) are potentially important, as both TR2 (round, 

elongating spermatid) and TR4 (meiotic progression) show deleterious effects when 

attenuated(51-53). A number of SOX family proteins in the testis act as DNA-binding 

transcriptional regulators during critical stages of embryonic development. During this period 

both SOX8 and SOX9 are known requisite Sertoli cell-produced functional directors of 

gonad development. Expression of SOX9 in Sertoli cells maintains this important regulatory 

function during specific stages of spermatogenesis, although the overall importance and 

impact of SOX factors in mammalian spermatogenesis remains to be elucidated(54, 55).  

 The overall cell type and stage-specific gene expression of these spermatogenesis 

functional genes in mammals, and even more so in humans, points toward a significant 

temporal overlap over general functionality in vivo. This is particularly true for testicular 

germ, Leydig, peritubular myoid, and Sertoli cell populations. None of these testis cell types 

show restricted expression of specific hormone receptors such as AR, ER, FSHr, and 
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LHCGr. In fact, many of these receptors are expressed in a myriad of testicular cell 

subpopulations at various temporal stages of development and spermatogenesis. Ideally, 

expression studies both at the transcript and protein level amongst most if not all involved 

cell types will be necessary to help further illuminate the role these markers play in overall 

completion of spermatogenesis. 

 

Functional Components and Importance of the Spermatogonial Stem Cell Niche  

The overall efficiency and success of spermatogenesis relies heavily on the intact 

presence of the Sertoli cell/spermatogonial stem cell niche(56). Defined as the physical tissue 

location of stem cell residence throughout life, this relationship between the developing germ 

cells and the surrounding testicular environment allows for the correct spatial arrangement of 

cells and enables them to receive and interpret the various signals and factors necessary for 

spermatogonial stem cell self-renewal and germ cell differentiation. This area is intricately 

located along the basal surface of the seminiferous tubules in the mammalian testis, since this 

is where daughter spermatogonia begin their maturation and development towards becoming 

haploid spermatids. In a locational sense, Sertoli cells coordinated on the apical side of the 

seminiferous tubules form tight junctions between adjacent cells to become the blood-testis 

barrier (BTB). Spermatogonial stem cells residing in close proximity to these Sertoli cells are 

directly regulated by secreted factors and paracrine signaling from these complex 

sustentacular cells in the niche environment(22, 57-59). Sertoli cells are believed to provide 

nutritional support to germ cells since the presence of glucose has been shown to be 

necessary for germ cell spermatogenesis, and intertubule levels of this sugar are extremely 

low. Sertoli cells produce significant amounts of lactate during normal metabolic function. 
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Later stage spermatogenic cells are known to utilize both lactate and pyruvate for energy, 

with lactate being the preferred substrate for round spermatids. Additionally, Sertoli cells 

secrete growth factors glial cell line-derived neurotropic factor (GDNF) and stem cell factor 

(SCF) that have a positive effect on stem cell survival and self-renewal(21, 60, 61). The 

effect of Sertoli cells on SSC regulation is direct, however Sertoli cells are intrinsically 

regulated by additional testicular somatic cell types residing in the outer basal membrane as 

well as in the interstitium. For instance peritubular myoid cells have been shown to play a 

role in Sertoli cell function in vitro, and testosterone stimulation by Leydig cells initiates a 

strong ABP response in Sertoli cells via AR signaling(62).  

The BTB exists as one of the tightest blood-tissue barriers of the entire human 

body(10). However, the close association of the BTB with the basement membrane indicates 

that this barrier (as well as the basement membrane itself) must be a dynamic structure in 

order to allow interstitial and outer basal signals and factors to be received by Sertoli and 

germ cells within the inner niche environment. Since the basement membrane is itself a 

complex form of extracellular matrix (ECM), there is strong evidence that testicular ECM 

plays a role in spermatogenesis(63, 64). Junction dynamics between ECM proteins and 

Sertoli BTB components have been demonstrated to play a functional role in seminiferous 

epithelium restructuring events during germ cell maturation and migration towards the 

interior lumen(63). The basement membrane is comprised primarily of laminins and type IV 

collagen produced by peritubular and Sertoli cells, respectively. Additional products of these 

cells include fibronectin, vimentin, and thioredoxin proteins that indicate ECM likely plays 

much more than a scaffolding role in testis function. A recent study examined the 

composition of human testis ECM using mass spectroscopy and revealed the presence of 
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more than one hundred ECM and ECM-associated proteins(65). Testis ECM is also known to 

sequester specific cytokines. Of these cytokines, TNFα functions in both germ cell apoptosis 

via Sertoli cell signaling and in Leydig cell steroid synthesis directly. The coordinated 

apoptosis of germ cells is necessary for maintenance of the germ cell niche since Sertoli cells 

are quiescent terminally differentiated cells in vivo, and each individual Sertoli cell supports 

up to several dozen individual germ cells at any one time. Cytokine signaling has further 

been shown to disrupt BTB tight junction formation in a dose-dependent manner in vivo.  

Overall, the spermatogonial stem cell niche is formed, maintained, and constantly 

influenced by constituent somatic cell populations and associated structures. Peritubular 

myoid and Sertoli cells secrete the ECM proteins that form the walls of the seminiferous 

tubules and allow for consistent paracrine and autocrine signaling to influence 

spermatogenesis(66). Sertoli cells may very well be the most influential somatic cell type of 

the spermatogonial stem cell niche due to constant nourishment and structural support for the 

developing germ cells. However, these cells (together with ECM architecture) are influenced 

by Leydig and myoid cells together to promote spermatogenesis(8, 67).  

 

Spermatogenesis in vitro 

The isolation, characterization, and culture of testicular cells from rodents have been 

well studied (68). In fact, the overwhelming majority of study into mammalian 

spermatogenesis involves murine lines of various types and knockouts. Techniques aimed at 

reproducing spermatogenesis in the laboratory and particularly elucidating the complete 

characterization of spermatogonial stem cells has been attempted for more than a century. 

Initially, it was theorized that isolation and culture of individual testis cell types would be an 
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appropriate and methodical way of elucidating cell type-specific function. Monocultures of 

isolated Sertoli and Leydig cells in rodents and then in humans illuminated the complex roles 

these cells play in the body, and began to reveal the reliance these cell types have on each 

other and on their structural environment for correct functional support(69, 70). When 

cultured using standard 2-dimensional (2D) methods for extended periods of time, isolated 

Leydig cells progressively lose their steroidogenic potential and become quiescent. Sertoli 

cells cultured in this way show a capacity to proliferate in culture, but expression of cell-

specific markers is not necessarily reflective of the in vivo environment, with several genes 

down regulated after extended passaging(71, 72). The most successful culture systems used 

to date have been 2D Sertoli/germ cell co-cultures incorporating extracellular matrix 

components (71, 73, 74). However, in 2D systems, the enzymatic digestion and mechanical 

disruption of native tissue required to isolate, characterize, and expand various cell types in 

2D for study often results not only in a loss of functionality and cell-type-specific gene 

expression, but also produces cells with markedly divergent phenotypes when compared to 

the defining in vivo characteristics of the tissue from which these cells are isolated (75, 76). 

Since spermatogonial stem cells exist as the most important cell type for recapitulating 

spermatogenesis in vitro, an effective culture method for these cells is extremely desirable. 

Effective SSC culture methods eluded researchers for several decades as specific growth 

factor support and necessary culture conditions remained unknown into the early 2000s. To 

this point SSCs could be effectively isolated from testicular tissues from a number of 

mammalian species, but their viability in culture dropped dramatically after only a few days 

in vitro(69, 77). In early 2003, work performed by Kanatsu-Shinohara and colleagues 

demonstrated the ability of isolated murine SSCs to proliferate for several months in culture, 



16 
	  

significantly longer than other research groups to this point. Importantly, Kanatsu-Shinohara 

demonstrated the stem cell self-renewal capacity of these cells in vitro by performing 

xenotransplantation of cultured SSCs into infertile recipient mice(78, 79). Fertility was 

restored in these mice following transplantation, convincingly presenting the stem cell 

potential of these isolated SSCs(80). Through this study the importance of several growth 

factors including GDNF, epidermal growth factor (EGF), basic fibroblast growth factor 

(bFGF), and leukemia inhibitory factor (LIF) was demonstrated. The long term in vitro 

culture of murine SSCs was an important step forward for research into in vitro 

spermatogenesis but culture of human SSCs remained a significant challenge for several 

years. Human SSC culture would open the door towards an outlet for the practical 

application and therapeutic benefit of SSC culture in personalized medicine, particularly in 

the realm of human male infertility(81). The isolation and long term culture of human 

spermatogonial stem cells in vitro was finally accomplished through the efforts of Sadri-

Ardekani and colleagues by building on the previous efforts of Kanatsu-Shinohara and others 

to develop a culture system using necessary human-specific growth factors including GDNF, 

LIF, bFGF, and EGF  together in a culture media modified from its original application of 

promoting proliferation of hematopoietic stem cell lineages(82). Sadri-Ardekani validated the 

stemness of these human cell cultures via xenotransplantation into recipient mice and 

confirmed homing of human spermatogonial stem cells using COT-1 fluorescence in situ 

hybridization.  As a follow up study, this group also confirmed the potential to use this SSC 

isolation protocol on prepubertal human testicular tissues(83). This study was important 

because it established the feasibility of this method and further highlighted the tangible 



17 
	  

benefit human SSC transplantation would provide in addressing several human male 

infertility-related challenges that currently exist(84).   

Aspects of spermatogenesis have been sequentially elucidated in mammalian species 

through a combination of monolayer and co-culture methods to date. However, complete 

spermatogenesis in vitro has only been reported so far in the mouse using decapsulated 

mouse testis tissue fragments in a soft-agar organ-culture method (85, 86). This study 

performed by Sato and colleagues was an exciting step forward in the establishment of 

reliable and reproducible methods of germ cell differentiation in vitro from undifferentiated 

progenitors. It is interesting but not at all surprising that the only way researchers have thus 

far been able to recapitulate complete germ cell differentiation to fertilization-competent 

haploid spermatids has been by emulating the 3-dimensional architecture, signaling, and 

dynamic cellular cross-talk of the native tissue environment(87-89).   

 

Clinical Implications of in vitro Spermatogenesis 

 The implications of establishing an effective and reproducible protocol for attaining 

complete spermatogenesis in vitro are vast. Obviously from a scientific research standpoint 

these methods would provide an outlet for elucidating the complex molecular mechanisms 

governing stage-specific spermatogenesis progression and somatic cell signaling. 

Understanding the required genes and complex cross talk between testicular cell types at 

each stage of differentiation would significantly improve our understanding of mammalian 

and specifically human spermatogenesis in a basic sense(90).  

The ability to generate fertilization-competent haploid cells from germ line stem cells 

has the potential to transform current industry-standard methods for the generation of 
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transgenic animals. To date, the production of transgenic animals as model systems for 

research and even in aspects of animal husbandry is often time-consuming and difficult. For 

genome-wide modification of larger mammalian species such as bovine and pig the optimum 

approach currently uses the inherently inefficient method of somatic cell nuclear transfer 

(SCNT). This method utilizes genetically modified somatic cells as donor nuclei and has 

been used successfully in the modification of the cattle genome towards generation of 

targeted knockouts, but often with persistent off-target effects(91, 92). Ideally, in vitro 

spermatogenesis methods could be used to differentiate genetically modified germ line cells 

into fertilization-competent cells that could be used directly for intracytoplasmic sperm 

injection (ICSI) or round spermatid ICSI to generate transgenic animal lines. This could 

significantly reduce the time required to generate transgenic animals currently, and limit the 

amount of animals typically sacrificed when using conventional methods.  

Perhaps the most desirable end goal for developing appropriate spermatogenesis 

culture systems in the laboratory involves the treatment of human male infertility. Every year 

in the United States alone nearly 15% of more than 15,000 men diagnosed with cancer will 

receive treatment that will put them at risk for permanent infertility. Importantly, the majority 

of these patients will survive, driving a need for fertility preservation options prior to cancer 

treatment(93, 94). Obviously, the most straightforward and cost-effective option would be 

simple sperm cryopreservation prior to treatment. However this option is out of reach for 

children that have not reached reproductive age, as sperm are not yet being produced. A 

method for the isolation and culture of human spermatogonial stem cells has opened the door 

towards addressing this issue. Isolation and expansion of SSCs from acquired testis biopsies 

of prepubertal patients will potentially allow reintroduction of stem cell populations back into 



19 
	  

the patient’s own tissue to restart spermatogenesis(58, 84, 95-97). Unfortunately, 

transplantation could potentially reintroduce malignant cells into the patient and limit the 

clinical applications of its use(98). In vitro spermatogenesis can potentially circumvent these 

challenges by directly differentiating SSCs into fertilization-competent cells in the laboratory 

and allow patients the ability to have their own genetic offspring via IVF/ICSI(98, 99).  

 

Development of 3D Cell Culture Models for the Targeted Study of Organ-specific Toxicity  

Recently, there has been a renewed interest in the development of 3D cell culture 

systems as a means of emulating the in vivo functional environment in order to generate 

physiologically-relevant in vitro models(100). Vital organ systems such as kidney, liver, and 

heart have been overwhelmingly targeted for this approach since evaluation of these organs 

are critical in the drug development and pharmaceutical industries(101, 102). Despite a 

greater than 50% increase in drug development over the past decade, a significant number of 

potential compounds fail after entering into the costly and time consuming clinical trial phase 

of testing(103, 104). This problem can likely be attributed in part to the complex systemic 

organ environment of the human body, which remains difficult to model using either simple 

2D cell culture methods or lesser mammalian species. Both models have their benefits and 

limitations. Two-dimensional culture systems using flat polystyrene while cost-effective and 

easily reproducible does not maintain the 3D structure of the specific native tissue 

environment thus preventing modeling of relevant in vivo features such as ECM production, 

polarization, paracrine/endocrine signaling, and maintenance of functionality over time.  

Animal studies are important because they are able to model many of the complex multi-

organ system effects of testing compounds that are not available using 2D methods. 
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However, animal studies generally require a significant number of experimental animals to 

reach a high enough power for useful interpretation of results, increasing both study cost and 

time in the process. A report on the US government-sponsored International Workshop on In 

Vitro Methods for Assessing Acute Systemic Toxicity published in 2001 outlined current 

methods of in vitro validation of candidate compounds and emphasized the need for 

alternative assays(105). It was proposed that these alternative strategies be implemented in a 

battery approach to potentially reduce current reliance on animal studies. It is estimated that a 

lone 14-day in vivo mouse study to evaluate toxicity of a single candidate drug will require 6 

months of time, 120 animals, and cost more than $150,000. These limitations are currently 

driving a need for alternative in vitro strategies to become more physiologically relevant and 

potentially high-throughput to reduce overall development time. Studies continue to 

emphasize the benefits of native ECM proteins on maintenance of cell functionality in vitro. 

As such the field of 3D culture platform development has is overwhelmingly aimed toward 

mimicking native ECM proteins via scaffolds and microfluidics. These methods have 

evolved to include decellularized whole organs or fragments, ECM-fortified hydrogels, 

various types of biologically derived and synthetic scaffolds, microfluidic systems, and 3D 

spheroid microtissues(75, 106-109).  

A large number of studies have been performed with these types of 3D cell culture 

model systems using a diverse array of established cell lines and primary cells derived from 

whole organ and malignant cell sources. Several relevant findings were observed in these 

studies. For example, when evaluating a developed 3D hydrogel model of lung cancer using 

H460M and NCI-H460 lung carcinoma cells researchers found that 3D cultures were 

significantly more chemoresistant than 2D cultures as determined by higher IC50 values 
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following doxorubicin and 5-fluorouracil treatment(110). Similar results were found with a 

decellularized tissue construct breast cancer model using MCF-7 lines and evaluated 

following doxorubicin treatment(111). When using human liver HepaRG cells as part of a 3D 

liver organoid culture system, Gunness and colleagues evaluated the acute toxicity profiles of 

paracetamol, rogiglitazole, and troglitazone treatment on liver organoids. Interestingly, 3D 

organoids were found to be less resistant to two of the drugs and viably unaffected by the 

other(112). Other research groups have further attempted to develop physiologically relevant 

3D model systems of specific cancers such as osteosarcoma. Rimann and colleagues in 2014 

successfully developed a biologically relevant osteosarcoma model using a hanging drop 

culture method and used this model to evaluate the effect of several drugs on overall toxicity 

and viability. Their results concluded that all of the drugs tested had significantly higher IC50 

values in 3D cultures as compared to standard cell culture methods(113).  The results of these 

studies further reinforce the dynamic nature of drug toxicity in vivo, and emphasize the need 

for appropriately complex model systems. 

 

The Role of Testicular Gonadotoxicity in Pharmaceutical and Drug Development 

 Although the majority of 3D cell culture methods currently being developed to 

evaluate organ-specific and systemic toxicity in humans emphasize vital organs such as heart 

and liver, analysis of reproductive toxicity data available to date reliably indicates that the 

testis are exceedingly sensitive to exogenous drug exposure(114-117). High sensitivity is 

important for initial establishment of risk assessment by legislative bodies since it has a 

direct effect on designating what is known as the lowest observed adverse effect level 

(LOAEL) of a drug(118). A recent study performed by a testicular toxicity interest group 
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organized by the International Life Sciences Institute-Health and Environmental Sciences 

Institute (HESI) aimed to evaluate the complex issue of testicular toxicity during standard 

pharmaceutical and drug development practices. Questionnaires were distributed to a number 

of academic and pharmaceutical representatives with over half reporting major complications 

during development resulting from testicular toxicity findings(114). Although it appears that 

testicular toxicity currently remains an infrequent consideration for many pharmaceutical 

entities, this issue may perhaps be due to a lack of reliable in vitro mid to high-throughput 

screening tools to augment animal studies in primary drug evaluation. These types of 

screening tools would be extremely useful in situations where a panel of backup compounds 

needs to be tested following positive toxicity findings in primary drug candidates.  

 

Current Screening Methods for Testicular Toxicity are Inadequate 

 The mammalian testis as the specific site of germ cell differentiation in males is 

regulated by a multitude of factors including local cell signaling, autocrine/paracrine signals, 

extracellular matrix proteins, systemic endocrine signals, temperature, stress response, 

nutrient deficiencies, chemical exposures, and physical location. This intricate coordination 

between cells and regulating components demands optimum conditions for correct 

spermatogenesis to take place and be maintained for the life of the organism(59, 119, 120). 

As such, any toxic disruption of this process at any physical or temporal level has the 

potential to interrupt normal spermatogenesis. Considering that the spermatogenic testis is 

both systemic and locally regulated, constructing any testis toxicity in vitro model will 

inevitably lack the ability to evaluate a number of important in vivo elements. A large 

number of drugs exist that do not cause direct cytotoxicity in humans but can disrupt 
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paracrine and endocrine signaling(116, 121, 122). Successful modeling of the hypothalamic-

pituitary-gonadal axis would be one such example of a relevant but difficult to recapitulate in 

vitro aspect of gonadotoxicity.  

 Existing models of testicular toxicity are limited in their ability to assess the effects of 

candidate drugs and potential environmental toxicants in vitro. Four-week Good Laboratory 

Practice (GLP) toxicity studies using straightforward histopathology evaluation is the current 

gold standard method for evaluating gonadotoxicity of compounds prior to in vivo study. 

