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Abbreviations 
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GDNF  glial cell line-derived neurotrophic factor 

gRNA  guide RNA 

hiPSC  human induced pluripotent stem cell 
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1 Introduction 

1.1 Gonads: testes and ovaries 

Gonads are reproductive glands that produce and secrete sex hormones as well as store and mature 

gametes (Piprek, 2016). The gonads in males are testes, which produce sperm cells and ovaries in 

females, which produce egg cells (Piprek, 2016). The sex hormones specific for both genders are 

required for the correct formation of internal and external genitals, their characteristics and 

function (Hall, 2015). Bipotential gonads are also known as the genital ridges and these structures 

are found in both male and female embryos, before gonads differentiate into testes or ovaries (Karl 

& Capel, 1998). The formation of testes and ovaries starts with sexual determination of the 

bipotential gonads, which is regulated by the genes expressed for either male or female specific 

pathways (Piprek, 2016). The sexual determination is guided especially by the expression of one 

gene: sex-determining region of the Y-chromosome (SRY) (Swain and Lovell-Badge, 1999). When 

SRY is present and expressed, the sexual determination is committed to male pathway by 

transforming somatic cells of the bipotential gonads into Sertoli cells (Piprek, 2016). This guides the 

sexual differentiation of the bipotential gonads into testes by upregulating male specific genes that 

silence female specific genes (Piprek, 2016). In the absence of SRY, the bipotential gonads 

differentiate into ovaries (Harley et al., 1994; Swain & Lovell-Badge, 1999). During sexual 

differentiation, several hormones and growth factors produced by gonads shape the growth and 

differentiation of the genitalia (Koopman et al., 1991). 

Gonads are formed from somatic cells and germ cells (Hall, 2015). Sertoli cells, Leydig cells and 

primordial germ cells (PGC) are the three main cell types in male gonads (Piprek, 2016). Sertoli cells 

are the supporting cells within the testis (Fig 1 C) (Piprek, 2016). They guide the development of 

other cell types and formation of testes (Piprek, 2016). Leydig cells are attached into the interstitial 

space of seminiferous tubules and the main function of Leydig cells is to produce androgens, male 

sex hormones (Fig 1 B) (Piprek, 2016). The PGCs differentiate to spermatogonia precursors, 

gonocytes, in the embryo during the gonad development (Piprek, 2016). They differentiate and 

maturate within seminiferous tubules through several steps into spermatozoa in mature testes (Fig 

1 A-C) (Piprek, 2016). In the differentiating female gonads, the main cell types are theca cells, 

granulosa cells and PGCs. The germ cells and the somatic granulosa cells cluster together to form 

primordial follicles (Piprek, 2016). Granulosa cells produce sex hormones such as estrogens and 
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androgens and aid the development of germ cells to oocytes as they surround them (Piprek, 2016). 

Theca cells produce steroids for granulosa cells to convert them into estrogens (Piprek, 2016). 

 

Figure 1. Structure of mature male gonad. A) Several seminiferous tubules are coiled in testis and connected to vas deferens. B) Leydig 
cells surround and provide androgens and growth factors for seminiferous tubules, where C) Sertoli cells and germ cells are located 
and sperm is matured. Image modified from Guyton and Hall 13th edition. 

The function of the testes in the embryo is to produce androgens and on puberty they are 

responsible also for producing and storing of sperm (Flück & Pandey, 2014). The androgens formed 

and secreted are different type of steroid hormones, the main one being testosterone. Their 

function is to control the sexual differentiation in the embryonal state as well as in the puberty 

(Cooke et al., 1998). Androgens are synthesized from cholesterol (Flück & Pandey, 2014) and besides 

testes, they are also produced in ovaries and adrenal glands (Piprek, 2016). 

1.2 Development of bipotential gonad before SRY activation 

The development of germ cells begins in the embryo during the primitive streak (PS) on week 3, 

around days 15-16 (Pansky, 1982). PS is a mass of migrating and proliferating cells, from which the 

PGCs are taken aside (Byskov, 1986; Møllgård et al., 2010; Heeren et al., 2016). Gastrulation is 

established from the PS and it separates three germ layers: ectoderm, mesoderm and endoderm 

(Pansky, 1982). These layers give rise to the neural crest and all different cell types and tissues of 

the organism (Pansky, 1982). Bilateral symmetry of the developing embryo is formed at the same 

time as the three germ layers (Pansky, 1982). Ectoderm gives rise to neuronal structures and 

epidermis, endoderm is responsible for digestive and respirational structures and mesoderm gives 

rise to paraxial mesoderm, lateral plate mesoderm, axial mesoderm and intermediate mesoderm 

(IM) (Kinder et al., 1999). Paraxial mesoderm differentiates to connective and supportive tissues, 

lateral plate mesoderm to circulatory elements and organs and axial mesoderm to notochord 
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(Itskovitz-Eldo et al., 2000). IM forms the reproductive system, the kidneys and the urinary tract 

(Edgar et al., 2015). 

During week 4 of the embryonal development IM forms urogenital ridge (Fig 2) (Piprek, 2016). 