However, a number of drug development firms have also utilized alternative strategies to 

achieve a more comprehensive understanding of a particular compound’s toxicity. In addition 

to hematoxylin and eosin staining, TUNEL staining and hormone assays for FSH, 

testosterone, and dihydrotestosterone have been reported by various groups(114). Currently, 

no commercially available in vitro model exists that can allow for (1) the proliferation and 

self-renewal of SSCs, (2) presence of functional Leydig, Sertoli, and Peritubular myoid 

lineages, (3) an intact SSC niche, (4) production of native ECM proteins, and (5) 

recapitulation of the 3D testicular microarchitecture. Researchers attempting to develop such 

systems in the past have directed their model efforts towards addressing specific functional 

or toxicity-related questions. A significant challenge for the development of these systems 

has been in the establishment and characterization of human male germ cell lines.  

Various testis model systems have been developed intermittently over the past several 

decades. In the 1980’s researchers Gray and Beamand published work outlining a rat Sertoli-

germ cell pop-off assay, in which the addition of toxic compounds would result in “popping 

off” of germ cells from the Sertoli feeder layer into the culture media and cell numbers could 

be quantified(123). Later, Hadley and colleagues expanded on these types of 2D culture 
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models but using Sertoli cells in a two-chamber culture system. This method was an 

important step forward in physiological relevancy since when plated at high densities these 

Sertoli cells form tight junctions that could be quantified for trans-epithelial resistance. As 

more optimal isolation and culture methods were developed during the following decades, 

several groups began to increase the relevance of testis in vitro culture for toxicity studies by 

incorporating multiple cell types and even utilized certain isolated ECM components. Studies 

performed using testis ECM components and Matrigel® (a commercially available 

solubilized basement membrane solution from Corning, Inc.) have consistently demonstrated 

increased viability, improved cell function, and increased gene expression particularly when 

multiple testis cell types are present in the culture. Importantly, all of these systems have 

meaningful attributes but noteworthy technical limitations for use as in vitro testicular 

toxicity screening tools. Critically, the presence of an intact 3D architecture, optimization of 

cell culture media formulations for germ cell proliferation/differentiation, and incorporation 

of multiple thoroughly characterized testicular cell populations will be necessary to increase 

the physiological relevance of testis in vitro models to in vivo systems. Additionally, these 

types of models will need to have adequate modularity along with high-throughput potential 

to be useful in current drug development practices.  

 

Innovation and Development of 3D Testicular Organoids as Potential Spermatogenesis 

and Toxicity-Screening Tools  

A scalable, high-throughput 3D human testicular cell culture system that mimics the 

essential functionality of the native tissue would be a first step towards more predictive drug 

screening and reduce dependence on animal testing. The construction of 3D spherical 
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microtissue organoids for use in both toxicity and functional assays could help bridge the gap 

between currently accepted in vitro cell culture models and in vivo functional analyses of the 

mammalian testis, specifically(75, 124, 125). Organs such as the liver, kidney, and heart are 

excellent for use in whole organ decellularization approaches due to their substantial 

vascularization. These techniques often utilize detergents and constant perfusion to flush 

existing cells out of the native tissue for eventual repopulation with donor cells. 

Unfortunately, the testis is not ideal for this approach due to its considerably smaller 

vasculature.  

 Our group recently reported methods for isolation and long-term culture of human 

SSCs from cryopreserved testicular tissue (82, 83). In building on previous work in the field, 

we have aimed to systematically address the limitations of past and current testicular model 

systems. Our overall hypothesis is that by combining human testicular cell subtypes together 

in a 3D environment that more closely mimics the native tissue, we can develop a 

physiologically relevant in vitro model that will be better predictor of gonadotoxicity than 

current models. This approach allowed us to combine isolated and characterized Leydig, 

Sertoli and spermatogonial stem cells (SSC) into single multicellular testis organoids(23, 

126-129). Such organoids can easily be produced in a high-throughput format (96 or 384 

well plates) and cryopreserved without any appreciable loss of viability. They remain viable 

for more than 3 weeks, secrete testosterone, contain post-meiotic germ cells by day 23 and 

respond in a dose dependent manner to a number of clinically important chemotherapeutic 

agents. Taken together, the work presented here demonstrates the feasibility, functional 

practicality, and overall results of a high-throughput 3D human testis-specific model that 

incorporates strategic aspects of spermatogenesis and steroidogenesis in vitro. 
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter includes and expands upon the results of a manuscript prepared by 

Samuel S. Pendergraft to be submitted for publication in May 2016. He is responsible for the 

majority of the work described.  
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Human testis material 

Adult testicular tissues (whole organ) from 3 brain dead patients (ages 56-61) were 

procured through the National Disease Research Interchange (NDRI). Testicular tissue was 

processed into small segments and used for both cryopreservation and immunohistochemical 

testing. For cryopreservation, tissue was frozen in 1X minimum essential medium containing 

8% DMSO, 20% fetal bovine serum (FBS) slowly overnight using a Mr. Frosty container 

inside a -80 freezer. Cryotubes were moved to liquid nitrogen (- 196°C) for long-term 

storage. For all of the cell isolations, cryopreserved tissue was used.  

Tissue pieces used for immunohistochemical staining were fixed in 4%paraformaldehyde and 

paraffin-embedded. Morphology of testes (stained by Hematoxylin and Eosin) showed 

normal spermatogenesis in all 3 patient samples used in this study.  

 

Isolation and propagation of spermatogonial stem cell (SSC) lines 

 Spermatogonial cell lines were isolated and cultured as we have previously described 

using SSC propagation media that includes growth factors necessary for maintenance of 

spermatogonia in their undifferentiated state (82, 83). Briefly, previously cryopreserved 

testicular tissue segments of around 100 mg to 200 mg were thawed and enzymatically 

digested using a combination of collagenase, hyaloronidase, and trypsin. A two-step 

enzymatic digestion was performed and isolated testicular cells were cultured at 37°C, 5% 

CO2 on uncoated dishes in supplemented 1X MEM (1X MEM with 10% Fetal bovine serum, 

1X nonessential amino acids (Invitrogen), 15mM HEPES (Invitrogen), 50 µg/mL gentamycin 

(Invitrogen), 4 mM L-glutamate (Invitrogen), 0.12% sodium bicarbonate, streptomycin (100 
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µg/mL) - penicillin (100 IU/mL) (Sigma)) overnight and floating cells were differentially 

plated onto uncoated 6-well plates at a seeding density of 5000-20000 cells/cm2 in 

supplemented StemPro-34 (Invitrogen) media (Stempro-34 with recombinant human GDNF 

(40 ng/mL) (Sigma), recombinant human EGF (20 ng/mL), recombinant human Leukemia 

inhibitory factor (10 ng/mL), streptomycin (100 µg/mL) - penicillin (100 IU/mL) (Sigma)). 

Media was refreshed every 96 hours and cells were passaged upon becoming 80% confluent 

(usually every 7-10 days) into new 6-well culture plates at a seeding density of 5000-20,000 

cells/cm2. Residual somatic cells from initial isolation were utilized as a feeder layer for 

proliferating germ cells. Excess cells were cryopreserved at 196°C using a 1X MEM 

cryopreservation media containing 20% FBS, 8% DMSO. 

 

Isolation of primary human Sertoli and Leydig cell lines 

Sertoli cells: Human Sertoli cells were isolated as previously described by Chui et al. 

(126). Briefly, previously cryopreserved testicular tissue segments of around 100 mg were 

thawed and washed in 1X MEM to dilute DMSO. Separated brown tubule tissue was 

transferred to an Erlenmeyer flask in HBSS. These tissues were shaken at 275-325 rpm for 

15 minutes to separate the interstitial cells from the tubules. The supernatant was removed 

following removal from shaker and 0.25% trypsin and 0.1% collagenase type IV (Sigma) 

were added with 300 rpm shaking for 20 minutes at 37°C. The dissociated cells were then 

strained through a coarse wire mesh (1 mm2) with the flow through being stored on ice. 

Soybean trypsin inhibitor was added and the complete homogenate was passed through an 

18-gauge needle and centrifuged at 800g for 5 minutes. The cell pellet was then resuspended 

in DMEM/F-12 Hams medium containing penicillin and streptomycin with a final 
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concentration of 5% fetal bovine serum. Cells were propagated in the same media in a 5% 

CO2 incubator at 37°C. 

Leydig cells: Human Leydig cells were isolated from previously cryopreserved 

testicular tissue using a modified protocol as previously described by Sun et al.  (129). 

Previously cryopreserved testicular tissue segments were thawed and washed in 1X MEM to 

dilute DMSO and then rinsed with PBS. The testis tissue pieces were moved to a 50mL 

conical tube and digested in a solution of 0.03% collagenase type IV for 15 minutes with 200 

rpm shaking at 37°C. Following this step, the cells were pelleted and resuspended in another 

volume of 0.03% collagenase type IV for 15 minutes with 120 rpm shaking at 37°C. The 

supernatant containing interstitial cells and Leydig cells was moved to a separate tube and 

centrifuged at 1500 rpm for 5 minutes at 23°C. This cell pellet was resuspended in a low 

glucose DMEM with 10% FBS and 50 µg/mL Gentamycin and seeded in 6-well tissue 

culture plates incubated at 37°C under 5% CO2. A summary of media formulations used in 

all cell isolation experiments is presented in Table I.  

 

Lentiviral immortalization 

Isolated primary human Sertoli or Leydig cells at passage 2 were immortalized via 

lentiviral transduction using a bicistronic vector encoding hTERT and a puromycin resistance 

cassette. Puromycin-selected cells were expanded and monitored for 10 passages to ensure 

that the immortalization protocol did not have a negative effect on growth, morphology, or 

gene expression. Immortalized human Sertoli or Leydig cells from passages 3-6 were used 

for all subsequent experiments. 
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Table I. Culture media utilized for testicular cell isolations. All formulas were filter-
sterilized prior to use (0.22 µM). 

 

 

Human spermatogonial stem cell (SSC) in vitro culture media.

Reagent/Chemical Amount for 500 ml Final Concentration
1X MEM (- NEAA) - 1X
2β-mercaptoethanol 1.7 µl 5 x 10-5 M
Ascorbic acid 8.8 mg 1 x 10-4 M
β-Estradiol 25 µl 30 ng/ml
Bovine serum albumin 2.5 g 5 mg/ml
d-Biotin 5 mg 10 µg/ml
D(+) Glucose 3 g 6 mg/ml
DL-lactic acid 500 µl 1 µl/ml
Epidermal Growth Factor (EGF) 50 µl 20 ng/ml
Fetal bovine serum (FBS) 0.5 ml 1%
Glial Cell Line-Derived Neurotrophic Factor (GDNF) 500 µl 10 ng/ml
Human basic Fibroblast Growth Factor (HbFGF) 500 µl 10 ng/ml
Insulin 1 ml 25 µg/ml
L-Glutamine 5 ml 2 mM
Leukemia Inhibitory Factor (LIF) 500 µl 10 ng/ml
MEM Vitamin solution 5 ml 10 µl/ml
Penicillin/Streptomycin (Pen/Strep) 0.25 ml 0.50%
Progesterone 50 µl 60 ng/ml
Putrescine 50 µl 60 µM
Pyruvic acid 15 mg 30 mg/ml
Sodium Selenite 10 µl 30 nM
Stem Pro Supplement 13 ml 26 µl/ml
Transferrin 50 mg 100 µg/ml

Human Sertoli cell in vitro culture media.
Reagent/Chemical Amount for 500 ml Final Concentration
DMEM F/12 1:1 Hams (-Phenol red) - 30 ng/ml
Fetal bovine serum (FBS) 25 ml 5%
Gentamycin 500 µl 50 µg/ml

Human Leydig cell in vitro culture media.
Reagent/Chemical Amount for 500 ml Final Concentration
DMEM Low glucose - 30 ng/ml
Fetal bovine serum (FBS) 50 ml 10%
Gentamycin 500 µl 50 µg/ml
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RT-PCR 

RNA from the appropriate tissue or cells was isolated using an RNeasy Mini Kit 

(QIAGEN, CA). RNA was converted to cDNA using a high-capacity cDNA Reverse 

Transcription Kit (Life Technologies), with 500ng RNA as input. For reverse transcriptase 

PCR (RT-PCR) analysis, Taqman® gene expression assays were purchased from Life 

Technologies Inc. These included PLZF (ZTBTB16), UCHL1 (PGP 9.5), and THY1 (CD90) 

(undifferentiated spermatogonial markers); CLUSTERIN, SOX9, and GATA4 (Sertoli cell 

markers); STAR, TSPO, and CYP11A1 (Leydig cell markers) (Table IV). The POLR2A gene 

was used as an internal control Reactions were performed using standard Taqman® 

Universal PCR Master Mix (96-well plate format) and run on an ABI 7500 FAST system 

(Life Technologies). For each Taqman® assay, 50ng cDNA was used per well. Cycling 

conditions were as follows: 95°C for 10 min, 95°C for 15 seconds (40 cycles), and 60°C for 

1 minute. Expression of all genes was normalized to POLR2A gene; relative expression of in 

day 23 compared  with day 2 was determined with the ΔΔCT method. Statistical analyses 

were determined using GraphPad Prism 6 software. All runs were performed in duplicate. 

 

Nile Red staining for lipid droplets (Sertoli Cells) 

Staining was carried out using a modified method described by Fowler et al. (1985) 

(130). Sertoli cells were seeded in 8-chamber slides and cultured to 80% confluence. 

Adherent Sertoli cells were washed with 1X PBS and Nile Red solution (200-1000nM in 

DPBS) was added directly to the cells and incubated at room temperature for 5-10 minutes. 

Fluorescence changes at Ex/Em = 552/636 were observed using a fluorescence microscope. 
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3β-HSD staining (Leydig cells) 

 Staining was accomplished using a modified protocol described by Klinefelter et al. 

(1984)(28). Briefly, Leydig cells were cultured on 4-well or 8-well chamber slides (Nalgene 

Nunc NY) and washed three times in PBS. Solutions A (1mg NBT, 0.6mg DHEA, and 

0.6mL DMSO) and B (10mg β -NAD and 9.5mL PBS) were mixed and added directly to the 

cells and incubated at 37°C for 2 hours. Positive staining was indicated by the presence of 

dark violet particles within the cell cytoplasm.  

 

Immunohistochemistry/Immunofluorescence 

Immunohistochemical and immunofluorescent staining was performed using isolated 

human Sertoli or Leydig cells cultured on 4-well chamber slides (Nalgene Nunc NY).  

Cultured cells were washed in 1X PBS and fixed in 4% paraformaldehyde for 30 minutes on 

ice. Cells were washed 3 times in 1X PBS and permeabilized using 0.2% Triton-X-100 for 

10 minutes prior to blocking for 30 minutes at room temperature in Dako serum-free protein 

block. Excess protein block was removed and cells were incubated with primary antibodies 

against Vimentin (M0725; 1:200; Dako, Carpinteria, California), SOX9 (HPA001758; 1:300; 

Atlas Antibodies AB, Stockholm, Sweden), Telomerase-associated protein 1 (sc-166620; 

1:100; Santa Cruz Biotechnology, Dallas, Texas), 3β-HSD (1:100), or anti-INSL3 (1:100), 

antibodies overnight at 4°C. Negative controls were species-specific IgG diluted to the same 

concentration as the primary antibody. Fluorescent signals were detected on cultured cells by 

incubation with biotin-conjugated secondary antibody for 1 hour at room temperature (1:300; 

dilution) and streptavidin-Alexa fluor 488 (1 hour at room temperature, 1:200 dilution), and 
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counterstained using Vectorshield mounting media with 4’, 6-diamidino-2-phenylindol 

(DAPI). Immunohistochemical signal was visualized on cultured cells using a Powervision 

DAB Chromagen solution (Leica Biosystems, Newcastle, UK). Slides were visualized on a 

Zeiss Axiovert 200M fluorescence/live cell-imaging microscope. A summary of antibodies 

utilized for these experiments is presented in Table II. 

Table II. Antibodies used in immunostaining assays.  

 

 

Decellularization of human testis tissues and ECM extraction 

Fresh testis tissues obtained from the NDRI were first pre-rinsed briefly in cold 

Dulbecco’s phosphate buffered saline (DPBS). The tunica albuginea was left intact for this 

procedure and the entire testis organ was cut into 2 cm by 2 cm slices and sectioned into 

roughly 2 mm slices. All of these slices were then moved to 500mL containers in ultrapure 

water and shaken on a rotary shaker at 4°C for 3 days at 200 rpm. During this time ultrapure 

water was changed three times per day. After 72 hours the water was replaced with 2% 

Triton-X-100 for approximately 4 days. These solutions were changed twice daily. This 

solution was then replaced with a solution of 2% Triton-X-100 containing 0.1% NH4OH and 

Antibodies used in immunostaining assays.

Specificity Host Type TargetManufacturer Catalog # Dilution
3β-HSD Goat Polyclonal Anti-Human LeydigSanta Cruz Biotechnology SC-30820 1:50-1:500
α-SMA Mouse Monoclonal Anti-Human Peritubular myoidAbcam A2547 1:50-1:500
AR (N-20) Rabbit Polyclonal Anti-Human Leydig, Sertoli, PeritubularSanta Cruz Biotechnology SC-816 1:100-1:200
Col IV Goat Polyclonal Anti-Human ECMUNLB Southern Biotechnology AB769 1:50-1:100
IgG (Gt) Goat Polyclonal Anti-Human N/A (Isotype Control)Santa Cruz Biotechnology SC-2028 1:50-1:500
IgG (Ms) Mouse Polyclonal Anti-Human N/A (Isotype Control)Santa Cruz Biotechnology SC-2026 1:50-1:500
IgG (Rb) Rabbit Polyclonal Anti-Human N/A (Isotype Control)Santa Cruz Biotechnology SC-2027 1:50-1:500
Insl3 (FL-131) Rabbit Polyclonal Anti-Human LeydigSanta Cruz Biotechnology SC-134586 1:50-1250
Ki-67 Rabbit Polyclonal Anti-Human Cell ProliferationAbcam AB66155 1:50-1:200
Prm1 Rabbit Polyclonal Anti-Human Post-meiotic germ cellsSigma HPA055150 1:50-1:500
Sox9 Rabbit Polyclonal Anti-Human SertoliAtlas Antibodies HPA001758 1:50-1:500
Sycp3 Rabbit Monoclonal Anti-Human MeiosisAbcam AB15093 1:50-1:500
Tep1 Mouse Monoclonal Anti-Human Immortalized cellsSanta Cruz Biotechnology SC-166620 1:50-1:500
Uchl1 (PGP9.5) Mouse Monoclonal Anti-Human Undifferentiated germ cellsAbcam AB72911 1:500-1:2000
Vimentin Mouse Monoclonal Anti-Human Sertoli cellsDako M0725 1:50-1:200
Zbtb16 (Plzf) Mouse Monoclonal Anti-Human Undifferentiated germ cellsR&D MAB2944 1:50-1:250
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shaken at 200rpm for 24 hours. This solution was then removed and the tissues were washed 

to remove remaining Triton-X-100 detergent. Decellularized ECMs were frozen at -80°C and 

lyophilized for 48hrs. The lyophilized tissues were ground using a freezer mill, and 400mg 

ECM was subsequently mixed with 40mg Pepsin (Porcine gastric mucosa, 3400 units, Fisher 

Scientific, Fair Lawn, NJ). To this mixture, 0.1N hydrochloric acid was added and incubated 

for 48 hours at room temperature. The suspension was neutralized to pH 7.2 using NaOH and 

filter-sterilized through a 0.2µm filter and stored at -80°C until further use. 