Urinary tract, adrenal glands and gonads separate and differentiate from this structure later at 

different time points (Fig 2) (Pelosi & Koopman, 2017). The urinary system separates during week 4 

from the urogenital ridge (Rey et al., 2016). Coelomic epithelium, derived from mesoderm (Piprek, 

2016), covers the IM as a single cell layer (Fig 2) (Karl & Capel, 1998). Both coelomic epithelium and 

IM begin to proliferate and by week 5 adrenal glands separate from the adreno-gonadal ridge (Fig 

2) (Pelosi & Koopman, 2017). The function of adrenal glands is to produce and secrete androgens 

and steroid hormones (Colledge et al., 2010). These include cortisol, corticosterone, aldosterone, 

androstenolone (DHEA), epinephrine and norepinephrine (Rosol et al., 2001). IM gives rise to 

mesonephros (Hu et al., 2013b). Mesonephros is responsible for vascularization of the testis and to 

give structure for testis during its formation, and it has a role in the development of urinary system 

and the internal reproductive system (Bott et al. 2006; Cool et al., 2011). Some cells migrate later 

from the mesonephros to vascularize the developing testes (Piprek, 2016). Mesonephros acts as an 

excretory organ during weeks 6 to 10 of the embryonic development (Ludwig & Landmann, 2005; 

Rehman & Ahmed; 2019). 

 

Figure 2. Early development of bipotential and male gonads. Coelomic epithelium covers IM on week 4 and as IM and coelomic 
epithelium proliferate, they together create adreno-gonadal ridge. Adrenal glands separate from the gonadal ridge on week 5. PGCs 
migrate from hindgut. The sex is determined on week 6 and by week 7 Sertoli cells and Leydig cells have differentiated and PGCs have 
reached the forming gonad. 
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PGCs start their migration from yolk sac and hindgut junctional region towards gonadal primordia 

during week 4 (Fig 2) (Karl & Capel, 1998; Piprek, 2016). PGCs reach the bipotential gonads around 

week 7 and differentiate into either spermatogonia in mature males or oocytes in females (Byskov, 

1986; Møllgård et al., 2010; Heeren et al., 2016). The PGC migration is not linked to bipotential 

gonad development and the migration occurs even if the bipotential gonads have not formed 

normally (Luo et al., 1994). 

1.3 Sex determination and differentiation; development of testis after SRY activation 

The sex determination starts on week 6 after SRY is being expressed ending the bipotential phase 

(Wartenberg, 1982). Sertoli cells are the first cell type to differentiate in the male gonads (Piprek, 

2016). This induces differentiation of Leydig cells via desert hedgehog expression (Bitgood et al., 

1996). Sertoli cells are responsible for taking care of the germ cells by surrounding and nourishing 

them, taking part in organizing testicular structures and other cells in the forming testis such as 

Leydig cells (Combes et al., 2009). Sertoli cells take part in spermatogenesis by maintaining 

spermatogonial stem cell niche, and by creating blood-testis barrier they modulate substrates 

reaching tubules, secrete growth factors and signals (Combes et al., 2009). Fetal immature Sertoli 

cells begin to secrete anti-Müllerian hormone (AMH) between weeks 6 and 7 (Swain and Lovell-

Badge, 1999; Meyts et al., 1999). This glycoprotein present in males prevents the Müllerian ducts 

from developing by regressing them while Müllerian ducts develop into fallopian tubes in females 

(Fig 3) (Swain and Lovell-Badge, 1999). 
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Figure 3. The development of the male and female internal sex organs from bipotential gonads. Müllerian ducts regress in males 
as Wolffian duct develop into vas deferens. In females, Müllerian ducts develop into fallopian tubes and Wolffian ducts regress. Image 
modified from Wilhelm et al., 2007. 

Leydig cells are interstitial supporting cells in the testis (Ungewitter & Yao, 2013). One of their most 

important roles is to produce androgens such as testosterone, DHEA and androstenedione in 

response to luteinizing hormone on week 9 (Dufau et al., 1984; Rey et al., 2016). Secretion of AMH 

and testosterone begins at the same time (Swain and Lovell-Badge, 1999; De Santa Barbara et al., 

2000). Androgens are responsible for differentiating the Wolffian ducts into vas Deferens (Fig 3), 

ducts for sperm ejaculation (Fig 1 A) and for forming rest of the genitalia (Swain and Lovell-Badge, 

1999; Zirkin and Papadopoulos, 2018). Wolffian ducts regress in females (Fig 3) (Piprek, 2016). 

1.4 Gene markers and their interplay 

The interplay between genes forms a complex network and it involves a great number of genes in 

different stages of gonad development. There are several genes needed to be expressed in different 

quantity for the formation of the male and female genitalia (Rey et al., 2016). Formation of the 

genital ridge is initiated in the same way and by the same genes in both sexes (Hu et al., 2013b; Rey 

et al., 2016). Increase of the expression of one gene is required in males and a decrease in females 

of the shared genes later during the differentiation (Hu et al., 2013b; Rey et al., 2016). 

1.4.1 PS and IM genes 

Brachyury is important for defining the anterior-posterior axis through the PS, and it has been 

shown to be expressed in the mesoderm during gastrulation (Marcellini et al., 2003; Turner et al., 

2014). LIM homeobox 1 (LHX1) is upregulated in PS and it plays crucial part in normal organogenesis 
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and IM development (Shawlot et al., 1999; Tsang et al., 2000). Paired box gene 2 (PAX2) takes part 

in proliferation, development of central nervous system and brain in mammals besides its role in IM 

development (Nolte, 2009; Mansouri & Gruss, 2013). Odd-skipped-related 1 transcription factor 

(OSR1) is an IM marker since during gastrulation cells expressing OSR1 become IM cells (Wang et 

al., 2005). If OSR1 is not upregulated in the embryo, it fails to develop kidneys, Wolffian ducts, 

gonads and heart either entirely or they are noticeably underdeveloped (Wang et al., 2005). OSR1 

is one of the first markers for IM, and in the absence of it, LHX1, Wilms tumour suppressor gene 1 

(WT1) and PAX2 are under expressed (Wang et al., 2005). 

1.4.2 Bipotential gonad genes 

WT1 initiates kidney and genital ridge development during week 4 (Piprek, 2016). Its expression is 

crucial for the development of the gonads and kidneys, since mutation in WT1 has been shown to 

lead to lack of both kidneys and gonads in mice (Kreidberg et al., 1993). The urogenital ridges can 

develop in humans even with mutations in WT1, but they develop incorrect and WT1 mutations can 

lead to several syndromes (Pelletier et al., 1991; Royer-Pokora et al., 2004). WT1 has been shown 

to be part of the activation machinery of SRY (Fig 4) (Rey et al., 2016). WT1 has two different 

isoforms taking part in different gene activations. An isoform with deletion of lysine, threonine and 

serine (-KTS) is needed for proliferation of the bipotential gonadal cells when the sexual 

determination has not taken place yet (Hammes et al., 2001). The isoform with the three amino 

acids (+KTS) are needed to activate SRY and can transactivate SRY together with SF1 or GATA4 (Rey 

et al., 2016; Pelosi & Koopman, 2017). Nachtigal et al. (1998) showed that in vitro WT1-KTS can act 

as an activator for SF1 to upregulate AMH. WT1 is also required for the differentiation of Sertoli cells 

(Hammes et al. 2001; Zhang et al. 2015). Without WT1 only Leydig cells will differentiate (Hammes 

et al. 2001; Zhang et al. 2015). 
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Figure 4. The interplay of genes required for the sexual determination and development of the gonad. A simplified figure of the 
genes taking part in bipotential gonad development and sexual determination. Genes with black text represent male specific genes, 
pink ones represent female genes and dark grey are bipotential gonad genes. Blue lines indicate what is upregulated by the depicted 
gene with an arrow, red lines with dash indicate which gene is downregulated or inhibited by the depicted gene. 

Transcription factor GATA4 is the earliest gene specific for the genital ridge (Hu et al., 2013b; Piprek, 

2016). It initiates the differentiation of urogenital ridge to gonadal ridge as the IM and coelomic 

epithelium are proliferating (Rey et al., 2016). The most important role for GATA4 in male gonads is 

to upregulate SRY (Fig 4) (Miyamoto et al., 2008; Piprek, 2016). Bouma et al. (2007) showed that 

testes will not be formed in mice without GATA4 and Hu et al. (2013b) showed that without GATA4 

expression the genital ridge is not formed. A set of downstream genes are upregulated after GATA4 

(Bouma et al., 2007; Tevosian et al., 2002; Rey et al., 2016). They are important for the initiation of 

genital ridge development and for maintaining it. If GATA4 is not expressed, neither are any of its 

three downstream genes discussed next (Hu et al., 2013b). 

Steroidogenic factor 1 (SF1) is required for the formation of the urogenital ridge and maintenance 

of bipotential gonads, since without its expression they will degenerate (Luo et al., 1994; De Santa 

Barbara et al., 2000). SF1 has been shown to be the most specific bipotential gonad gene marker as 
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its expression is regulated only within early genital ridges (Piprek, 2016). SF1 knockout studies with 

mice (Luo et al., 1994; Luo et al., 1995) showed that SF1 is essential for the formation of gonads for 

both sexes. The same studies showed that SF1 expression is kept up in males in the differentiating 

gonads after Sertoli cell differentiation, but in females the expression regresses (Luo et al., 1994) 

unlike in human embryos where the expression of SF1 stays on the same level (Mamsen et al., 2017). 

Female genitalia structures were formed instead of testis and other structures of male genitalia in 

SF1 knockout mice as androgens and AMH were not expressed to induce testis differentiation (Luo 

et al., 1994). The lack of Sf1 resulted also in the absence of adrenal glands in mice (Luo et al., 1994). 

The factors regulating the expression of SF1 in the gonads are still incompletely understood. SF1 is 

part of the upregulation machinery for SRY and downstream from GATA4 (Fig 4), and it is also 

important for spermatogenesis and Leydig cell differentiation (Jeyasuria et al., 2004; Piprek, 2016). 

LIM homeobox 9 (LHX9) is found in the gonadal primordium and especially in the interstitial cells as 

it is one of GATA4 downstream genes (Rey et al., 2016). It is part of the SF1 activation machinery, 

and it can bind to the SF1 promoter together with the WT1-KTS isoform (Rey et al., 2016). This is 

required for proper formation of the genital ridges as well as for their maintenance and 

differentiation (Piprek, 2016). Empty spiracles homeobox 2 (EMX2) is part of early gonadal ridge 

development and downstream from GATA4 (Rey et al., 2016). Without it, adrenal development has 

been shown to be normal, but kidneys and gonads are underdeveloped due to degeneration of 

mesonephric tubules and Wolffian ducts (Miyamoto et al., 1998). EMX2 and LHX9 are needed for 

the gonad development during week 5 (Fig 2) and for maintenance of the genital ridge (Pelosi & 

Koopman, 2017). 