 

Human testicular organoid formation 

 Isolated human SSC, Sertoli, and Leydig cells at passage 2-5 were propagated in 

normal 6-well tissue culture plates to 80-90% confluence and passaged using trypsin EDTA 

(0.25%). Counted cells were pelleted and resuspended in a testicular organoid formation 

media consisting of enriched StemPro-34 (Invitrogen) SSC proliferation media (see the 

isolation and propagation of spermatogonial stem cell section , above) supplemented with 

30% FBS, 1µg/mL solubilized human testis extracellular matrix extract and 50µg/mL 

Gentamycin and all three cell suspensions were combined together at cell ratios of 8:1:1 

(SSC: Sertoli: Leydig) and seeded into 96-well format hanging drop plates (Perfecta3D, 3D 

Biomatrix, Ann Arbor, MI) or GravityPLUS 96-well format hanging drop plates (InSphero, 

Schlieren, Switzerland) at a density of 10,000 cells/40µl drop volume. Following 48-72 hours 

of hanging drop culture all testicular cell subtypes had amalgamated into compact organoids 

and were transferred into 96-well format Corning Costar Ultra-low Attachment Multiwell U-

bottom plates for long term culture (Sigma-Aldrich, St. Louis, MO, USA). For long-term 

study all testicular organoids were cultured in  StemPro-34 SSC proliferation media without 
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LIF supplemented with 1µg/mL solubilized human testis extracellular matrix extract, 2µM 

Retinoic acid (Sigma-Aldrich), 2.5 x 10-5 IU follicle-stimulating hormone (Sigma-Aldrich), 

100ng/mL recombinant human SCF (PeproTech), and 50µg/mL Gentamycin. Culture media 

was refreshed every 4 days. All testicular organoids were cultured at 34°C and 5% CO2. A 

summary of all components used in this organoid culture media is presented in Table III. 

Table III. Human testicular organoid in vitro differentiation culture media. Media was 
filter-sterilized prior to use (0.22 µM). 

 

 

 

Human testicular organoid in vitro differentiation culture media.

Reagent/Chemical Amount for 500 ml Final Concentration
1X MEM (- NEAA) - 1X
2β-mercaptoethanol 1.7 µl 5 x 10-5 M
Ascorbic acid 8.8 mg 1 x 10-4 M
β-Estradiol 25 µl 30 ng/ml
Bovine serum albumin 2.5 g 5 mg/ml
d-Biotin 5 mg 10 µg/ml
D(+) Glucose 3 g 6 mg/ml
DL-lactic acid 500 µl 1 µl/ml
Epidermal Growth Factor (EGF) 50 µl 20 ng/ml
Fetal bovine serum (FBS) 0.5 ml 1%
Follicle-stimulating hormone (FSH) 50 µl 2.5 x 10-5 IU
Gentamycin 500 µl 50 µg/ml
Glial Cell Line-Derived Neurotrophic Factor (GDNF) 500 µl 10 ng/ml
Human basic Fibroblast Growth Factor (HbFGF) 500 µl 10 ng/ml
Human testis extracellular matrix (ECM) 50 µl 1 µg/ml
Insulin 1 ml 25 µg/ml
L-Glutamine 5 ml 2 mM
MEM Vitamin solution 5 ml 10 µl/ml
Penicillin/Streptomycin (Pen/Strep) 0.25 ml 0.50%
Progesterone 50 µl 60 ng/ml
Putrescine 50 µl 60 µM
Pyruvic acid 15 mg 30 mg/ml
Recombinant human stem cell factor (SCF) 100 µl 100 ng/ml
Retinoic acid 50 µl 2 µM
Sodium Selenite 10 µl 30 nM
Stem Pro Supplement 13 ml 26 µl/ml
Transferrin 50 mg 100 µg/ml
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Viability assay 

 Organoid viability was determined using a combination of Molecular Probes Live-

Dead cell imaging (Invitrogen) and ATP content (CellTiter-Glo® Luminescent Cell Viability 

Assays, Promega). For the former, after staining at a 1:1 media to 2X staining solution ratio, 

organoids were imaged using an Olympus FV10i Confocal microscope. To evaluate organoid 

ATP production, 8 organoids were harvested per time point and transferred to single wells of 

luminescence compatible 96 well plates (Nalgene NUNC International Corp, Rochester, New 

York) in 100µl of culture media. To each well, 100µl of CellTiter-Glo® reagent was added 

and mixed for 5 minutes on a rotary shaker. Signal was measured using a luminometer. 

Viability was monitored for the duration of the 23-day culture period and measured using at 

least 8 organoids per time point.  

 

Histology evaluation 

 Human testis organoids were harvested for analysis at days 2, 9, 16, and 23 of 

culture. At each time point, organoids were pooled and fixed in 4% PFA for 30 minutes at 

room temperature. Fixed organoids were embedded in HistoGel, paraffin embedded, and 

5µM sections were made. These sections were deparaffinized and Hematoxylin and Eosin 

staining was performed according to standard protocols. Organoids were visualized on a 

Zeiss Axiovert 200M microscope. 
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Immunohistochemistry/Immunofluorescence of 3D cultures 

Immunohistochemical and immunofluorescent staining was performed using 

harvested testicular organoids at time points of  2, 9, 16, and 23 days in culture. At each time 

point, organoids were pooled and fixed in 4% PFA for 30 minutes at room temperature. 

Fixed organoids were embedded in HistoGel, paraffin embedded, and 5µM sections were 

made. For histology, organoid paraffin sections were washed 3 times in 1X PBS and 

permeabilized using 0.2% Triton-X-100 for 10 minutes prior to blocking for 30 minutes at 

room temperature in Dako serum-free protein block. Excess protein block was removed and 

organoids were incubated with primary antibody overnight at 4°C (Table II). Negative 

controls were species-specific IgG diluted to the same concentration as the primary antibody. 

Fluorescent signals were detected via incubation with biotin-conjugated secondary antibody 

for 1 hour at room temperature (1:300; dilution) and streptavidin-Alexa fluor 488 (1 hour at 

room temperature, 1:200 dilution), and counterstained using Vectorshield mounting media 

with 4’, 6-diamidino-2-phenylindol (DAPI). Immunohistochemical signal was visualized via 

Powervision DAB Chromagen solution (Leica Biosystems, Newcastle, UK). Slides were 

visualized on a Zeiss Axiovert 200M fluorescence/live cell-imaging microscope. 

 

Evaluation of internal cellular organization of human testicular organoids 

 In order to evaluate cell type-specific organization within organoids formed using all 

three isolated testis cell subtypes, a Vybrant™ Multicolor Cell-Labeling Kit (Thermo Fisher, 

Catalog # V22889) was used to fluorescently mark each cell type prior to organoid formation 

and culture, following manufacturer’s instructions. Briefly, SSC, Sertoli, and Leydig cells 
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were passaged separately following normal methods. After counting, cells were suspended at 

a density of 1 x 106 cells/mL in 1 mL DMEM F-12 serum-free culture medium. To each cell 

suspension 5µL of  either DiO, DiI, or DiD cell labeling solution was added and mixed with 

gentle pipetting. Cells were incubated for 15 minutes at 37C to produce uniform staining 

profiles. Following incubation, each labeled cell suspension tube was centrifuged at 1500 

rpm for 5 minutes at 37C. Serum-free media containing dyes was subsequently removed 

from each cell pellet via aspiration and fresh cell-specific media was added. This wash 

procedure was then repeated an additional two times. Following final wash, cells were used 

to directly to form testicular organoids as described previously. Resulting cell-labeled 

testicular organoids were subsequently evaluated for internal morphological changes and cell 

identification using a Leica Macroconfocal microscope.  

 

Ultrastructural analysis of 3D organoids using electron microscopy 

 For ultrastructural analysis, organoids were harvested at set time points and pooled in 

groups of 40-50 organoids per condition. Media was removed and organoids were washed 

twice in 15 ml 1X PBS via sedimentation. Following this wash step, organoids were fixed in 

2.5% glutaraldehyde in PBS for 2 hours at room temperature. Glutaraldehyde was removed 

and organoids were washed in 15 ml diH2O twice to remove fixative and transferred into 1.5 

ml microfuge tubes for further processing. For transmission electron microscopy (TEM) 

analysis, the Wake Forest School of Medicine Cellular Imaging Shared Resource (CISR) 

processed organoids following normal embedding protocols.  

 Testicular organoids fixed in 2.5% glutaraldehyde for scanning electron microscopy 

(SEM) analysis were dehydrated in graded ethanol solutions diluted in DI water while 
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maintaining a constant 1:20 sample to ethanol solution ratio. Briefly, organoids were treated 

in a 50% ethanol solution for 20 minutes, 70% ethanol for 20 minutes, 80% ethanol for 20 

minutes, 90% ethanol for 20 minutes, 95% ethanol for 20 minutes, and finally 100% ethanol 

for 60 minutes (changed every 20 minutes). Samples were mounted, further dehydrated via 

critical point drying, and gold sputter-coated. Coated samples were then used immediately 

for SEM following normal microscopy protocols. 

 

Testosterone production 

Organoid androgen production was measured using a testosterone high sensitivity 

enzyme linked immunosorbent assay (ELISA) kit (ENZO NY) according to the 

manufacturer’s instructions. The minimum detectible limit was 3.9 pg/mL. A total of 20 

organoids per time point were used in this assessment, with half stimulated with 2nM hCG 

for 3 hours. To compare, 2D cultured Leydig cells were also assayed for testosterone 

production (200,000 cells, half stimulated with 2nM hCG for 3 hours). Following incubation, 

cell culture supernatant was collected from stimulated and nonstimulated organoids and 

concentrated 4X using an Eppendorf Vacufuge. All samples were assayed in duplicate. A 

standard curve was generated and used to determine testosterone concentrations. 

Testosterone levels were determined via optical density at 405nm wavelength absorbance. 

 

 Global gene expression analysis of testicular organoids 

Organoids were evaluated for global gene expression profiles following 23 days in 

culture and compared to whole testis control RNA isolated from the same patient tissue 

samples used to establish testicular cell lines. Total RNA was extracted  using a Direct-zol™ 
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RNA MicroPrep kit (ZYMO Research, Irvine, California) following manufacturer’s 

instructions. RNA was prepped from more than 100 organoids per time point and converted 

to cDNA using a high-capacity cDNA Reverse Transcription Kit (Life Technologies). RNA 

was eluted using nuclease-free water. RNA quantity was evaluated using a NanoDrop ND-

1000 spectrophotometer measuring absorbance at 260/280 nm. Purity was evaluated using  a 

bioanalyzer (Agilent Technologies, Palo Alto, California) with all samples showing integrity 

numbers of 9 or higher. Total RNA was shipped on dry ice and processed at the Wake Forest 

Baptist Medical Center Genomics Microarray core facility. Using a 250ng RNA input, dye-

labeled cDNA was generated and assayed on Illumina HumanHT-12 v4 Expression 

BeadChips containing more than 47,000 probes derived from the National Center for 

Biotechnology Information Reference Sequence (NCBI) RefSeq Release 38 (November 7, 

2009). Extracted  raw data was normalized using Omics Explorer software and used to 

perform unsupervised hierarchical clustering and PCA analysis to determine similarities and 

differences between organoids during extended culture as compared to whole testis controls 

from the same patient samples. Statistics for these assays were determined using GeneSifter 

Analysis Edition 4.  

 

Organoid gene expression analysis following in vitro differentiation protocol 

Organoids were evaluated for relative gene expression changes for both somatic cell 

functional genes and stage-specific spermatogenesis markers after 23 days in culture 

following a spermatogenic cell differentiation protocol. Total RNA was isolated from 

testicular organoids using a Direct-zol™ RNA MicroPrep kit (ZYMO Research, Irvine, 

California) following manufacturers instructions. RNA was prepped from more than 100 
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organoids per time point and converted to cDNA using a high-capacity cDNA Reverse 

Transcription Kit (Life Technologies), with a 500ng RNA input. For quantitative reverse 

transcriptase PCR (qRT-PCR) analysis, Taqman® gene expression assays were used to 

evaluate testicular cell type-specific gene expression changes over time. Reactions were 

performed using standard Taqman® Universal PCR Master Mix (384-well plate format) and 

run on an ABI 7500 FAST system (Life Technologies). For each Taqman® assay, 25ng 

cDNA was used per well. Cycling conditions were as follows: 95°C for 10 min, 95°C for 15 

seconds (40 cycles), and 60°C for 1 minute. The gene POLR2A was used as an internal 

normalization control. Expression of all genes was normalized to POLR2A gene; relative 

expression of 23-day cultures compared to day 2 culture controls was determined with the 

ΔΔCT method. Statistical analyses were determined using GraphPad Prism 6 software. All 

runs were performed in duplicate. A summary of primers used can be found in Table IV. 
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Table IV. Summary of Taqman® Gene Expression Assays used for expression analysis. 

 

 

Cryopreservation and thawing of testicular organoids 

Standard cryopreservation 

 Following 48-72 hours of hanging drop culture and subsequent transfer to 96-well 

Corning Costar Ultra-low Attachment Multiwell U-bottom plates, organoids were harvested, 

pooled, and cryopreserved in 8% DMSO and 20% FBS in 1X MEM by using Mr. Frosty 

freezing container. Organoids were thawed after 7 days at -196°C using a stepwise dilution 

of cryoprotectant media into a normal organoid culture media containing 30% FBS. 

Organoids were allowed to recover in this media for 1hour prior to transfer to 96-well Ultra-

low Attachment Multiwell U-bottom plates and resuming of normal culture conditions.  

 

 

Summary of Taqman® Gene Expression Assays used for expression analysis.

Gene ID Amplicon Length Catalog #
ACROSIN 144 4331182 (Hs00356147_m1)
CLUSTERIN 93 4331182 (Hs00971656_m1)
CYP11A1 81 4331182 (Hs00897320_m1)
CYP19A1 105 4331182 (Hs00903413_m1)
DAZL 102 4331182 (Hs00154706_m1)
FSHR 79 4331182 (Hs00174865_m1)
GATA4 68 4331182 (Hs00171403_m1)
HSD3β1 72 4331182 (Hs00426435_m1)
POLR2A 61 4331182 (Hs00172187_m1)
PRM1 99 4331182 (Hs00358158_g1)
SOX9 101 4331182 (Hs01001343_g1)
STAR 85 4331182 (Hs00264912_m1)
SYCP3 123 4331182 (Hs00538146_m1)
THY1 (CD90) 60 4331182 (Hs00174816_m1)
TSPO 57 4331182 (Hs00559362_m1)
UCHL1 80 4331182 (Hs00985157_m1)
ZBTB16 (PLZF) 65 4331182 (Hs00957433_m1)
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Vitrification 

 Following 48-72 hours of hanging drop culture and subsequent transfer to 96-well 

Corning Costar Ultra-low Attachment Multiwell U-bottom plates, organoids were harvested, 

pooled, and vitrified using a vitrification freeze kit for human embryos (Vit Kit®-Freeze, 

Irvine Scientific, USA) according to manufacturer’s recommendations. Organoids were 

thawed after 7 days at -196°C using a vitrification thaw kit for human embryos following 

manufacturers recommendations (Vit Kit®-thaw, Irvine Scientific, USA). Organoids were 

then moved to 96-well Ultra-low Attachment Multiwell U-bottom plates and normal culture 

conditions were resumed.  

 

Drug toxicity testing 

For toxicity testing, cisplatin and etoposide were purchased from Santa Cruz 

Biotechnology (California, USA) and stock solutions of 5mM and 25mM were made in 0.9% 

NaCl and DMSO, respectively. Doxorubicin was purchased from Sigma-Aldrich, (St. Louis, 

USA) and a stock solution was produced in diH2O at a concentration of 10mM. Busulfan (24 

mM) was purchased from Otsuka Pharmaceutical (Tokyo, Japan) and was diluted into media 

immediately prior to use. Just after formation, the organoids were cultured for 48hours in 6 

different concentrations of each drug (0.01, 0.1, 1, 10, 100 and 1000 µM). 
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Dose-response test with testicular cell subtypes in 2D and 3D 

Assays were performed using isolated testicular cells in two distinct culture methods. 

Spermatogonial stem cells were combined with Leydig and Sertoli cells at an 8:1:1 ratio. For 

culture seeding, cells were plated in 96-well flat bottom tissue culture treated plates (2D), and 

in 96-well 3D Perfecta Hanging Drop plates (3D) at a density of 10,000 cells per well. Cells 

were cultured overnight at 34°C/ 5% CO2 in normal supplemented Stempro SSC media. At 

day 1, test compounds were diluted into media and added to the cells at varying 

concentrations (0.01, 0.1, 1, 10, 100 and 1000 µM). All 3D hanging drop cultures were 

moved to luminescence-compatible 96-well bottom plates. Plates were cultured for 48 hours 

after which CellTiter-Glo® Luminescent Cell Viability assays were performed (Promega). 

Briefly, culture plates were removed from the incubator and equilibrated to room temperature 

for 30 minutes. To each well of the 96-well culture plate, 100ul of CellTiter-Glo® reagent 

was added at a 1:1 ratio and plates were moved to an orbital shaker for 5 minutes to induce 

cell lysis. Plates were incubated at room temperature for 10 minutes to stabilize luminescent 

signal and read on a Veritas luminometer. Integration times of 1 second were used for all 

samples. All conditions were performed in triplicate and media-only control wells were read 

and subsequently used for background subtraction.  IC50 values were determined using 

GraphPad Prism 6 calculated via 4-parameter fit with a 95% confidence interval. All 

experimental conditions were repeated at least 3 times. 

 

Apoptosis assays with testicular cell subtypes in 2D and 3D 

Assays were performed as described for CellTiter-Glo® Luminescent Cell Viability 

assays. Following 48-hour test compound exposure, Caspase-Glo® 3/7 assays were 



45 
	  

performed to determine extent of apoptosis within test sample conditions. Briefly, culture 

plates were removed from the incubator and equilibrated to room temperature for 30 minutes. 

To each well of the 96-well culture plate, 100 µl of Caspase-Glo® 3/7 reagent was added at a 

1:1 ratio and plates were mixed on an orbital shaker for 5 minutes. Plates were incubated at 

room temperature for 1 hour and read on a Veritas luminometer. Integration times of 1 

second were used for all samples. All conditions were performed in triplicate and media-only 

control wells were used to determine background luminescence.  

 

Histology, morphology, and viability of drug-treated 3D cultures 

 Human testis organoids and cells were harvested for analysis following drug 

treatment at 48 hours post-exposure and compared corresponding non-treated controls. To 

evaluate internal morphology, organoids were pooled and fixed in 4% PFA for 30 minutes at 

room temperature. Fixed organoids were embedded in HistoGel, paraffin embedded, and 

sectioned. These sections were deparaffinized and Hematoxylin and Eosin staining was 

performed according to standard protocols. Organoids were visualized on a Zeiss Axiovert 

200M microscope. To aid in evaluating cytotoxicity, Molecular Probes Live-Dead cell 

imaging assays (Invitrogen) were performed on drug-treated cells and organoids as described 

previously.  

 

Immunohistochemistry/Immunofluorescence of 3D cultures 

Immunohistochemical and immunofluorescent staining was performed using 

harvested testicular organoids at time points of  2, 9, 16, and 23 days in culture. At each time 

point, organoids were pooled and fixed in 4% PFA for 30 minutes at room temperature. 
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Fixed organoids were embedded in HistoGel, paraffin embedded, and 5µM sections were 

made. For histology, organoid paraffin sections were washed 3 times in 1X PBS and 

permeabilized using 0.2% Triton-X-100 for 10 minutes prior to blocking for 30 minutes at 

room temperature in Dako serum-free protein block. Excess protein block was removed and 

organoids were incubated with primary antibody overnight at 4°C. Negative controls were 

species-specific IgG diluted to the same concentration as the primary antibody. Fluorescent 

signals were detected via incubation with biotin-conjugated secondary antibody for 1 hour at 

room temperature (1:300; dilution) and streptavidin-Alexa fluor 488 (1 hour at room 

temperature, 1:200 dilution), and counterstained using Vectorshield mounting media with 4’, 

6-diamidino-2-phenylindol (DAPI). Immunohistochemical signal was visualized via 

Powervision DAB Chromagen solution (Leica Biosystems, Newcastle, UK). Slides were 

visualized on a Zeiss Axiovert 200M fluorescence/live cell-imaging microscope. 