1.4.3 Testicular genes 

Since SRY is located on the Y chromosome, it is only expressed in the XY karyotype males (Rey et al., 

2016). SRY is the factor, which determines the development of gonads to testis instead of ovaries 

(Berta et al., 1990; Poulat et al., 1995; Swain & Lovell-Badge, 1999; Larney et al., 2014). SRY 

upregulates SRY-box transcription factor 9 (SOX9) with SF1 (Fig 4) by binding to testis-specific 

enhancer of SOX9 core sequence (Sekido & Lovell-Badge, 2008). Some epigenetic modifications are 

needed for SRY activation such as histone modifications and DNA methylation (Tanaka & 

Nishinakamura, 2014). Mutations in SRY regions are known to lead to XY sex reversal to females in 

humans (Harley et al. 1994). Even though the regulation of SRY is still not fully understood, it is 

known that GATA4 and WT1+KTS have an important role in SRY regulation (Fig 4) (Hammes et al., 
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2001; Hossain and Saunders, 2001; Tevosian et al., 2002). In a study done with pigs by Pilon et al. 

(2003), SF1 was reported to activate SRY promoter besides GATA4 and WT1 (Fig 4). 

SOX9 is considered as one of the most important factors for the male pathway determination as 

SOX9 regulates several testis specific genes inducing the formation of testis (Larney et al., 2014; 

Biason-Lauber, 2016). The activation of SOX9 is the most critical step to begin to differentiate 

stromal precursors to Sertoli cells (Rey et al. 2016). Even though SOX9 is present in both XX and XY 

karyotype gonads, the enhanced expression of it is seen only after SRY induction (Piprek, 2016). Two 

positive feedback loops are initiated by SOX9 (Fig 4); upregulation of fibroblast growth factor 9 

(FGF9) and prostaglandin-2 (PGD2) and they enhance separately the expression of SOX9 (Kim et al., 

2006; Biason-Lauber, 2016). SOX9 has its own positive upregulation (Fig 4) but it cannot be 

maintained without FGF9 and PGD2 (Piprek, 2016). FGF9 is required to maintain SOX9 expression, 

so even after SRY expression is reduced, SOX9 expression is maintained by the positive feedback 

loop with FGF9 (Biason-Lauber, 2016). Chaboissier et al. (2004) showed that there is no Sertoli cell 

differentiation if SOX9 expression is not kept up by FGF9. They were able to show, that knock-out 

of Sox9 in XY mice leads to activation of female specific gene markers. SOX9 can cause sex reversal 

in XX into male genitalia if it has duplicated locus, and in XY into female genitalia if it is absent (Huang 

et al., 1999; Chaboissier et al., 2004). 

AMH is expressed in immature Sertoli cells after cells have reached Sertoli cell determination and 

the testes are developing (Haqq et al., 1994). When Sertoli cells have matured, AMH expression 

decreases (Piprek, 2016). AMH has been shown to be regulated by SOX9 and SF1 (Fig 4) (De Santa 

Barbara et al., 1998). 

The production of inhibins is regulated by androgens (Luisi et al., 2005). The main function of 

inhibins is to regulate the development of gonocytes to spermatids and inhibit the secretion of 

follicle stimulating hormone (FSH) (Luisi et al., 2005). Inhibins are produced in gonads and 

composed of three different subunits; inhibin A is composed of α (INHA) and βA (INHB-α) subunit, 

and inhibin B of INHA and βB (INHB-β) subunit (Luisi et al., 2005). Activins are closely related to 

inhibins and their function is the opposite to inhibins (de Kretser et al., 2004). They induce FSH 

secretion which further induces the expression of FSH receptors (FSHR) (de Kretser et al., 2004). FSH 

and its receptor are needed for conversion of androgens to estrogen, spermatogenesis in Sertoli 

cells and their proliferation (Hillier 1994; Sharpe et al., 2003; de Kretser et al., 2004). 
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1.4.4 Steroidogenic genes and androgens 

SF1 upregulates steroidogenic genes and enhances steroidogenesis (Yazawa et al., 2015). These 

steroidogenic genes have an important role in steroid hormone synthesis as they are needed for the 

conversion of cholesterol into testosterone and other steroids (Lala et al., 1992; Ikeda et al., 1994; 

Shima et al., 2013; Piprek, 2016). Studies with SF1 knockout mice (Luo et al., 1994) showed that 

without androgens and steroid hormone production the mice pups died within 8 days of birth. With 

steroid replacement the survival of the mice increased. Cytochrome P450 family (CYP) and 

steroidogenic acute regulatory (STAR) genes are crucial for androgen production (Swain & Lovell-

Badge, 1999). STAR proteins aid the transportation of the cholesterol from the outer layer of 

mitochondria to the inner mitochondrial membrane (Swain & Lovell-Badge, 1999). CYP11A1, 

directly downstream from SF1, cleaves the cholesterol into pregnenolone (Fig 5) on the 

mitochondrial membrane (Swain & Lovell-Badge, 1999). It is further cleaved with CYP17A1 to 

androstenolone (Fig 5) and DHEA. DHEA is turned to androstenedione (Fig 5) and then to 

testosterone by 17β-hydroxysteroid dehydrogenase 3 (HSD17B3) (Fig 5) (Flück & Pandley, 2014). 

HSD17B3 has been shown to be crucial for testosterone production in testis, but not in ovaries as 

HSD17B3 is not expressed in them (Strauss & Barbieri, 2013). HSD17B3 aids also the transition of 

estrone to estradiol (Fig 5) (Flück & Pandley, 2014). CYP19A1 codes for an aromatase, that catalyses 

estrogen production from androgens (Bhasin, 2008; Fukami et al., 2011). It is required for the 

conversion of androstenedione to estrone and testosterone to estradiol (Fig 5) (Flück & Pandley, 

2014). 
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Figure 5. A simplified schematic of testosterone conversion from cholesterol and steroid intermediates. Production of two estrogens; 
estradiol and estrone are indicated with narrow arrows from the same pathway that testosterone is also produced. 

As discussed, testosterone is required for the formation of reproductive tract and genitalia in males 

(Yamada et al., 2006; Piprek, 2016). It initiates and controls the development of the prostate, vas 

deferens and seminal vesicles (Hall, 2015). If SF1 is not expressed, the expression of steroidogenic 

genes is not upregulated and the developing testes cannot produce testosterone required for 

development of the male genitalia (Yamada et al., 2006). 

1.4.5 Female specific bipotential gonad genes 

DSS-AHC critical region on the X chromosome 1, gene 1 (DAX1), roof plate specific Spondin 1 

(RSPO1), β-catenin, Forkhead Box L2 (FOXL2) and wingless-related integration site 4 (Wnt4) are 

expressed in the bipotential gonads and their expression is continued in the ovaries and turned off 

in testis (Gilbert, 2003). DAX1 is an antagonist for SRY and SOX9 (Fig 3) (Swain et al., 1998; Gilbert, 

2003). The positive feedback loop between SOX9 and FGF9 inhibits ovarian development by 

suppressing signalling between Wnt4, RSPO1 and β-catenin (Fig 4) (Tanaka & Nishinakamura, 2014). 

SOX9 has been shown to interfere directly with the function of female pathway genes such as FOXL2 

and Wnt4 (Barrionuevo et al., 2006) or to interact with downstream gene FGF9 which blocks the 

expression of Wnt4 (Fig 4) (Piprek, 2016). 
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1.5 Stem cells and culturing 

1.5.1 Pluripotent stem cells 

Stem cells have high capability to self-renew and thus create more stem cells (Ilic & Ogilvie, 2017). 

Another defining feature of them is their differentiation potential. Pluripotent stem cells can 

differentiate to any of the three germ layers and by this to any possible tissue type (Filipczyk et al., 

2007). Multipotent stem cells are capable to differentiate only to a limited type of cells, some such 

as the tissues surrounding them (Filipczyk et al., 2007). 

Two types of artificially created pluripotent stem cells are being used in research; embryonic stem 

cells (ESC) and induced pluripotent stem cells (iPSCs) (Thomson et al., 1998; Yu et al. 2007). ESCs 

were established from mice for the first time in 1981 by two separate groups (Evans & Kaufman, 

1981; Martin, 1981). First line of human ESCs (hESC) were created by Thomson et al. (1998) by 

isolating the inner cell mass of a blastocyst derived by in vitro fertilization. The H9 cell line derived 

by Thomson et al. (1998) is still widely used in research. Differentiated cells isolated from tissue can 

be reprogrammed back to pluripotent state with different methods (Takahashi & Yamanaka, 2006; 

Yu et al., 2007; McKee & Chaudhry, 2017). These iPSCs can be derived from different somatic cells 

such as tissue from an adult or a newborn (Takahashi & Yamanaka, 2006; Yu et al., 2007). The first 

iPSCs were done by Takahashi and Yamanaka (2006) from mice fibroblasts. They introduced into 

them transcription factors associated with pluripotency. Four of them were critical minimum for 

reprogramming and reaching pluripotent state: octamer-binding transcription factor 4 (OCT3/4), 

Kruppel-like factor 4 (Klf4), SOX2 and myelocytomatosis oncogene (c-Myc). A line of human iPSCs 

(hiPSC) were first derived by Yu et al. (2007) by inducing human somatic cells with OCT4, SOX2, 

NANOG homeobox (NANOG) and LIN-28. They generated cells with embryonic stem cell 

characteristics. These pluripotency transcription factors are needed to upregulate the same 

endogenous pluripotency transcription factors of the cells (Dambrot et al., 2011). After the 

upregulation of pluripotency-driving genes, the exogenous transcription factors are silenced 

(Dambrot et al., 2011). 

The developmental mechanisms of several human diseases are not known well yet but most of them 

have been studied with animals (Dvash et al., 2006). Animal models can be used to understand the 

disease, but they do not provide exact disease models for human as development and the 

mechanism of the disease often vary between different organisms (Dvash et al., 2006). Patient-

specific drug screens and studies can be conducted with iPSCs (Ilic & Ogilvie, 2017). Patient samples 
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with complex or Mendelian inheritance provide ground for targeted drug discovery and testing for 

drug development on human cells (Park et al., 2008). Human disease models can be prepared by 

isolating cells from a patient, converting them into iPSCs and differentiating them into cells 

representing a specific disease (Chen et al., 2011). The mechanism and development of the disease 

can be understood when the cells can be studied (Singec et al., 2007). When compared to hESCs, 

there are less ethical issues with iPSCs usage since their derivation does not require harming of 

embryos (Filipczyk et al., 2007). It has created much controversy for the usage of hESCs as in order 

to isolate the inner cell mass, rest of the blastocyst is destroyed (Lee & Lee, 2011). Usage of iPSCs is 

preferable also since unlike hESCs, they are patient specific, have methylations and other epigenetic 

modifications present of the disease (Ilic & Ogilvie, 2017). 