 

Click-iT Plus TUNEL assays following in vitro drug exposure 

 Human testis organoids were harvested for analysis following drug treatment at 48 

hours post-exposure and compared corresponding non-treated controls. To further evaluate 

apoptosis in 3D cultures, organoids were pooled and fixed in 4% PFA for 30 minutes at room 

temperature. Fixed organoids were then embedded in HistoGel, paraffin embedded, and 

sectioned. These sections were deparaffinized and TUNEL Assays were performed following 

manufacturer’s recommendations. Briefly, sections were first rehydrated in 0.85% NaCl for 5 

minutes and immersed in 4% PFA for 15 minutes at 37°C. Slides were then washed 2 x 5 

minutes in 1X PBS and treated with proteinase K solution for 15 minutes. To each section, 

100 µl of TdT Reaction Buffer was added for 10 minutes at 37°C. Reaction buffer was 
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removed and 50 µl of prepared TdT reaction mixture was added to each slide and incubated 

for 1 hour at 37°C. Slides were washed in diH2O and treated with 0.1% Triton-X-100 in PBS 

for 5 minutes. Finally, organoid sections were treated with a prepared Click-iT Plus TUNEL 

reaction cocktail for 30 minutes protected from light at 37°C, washed in a 3% BSA solution 

and cover slipped using Vector Mounting Media with DAPI. Slides were imaged using a 

Zeiss Axiovert 200M fluorescence/live cell-imaging microscope. 

 

Organoid gene expression analysis following in vitro drug exposure 

Organoids and corresponding cells cultured in 2D were evaluated for relative gene 

expression changes for testis-specific cell types following 48-hour drug exposure. Total RNA 

was isolated from testicular organoids following drug exposure using a Direct-zol™ RNA 

MicroPrep kit (ZYMO Research, Irvine, California) following manufacturer’s instructions. 

RNA was prepped from more than 40 organoids per treatment condition and converted to 

cDNA using a high-capacity cDNA Reverse Transcription Kit (Life Technologies), with a 

500ng RNA input. For quantitative reverse transcriptase PCR (qRT-PCR) analysis, 

Taqman® gene expression assays were used to evaluate testicular cell type-specific gene 

expression changes over time. Reactions were performed using standard Taqman® Universal 

PCR Master Mix (384-well plate format) and run on an ABI 7500 FAST system (Life 

Technologies). For each Taqman® assay, 25ng cDNA was used per well. Cycling conditions 

were as follows: 95°C for 10 min, 95°C for 15 seconds (40 cycles), and 60°C for 1 minute. 

The gene POLR2A was used as an internal normalization control. Expression of all genes 

was normalized to POLR2A gene; relative expression of 2D culture compared  with 3D 

culture was determined with the ΔΔCT method. Statistical analyses were determined using 
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GraphPad Prism 6 software. All runs were performed in duplicate. A summary of primers 

used can be found in Table IV. 

 

Plasmid design and transduction of spermatogenesis-specific lentiviral reporter constructs 

UCHL1 Premeiotic reporter vector construct 

In order to evaluate in vitro spermatogenesis in real time three stage-specific 

fluorescent promoter-reporter fusion constructs were designed. Using human gDNA, a 332-

base pair (bp) region of the human UCHL1 promoter was amplified using primers 29/30. The 

amplified promoter was gel extracted and spin purified using a Nucleospin® Gel and PCR 

Clean-Up Kit (Clontech) as per manufacturer’s instructions. This promoter insert was then 

cloned directly upstream of a GFP cassette in plasmid vector SR10011PA at the EcoRI and 

BamHI restriction cut sites using the In-Fusion HD® Cloning System (Clontech) following 

manufacturer’s instructions. The circularized vector construct reaction mixture was then 

transformed into Stellar Competent Cells (Clontech) and plated on Luria Broth (LB) 

Ampicillin plates overnight at 37ºC per manufacturers recommendations. Following this 

incubation period, six single clones were identified and used to inoculate 2mL LB tubes 

containing 50 µg/mL ampicillin and placed in a 37ºC incubator with 150 RPM shaking. 

Cultures were then used to isolate vector plasmid DNA using a QIAprep Spin Miniprep Kit 

(Qiagen) following manufacturer’s instructions. A 2 hour repeat double-digest was then 

performed for each prep using EcoRI and BamHI restriction enzymes to confirm successful 

cloning of the UCHL1 promoter GFP reporter fusion construct.  
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SYCP3 Meiotic reporter vector construct 

Development of the meiotic reporter construct was performed using a stepwise 

amplification and cloning of a human SYCP3 promoter fragment using human gDNA. An 

1888 bp region of the human SYCP3 promoter was amplified using primers 61/65 at a 

melting temperature of 70.5ºC. The amplified promoter was gel extracted and spin purified 

using a Nucleospin® Gel and PCR Clean-Up Kit (Clontech) as per manufacturer’s 

instructions. This promoter insert was then cloned directly upstream of an 

mRuby::puromycin cassette in plasmid vector HR110PA at the NcoI and SfiI restriction cut 

sites using the In-Fusion HD® Cloning System (Clontech) following manufacturer’s 

instructions. The circularized vector construct reaction mixture was then transformed into 

Stellar Competent Cells (Clontech) and plated on Luria Broth (LB) Ampicillin plates 

overnight at 37ºC per manufacturers recommendations. Following confirmation of amplified 

clones, this plasmid DNA was used as a template to amplify the SYCP3::mRuby::Puromycin 

insert fragment using primers 63/67 in order to add 15 bp overhangs to the fragment for 

correct packaging vector integration using the In-Fusion HD method. The resulting amplified 

promoter was gel extracted and spin purified using a Nucleospin® Gel and PCR Clean-Up 

Kit (Clontech) as per manufacturer’s instructions. The previously designed 

UCHL1::GFP::Zeo vector was used as the backbone of the meiotic construct. Briefly, a 2 

hour EcoRI/SalI double digest was performed on the UCHL1::GFP::Zeo vector. Cut vector 

DNA and the purified SYCP3::mRuby::Puromycin insert fragment were then The purified 

SYCP3::mRuby::Puromycin insert fragment was then cloned into the linearized plasmid 

vector SR10011PA at the EcoRI and SalI restriction cut sites using the In-Fusion HD® 

Cloning System (Clontech) following manufacturer’s instructions. The resulting circularized 
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vector construct reaction mixture now containing the SYCP3 promoter fragment, mRuby 

reporter, and puromycin resistance cassette as well as all necessary lentiviral gene 

components was then transformed into Stellar Competent Cells (Clontech) and plated on 

Luria Broth (LB) Ampicillin plates overnight at 37ºC per manufacturers recommendations. 

Following this incubation period, four single clones were identified and used to inoculate 

2mL LB tubes containing 50 µg/mL ampicillin and placed in a 37ºC incubator with 150 RPM 

shaking. Cultures were then used to isolate complete lentiviral vector plasmid DNA using a 

QIAprep Spin Miniprep Kit (Qiagen) following manufacturer’s instructions. A 2 hour repeat 

double-digest was then performed for each prep using EcoRI and SalI restriction enzymes to 

confirm successful cloning of the SYCP3::mRuby::Puromycin reporter fusion construct.  

PRM1 post-meiotic reporter vector construct 

Vector SR10011PA  was first linearized via double restriction digest of SalI and 

EcoRI for 2 hours at 37ºC  to remove the CMV promoter and GFP fluorescent reporter gene.  

This reaction mixture was run on a 1% agarose gel and the vector backbone was then gel 

purified using a Nucleospin® Gel and PCR Clean-Up Kit (Clontech) as per manufacturer’s 

instructions. A 2912 bp DNA fragment was commercially synthesized to contain a human 

PRM1 promoter fragment directly upstream of a human codon-optimized  ZsYellow 

fluorescent protein gene linked to a neomycin resistance cassette by a self-cleaving T2A 

peptide. The PRM1::ZsYellow::Neo fragment was ligated into the cut SR10011PA vector at 

the SalI/EcoRI restriction cut sites using T4 DNA ligase overnight at 16ºC. The ligation 

mixture was then plated on Luria Broth (LB) Ampicillin plates overnight at 37ºC and  four 

resulting single clones were then  identified and used to inoculate 2mL LB tubes containing 

50 µg/mL ampicillin and placed in a 37ºC incubator with 150 RPM shaking. Cultures were 
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used to isolate complete lentiviral vector plasmid DNA using a QIAprep Spin Miniprep Kit 

(Qiagen) following manufacturer’s instructions. A 2 hour repeat double-digest was then 

performed for each prep using EcoRI and SalI restriction enzymes to confirm successful 

cloning of the PRM1::ZsYellow::Neo fragment into the cut lentiviral vector backbone.  

Lentiviral vector expression construct packaging 

A pPACK Lentivector Packaging Kit (System Biosciences (SBI)) was used in order 

to package the three spermatogenesis stage-specific promoter-reporter lentivector expression 

constructs into pseudoviral particles for transduction  into target cells following 

manufacturer’s instructions. Briefly, the human  kidney producer cell line 293TN was used to 

seed 10cm tissue culture plates at a density of 50,000 cells per cm2. Once the cell density 

reached 60-80% confluence, a serum-free media mixture containing 0.8 mL DMEM F-12, 20 

µl pPACKH1, 2 µg lentivector expression construct DNA, and 24 µl Fugene HD transfection 

reagent was added drop wise and swirled to mix. Plates were then returned to the incubator. 

At 48 and 72 hours following transfection, media containing pseudoviral particles was 

collected for each construct into 50 ml sterile conical tubes. Viral supernatants were then 

concentrated using 50 ml spin concentrators (Millipore) following manufacturers 

recommendations and aliquoted into PCR tubes and stored at -80ºC until needed.  

Transduction of lentiviral particles into target cells 

In order to establish correct packaging and expression of lentiviral constructs, 

Spermatogonial stem cells were transduced with a supplied copGFP packaging control virus. 

Briefly, 25 µl of concentrated viral supernatant was added drop wise to SSCs at 70% 

confluence (initial seeding density of 20,000 cells per cm2) with 2 µl polybrene. Following a 

24 hour incubation, media was refreshed and an additional 25 µl of concentrated viral 
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supernatant with 2 µl polybrene was added drop wise. After 24 hours, transduced SSCs 

showed greater than 90% infectivity with the copGFP control virus. Once packaging controls 

were determined to be successful, state-specific spermatogenesis reporter construct virus 

supernatant was used to transduce SSC’s following the same protocol as the copGFP control. 

Infectivity was evaluated via fluorescence microscopy.  

 

Statistics 

Statistical analysis of all quantitative results is presented as mean +/- standard 

deviation (SD). Statistical significance was determined using Student's t test, with p values 

<0.05 considered statistically significant. Statistics were determined using GraphPad Prism 6 

software. 
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CHAPTER 3 

 

 

ISOLATION, ESTABLISHMENT, AND CHARACTERIZATION OF 
SPERMATOGONIAL STEM CELL, SERTOLI, AND LEYDIG CELL LINES FROM 

CRYOPRESERVED HUMAN TESTICULAR TISSUE 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter includes and expands upon the results of a manuscript prepared by 

Samuel S. Pendergraft to be submitted for publication in May 2016. He is responsible for the 

majority of the work described.  
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The overarching hypothesis of the work presented here presumes that in order to 

develop a physiologically relevant in vitro model of the human testis, certain technical and 

environmental criteria must be met. Specifically, we would need to expound and exploit the 

vast improvements made over the past few decades in biomaterial and cell culture techniques 

while integrating key aspects of the complex signaling and molecular interactions governing 

mammalian spermatogenesis, as we currently understand them.  

Significant work on in vitro spermatogenesis in mammals has been done consistently 

over the past several decades. However, the overwhelming majority of these studies deal 

with very specific aspects and details of spermatogenesis and include the elucidation of the 

complex signaling interactions necessary for progression of meiosis as well as other 

questions aimed at distinguishing the specific genes and functional aspects required to 

successfully move through the entire spermatogenic process. These research questions have 

ranged from the seemingly straightforward (but incredibly complex) associations of various 

testicular cell lines such as between spermatogonia and sertoli cells, all the way up to whole 

organ culture methods for the differentiation of fertilization-competent haploid cells from 

undifferentiated diploid germ cells. Importantly, few of these studies have been able to  

incorporate multiple experimental aspects into a single concise system or develop model 

systems that can recapitulate aspects of both spermatogenesis and steroidogenesis. Since our 

group has access to a significant amount of human testicular tissue, we found ourselves in a 

rare position to take advantage of major advances in the developing technologies of 

regenerative medicine, biomaterials, and cell culture. Our overall logic for the study was to 

utilize this tissue to develop a physiologically relevant human testis model system that would 

incorporate the specific components and signaling compliance that has been shown to be 
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effective in promoting aspects of androgen production and spermatogenesis progression in 

previous studies, and then to utilize and apply this system in a drug toxicity screening role in 

order to fill the significant gaps that currently exist in the increasingly relevant fields of  

human reproductive toxicity and  infertility.  

 

 

Figure 1. Processing of fresh human testicular tissue for use in germ and somatic cell 
isolations. Removal of tunica vaginalis and tunica albuginea precedes separation of tubule 
fragments into 1X MEM for long term cryopreservation. Image courtesy of Dr. Hooman 
Sadri-Ardekani. 
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Isolation and characterization of spermatogonial stem cells (SSC) 

Initially, as we moved forward in the development and design phase of our model 

system, we decided it would be most effective to utilize multiple testicular cell types in order 

to establish a 3D system that would be both scalable and modular to potentially address a 

wide range of research questions. Since the mammalian testis is the site of sperm production 

in males, we first sought to establish spermatogonial stem cell lines from human tissue. Much 

of the work performed to date on mammalian spermatogenesis has been accomplished using 

rodent species. Obviously, utilizing human tissue would result in a more physiologically 

relevant human system, so we decided to perform our cell isolations using human tissue. In 

fact, all testicular cell subtypes isolated for use in this study were isolated from 

cryopreserved human tissue fragments and cultured at 37°C with 5% CO2. Specifically, 

whole human testis were processed via removal of tunica vaginalis, epididymis, and tunica 

albuginea to expose seminiferous tubule tissue (Figure 1). Tubule tissue was then dissected 

into fragments of about 2 mm by 2 mm. For each patient sample, portions of tissue were 

fixed for histological evaluation using Bouin’s fixative, paraformaldehyde, and formalin. 

Additional tissue fragments were also snap frozen in liquid nitrogen for eventual RNA, 

DNA, and protein evaluation, if necessary. The majority of tissue fragments were 

cryopreserved in 1X MEM for long term storage. Importantly, we wanted to perform all of 

our cell isolations using tissue samples cryopreserved in this way. This was done partially as 

a proof of concept exercise, since human tissue samples for research (particularly those of the 

testis) can be difficult to acquire for many research groups. As such, making sure we could 

isolate cells from cryopreserved tissue would increase the validity of our model system as a 

method that could be more easily reproduced by other research groups. Following an 
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established isolation protocol that has been previously characterized for the presence of germ 

cell specific markers (Figure 3), we were able to successfully establish several new patient 

SSC lines following a protocol developed for the propagation and self-renewal of human 

SSCs. Unfortunately to date there is no known spermatogonial stem cell-specific marker for 

the isolation and establishment of pure spermatogonial stem cell populations. However, this 

protocol has been validated via xenotransplantation and homing of stem cells to their 

respective germ cell niche environments has been observed using human SSC lines. The 

culture method we use for the propagation of human SSCs involves a sequential mechanical 

disruption and subsequent enzymatic digestion of seminiferous tubule fragments. Since the 

germ and stem cells of the testis are located deep within the seminiferous tubules, the germ 

cell population must first be released from the tubular environment. This stringent 

dissociation process can be damaging to the delicate germ cells, and in fact previous attempts 

to isolate pure germ cell population from testicular tissue fragments have been performed 

with varying degrees of success and with limited yields(131). Due to the valuable nature and 

inherent usefulness of acquired human tissue biopsies, we wanted to make use of as much of 

these samples as possible. The isolation protocol we followed was unique in this regard, as 

the culture system utilizes residual somatic cell populations from the initial dissociation step 

as an effective germ cell feeder layer. The media we used is a modified Stempro-34 

hematopoietic stem cell culture media that has been optimized for the self-renewal and 

proliferation of undifferentiated human spermatogonia by incorporating necessary factors 

such as bFGF, LIF, EGF, and others. Following the isolation, establishment, and expansion 

of human spermatogonial stem cell lines for use in our 3D culture system, SSC cultures were 

characterized first morphologically (Figure 2) prior to characterization  for germ cell-specific 
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markers at the transcript level. All isolated SSC lines were determined to contain 

spermatogonia as indicated by the expression of PLZF (ZBTB16), UCHL1 (PGP9.5), and 

THY1 (CD90) for the duration of culture (Figure 6A). Cultured cells at passage 5 (P5) or later 

were then cryopreserved for future use. 

 

Figure 2. Spermatogonial Stem Cell (SSC) morphology. Phase contrast image of SSC’s at 
passage 4. Residual somatic cell populations from initial isolation protocol are utilized as a 
feeder layer for developing germ cell populations. Scale bar: 10 µm.  
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Figure 3. Characterization of Spermatogonial Stem Cells (SSC). SSC lines have been 
previously established and characterized for undifferentiated spermatogonia markers 
including PLZF. Image courtesy of Dr. Hooman Sadri-Ardekani, previously published in: 
Sadri-Ardekani H, et al. (2009) Propagation of human spermatogonial stem cells in vitro. 
JAMA : the journal of the American Medical Association 302(19):2127-2134. 
 

 

Isolation and characterization of human sertoli cells 

Testicular functionality and specifically the processes of both spermatogenesis and 

steroidogenesis rely on the complex interactions of the constituent cell types of the native 

tissue. Specifically, germ cells, Sertoli cells, Leydig cells, and peritubular myoid cells 

coordinate together to achieve the necessary signaling networks to maintain these complex 

metabolic processes. Sertoli cells are important testicular somatic cells that are known to 

have a prominent functional role in supporting developing germ cell populations through the 

various stages of spermatogenesis. Sertoli cells reside specifically within the seminiferous 
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tubules in the native tissue environment where they intricately interact with the developing 

germ cells. Sertoli cells are known to maintain both structural and secretory functions within 

the testis. Sertoli cells are integral in partitioning the adluminal compartment of the 

seminiferous tubules from the interstitial space, creating an immunoprivileged site through 

the formation of the blood-testis barrier via tight junction formation. These cells are known 

to have significant cytoplasmic volume. Sertoli cells are able to secrete anti-Mullerian 

hormone (AMH) during fetal development, inhibin, androgen binding protein, glial cell line-

derived neurotrophic factor (GDNF), transferrin, and are able to convert testosterone into 

estradiol through the action of the aromatase enzyme. In acting as nutritional and hormonal 

gatekeepers, Sertoli cells are integral in guiding the correct differentiation of spermatogonia 

into mature sperm.   

It was important for us to be able to isolate functional Sertoli cells for potential 

integration into our eventual 3D model system, since these cells are known to have such a 

direct positive effect on germ cell development. Rather than purchasing commercially 

available Sertoli cell lines, we decided to isolate Sertoli cells from our cryopreserved human 

testis tissues directly. The isolation protocol we utilized has been used previously for the 

successful and thorough characterization of human Sertoli cells and involves an enzymatic 

digestion step that is similar to, but less stringent than our SSC isolation protocol.   