1.5.2 Culturing and differentiating of pluripotent stem cells 

PSCs are cultured on plates with either extra cellular matrix (ECM) component coating or fibroblast 

feeder layer (Villa-Diaz et al., 2013). Feeder layer provides a base for the stem cells to attach to and 

enhance the proliferation by secreting growth factors and nutrients to the growth media (Villa-Diaz 

et al., 2013). Even though the feeder layer cells are mitotically inactive, there is a risk of mixing the 

stem cells and fibroblasts from feeder layer (Villa-Diaz et al., 2013; Llames et al., 2015). Their 

culturing requires also more work than ECM coating (Villa-Diaz et al., 2013). Other issues with feeder 

layer cells are that their secretion and expression of growth factors and ECM proteins can vary 

greatly depending on the feeder cell culture (Villa-Diaz et al., 2013; Llames et al., 2015). All the 

proteins they secrete are not known and their impact to the differentiation of the cells is also 

unknown (Villa-Diaz et al., 2013). ECM coating can vary from one structural protein such as collagen, 

laminin or fibronectin or a combination of several of them as in MatrigelTM (laminin, collagen IV, 

heparin sulfate proteoglycans, entactin and growth factors) or Geltrex (reduced growth factor 

basement membrane matrix) (Villa-Diaz et al., 2013; Thermo Scientific). For PSCs to stay in 

pluripotent state, the cells need to be grown on a suitable matrix supporting pluripotency as some 

growth matrices support differentiation of the cells (McDevitt et al., 2008). Specific factors are 

needed in the culture media to prevent spontaneous differentiation in addition to other factors 

important for all cell cultures (McDevitt et al., 2008). If these criteria are not met, the cells can start 

spontaneous differentiation (McDevitt et al., 2008). PSCs can be cultured in 3D suspension culture 

instead of on matrix as flat 2D culture (McDevitt et al., 2008). 
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Since ESCs and iPSCs are pluripotent, they can differentiate to any type of cells or tissues and this 

can happen in two different ways (McKee & Chaudhry, 2017). Their differentiation can be induced 

with directed differentiation (McDevitt et al., 2008). The cells are cultured on a matrix enhancing 

differentiation and by adding specific growth factors and small molecules to guide the 

differentiation of the cells to wanted cell type (McDevitt et al., 2008). The growth factors and 

molecules are needed to activate and inhibit several pathways to mimic the in vivo events and 

induce the differentiation in vitro (Yin et al., 2016). Another type is spontaneous differentiation 

(Dambrot et al., 2011). This differentiation type is not guided since there are no specific growth 

factors, and spontaneous differentiation can give rise to several different cell types and 

morphologies through the formation of embryoid bodies (EB) (Dambrot et al., 2011). These 3D 

spheres model embryonic development and have cells resembling endodermal, mesodermal and 

ectodermal types (Itskovitz-Eldo et al., 2000; Dambrot et al., 2011). EBs can be acquired by removing 

the PSCs to suspension culture from conditions maintaining their pluripotency (Dambrot et al., 

2011). 

Several tissues of the same germ layer can be differentiated from iPSCs with same growth factors 

(Schuldinger et al., 2000; McDevitt et al., 2008). As the differentiations proceed, the growth factor 

combinations begin to differ since the tissues require different signals for their differentiation 

pathway. Singular growth factors do not induce differentiation to any specific cell type, but they 

indicate and affect how the cells will differentiate (Schuldinger et al., 2000). Due to this, 

differentiations with growth factor combinations for several tissue types can be quite close to each 

other differing by a few activating or inhibiting pathways. 

1.6 Sertoli-like cell differentiation 

There is demand for sufficient in vitro human models to study development of fetal gonadal somatic 

cells and disorders of sex development (DSD) (Rotgers et al., 2018). DSD is unusual development of 

the internal and/or external genital structures, it can lead to infertility or partly or entirely lack of 

puberty (Witchel, 2018). Faulty gene regulation in DSDs causes unregular hormone regulation and 

production that further disrupts the normal development (Witchel, 2018). DSDs can make the 

patients susceptible to neoplasms and tumours (Looijenga et al., 2007). There are some groups that 

have generated human Sertoli-like cells (SLC) with different methods (Bucay et al., 2009; Buganim 

et al., 2012; Rodríguez Gutiérrez et al., 2018; Liang et al., 2019) but there are still not protocols 
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efficient enough for it. By developing a human in vitro SLC model, the development of gonads and 

mechanisms behind DSDs could be studied without the need to rely on animal models.  

It was first shown by Bucay et al. (2009) that hESCs can differentiate to SLCs. The group showed 

induction of Vasa and Acrosin for germ cell differentiation in spontaneous differentiation. Since 

Sertoli cells are needed for germ cell maturation (Sharpe et al., 2003; Bucay et al., 2009), the group 

run reverse transcription polymerase chain reaction (RT-PCR) also for FSHR, SOX9 and AMH 

expressions. Expressions of these genes increased, and the group showed spontaneous 

differentiation of SLCs from hESCs. There are several other groups that have successfully 

differentiated SLCs from hESCs and other pluripotent stem cells (Seol et al., 2018; Rodríguez 

Gutiérrez et al., 2018; Liang et al., 2019). 

Rodríguez Gutiérrez et al. (2018) reprogrammed human fibroblasts to iPSCs. They differentiated 

them into EBs with iPSC medium and then to committed mesoderm with bone morphogenetic 

protein 4 (BMP4) and bFGF. They used FGF9, PGD2 and activin to differentiate the cells to SLCs. In 

the experiment done by Seol et al. (2018), the group differentiated mouse ESCs to IM with bFGF, 

CHIR99021 and retinoic acid, and from IM state to SLCs with FGF9, bFGF, PGD2, FSH and glial cell 

line-derived neurotrophic factor (GDNF). Both groups showed that SLC gene markers rose as the 

results of differentiation. Liang et al. (2019) reported to have created SLCs by overexpressing SF1 

and GATA4 in human fibroblasts with viral vectors. They reduced 5 needed transcription factors 

down to two from SF1, GATA4, WT1, SOX9 and doublesex and mab-3 related transcription factor 1 

(DMRT1) (Buganim et al., 2012). 

The same growth factors from Seol et al. (2018) article (FGF9, bFGF, PGD2, FSH and GDNF) were 

used that regulate in vivo Sertoli cell differentiation (Piprek, 2016). When SOX9 is produced, the cells 

start to express FGF9 and PGD2 as discussed earlier by the positive feedback loops (Kim et al., 2006; 

Larney et al., 2014). FGF9 is crucial in the precursor cells for Sertoli cells by maintaining the SOX9 

expression (Piprek, 206). bFGF is important for Sertoli cell number and mesodermal induction (Van 

Dissel-Emiliani et al., 1996; Schuldinger et al., 2000) and the proliferation of PGCs (Matsui et al., 

1992; Resnick et al., 1992). FSH is playing part in the sperm production, and it has been shown to be 

an important factor for proliferation in the Sertoli cells (Sharpe et al., 2003). GDNF is part of self-

renewal and differentiation in spermatogenesis (Pescovitz et al., 1994). It was shown that when its 

concentration is high within spermatogenic stem cells, they will proliferate and in low concentration 

they will differentiate (Meng et al., 2000; Sariola & Saarma, 2003). 
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For creating SLCs in vitro, the discussed growth factors were tested in guiding bipotential gonadal-

like cells into SLCs. These growth factors are crucial for the bipotential gonads to give rise to testes 

and Sertoli cells and support their development and function. Sepponen et al. (2017) refined a 

protocol for optimized early stage differentiation of bipotential gonads using activin A, CHIR99021 

for Wnt activation, BMP7 and BMP signaling inhibitor dorsomorphin (Sepponen et al., 2017). The 

cells derived with this protocol expressed several IM and bipotential gonadal gene markers as 

increase in their expression levels was seen with quantitative RT-PCR (qRT-PCR). Expression of 

Brachyury indicated PS after 24 hours of the beginning of their experiment. Since the bipotential 

gonads start to develop without germ cells (Merchant, 1975), the modelling of developing germ 

cells is not needed for the study and for modelling the development of bipotential gonads. 

1.7 CRISPR/dCas9 

Clustered regularly interspaced short palindromic repeats (CRISPR) method is a relatively new 

method for doing genetic engineering, but it has risen to be one of the most efficient one (Jinek et 

al., 2012). It is originated from prokaryotes such as bacteria and archaea to use this method to 

destroy foreign DNA especially from bacteriophages (Barrangou et al., 2007). The CRISPR system is 

responsible for cleaving the targeted DNA, which is recognized by the guide RNA (gRNA). CRISPR-

associated protein 9 (Cas9) forms a complex together with the gRNA (Jinek et al., 2012). Bacteria 

and archaea can recognize invasive DNA by previously acquired RNA sequences from viral DNA with 

their inbuild CRISPR system (Barrangou et al., 2007). This method has been adapted to gene editing 

of eukaryotic cells (Jinek et al., 2012). Inactivated version of Cas9 (dCas9) is used in eukaryotes so 

that it can form the complex with gRNA but cannot cut the double stranded DNA (dsDNA) unlike 

Cas9 (Gilbert et al., 2013). dCas9 nuclease can be delivered to the cells with viruses, electroporation 

or chemicals as the cells are transfected with them (Jinek et al., 2012). The gRNA is synthesized in 

the host cell and targets a specific locus of the foreign DNA (Gilbert et al., 2013). If the locus and its 

target have sufficient homology with each other, the dCas9 in the complex binds to the target and 

silences it or enhances its transcription (Gilbert et al., 2013). With this method genes can be silenced 

(Choudhary et al., 2015), sliced out (Barrangou et al., 2007) or activated by adding an activation 

cassette in front of desired gene (Balboa et al., 2015). The genes can be activated when needed 

either chemically or by being dependent on genes transcribed by the cells (Ablain et al., 2015; Balboa 

et al., 2015). For achieving better control of activation, a destabilization domain can be fused with 

the dCas9 to stabilize production of Cas9 protein (Balboa et al., 2015).  
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2 Aims 

The aim of this study was to find out whether the previously studied growth factors (bFGF, FGF9, 

PGD2, FSH and GDNF), that are naturally involved in the development and function of testicular 

cells, can differentiate hiPSC-derived bipotential gonadal-like cells into SLCs. The other aim was to 

test whether their addition could increase the expression of SF1 during the differentiation according 

to the protocol by Sepponen et al. (2017) with and without induction of SF1 promoter. 