Sertoli cells were successfully isolated from frozen human tissue biopsies and were 

shown to be proliferative for over 10 weeks in culture. After reverse transcriptase polymerase 

chain reaction (RT-PCR) assays, they expressed characteristic Sertoli cell markers including 

GATA4, CLU, and SOX9 (Figure 6B). Cells showed a large polygonal morphology with 

irregularly shaped nuclei and large cytoplasmic areas. Nile Red staining for the presence of 
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characteristic lipid droplet accumulation was found to be positive for over 90% of cells after 

passage 2 (Figure 4D). In addition, immunostaining showed expression of Vimentin and 

SOX9 proteins (Figure 4F-K). Since primary Sertoli cells are believed to have a limited 

proliferative potential in vitro, we immortalized them using a bicistronic hTERT-expressing 

lentivirus carrying a puromycin antibiotic resistance cassette (Figure 4 I-L). Immortalized 

Sertoli cells were expanded for multiple passages. At each passage, gene expression, 

morphology, and growth rate remained unchanged, indicating that immortalization had not 

altered the primary cell phenotype.  

 

Isolation and characterization of human Leydig cells  

 Once spermatogonial stem cell and Sertoli cell lines were established, characterized, 

and expanded for use in eventual 3D cell culture experiments, we moved forward with 

developing an acceptable human Leydig cell isolation protocol. It was an important 

consideration for our work to be able to incorporate androgen-producing cells into our 

complete 3D testicular model system to potentially emulate aspects of both spermatogenesis 

and steroidogenesis together in vitro. Unlike Sertoli cells and germ cell populations that 

reside within the seminiferous tubules of the testis, Leydig cells are known to be located 

adjacent to the seminiferous tubules within the interstitial space. Leydig cells develop 

initially from mesenchymal precursors during fetal development following a complex 

signaling cascade and differentiation process. Initially, it is believed that Leydig stem cells 

differentiate in response to specific cell signals including LIF and Desert Hedgehog (Dhh) 

from local Sertoli and peritubular cell populations. These signals initiate a migration of stem 

Leydig cells into the interstitium, where they further mature into progenitor, immature, and 
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mature Leydig cells, respectively. However, even fetal Leydig cell precursors are known to 

become functionally active by 6-7 weeks of gestation and are able to produce detectable 

androgen levels in fetal testis. These fetal Leydig cells continue to develop and proliferate 

following birth, and maintain functional expression of all required steroidogenic enzymes 

necessary for androgen production, including 3β-HSD, CYP11A1, and STAR.  

 Since we wanted to isolate Leydig cells from previously cryopreserved human tissue, 

we evaluated several isolation protocols currently published in the field. The overwhelming 

majority of Leydig cell research in vitro is performed using mammalian cells from species 

other than human, specifically of mouse and rat, although several established cells lines are 

currently available from entities such as ATCC including gonadotropin-responsive MA-10 

and TM3 murine lines. However, there are currently only limited options for acquiring 

human Leydig cells commercially. In fact, a very limited number of manufacturers even offer 

human Leydig cells, and the few that do provide cells at very early passage numbers that are 

only characterized via immunofluorescence for somatic cell markers such as GATA4 and 

CK-18. It is unknown whether these cells are able to maintain the functional machinery 

required for androgen production. This awareness further validated our requisite 

establishment of our own primary Leydig cell lines from human tissue. Previously 

cryopreserved tissues can have a tendency to inadvertently select for cell populations that are 

inherently more resistant to the harsh cryomedia during subsequent cell isolations post 

thawing. Accordingly, we needed an isolation protocol that would limit the harsh mechanical 

disruption of cells that is often required to isolate pure Leydig cells from tissue. Involved 

centrifugation, mechanical disruption, and use of Percoll gradients are known to negatively 

affect the long term viability of Leydig cells during extended culture. While these methods 
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may be appropriate for the quick 24-72 hour culture of Leydig cells commonly utilized in 

steroidogenic studies, we were interested in culturing our Leydig cells for up to several 

weeks, which necessitated a much less invasive procedure. We were able to find in the 

literature a published protocol and characterization of murine Leydig cells isolated using a 

simplified enzymatic digestion procedure that effectively releases Leydig cells from the 

interstitium without the need for additional purification steps. Murine Leydig cells isolated in 

this way were found to be positive for key steroidogenic markers including 3β-HSD, 

CYP11A1, and CYP17A1, and were found to have a purity of nearly 70% at initial isolation. 

We were able to adapt this protocol for use with our human tissue (with slight modifications 

as indicated in chapter 2) and performed an initial isolation and characterization using two 

cryotubes of frozen testis material, resulting in an initial yield of 600,000 cells, seeded at a 

density of 12,000 cells per square centimeter in standard 6-well tissue culture treated plates 

(Figure 6C).  

After one week in culture we determined that over 90% of isolated Leydig cells 

expressed the Leydig cell functional marker, 3β hydroxysteroid dehydrogenase (3β-HSD), an 

oxidoreductase enzyme that functions in steroid metabolism (Figure 5A-B). We further 

characterized these cells at the transcript level and confirmed expression of several additional 

Leydig cell-specific markers including STAR, TSPO, and CYP11A1 using RT-PCR assays 

(Figure 3C). As additional evaluation of Leydig-specific markers at the protein level, positive 

immunofluorescent staining for 3β-HSD (Figure 5C-D) was further supported by positive 

expression of the Leydig cell-specific marker INSL3 (Figure 5E-H). Since commercially 

available Leydig cells are known to have a limited expansion capacity in vitro, we decided to 

immortalize our isolated Leydig cells using a bicistronic hTERT-expressing lentivirus 
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carrying a puromycin antibiotic resistance cassette (Figure 5I-L). Since lentiviral vectors will 

integrate into the genome of both proliferating and quiescent cells indiscriminately, we 

transduced our Leydig cells with this hTERT-expressing lentivirus and confirmed hTERT 

expression using an antibody to telomerase-associated protein 1 (TEP1), a known protein 

subunit of hTERT. This protein is only expressed at detectable levels in immortalized cell 

lines. A puromycin selection protocol was used to actively select for positive cells. 

Immortalized human Leydig cells were monitored and evaluated out to twelve passages in 

order to (1) evaluate long-term proliferative potential, and (2) monitor any morphological or 

growth changes that might occur as a result of the immortalization process. To evaluate the 

capacity of the immortalized cells to produce androgens and be responsive to androgen 

stimulation in vitro we measured testosterone production before and after stimulation with 

2nM human chorionic gonadotropin (hCG) for 3 hours. Human chorionic gonadotropin is a 

luteinizing hormone analog and is used routinely in the lab to evaluate Leydig cell 

functionality following isolation. Based on previous studies it is known that hCG response is 

highest within the first few hours following stimulation, which is why we decided to measure 

at 3 hours rather measuring at 12 or 24 hours. Unstimulated cells produced testosterone at a 

mean concentration of 83.25 pg/mL per 100,000 cells. After stimulation with hCG the 

concentration rose to 115.812 pg/mL per 100,000 cells (Figure 7).  
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Figure 4. Morphological characterization and Immortalization of human Sertoli cells. 
(A-B) Nile Red staining for characteristic lipid droplet accumulation. (C-D) Vimentin 
immunohistochemical staining. (E-H) Immunofluorescent staining for SOX9. (I-L) 
Immunofluorescent staining for telomerase-associated protein 1 (TEP1) in immortalized 
Sertoli Cells (Scale bar 10 µm). 
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Figure 5. Morphological characterization and Immortalization of human Leydig cells. 
(A-B). 3β-HSD chemical staining. (C-D) 3β-HSD immunofluorescent staining. (E-H) 
immunofluorescent staining for INSL3. (I-L) Immunofluorescent staining for TEP1 in 
immortalized Leydig cells. (Scale bar 10 µm).	  
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Figure 6. Characterization of spermatogonial stem cell (SSC), Sertoli, and Leydig cell 
markers in 2D cultures of human testicular cell subtypes. (A) Reverse transcriptase 
polymerase chain reaction for spermatogonial markers: PLZF (promyelocytic leukemia zinc 
finger protein, ZTBT16), UCHL1 (ubiquitin carboxy-terminal hydrolase L1), and THY1 
(cluster of differentiation 90). (B). Sertoli markers: GATA4, CLU (clusterin), and SOX9. (C). 
Leydig markers: STAR (steroidogenic acute regulatory protein), TSPO (translocator protein), 
and CYP11A1 (cholesterol side-chain cleavage enzyme) on whole testis and isolated cells 
from the same patient. POLR2A (DNA-directed RNA polymerase II subunit RPB1) was 
utilized as a reference marker in all cases. The second lane of each sample shows the 
negative reverse transcriptase (-RT) control. 
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Figure 7. Quantification of secreted testosterone by ELISA over time for Leydig cells in 
2D culture (n = 3). Data presented as mean ± SD. Significance: *p < 0.05. 
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CHAPTER 4 

 

 

ESTABLISHMENT OF BASIC DESIGN PARAMETERS, DETERMINATION OF 
OPTIMAL CULTURE CONDITIONS, CELLULAR ORGANIZATION, PROGRESSION 

OF SPERMATOGENESIS,  HORMONE PRODUCTION, AND OVERALL 
FUNCTIONALITY OF HUMAN TESTICULAR ORGANOIDS 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter includes and expands upon the results of a manuscript prepared by 

Samuel S. Pendergraft to be submitted for publication in May 2016. He is responsible for the 

majority of the work described.  
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Here we present the development, basic design parameters, and characterization of a 

novel 3D cell culture system of human testicular cells. As a mechanistic process, the 

elucidation of complete differentiation of male germ cells from diploid spermatogonial stem 

cells into fertilization-competent haploid spermatids remains a significant obstacle in the 

field of reproductive biology.  For decades research has been performed aiming to understand 

the various complex associations and intricate coordination of cells and factors necessary for 

correct germ cell differentiation in vitro. These studies have been both simplistic and 

complex in approach, ranging from monolayer cultures of single testis cell types all the way 

up to the culture of whole testis fragments using organ culture methods. The germ cell niche 

provided by the Sertoli cells within the seminiferous epithelium has been shown to be the 

single most important factor in correct germ cell differentiation in vitro(22). Without an 

appropriate niche environment, spermatogonia are unable to sufficiently enter meiosis and 

develop into functional haploid cells.  

A renewed interest in the development of effective 3D cell culture systems has begun 

to shed light on one of the major limitations of currently accepted in vitro cell culture 

models; hypofunctionality and dedifferentiation of cell-specific markers during extended 

culture. Very simply, the primary culture of organ-specific cell types is not reflective of the 

complex systemic signaling associations, functionality, or expression profiles of these cells in 

vivo. However, the overwhelming majority of in vitro studies on all types of human cells and 

organ systems have been performed on cells using standard two-dimensional primary culture 

methods. In comparing cells cultured in this manner to corresponding cells cultured using 

three-dimensional methods, we consistently see significantly higher expression of cell-

specific functional markers, production of cell-specific factors, overall viability, polarization, 
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cell-cell contacts, and extracellular matrix production(108). This improved phenotype allows 

researchers greater latitude in developing research questions, potentially allowing for the 

acquisition of significantly more data, while simultaneously improving physiological 

relevance.  

Improving on many previous in vitro spermatogenesis studies performed to date 

while taking into consideration any corresponding functional limitations, we set out to 

develop an improved model of testicular function. From a development standpoint, it was 

important for us to have access to an adequate supply of cellular components for use in the 

basic development of a 3D cell culture system. Rather than isolate total testicular cells from 

tissue biopsies, we opted to isolate specific cell types from tissue fragments and then 

integrate these cells together in 3D culture. This method gave us significantly greater control 

over the specific cellular ratios of each culture environment, and reduced optimization time.  

 

Formation of multicellular human testicular organoids and initial design parameters 

All subsequent 3D culture experiments using SSC, Sertoli and Leydig cells were 

performed using cryopreserved cells from early passages. This was done as a proof of 

concept, since access to fresh human tissue is extremely limited for the vast majority of 

research groups, cryopreservation of tissues would allow greater access for a much larger 

number of research groups to use this culture method as a platform for addressing other 

potentially valuable research questions that would require the combination of multiple 

testicular cell types together in a functionally improved environment. Thawed SSC, Sertoli, 

and Leydig cells were first cultured in standard 2D tissue culture plates prior to being seeded 

into either 3D Perfecta  (3D Biomatrix, Ann Arbor, MI) or GravityPLUS™ (InSphero AG, 
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Switzerland) hanging drop culture plates (Figure 1). We decided to utilize the hanging drop 

method to form our 3D cultures because it provides us with significant control over culture 

size and specific cell ratios, while allowing each mechanical manipulation for downstream 

assays. Manufacturers such as 3D Biomatrix and InSphero AG have developed several robust 

platforms for 3D cell culture using this hanging drop method, and are produced in ideal 96-

well or 384-well plate formats, which allows for efficient mid to high-throughput evaluation 

of cultures even from limited input sources. The basic principle of the hanging drop method 

of organoid formation uses suspended “drops” of culture media containing cells in 

suspension to take advantage of the inherent ability of cells to aggregate, self-associate, and 

combine via gravity into compact 3D structures (Figure 2). Initial optimization experiments 

were performed using several different ratios of these three cell lines. Since germ cells are 

the most functionally important cell type as well as the most sensitive, cultures were 

optimized for germ cell survival. Cell numbers used in this study were 10,000 total cells per 

40 µl drop, which included 8,000 SSC, 1,000 Sertoli, and 1,000 Leydig cells resulting in 

organoids of between 250-350 µm. This small size is optimal for the diffusion of nutrients 

into and cellular products out of the organoids and avoids any signs of a necrotic core 

resulting from hypoxia. Stable compacted organoids formed within 24-48 hours and were 

then transferred to U-bottom 96-well ultra-low attachment plates for extended culture (Figure 

3).  
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Figure 1. Perfecta3D® 96-Well Hanging Drop Plate. These culture plates provide a 
versatile high-throughput system for 3D culture formation and subsequent evaluation of 
cellular constructs. Image courtesy of 3D Biomatrix.  
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Figure 2. Perfecta3D® 96-Well Hanging Drop Plate assembly (top) and hanging drop 
formation (bottom). Water or buffer can be added to reservoir inserts to maintain humidity 
levels. Each hanging drop well holds 30µl  to 50µl of cell suspension. Aggregation of 
suspended cells in hanging drops usually begins within 12 hours and compact individual 
spheroids are formed between 24 and 96 hours for most cell types.  
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Figure 3. Formation of multicellular human testicular organoids using Perfecta3D® 96-
Well Hanging Drop Plates. A. Representative phase contrast image of fully formed 
testicular organoid after 48 hours in hanging drop culture. B. Visualization of testicular 
organoids within wells of 96-well ultra-low adhesion culture plates following transfer. 
Individual organoids can be seen at the center of each well. 
 

 

Evaluation of internal morphology and 3D organization of human testicular organoids 

 Once initial design parameters were established for our 3D culture system, we wanted 

to evaluate the resulting testicular organoids morphologically. Specifically, we aimed to 

establish a basic culture characterization profile for important determinants such as internal 

morphology, initial and long-term viability, 3D proliferative capacity, organization of 

individual cell lines within the 3D structure, ultrastructural analysis, androgen production 

over time, functional as well as spermatogenesis-specific and cell type-specific gene 

expression changes over time, and global gene expression profiles.  

 As a baseline measure of internal morphology, testicular organoids produced using all 

three isolated testicular cell types were harvested and fixed in 4% PFA immediately after 

complete organoid formation in hanging drops. Fixed organoids were then paraffin-

100µm 

A. B. 
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embedded, sectioned and stained with hematoxylin and eosin (Figure 4). Previous studies on 

the relationship between cell number, size, oxygen diffusion, and viability of 3D organoid 

cultures of isolated human cardiac and hepatic cells has shown that once the overall structure 

diameter exceeds 250-300 microns there is a much higher potential for core necrosis to occur 

in response to a lack of uniform nutrient and oxygen support. We were initially concerned 

that this phenomenon could also have an influence on the optimum size limits of our 

testicular organoids. However, H&E staining of organoid sections did not show any 

significant signs of necrosis or structural abnormalities within the center of the 3D structure 

(Figure 4). Several organoids harvested at this early time point in parallel were evaluated for 

viability using a Live/Dead staining assay. A FV10i confocal microscope was utilized for this 

approach in order to determine cell viability in real time. A 3D Z-stack projection was 

produced from individual 10 µm section scans of the entire organoid structure as an overall 

snapshot of viability (Figure 5A).  

 Spermatogonial stem cell, Sertoli, and Leydig cells have a tendency to proliferate 

significantly during culture on tissue culture plates or flasks. It was important to assess the 

proliferative capacity of these cells in 3D culture, so paraffin sections of early time point 

organoids were immunostained for Ki-67, a protein exclusively associated with cell 

proliferation (Figure 5B). The presence of an intact SSC niche environment is critical for the 

correct differentiation of germ cells within the native tissue. This relationship between 

spermatogonial stem cells, Sertoli cells, and the interstitial signaling environment containing 

peritubular myoid and androgen-producing Leydig cells allows for not only structural 

support, but also provides the correct temporal and nutrient cues for successful 

differentiation. It was important to determine cell-specific organization within our organoids, 
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since individual testicular cell types have significantly different growth properties and 

composition. We designed an assay to measure 3D organization after formation by utilizing 

three fluorescent cell-surface markers. To accomplish this, each individual cell line (SSC, 

Sertoli, Leydig) was first passaged and transferred into serum-free culture media at ratios of 

1 x 106 cells per cm2. Each line was then stained one of three available surface-labeling 

solutions. These fluorophores are not cytotoxic to cells and can remain detectable for several 

weeks in culture. Labeled cells were then combined into an organoid formation mixture at 

the determined cell ratio of 8:1:1 (SSC:Sertoli:Leydig) and cultured on 96-well hanging drop 

plates to form 3D cultures. After 48 hours, cultures were transferred to low-attachment 96-

well round-bottom plates and evaluated for organizational changes over time (Figure 6). 

Interestingly, we observed a propensity of our cells to self-organize during extended culture 

as indicated by the association of  germ cells within the center of each organoid with somatic 

cells (particularly Leydig cells) targeting to the periphery of the structure.  

 Ultrastructural characterization was an important consideration of this study to 

quantify differences in cell behavior in 3D culture as compared to corresponding cells using 

2D culture methods. Scanning electron microscopy was used to verify cellular associations 

observed during initial H&E staining. As seen in the H&E sections, significant extracellular 

matrix proteins appear to be secreted by cells in the 3D structure. Sertoli cells along with 

peritubular myoid cells produce large amounts of ECM proteins including laminins, 

collagens I and IV, and fibronectin in the native tissue. Dense and complex cellular 

organization around the exterior of the organoid, with visible extensions and filopodia were 

observed in representative scanning electron micrographs and provided a high-resolution 

view of the external architecture of these cultures (Figure 7).  
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 We utilized transmission electron microscopy to distinguish between individual cell 

types and stages of differentiation within individual testis organoids. In addition to organoids 

formed using all three isolated lines together, additional 3D organoid samples were produced 

for TEM analysis using each cell line individually. Micrographs of multi-cell-type organoids 

did not structurally vary significantly from organoids produced from individual cell lines, 

likely due to their heterogeneous nature, however cell-specific characteristics were observed, 

including secretory vesicle and lipid droplet accumulation within cell cytoplasm, and 

characteristic Sertoli cell tight junction formation (Figure 8-11).  
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Figure 4. Morphological characterization of multicellular human testicular organoids. 
Paraffin sections of testicular organoids stained by hematoxylin and eosin at (A) 10X and (B) 
40x Magnification. 
 
 

 

Figure 5. Viability and proliferative capacity of multicellular human testicular 
organoids. A. Live/Dead Confocal 3D Z-Stack projection of representative organoid after 2 
days in culture. B. Ki-67 Immunofluorescent staining of representative organoid paraffin 
section at day 2 of culture.  
 

 

 

A. B. 
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Figure 6. Representative Confocal microscopy 3D Z-Stack projection of 3D testicular 
organoid using Vybrant™ Cell-Labeling Solutions. Incorporated testicular cell subtypes 
have been individually labeled; Spermatogonial stem cells (SSC) (Blue), Sertoli Cells 
(Yellow), and Leydig cells (Red).  
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Figure 7. Ultrastructural analysis of multicellular human testicular organoids using 
SEM to show exterior morphology. A. representative testicular organoid showing entire 3D 
structure. B. Representative high magnification image revealed complex cellular interactions 
and presence of lamellipodia. 
 

A. B. 
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Figure 8. Representative transmission electron micrograph of multicellular human 
testicular organoid following 23 days in culture. Cell nuclei and secretory vesicles can be 
seen in addition to significant ECM formation. 
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Figure 9. Representative transmission electron micrograph of human spermatogonial 
stem cell (SSC) organoid after 48 hours in culture.   
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Figure 10. Representative transmission electron micrograph of human Leydig cell 
organoid after 48 hours in culture. Cell nuclei and secretory vesicles can be seen in 
addition to significant ECM formation. 
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Figure 11. Representative transmission electron micrograph of human Sertoli cell 
organoid after 48 hours in culture. Tight junction formation indicated in red. 
 
 

Long-term morphological characteristics and viability of multicellular human testicular 

organoids in vitro  

 

It was important from a development standpoint to evaluate long term genetic and 

structural changes in 3D cultures over time. Spermatogenesis is a temporal process requiring 

more than 60 days for full germ cell differentiation in humans. Since complete 

spermatogenesis in vitro using human cells remains to be elucidated, we can only speculate 

TJ 
TJ 
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that at least some degree of temporal differentiation will be required to attain similar results 

in the laboratory.  

Basic long-term viability was established in testicular organoid cultures. Specifically, 

organoids were harvested after 2, 9, 16, and 23 days of culture and examined for 

morphological characteristics, viability, and internal organization. At day 2 organoids 

appeared uniform and tightly packed with cells (Figure 12). By day 9 the density of cell 

nuclei decreased, as significantly more extracellular matrix (ECM) was produced within the 

structure. By day 23, organoids were found to have increased in size from approximately 

250µm to ~400µm, due to cellular proliferation and expression of ECM, with no sign of 

necrosis.  

Viability at each time point was assessed using confocal microscopy after live/dead 

staining and ATP quantitation. No significant cell death was observed during the 23 day 

culture period for any organoid (Figure 12). Androgen receptor expression was monitored 

during this period as well as collagen IV production via immunostaining (Figure 13). ATP 

assays (CellTiter-Glo® Promega) showed that the organoids (n=6) maintained greater than 

85% viability throughout the entire culture period (Figure 14).  
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Figure 12. Testicular organoid morphological characterization and viability assessment.  
Morphological characterization of testicular organoids during extended culture (2,9,16 and 
23 days). Organoids were stained using a Life Technologies LIVE/DEAD Cell Imaging Kit 
(live cell=green, dead cell=red) and imaged using an Olympus FV10i confocal microscope 
(top panels, I-IV). Paraffin sections stained with hematoxylin and eosin for internal 
morphologic characterization (bottom panel, I-IV) revealed production of ECM within the 
organoids over time in culture without any sign of necrosis (Scale bar 10 µm). 
 

 

I.2d II.9d III.16d IV.23d 
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Figure 13. Internal morphological characterization of testicular organoids. A-C. 
hematoxylin and eosin staining comparing organoids at the start and end of culture to whole 
testis controls. D-G. Immunohistochemical staining for androgen receptor. H-K. 
Immunohistochemical staining for collagen type IV.  
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Figure 14. Evaluation of ATP production using CellTiter-Glo® Luminescent Cell 
Viability Assays. Data analysis revealed consistent ATP production for the entire culture 
period (n = 6). Data presented as mean ± SD. 
 

 

Multicellular human testicular organoids can be stimulated to produce androgens during 
extended culture 
 
To test the ability of 3D human testicular organoids to produce androgens and respond to 

androgen stimulation in vitro, culture supernatant was measured for total testosterone (n=10) 

concentration per 100,000 cells before and after stimulation with 2ng/mL hCG for 3 hours. 

At day 2, nonstimulated testosterone concentrations were 97.168 ± 17.471 pg/mL: after hCG  

stimulation, concentrations were 151.325 ± 11.592 pg/mL (Figure 15). Stimulation at day 2 

resulted in testosterone levels significantly higher than nonstimulated cells (p = 0.00039). 

Subsequent measurements for days 9, 16, and 23 revealed consistent testosterone production 

of 85.03 ± 2.447, 85.56 ± 2.31, and 89.376 ± 0.891 pg/mL/100,000 cells, respectively. 

Organoids appeared to lose responsiveness to repeated hCG stimulation as, over time, 

2 9 16 23
0

20

40

60

80

100

120

Duration of Culture (Days)

A
T

P 
(%

 C
on

tr
ol

)
Viability



90 
	  	  

Testosterone concentrations decreased from 105.958 ± 2.556 at day 9 to 91.008 ± 14.764 and 

98.83 ±  3.495 at days 16 and 23, respectively (Figure 15).  

 

Figure 15. Quantification of secreted testosterone over time by testicular organoids 
measured with ELISA (n = 10). Data presented as mean ± SD. Significance: *p < 0.05. 
 
 
Transcriptional changes of functional and stage-specific genes during extended culture 

Undifferentiated spermatogonial markers UCHL1 (PGP9.5) and PLZF (ZBTB16) 

were consistently expressed throughout the entire culture period (Figure 16). These markers 

increased slightly over time, but not significantly so. Expression of SYCP3, a meiotic germ 

cell marker, was not significantly increased during the culture period. However, the 

spermatogonial marker DAZL, which is expressed in differentiating spermatogonia (nuclear) 

through meiosis (cytoplasmic) and in round spermatids, was significantly upregulated over 

time with a fold change of 35.28 at day 23. Significant increases in the post-meiotic germ cell 
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markers PRM1 (18 fold increase) and Acrosin (9 fold increase) occurred (Figure 17), 

indicating in vitro germ cell differentiation. In vitro somatic cell function was assessed via 

gene expression changes for sertoli and leydig cell functional markers (FSHr, CYP19A1, 

CYP11A1, and 3β-HSD). A fold change of 39.47 for CYP19A1, 1268.74 for FSHr, 4.75 for 

CYP11A1 and 940.92 for 3β-HSD was observed (Figure 18). All quantitative RT-PCR data 

were normalized to the house keeping gene POLR2A as an internal control. 

 

Figure 16. Testicular organoid gene expression changes following 23 days in culture for 
undifferentiated spermatogonia markers. The fold change (RelQ, 2-ΔΔCT) in gene 
expression for undifferentiated spermatogonia (UCHL1, PLZF) was not observed, however 
these genes maintained consistent expression for the entire culture period (n = 40). Data 
presented as mean ± SD. Significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Figure 17. Testicular organoid gene expression changes following 23 days in culture for 
stage-specific spermatogenesis markers. The fold change (RelQ, 2-ΔΔCT) revealed a 
significant upregulation of spermatogenesis (DAZL, ACR, PRM1) genes(n = 40). Data 
presented as mean ± SD. Significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
 
 
 

 

Figure 18. Testicular organoid gene expression changes following 23 days in culture for 
somatic cell (Leydig and Sertoli) functional markers. The fold change (RelQ, 2-ΔΔCT) 
revealed a significant upregulation of both Leydig (3β-HSD, CYP11a1) and Sertoli (FSHr, 
CYP19a1) functional markers. period (n = 40). Data presented as mean ± SD. Significance: 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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RNA Microarray analysis of testicular organoids during extended culture 

 
 The genetic profile of established cell lines can vary significantly from the complex 

tissues from which they were derived. Primary cell lines have a tendency to down-regulate 

and lose expression of cell-specific functional markers over time. We hypothesized that our 

3D testicular cell cultures could potentially reflect a more in vivo like expression profile due 

to the tissue-like 3D architecture. To verify, RNA was isolated from more than 100 

individual testis organoids at time points of 2, 9, 16, and 23 days of culture. Total RNA was 

extracted  using a Direct-zol™ RNA MicroPrep kit (ZYMO Research, Irvine, California) 

following manufacturer’s instructions. RNA was converted to cDNA using a high-capacity 

cDNA Reverse Transcription Kit (Life Technologies). Purity was evaluated using a 

bioanalyzer (Agilent Technologies, Palo Alto, California) with all samples showing integrity 

numbers of 9 or higher. Total RNA was shipped on dry ice and processed at the Wake Forest 

Baptist Medical Center Genomics Microarray core facility. Using a 250 ng RNA input, dye-

labeled cDNA was generated and assayed on Illumina HumanHT-12 v4 Expression 

BeadChips containing more than 47,000 probes derived from the National Center for 

Biotechnology Information Reference Sequence (NCBI) RefSeq Release 38 (November 7, 

2009). Extracted raw data was normalized using Omics Explorer software and used to 

perform unsupervised hierarchical clustering and PCA analysis to determine similarities and 

differences between organoids during extended culture as compared to whole testis controls 

from the same patient samples. Statistics for these assays were determined using GeneSifter 

Analysis Edition 4. Direct comparison of 3D cultures to control tissues (RNA isolated from 

whole testis tissue biopsies from the same patient) revealed an interesting segregation of 

genes between the two groups. Two large panels of genes were found to be significantly 
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upregulated and significantly down-regulated in 3D cultures as compared to controls, 

respectively (Figure 19). A principle components analysis between these groups revealed 

strong similarity among organoid samples and among patient tissue controls, but a strong 

segregation between these two conditions (Figure 20).  
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Figure 19. Heat map of gene expression in organoids and controls. Hierarchical 
clustering, based on sample type, was performed on whole genome microarray data. Heat 
map displays the top 48 differentially expressed genes based on sample type. 
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Figure 20. Principle components analysis (PCA) of gene expression in organoids and 
controls. Hierarchical clustering, based on sample type, was performed on whole genome 
microarray data. Yellow = organoids; blue = whole testis controls. 
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CHAPTER 5 

 

 

EVALUATION AND ASSESSMENT OF 3D TESTICULAR ORGANOIDS AS A TOOL 
FOR TESTICULAR DRUG TOXICITY SCREENING 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter includes and expands upon the results of a manuscript prepared by 

Samuel S. Pendergraft to be submitted for publication in May 2016. He is responsible for the 

majority of the work described.  
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Cryopreservation and viability assessment of human testicular organoids 
 

To investigate the feasibility of cryopreserving organoids for long-term storage and 

distribution, we evaluated two distinct cryopreservation protocols immediately after thawing 

and subsequent 2 week recovery in culture. First, we cryopreserved organoids using our 

standard SSC freezing protocol of 1X MEM supplemented with 20% FBS and 8% DMSO 

(slow freezing). After 7 days of liquid nitrogen storage, organoids were thawed and their 

morphology and viability were determined via phase contrast microscopy and fluorescent 

live/dead staining followed by macro confocal microscopy. These assays were performed 

immediately after thawing and again at 7 and 14 days post-thawing. When compared to 

control samples obtained at day 2 of normal culture, the cryopreserved and thawed organoids 

appeared to be stressed, as indicated by the small compact cellular phenotype of the cells 

within the organoid (Figure 1 (AII)). However, no significant cell death was observed within 

the structure. By day 7 post-thaw, the cells within the organoid had visibly recovered and 

displayed a normal phenotype (Figure 1 (AIII)). No significant cell death was observed 

within organoids cryopreserved in this manner and organoids maintained greater than 90% 

viability for the duration of the 14 day culture period (Figure 1A).  

We also evaluated vitrification as a method of cryopreservation, following a protocol 

routinely used to preserve human embryos for in vitro fertilization (IVF) (132, 133). 

Organoids were vitrified, kept frozen for 7 days, then thawed using standard thawing 

methods for vitrified human embryos (132, 133). They were then cultured at 34°C and 5% 

CO2 for 14 days. Compared to organoids cryopreserved slowly in DMSO, vitrified organoids 

appeared less stressed and analysis revealed that vitrified organoids maintained greater than 

95% viability after thawing and for the subsequent 14 days of additional culture (Figure 1B). 
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Figure 1. (A) Morphological and viability assessment of slowly cryopreserved human 
testicular organoids. Representative phase contrast (top panel) and confocal Live/Dead 
(bottom panel) images of human testicular organoids cryopreserved by standard 8% DMSO, 
20% FBS 1X MEM freezing media. I. Fresh organoid 2 days in culture, as a positive control, 
was compared to freeze/thawed organoids immediately after thawing (II), and following an 
additional 7 (III) and 14 days (IV) recovery in culture. These images were compared to cold-
methanol treated organoids as a negative control (V). Cryopreserved organoids showed 
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greater than 90% viability following thawing and subsequent to recovery in culture. (Scale 
bar 100 µm) (B) Morphological and viability assessment of vitrified cryopreserved 
human testicular organoids. Representative phase contrast (top panel) and confocal 
Live/Dead (bottom panel) images of human testicular organoids cryopreserved by 
vitrification method. I. Fresh organoid 2 days in culture, as a positive control, was compared 
to vitrified freeze/thawed organoids immediately after thawing (II), and following an 
additional 7 days (III) and 14 days (IV) recovery in culture. These images were compared to 
a cold-methanol treated organoid as a negative control (V). Vitrified organoids showed 
greater than 90% viability following thawing and subsequent culture (Scale bar, 100 µm). 
 
 

Evaluation of human testicular organoids as a potential reproductive toxicity model 

To evaluate the use of human testicular organoids as a novel screening tool for 

reproductive toxicity, 3D organoids and corresponding cells cultured in 2-Dimensional (2D) 

were exposed to four clinically relevant antimitotic chemotherapeutic drugs: busulfan, 

cisplatin, doxorubicin, and etoposide. To obtain IC50 values, 1 day old organoids were 

exposed to increasing concentrations of drugs for 48 hours. Live/Dead viability assays were 

performed on cells and organoids following drug treatment (Figure 2-3). Similar 

morphological changes and viability profiles were observed between 2D cells and organoids 

for each drug treatment condition. Drug-treated organoids were harvested and further 

evaluated for toxicity by measuring ATP production  (CellTiter-Glo®, Promega, WI) and for 

apoptosis using Caspase-Glo® 3/7 assays (Promega WI). Resulting IC50 values of organoid 

cultures were compared to equivalent cells cultured in 2D. Performing these assays on 

organoids cultured for only a brief time without the addition of any known differentiation 

factors led us to hypothesize that data gathered from these experiments would potentially be 

more reflective of the effect of these chemotherapeutic drugs on pre-pubertal testicular 

tissues. To compensate for this we repeated our differentiation protocol (chapter 2) on 

organoids as a separate condition to emulate drug treatments effect on mature testis tissue 
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(Figure 4). Organoids under all drug treatment conditions exhibited a dose-dependent 

decrease in viability and maintained IC50 values significantly higher than 2D-cultured cells 

(1.61-10.33 fold higher), indicating a more drug-resistant phenotype in 3D conditions versus 

2D. (Figure 2-3, Table I). Caspase 3/7 assays were performed on 2D culture and 3D 

organoids treated for 48 hours at drug concentrations comparable to determined IC50 values 

(Figure 5). As a secondary assessment of apoptosis, TUNEL staining was performed to 

compare drug-treated 3D organoids to non-treated controls (Figure 8). Analysis revealed that 

three of the drugs (cisplatin, doxorubicin, etoposide) showed a significant decrease in 

apoptosis for 3D organoids compared to 2D cultured cells. However, organoids treated with 

the alkylating agent busulfan showed significant increases in apoptosis as compared to 2D 

cultured cells. Additional characterization of histological changes was performed via H&E as 

well as live/dead staining of cells and organoids following drug treatment. Viability and 

internal morphology was similar between cells and organoids (Figure 7). Once IC50 values 

were determined, a subsequent experiment was performed to evaluate relative gene 

expression changes following drug exposure. Organoids were formed as described previously 

and at 24 hours were exposed to drugs for 48 hours. Organoids were harvested following 

exposure and qPCR gene expression analysis was performed to evaluate changes in 

spermatogonial (PLZF), Sertoli (SOX9), and Leydig (STAR) cell markers. Expression 

changes were normalized to polymerase (RNA) II polypeptide A (POLR2A) and expression 

compared to cells cultured in 2D. Interestingly, when comparing 3D organoids to 2D cell 

culture controls treated with busulfan, higher expression levels was observed for PLZF and 

STAR (Figure 6). Statistically significant higher expression of all markers was further 

observed following cisplatin exposure. Expression of STAR significantly was higher 
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following exposure to both doxorubicin and etoposide in 3D organoids, however, gene 

expression levels of all other markers following exposure to these drugs in organoids was not 

found to be significantly different from 2D control cells (Figure 6). 
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Figure 2. Drug effect on human testicular cells. Cells were exposed to drugs for 48 hours 
prior to determination of ATP content via CellTiter-Glo® Luminescent Cell Viability assays. 
Dose response curves were generated for 2D cells (n = 3). Data presented as mean ± SD. 
 

 

 

Figure 3. . Drug effect on human testicular organoids. 3D cultures were exposed to drugs 
for 48 hours prior to determination of ATP content via CellTiter-Glo® Luminescent Cell 
Viability assays. Dose response curves were generated for 3D organoids (n = 3). Data 
presented as mean ± SD. 
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Table I. Summary of determined IC50 values from ATP dose response curves. 

 

 

 

Figure 4. Drug effect on differentiated human testicular organoids. 3D cultures 
following a 23-day differentiation protocol were exposed to drugs for 48 hours prior to 
determination of ATP content via CellTiter-Glo® Luminescent Cell Viability assays. Dose 
response curves were generated for 3D organoids (n = 3). Data presented as mean ± SD. 
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Table II. Comparison of IC50 values from ATP dose response curves. 

 

 

 

Figure 5. Activation of caspase 3/7 in 2D testicular cells and 3D testicular organoids 
following acute drug exposure. Luminescence produced by caspase 3/7 activity was 
measured following 48-hour incubation and cell viability (% control) was compared to non-
treated controls incubated for the same exposure time (n = 3). Data presented as mean ± SD. 
Significance: *p < 0.05; **p < 0.01.  
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Figure 6. Testicular organoid gene expression changes following acute drug treatment. 
The fold change (RelQ, 2-ΔΔCT) for spermatogonia (PLZF (ZTBT16)), Leydig (CYP11A1, 
STAR) and Sertoli (SOX9) cell markers was measured to compare 3D cultured testicular 
organoids to corresponding 2D testicular cell culture controls for four clinically relevant 
chemotherapeutic drugs. A. Busulfan. B. Cisplatin. C. Doxorubicin. D. Etoposide (n = 3). 
Data presented as mean ± SD. Significance: *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 7. Morphological and viability assessment of human testicular 2D culture and 
3D organoids following drug treatment: Representative confocal Live/Dead (top, middle 
panel) and hematoxylin and eosin (bottom panel, K-O) images of human 2D testicular cell 
culture (A-E) (A-E Scale bar, 10 µm.) and 3D organoids (F-J and K-O) (K-O Scale bar, 100 
µm.) following drug exposure to busulfan, cisplatin, doxorubicin, and etoposide for 48 hours. 
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Figure 8. TUNEL staining of testicular organoids following acute drug exposure. A. 
Non-treated negative control organoid counterstained with DAPI. B. Non-treated control 
organoid counterstained with DAPI. C. Organoid treated with DNASE as positive control 
counterstained with DAPI. D. Busulfan treated organoid counterstained with DAPI. E. 
Cisplatin treated organoid counterstained with DAPI. F. Doxorubicin treated organoid 
counterstained with DAPI. G. Etoposide treated organoid counterstained with DAPI. Scale 
bar = 100µm. 
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CHAPTER 6 

 

 

DISCUSSION AND CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter includes and expands upon the results of a manuscript prepared by 

Samuel S. Pendergraft to be submitted for publication in May 2016. He is responsible for the 

majority of the work described.  
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This study was designed to address the current limitations of models of testicular 

toxicity, by developing a multicellular human 3D testicular organoid platform capable of 

supporting spermatogenesis and responsive to androgen stimulation. Such a platform, if 

viable, could then be tailored to address general and specific toxicity assessments.  

To reflect the complex signaling environment of the native tissue, we isolated and 

characterized all three of the primary cell types of the testis from cryopreserved human tissue 

fragments (SSC, Sertoli, and Leydig cells) and successfully integrated them into 3D 

multicellular organoids. Our hanging drop approach allowed significant control of size, and 

cellular composition, while allowing easy mechanical manipulation for subsequent assays 

and experimental procedures. Our culture system was initially optimized for germ cell 

survival and proliferation with a media formulation used for the expansion of human 

spermatogonial stem cells in vitro (82, 83). To more closely mirror the human in vivo 

testicular microenvironment, we included isolated human testis extracellular matrix in our 

organoid culture media. Testis extracellular matrix contains growth factors and other proteins 

that facilitate spermatogenesis and steroidogenesis in vivo (63, 134).  

 As a means of establishing baseline characterization of these cultures, both scanning 

and transmission electron microscopy were used to evaluate ultrastructure. Results of TEM 

confirmed the presence of testis cell-specific characteristics such as tight junction formation 

and presence of lipid droplets in somatic cell populations. We were also interested in 

evaluating testicular organoid 3D organization following initial structure formation. To 

accomplish this, we pre-treated each established cell line (SSC, Leydig, Sertoli) with three 

cell surface markers prior to combining these cells together into 3D organoids. After several 

days in culture these organoids were visualized using a macro confocal microscope and 
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interestingly revealed that these three cell types maintained a capacity to self-organize. We 

observed strong fluorescent signal for SSCs localized to the center of the 3D structure, with 

somatic cell fluorescence (particularly Leydig) surrounding the SSCs around the periphery of 

the organoid. We were also able to see a limited number of Sertoli cells within the interior of 

the organoid along with the SSCs. Since germ cells are known to develop in close proximity 

to Sertoli cells, and Leydig cells reside in the interstitial space, these observations provided 

exciting evidence that perhaps these cells were attempting to home towards their respective 

spatial niche environments. 

After initial establishment of basic culture design parameters including organoid size 

(250µM-350µM), media combinations (optimized for germ cell proliferation), and cell ratios 

(80% SSC, 10% Sertoli, 10% Leydig) we evaluated long term viability and morphological 

changes over time since spermatogenesis takes more than 30 days in mouse, and 

approximately 60 days in humans (11). To expand the usefulness of this system we modified 

our culture media to assist in promoting spermatogonial differentiation within our organoid 

cultures. We added several factors that promote spermatogenic differentiation in vitro (135, 

136), including follicle-stimulating hormone, stem cell factor, and retinoic acid. For the 

entire 23-day culture period, no significant decreases in viability were observed, as 

determined by ATP production over time. Diameter of organoids increased over time as a 

result of native ECM proteins being excreted, not an increase in overall cell number (based 

on hematoxylin and eosin staining. Although core necrosis due to anoxia has been reported in 

other spheroid cultures (137) we did not observe necrosis in the center of any testicular 

organoids even at diameters up to 500 µM to 600 µM.  
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The overall transcriptome of cells and tissues cultured in vitro can potentially change 

drastically compared to those of their respective in vivo sources during extended culture 

periods. Since the optimal amount of time necessary for complete human germ cell 

differentiation in vitro remains to be elucidated we utilized RNA microarrays to establish an 

overall basic transcriptome profile of 3D organoid cultures during the entire 23 day 

differentiation protocol. We used the resulting data to compare directly to representative 

transcript profiles of whole testis RNA. Interestingly, hierarchical clustering analysis of the 

top 48 differentially expressed genes between these 3D cultures and the native tissue 

revealed two distinct panels of genes. The first panel was highly upregulated in 3D cultures 

compared to whole testis controls and included metallothionein and thioredoxin genes as well 

as significant upregulation of TSPO. Both metallothioneins and thioredoxins are known to 

play a role in cell protection in response to oxidative stress. Due to the heavy oxygen 

consumption and metabolic turnover required for both steroid production and germ cell 

differentiation, the mammalian testis is known to utilize a highly specialized thioredoxin and 

ROS-scavenging system in vivo (138, 139). It is unknown whether this upregulation in 3D 

culture is a secondary response to the potentially anoxic organoid environment, static media 

flow within the culture system, or a result of germ cell differentiation in vitro. Significant 

expression of TSPO indicates potential androgen production since this protein is integral to 

the first step in the Leydig cell steroidogenesis pathway. The majority of genes in the second 

panel down regulated in 3D cultures were not spermatogenesis or steroidogenesis specific. 

However, two genes in the panel (PRM2 and transition protein 1) are known to be extremely 

important for haploid germ cell differentiation (140). Due to extremely high expression of 

these two genes in the native tissue resulting from constant sperm production in the testis, we 
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would expect these genes to show much lower in vitro expression due to a disruption in 

spermatogenesis. 

To evaluate androgen production in Leydig cells, both with or without hCG (LH 

analog) stimulation, organoids were incubated with HCG for 3 hours (127) and the levels of 

testosterone measured. Following a statistically significant increase in testosterone level after 

HCG stimulation of 3D organoids at day 2 of culture, subsequent stimulation of the same 

organoids did not result in further significant responses. This transient steroidogenic 

desensitization has been previously reported (141, 142). It remains to be determined whether 

this observation is due to metabolic changes within the Leydig cells over time or if it is a 

result of stimulating the same organoids several times over the extended culture period. 

However at all-time points a consistent testosterone production that did not appear to be 

stimulation-dependent, was produced. 

Due to the multicellular nature of the 3D organoid cultures, we sought to evaluate 

cell-specific gene expression over time, and spermatogenesis-specific and somatic cell 

functional markers. We compared changes in gene expression at the beginning and end of the 

23-day culture period to determine (1) the presence of active Leydig and Sertoli cells for the 

entire culture period, (2) determine whether Sertoli and Leydig cell functional markers 

change during the culture period, and (3) determine the extent of spermatogenesis that has 

occurred., Both UCHL1 and PLZF are characteristic undifferentiated spermatogonial 

markers, and expression levels of these markers remained unchanged during the culture 

period. This could indicate that the SSC pool in this 3D structure were able to maintain 

undifferentiated spermatogonia for the entire culture period. Alternatively, a proportion of 

the SSCs were able to undergo spermatogenic differentiation and were replaced by stem cell 
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renewal divisions. A third possibility is that only early stage differentiated SSC, possibly 

already present within our 2D SSC cultures used for creating 3D organoids entered into post 

meiotic phase leaving the true SSCs unchanged. We are currently investigating these 

possibilities. 

Previous studies in rats showed that somatic cell functionality increased in Sertoli 

cell-germ cell co-cultures, along with improved germ cell support and viability (64). We 

utilized four somatic cell functional markers, 3β-HSD, CYP11a1 (Leydig cells), CYP19a1, 

and FSHr (Sertoli cells) to evaluate our organoid cultures over time. Normal testicular 

development is under direct androgen and gonadotropin signaling control, with the 

modulatory effect of these signals being directed through local control mechanisms. Among 

these, aromatase (CYP19A1) catalyzes the irreversible aromatization of androgens into 

estrogens. Leydig cells were initially believed to be the source of estrogen production in 

humans. However, several studies have since determined that in addition to Leydig cells, 

Sertoli and germ cells of varying stages of differentiation have the capacity to produce 

estrogens, although the direct mechanisms and role of estrogens in spermatogenesis remains 

to be elucidated (48). Follicle-stimulating hormone is strongly implicated in control of 

maturation as well as apoptosis of male germ cells and its receptor, FSHr has been reported 

to be localized not only on Sertoli cells, but also on spermatogonia up to the round spermatid 

stage (143, 144). Both cholesterol side chain cleavage enzyme (CYP11A1) and 3β-HSD 

catalyze the first two steps of steroid synthesis from cholesterol precursors and are strongly 

expressed in mature human Leydig cells (24). Gene expression of all four of these markers 

was significantly upregulated after three weeks in culture. These results indicate that 

testicular cells within our 3D organoid cultures are able to both synthesize steroids 
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(confirmed via testosterone ELISA) and respond to FSH stimulation. Since differentiation of 

spermatogonial stem cells is a key aspect of normal spermatogenesis, we further utilized four 

spermatogenesis-specific markers to measure the extent of germ cell differentiation within 

the organoids. Of these, SYCP3 (meiosis), DAZL (differentiating spermatogonia), PRM1 

(post-meiotic), and ACR (elongated spermatids) were evaluated. Interestingly, SYCP3 

expression did not significantly change during the culture period, however DAZL, PRM1, and 

ACR transcripts were all significantly increased at 23 days. This result indicated a potential 

pre-meiotic bottleneck, which has been observed in previous studies involving in vitro 

spermatogenesis (145, 146). The increase in differentiating and post-meiotic transcripts 

indicates that these testicular organoids have at least some capacity to differentiate in vitro, 

opening the door to further in vitro study of human spermatogenesis using this system, 

however it remains unclear exactly how spermatogenesis in vivo compares to in vitro 

spermatogenesis, temporally. Although this differentiation would need to be improved and 

validated by functional testing of haploid cells i.e. their fertilization capacity , it is likely that 

the production of testosterone for the duration of the culture period, the upregulation of 

spermatogenic and supportive cells transcripts with high cell viability even after long-term 

culture contribute to a more functionally relevant 3D phenotype, overall. It is important to 

note that optimization of spermatogenesis was not a primary consideration of this study, as 

priority was given to viability, physiological relevance, and reproducibility in overall model 

development.  

 As a means to evaluate the potential of this model system for toxicity screening we 

exposed organoids to four potential gonadotoxic chemotherapeutic drugs (84): Busulfan, 

cisplatin, doxorubicin, and etoposide. These are all antimitotic drugs that utilize differing 
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mechanisms of action. Cisplatin, doxorubicin, and etoposide mainly act on proliferating cells, 

whereas busulfan has been shown to act specifically on non-proliferating or slowly 

proliferating cell types. 3D organoids were compared to corresponding cells cultured in 2D at 

the same cell ratios and density for the same exposure times. Dose-response curves were 

generated by determining ATP levels at increasing concentrations of drug and revealed 

significant increases in IC50 levels in 3D cultures compared to 2D cultures for all tested 

compounds. Since the majority of 3D culture characterization was evaluated on differentiated 

organoids, we repeated dose-response assays on 3D cultures differentiated for 23 days. The 

results of these experiments indicated that both 48-hour and 23-day differentiated 3D 

organoids display a much more drug-resistant phenotype than 2D cultured cells, likely due to 

altered drug uptake kinetics, and germ cell protection provided by the compact structure of 

the organoid, although further gene expression analysis will be required to validate this 

theory. Organoid cultures were further evaluated using additional markers of toxicity 

including both apoptosis and internal morphological changes. Apoptosis was found to 

increase in 3D organoids following treatment with Busulfan, however a significant decrease 

was observed in organoids when compared to 2D cultures for all other drug treatments. This 

behavior is likely attributed to the unique action of busulfan as an alkylating agent that 

targets mainly nonproliferating or slowly proliferating cells (147). Our observations and 

initial optimization experiments determined that testicular cells cultured in standard 2D tissue 

culture plates tend to maintain a high proliferation rate that is not observed within 3D 

organoids, likely due to the 3D architecture of the organoid and a reduced ability of the cells 

to expand 2-dimensionally. We further used qRT-PCR to evaluate SSC, Sertoli, and Leydig 

cell markers in response to each of these anti-mitotic drugs as a pilot measure of drug cell-
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specificity. Interestingly, when directly comparing gene expression of 3D organoids to 

corresponding cells cultured in 2D we observed significant higher gene expression for both 

PLZF (undifferentiated spermatogonia) and STAR (Leydig) during acute busulfan or cisplatin 

exposure. Higher expression of PLZF in busulfan and cisplatin-treated 3D to compare with 

2D culture revealed more remaining active spermatogonial cells in 3D than 2D cultures, this 

is important since both drugs are known to cause prolonged azoospermia in humans on 

specific cumulative doses, likely via stem cell killing (148). Steroidogenic acute regulatory 

protein (StAR) is a necessary transport protein involved in mitochondrial cholesterol transfer 

during steroidogenesis. And in fact, STAR expression was found to be significantly higher in 

3D organoids for all drug treatment conditions, indicating Leydig cells within the 3D culture 

system are not only more resistant to drug exposure than 2D cells, but also potentially 

maintain a more functional phenotype. However, further analysis will be needed to determine 

if this increase is simply an acute survival response by the germ and somatic cells or if the 

3D orientation of the culture confers a more protective environment. Expression of the 

Sertoli cell marker SOX9 in organoids did not vary significantly from cells for 3 of the 4 drug 

treatments, but did significantly showed higher level following cisplatin exposure (Figure 

5B). Higher levels of gene expression for characteristic markers within 3D cultures reveal a 

more functionally viable phenotype during acute exposure, and opens the door to potential 

usefulness in studies of endocrine disruption as it pertains to spermatogenesis, since many 

gonadotoxic drugs likely have an effect on endocrine function that is unable to be evaluated 

using current acute toxicity screening methods.  

 Many research groups have worked toward optimizing effective cryopreservation 

methods for 3D organoid cultures of various cell types including liver, heart, and brain. To 
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date, most of these methods result in an unacceptable loss of cell viability and functionality 

after thawing (149). However, an effective means of cryopreservation for 3D organoids will 

likely be necessary for transport and large-scale implementation of 3D cell culture models for 

routine drug screening. Our attempts at 3D organoid cryopreservation yielded very promising 

results. Over 90% of cells in cryopreserved 3D cultures retained viability after thawing, and 

maintained viability for an additional 14 days in culture. We used two different methods of 

cryopreservation, assuming that vitrification would be more effective, since it is routinely 

used for long-term cold storage of human embryos. After thawing, vitrified organoids were 

indeed morphologically and viably indistinguishable from non-cryopreserved controls. 

Organoids cryopreserved using standard human SSC freezing media also could be thawed 

and returned to normal culture without any appreciable loss in viability, although they took 

longer to regain normal cellular morphology. The prospect of being able to freeze-thaw 3D 

testicular organoids significantly increases their potential relevance as an accessible in vitro 

model.  

Our multicellular 3D organoid model reflects a more physiologically relevant 

phenotype because it includes multiple testicular cell types in a 3D environment that allows 

cell-cell contacts, cell polarization, native ECM production, cell-specific gene expression, 

androgen production, and long-term viability. Importantly, it mimics in vivo spermatogenesis 

by supporting the differentiation of SSC to post-meiotic germ cells. This model could be 

useful as an initial first-tier drug-screening tool, bridging current in vitro methods and in vivo 

animal studies. Since these organoids are generated in 96- or 384-well formats, they are 

amenable to high-throughput screening protocols. Such screening of human organoids could 

significantly reduce the time required to evaluate potential drugs, and reduce the number of 
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false-positive or false-negative results compared to those obtained from 2D cultures and 

animal studies. Finally, such screening human organoids would require many fewer 

experimental animals for testing.  
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In an effort to develop effective novel methods to evaluate progression of 

spermatogenesis and germ cell differentiation in real time within our testicular organoid 

cultures, we successfully developed three lentiviral promoter- reporter gene fusion 

constructs. These constructs were developed to function as both stand-alone and integrated 

real time markers of spermatogenesis by using spermatogenesis stage-specific gene 

promoters to activate transcription of specific fluorescent protein gene products when and if 

our germ cell (SSC) cultures were expressing these markers. 

The progression and evolution of lentiviral expression systems has been ongoing for 

several years now, and their effective development as gene delivery vectors continues to 

reveal significant improvements over existing traditional viral vectors(150, 151). One of the 

most prominent values of using lentiviral vectors is their inherent ability to integrate into the 

genome of both cycling and non-cycling cells at a transduction rate of up to 100%(150, 152, 

153). Several other viral vector systems exist at present, including both adenoviral and 

adeno-associated viral vectors. However, we decided to utilize lentiviral vectors for our 

studies due to their highly efficient transduction rates of difficult primary, differentiated, and 

stem cell lines. Current 3rd generation HIV lentiviral vectors utilize a combination of 

packaging plasmids along with a lentiviral expression vector in order to package expression 

constructs into viral particles. The separation of component genetic elements into additional 

plasmids increases the safety of using lentivirus in a laboratory context, as it significantly 

decreases the possibility of producing replication-competent viral particles from homologous 

recombination events. In fact, commercially available lentivectors from companies such as 

SBI use self-inactivating LTRs and use systems that result in packaged viral particles lacking 

any packaging or transduction genes from HIV-1. 
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Since immunohistochemistry and immunofluorescent staining generally cannot be 

performed on live cells, we decided to take advantage of 3rd generation HIV-1 lentiviral 

vectors to transduce our SSC lines with promoter-reporter fusion constructs to mark specific 

premeiotic, meiotic, and post-meiotic stages of spermatogenesis prior to formation of 3D 

organoid cultures. We hypothesized based on preliminary data that our cell lines likely would 

show limited expression of meiotic and post-meiotic gene expression, so an effective 

stringent method of evaluating meiotic progression would be absolutely necessary if we 

wanted to use our 3D model system as a platform for functional mammalian spermatogenesis 

studies. Based on our acquired gene expression data, UCHL1 (PGP9.5) has been shown to 

express at high levels within our SSC cultures. This is an established marker of 

undifferentiated spermatogonia and was a fitting choice for use in pre-meiotic reporter 

construct design (Figure 3). For our meiotic construct, we chose the synaptonemal complex 

protein 3 (SYCP3) gene promoter. This gene is known to encode an essential structural 

component of the synaptonemal complex that is necessary for the correct synapsis, 

segregation, and recombination of meiotic chromosomes during mammalian meiosis (Figure 

4). As a post-meiotic marker, we decided to use the protamine 1 promoter. This gene is one 

of two components encoding the protamine nuclear protein. Protamine functions specifically 

in the replacement of histones during the later haploid stages of spermatogenesis (Figure 5). 

The overall structure of the haploid sperm head is known to be directly related to protamine 

composition. Initially, we needed to locate a usable vector backbone for our promoter-

reporter constructs. We acquired a stem cell differentiation reporter vector (commercially 

available from SBI as a lentivector plasmid) construct that utilizes the human cardiomyocyte-

specific MLC-2v promoter to drive copGFP expression. We selected this vector because it is 
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optimized for tracking transcription network activity during cellular differentiation of human 

stem cells. This specific lentivector construct was designed to be used to transduce stem cell 

lines prior to in vitro differentiation into cardiomyocytes. Once these lentiviral particles 

integrate into the genome of the host stem cell, these cells will produce GFP as the cardiac 

MLC-2v promoter is activated upon differentiation. We theorized that we could use a 

combination of cloning techniques to simply modify this plasmid design for use in our germ 

cell cultures.  

The original construct design of this lentivector plasmid SR10011PA has the cardiac 

MLC-2v promoter sequence directly upstream of a copGFP reporter. However, EcoRI and 

BamHI restriction endonuclease cleavage sites flank the promoter sequence. This design 

allowed us to remove the entire promoter sequence using a simple double restriction digest 

protocol (Figure 2A). In parallel, we first used the annotated human UCHL1 promoter 

sequence to design InFusion-specific PCR primers. In-Fusion cloning is a proprietary system 

that exploits the 3’-5’ exonuclease activity of poxvirus DNA polymerase to allow for the 

ligation-independent joining of any number of DNA pieces sharing end-sequence homology. 

In this way, specific DNA sequences can be inserted into any corresponding linearized vector 

during a single reaction. This can be accomplished by utilizing PCR primers to amplify a 

desired insert fragment designed to add 15 bp overhang sequence homology corresponding to 

the insertion location of the vector (Figure 1). In the presence of a proprietary In-Fusion 

cloning enzyme with 3’-5’ exonuclease activity, insert and vector fragments are primed via 

removal of 3’ end nucleotides resulting in access to and annealing of complementary regions 

of vector/insert sequence homology. Following a brief In-Fusion reaction, plasmid constructs 

can be transformed into competent E. coli strains, such as Clontech’s own Stellar line. The 
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bacteria’s existing repair machinery is then exploited to repair and stabilize the complete 

circularized vector construct prior to packaging into pseudoviral particles. 

 The designed UCHL1 promoter primers were used to generate an In-Fusion-

specific UCHL1 promoter insert fragment. Using human gDNA, a 332-base pair (bp) region 

of the human UCHL1 promoter was amplified using primers 29/30 (Figure 2B). The 

amplified promoter was gel extracted and spin purified using a Nucleospin® Gel and PCR 

Clean-Up Kit (Clontech) as per manufacturer’s instructions. This promoter insert was then 

cloned directly upstream of a GFP cassette in plasmid vector SR10011PA at the EcoRI and 

BamHI restriction cut sites using the In-Fusion HD® Cloning System (Clontech) following 

manufacturer’s instructions. The circularized vector construct reaction mixture was then 

transformed into Stellar Competent Cells (Clontech) and plated on Luria Broth (LB) 

Ampicillin plates overnight at 37ºC per manufacturers recommendations. Following this 

incubation period, six single clones were identified and used to inoculate 2mL LB tubes 

containing 50 µg/mL ampicillin and placed in a 37ºC incubator with 150 RPM shaking. 

Cultures were then used to isolate vector plasmid DNA using a QIAprep Spin Miniprep Kit 

(Qiagen) following manufacturer’s instructions. A 2 hour repeat double-digest was then 

performed for each prep using EcoRI and BamHI restriction enzymes to confirm successful 

cloning of the UCHL1 promoter GFP reporter fusion construct (Figure 2D).  
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Figure 1. Overview of Clontech InFusion cloning and construct selection. By designing 
insert primers with 15bp overhangs complementary to the vector sequence, complete 
construct designs can be constructed significantly faster than standard cloning and ligation 
methods. Image courtesy of Clontech.  
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Figure 2. Overview of premeiotic lentiviral vector construct development and 
confirmation of positive clones. A. Restriction digest of lentivector plasmid SR10011PA 
using BamHI and EcoRI. B. Confirmation of PCR amplification of human UCHL1 promoter. 
C. In-Fusion reaction and ampicillin selection. D. Confirmation of UCHL1 lentivector 
construct. E. hUCHL1_GFP_ZEO vector (Image designed using SnapGene). 

 
 
 
 
 

Cut Vector 
UCHL1 
Promoter Insert 

In-Fusion reaction and 
ampicillin selection 

Restriction digest to confirm 
selection of positive clones UCHL1_GFP_ZEO Construct 

(PRE-MEIOTIC) 

A. B. 

C. 

D. 

E. 



145 
	  

 
 
Figure 3. Histological characterization of UCHL1 expression in normal human testis. A. 
Specific UCHL1 immunohistochemical (3,3’-diaminobenzidine [DAB]) localization of UCHL1 
(brown) in the nuclei of undifferentiated spermatogonia in human testicular section 
(counterstained with hematoxylin [blue]). B. UCHL1 immunofluorescence of AF594 (red) 
staining on human testicular section counterstained with DAPI.  
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Figure 4. Localization of SYCP3 expression in normal human testis. A. Specific SYCP3 
immunofluorescence of AF594 (red) staining on human testicular section counterstained with 
DAPI. B. High magnification confocal projection showing positive staining of the 
synaptonemal chromosomal complex within spermatocytes (red) and meiotic progression.  
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Figure 5. Histological characterization of PRM1 expression in normal human testis. A. 
Specific immunohistochemical (3,3’-diaminobenzidine [DAB]) localization of PRM1 (brown) in 
the nuclei of spermatids in human testicular section (counterstained with hematoxylin [blue]). 
Image courtesy of Human Protein Atlas. B. PRM1 immunofluorescence of AF594 (red) staining 
on human testicular section counterstained with DAPI. 

 
 

SYCP3 Meiotic reporter vector construct 

Development of the meiotic reporter construct was performed using a stepwise 

amplification and cloning of a human SYCP3 promoter fragment using human gDNA. An 

1888 bp region of the human SYCP3 promoter was amplified using primers 61/65 at a 

melting temperature of 70.5ºC. The amplified promoter was gel extracted and spin purified 

using a Nucleospin® Gel and PCR Clean-Up Kit (Clontech). This promoter insert was then 

cloned directly upstream of an mRuby::puromycin cassette in plasmid vector HR110PA at 

flanking NcoI and SfiI restriction cut sites using the In-Fusion HD® Cloning System 

(Clontech). The circularized vector construct reaction mixture was then transformed into 

Stellar Competent Cells (Clontech) and plated on Luria Broth (LB) Ampicillin plates 
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overnight at 37ºC. Following confirmation of amplified clones, this plasmid DNA was used 

as a specific template to amplify the SYCP3::mRuby::Puromycin insert fragment using 

primers 63/67 in order to add 15 bp overhangs to the fragment for correct packaging vector 

integration with the In-Fusion HD method. The resulting amplified promoter was 

subsequently gel extracted and spin purified using a Nucleospin® Gel and PCR Clean-Up 

Kit (Clontech). The previously designed UCHL1::GFP::Zeo vector was used as the backbone 

of this meiotic construct. Briefly, a 2-hour EcoRI/SalI double digest was performed on the 

UCHL1::GFP::Zeo vector. Cut vector DNA and the purified SYCP3::mRuby::Puromycin 

insert fragment were then cloned into the linearized plasmid vector SR10011PA at the EcoRI 

and SalI restriction cut sites using the In-Fusion HD® Cloning System (Clontech) following 

manufacturer’s instructions. The resulting circularized vector construct reaction mixture now 

containing the SYCP3 promoter fragment, mRuby reporter, and puromycin resistance 

cassette as well as all necessary lentiviral packaging genes was then transformed into Stellar 

Competent Cells (Clontech) and plated on Luria Broth (LB) Ampicillin plates overnight at 

37ºC. Following this incubation period, four single clones were identified and used to 

inoculate 2mL LB tubes containing 50 µg/mL ampicillin and placed in a 37ºC incubator with 

150 RPM shaking. Cultures were subsequently used to isolate complete lentiviral vector 

plasmid DNA using a QIAprep Spin Miniprep Kit (Qiagen) following manufacturer’s 

instructions. A 2 hour repeat double-digest was then performed for each prep using EcoRI 

and SalI restriction enzymes to confirm successful cloning of the 

SYCP3::mRuby::Puromycin reporter fusion construct (Figure 6A).  
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 PRM1 post-meiotic reporter vector construct 

Vector SR10011PA was first linearized via double restriction digest of SalI and 

EcoRI for 2 hours at 37ºC  to remove the CMV promoter and GFP fluorescent reporter gene.  

This reaction mixture was run on a 1% agarose gel and the vector backbone was then gel 

purified using a Nucleospin® Gel and PCR Clean-Up Kit (Clontech) as per manufacturer’s 

instructions. A 2912 bp DNA fragment was commercially synthesized to contain a human 

PRM1 promoter fragment directly upstream of a human codon-optimized  ZsYellow 

fluorescent protein gene linked to a neomycin resistance cassette by a self-cleaving T2A 

peptide. The PRM1::ZsYellow::Neo fragment was ligated into cut SR10011PA vector at the 

SalI/EcoRI restriction sites using T4 DNA ligase overnight at 16ºC. This ligation mixture 

was plated on Luria Broth (LB) Ampicillin plates overnight at 37ºC and  four resulting single 

clones were identified and used to inoculate 2mL LB tubes containing 50 µg/mL ampicillin 

and placed in a 37ºC incubator with 150 RPM shaking. Cultures were used to isolate 

complete lentiviral vector plasmid DNA using a QIAprep Spin Miniprep Kit (Qiagen) 

following manufacturer’s instructions. A 2 hour repeat double-digest was then performed for 

each prep using EcoRI and SalI restriction enzymes to confirm successful cloning of the 

PRM1::ZsYellow::Neo fragment into the cut lentiviral vector backbone (Figure 6B).  

 

Lentiviral vector expression construct packaging 

A pPACK Lentivector Packaging Kit (System Biosciences (SBI)) was utilized to 

package the three spermatogenesis stage-specific promoter-reporter lentivector expression 

constructs into pseudoviral particles for transduction into target cells following 

manufacturer’s instructions. Briefly, the human kidney producer cell line 293TN was used to 
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seed 10 cm tissue culture plates at a density of 50,000 cells per cm2. Once the cell density 

reached 60-80% confluence, a serum-free media mixture containing 0.8 mL DMEM F-12, 20 

µl pPACKH1, 2 µg lentivector expression construct DNA, and 24 µl Fugene HD transfection 

reagent was added drop wise and swirled to mix. Plates were then returned to the incubator. 

At 48 and 72 hours following transfection, media (now containing pseudoviral particles) was 

collected for each construct into 50 ml sterile conical tubes. Viral supernatants were then 

concentrated using 50 ml spin concentrators (Millipore) following manufacturers 

recommendations and aliquoted into sterile PCR tubes and stored at -80ºC until needed.  

Transduction of lentiviral particles into target cells 

To establish correct packaging and expression of lentiviral constructs, 

Spermatogonial stem cells were transduced with a supplied copGFP packaging control virus. 

Briefly, 25 µl of concentrated viral supernatant was added drop wise to SSCs at 70% 

confluence (initial seeding density of 20,000 cells per cm2) with 2 µl polybrene. Following a 

24-hour incubation, media was refreshed and an additional 25 µl of concentrated viral 

supernatant with 2 µl polybrene was added drop wise. After an additional 24 hours, 

transduced SSCs showed greater than 90% infectivity with the copGFP control virus. Once 

packaging controls were determined to be successful, state-specific spermatogenesis reporter 

construct virus supernatants were used to transduce SSC’s following the same protocol as the 

copGFP control. Transduction efficiency was evaluated via fluorescence microscopy. 

Initially, we transduced SSC’s with only our pre-meiotic reporter construct as a pseudo 

control, since we have previously confirmed positive UCHL1 expression of undifferentiated 

spermatogonia in our SSC cultures via immunostaining and gene expression analysis. And in 

fact, we observed positive GFP expression in these viral supernatant-treated SSC lines 48 
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hours post-transduction (Figure 7). Interestingly, morphology of these cultures changed 

drastically following antibiotic selection. Cells became more polyhedral in shape and 

proliferated in distinct cluster groups (Figure 8A). SSC’s transduced with premeiotic and 

meiotic constructs appeared to show positive mRuby expression within certain cell clusters 

after antibiotic selection (Figure 8B). It was unclear whether this effect was due to actual 

SYCP3 expression or was simply a non-specific off target effect of the meiotic construct. 

However, the effect of antibiotic selection for transduced cells resulted not only in 

morphology changes, but also had an unanticipated negative effect on the ability of cells to 

adhere to culture plates for expansion. Since a significant portion of feeder somatic cells in 

our SSC cultures do not express UCHL1, we believe the process of antibiotic selection likely 

eliminated these cells and therefore prevented adequate germ cell attachment via direct 

feeder support. Importantly, this effect did not prevent transduced cell lines from being 

integrated successfully into 3D organoid cultures (Figure 9). The inherent usefulness of a 

workable real-time marker of spermatogenesis progression in vitro makes further 

optimization of these complete lentiviral-reporter constructs an attractive future direction of 

this study, and an advantageous additional component for our 3D testicular organoid culture 

platform. 
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Figure 6A. Detection and positive confirmation of SYCP3::mRUBY::Puro construct 
clone selection. DNA isolated from four single clones following transformation were 
restriction digested for the presence of correct insert (3029 bp) and vector (5867 bp) size 
fragments. Lanes 1-4, experimental clones, SM = size marker. 	  
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Figure 6B. Detection and positive confirmation of PRM1::ZSYellow::Neo construct 
clone selection. DNA isolated from three single clones following transformation were 
restriction digested for the presence of correct insert (2913 bp) and vector (5867 bp) size 
fragments. Lanes 1-3, experimental clones, SM = size marker. 	  
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Figure 7. Confirmation of UCHL1::GFP expression in lentivirus-transduced SSC germ cell 
clusters. A. Characteristic germ cell cluster present in SSC line transduced with premeiotic 
lentiviral construct under phase contrast. B. SSC line transduced with premeiotic lentiviral 
construct showing positive GFP expression within germ cell cluster. GFP production is being 
driven by UCHL1 promoter expression within transduced cells.    
 

 
 
Figure 8. Confirmation of reporter construct expression in lentivirus-transduced SSC lines. 
A. SSC’s transduced with premeiotic lentiviral construct. B. SSC’s transduced with both 
premeiotic and meiotic lentiviral constructs. Scale bar = 10µm. 
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Figure 9. Confirmation of UCHL1::GFP expression in testicular organoids formed using 
lentivirus-transduced SSC lines. A. Characteristic testicular organoid transduced with 
premeiotic lentiviral construct under phase contrast. B. Characteristic testicular organoid 
transduced with premeiotic lentiviral construct showing positive GFP expression. 
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Table I. Commercial product information.  

 
 

Commercial product information.
Manufacturer Product Name Catalog #
3D Biomatrix Perfecta3D® Hanging Drop Plate HDP1096
Applied Biosystems High Capacity cDNA Reverse Transcription Kit 43688813
Applied Biosystems MicroAmp® Optical 96-Well Reaction Plate N8010560
Applied Biosystems Power SYBR® Green PCR Master Mix 4367659
Applied Biosystems TaqMan® Universal PCR Master Mix 4304437
Clontech In-Fusion® HD Cloning Kit 639649
Clontech Nucleospin® Gel and PCR Clean-Up Kit 740609
Clontech Stellar® Competent Cells 636763
Corning Collagen Type I 354236
Corning Costar Ultra-Low Attachment 96 Well Round Bottom Plates 7007
Dako Protein Block Serum-Free X0909
Enzo Life Sciences Testosterone High Sensitivity ELISA kit ADI-900-176
GeneMate 50ml Reagent Reservoir B-0850-2
Gibco 0.25% Trypsin (1X) 15050-065
InSphero AG GravityPLUS™ Kit incl. research license (10x96) CS-06-001
Invitrogen FBS 10437-028
Invitrogen L-Glutamine 25030-081
Invitrogen MEM Vitamin solution 11120-052
Invitrogen MEM-NEAA 11140-050
Invitrogen Penacillin/Streptamycin 15140-122
Invitrogen Proteinase K 467603
Invitrogen StemPro-34 SFM 10639-011
Invitrogen StemPro-34 Supplement 10639-011
Irvine Scientific Vit Kit - Freeze - Vitrification Freeze Kit for Embryos 90133-DSO
Irvine Scientific Vit Kit - Thaw - Vitrification Thaw Kit for Embryos 90137-DSO
Life Technologies TRIzol® Reagent 15596026
Mylan Cryoserv® (dimethyl sulfoxide) 67475-178-50
Otsuka America Pharmaceutical IVBusulfex® 180020 Rev AB 06US14L-0517
Peprotech Recombinant Human SCF 300-07
Promega ApoTox-Glo™ Triplex Assay G6320
Promega FuGene HD Transfection Reagent E2311
Qiagen Plasmid Plus Midi Kit (25 preps) 12943
Qiagen Qiashredder (50 count) 79654
Qiagen Rneasy® Mini Kit (50 count) 74104
Roche Diagnostics GmbH DNaseI 10 104 159 001
Santa Cruz Biotechnology Cisplatin SC200896
Santa Cruz Biotechnology Doxorubicin Hydrochloride SC200923
Santa Cruz Biotechnology Etoposide SC3512
Sigma 2β-Mercaptoethanol M3148
Sigma 75cm2 Cell Culture Flask Vent Cap, Tissue Culture Treated SIAL0641
Sigma all trans-RETINOIC ACID R 2625
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Commercial product information cont.

Manufacturer Product Name Catalog #
Sigma Ascorbic acid A4544
Sigma β-Estradiol E2758
Sigma Bovine Albumin A3059
Sigma d-Biotin B4501
Sigma D(+) Glucose G7021
Sigma DL-lactic acid L4263
Sigma Follicle Stimulating Hormone from human pituitary F 4021
Sigma GDNF G1777
Sigma Human bFGF F0291
Sigma Human EGF E9644
Sigma Progesterone P8783
Sigma Putrescine P7505
Sigma Pyruvic acid P2256
Sigma Sodium selenite S1382
Sigma Transferrin T1147
Sigma Tween® 20 P7949-500ML
System Biosciences (SBI) pPACKH1™ Lentiviral Vector Packaging Kit LV500A-1
Thermo Scientific Nunc™ F96 MicroWell™ Black Polystyrene Plate 237105
Vector Labs Antigen Unmasking Solution pH 6, Citrate based H-3300
Vector Labs Antigen Unmasking Solution, High pH Tris-based H-3301
Vector Labs ImmPACT™ DAB Peroxidase Substrate Kit SK-4105
Vector Labs Vectashield Mounting Medium for Fluorescence with DAPI H-1200
Vector Labs Vector Red Substrate kit (AP) SK-5100
VWR 250 mL Rapid-Flow Filter Unit 568-0020
Zymo Research Corporation Direct-zol™ RNA Micropret kit (50 preps) R2060
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APPENDIX 3 

 

 

 
PLASMID MAPS AND PRIMER INFORMATION 
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Figure 1. Plasmid map of SR10011PA_1_pGZ_hMLC2v. Plasmid backbone was used for 
premeiotic and meiotic construct design. Plasmid map was designed using SnapGene™. 
 

 
 

 
 



161 
	  

 
Figure 2. Plasmid map of hUCHL1_GFP_Zeo. Plasmid map was designed using 
SnapGene™. 
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Figure 3. Plasmid map of SYCP3_Ruby_Puro_Lenti. Plasmid map was designed using 
SnapGene™. 
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Figure 4. Plasmid map of Prm1_ZsYellow_T2A_Neo_Lenti. Plasmid map was designed 
using SnapGene™. 
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Table I. Primers used in development of spermatogenesis-specific lentiviral vector 
constructs. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Primer information.

Primer No. Primer Sequence (5'-3') Expected product size (bp)
SP29 TTTTATCGATGAATTCTCTTTAACAACCTTATTGAGGG 1545
SP30 GCATGGTGGCGGATCCCTTCGCGGAGCGCCCGGCAGAA 1545
SP61 ACGGGGAAAAGGCCTCCAAGGCCCAAGGTTCACTGTATCCTGTATC 1888
SP63 TTTTATCGATGAATTCCAAGGTTCACTGTATCCTGTATCA 3029
SP65 TCGGAGCTGGCCATGGCGTCCTCCACAACTCCTCCACAA 1888
SP67 TGATTGTCGAGTCGACCAGAGGTTGATTTCAGGCACCG 3029
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