3 Materials and methods 

3.1 Used cell line 

The experiments were done with the hiPSCs cell line HEL46.11-SF1-AVD192. The phenotype of the 

donor was a healthy male (46, XY) (Achuta et al., 2017). The dCas9 with transactivation domains had 

been added to the cells by PhD D. Balboa according to the previously published protocol (Balboa et 

al., 2015). The guide RNAs targeting SF1 promoter had previously been stably transfected into 

HEL46.11 hiPSCs in this research group. This method allowed for the SF1 to be activated by the 

addition of doxycycline (DOX) and trimethoprim (TMP) to the media. 

The hiPSCs were cultured in E8 media (Thermo Scientific) on plates coated with Geltrex (Thermo 

Scientific). They were passaged every 3rd or 4th day depending on the confluence of the dishes. The 

experiments were started when the plates (Corning) were ~ 70 % confluent. The passage numbers 

were 24-31 when starting the experiments. 

3.2 Plating cells on day 0 

12-well plates (Corning CoSTAR) were coated with 2.005 µg/cm2 of collagen 1 (Human Col1, Corning) 

in 2 mM HCl (Fig 6) and incubated in sterile conditions at room temperature for 2 hours. After the 

incubation, the wells were let to dry. They were washed twice with 1 x Dulbecco’s Phosphate 

Buffered Saline without magnesium chloride and calcium chloride (PBS (-)) (Gibco) in sterile H2O. 

 

Figure 6. Flow chart of the differentiations. On D0 the cells were plated on 12-well plates coated with human collagen. Growth factors 
and small molecules added to the IM growth media are listed below. In each differentiation control conditions were present on D4-
D12. FGF9 conditions represent the different tested growth factor conditions (Table 1). 
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The cells were detached with two washes of 0.5 mM ethylenediaminetetraacetic acid (EDTA) 

(Invitrogen) and the third wash was incubated at + 37 °C ~ 6 min (NuAire, Autoflow in direct heat 

CO2 incubator). The detachment was checked with Leica DMILED microscope and stopped with 

addition of Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) (Thermo 

Scientific) by suspending to detach and separate the cells. Detached cells were pooled and 

calculated with a haemocytometer. 600,000 cells were calculated per well and centrifuged for 5 min 

at 600 g (Heraceus Instruments, Labofuge 400). The pellet was suspended to day 0 (D0) media [100 

ng/ml Activin A (Q-Kine), 5 µM CHIR99021 (Selleckchem), 2 µM dorsomorphin (Selleckchem) and 10 

µM ROCKi (Selleckchem) in IM growth media [DMEM/F12 + Glutamax (Gibco) + 2 % B-27 supplement 

serum free (Gibco)] and pipetted to each well (Fig 6) for 24 hour-incubation at + 37°C. 

The D0 RNA sample was taken from the cell suspension according to Macherey-Nagel NucleoSpin 

RNA kit instruction. The supernatant from first centrifugation was discarded, pellet washed with PBS 

(-) and the centrifugation was repeated. The pellet was lysed with RA1 buffer (NucleoSpin RNA kit, 

Macherey-Nagel) and moved to – 20 °C. 

3.3 Media changes on different days 

For each day (D1-D11) the new differentiation media was prepared right before the media change. 

The cells were washed with PBS with added magnesium chloride and calcium chloride (PBS (+)) 

(Sigma) after removing old media and changed to different one (D1-D4). The D1 media [10 ng/ml 

BMP7 (PeproTech) and 3 µM CHIR99021 in IM media] was changed for the cells (Fig 6) for another 

24 hour-incubation + 37 °C after the 24 hour-incubation in D0 media. The cells were cultured for 48 

hour-incubation in D2 media [2 µM dorsomorphin and 3 µM CHIR99021 in IM media] (Fig 6). The 

medias with different growth factor and induction conditions (Table 1) were changed to the cells 

after the 48-hour incubation on D4 (Fig 6). Similar looking wells were chosen to continue with. Wells 

with noticeably different amount or morphology of cells were discarded (D1 to D4). From D5 and 

forward until D12, old media was changed every day to fresh one in 24-hour cycle. To change the 

media, most of the old media was removed from each well and fresh media was added. 
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Table 1. The different conditions with growth factors and induction to be tested starting on D4. bFGF, FGF9, PGD2 and GDNF from 
PeproTech and FSH from Prospec Bio were tested as separate and together. DOX and TMP were from Sigma-Aldrich. Each condition 
was prepared using IM media. The added growth factors are presented with a plus and without addition as a minus. 

Name of the 

condition 

bFGF 

(100 

ng/ml) 

FGF9 

(100 

ng/ml) 

PGD2 

(500 

ng/ml) 

FSH 

(10 

ng/ml) 

GDNF 

(10 

ng/ml) 

DOX  

(10 µM) 

TMP  

(10 µg/ml) 

ControlBASIC - - - - - - - 

ControlSF1 - - - - - + + 

bFGFBASIC + - - - - - - 

bFGFSF1 + - - - - + + 

FGF9BASIC - + - - - - - 

FGF9SF1 - + - - - + + 

PGD2BASIC - - + - - - - 

PGD2SF1 - - + - - + + 

CocktailBASIC + + + + + - - 

CocktailSF1 + + + + + + + 

3.4 Sample collections on D1-D12 

The media was removed with aspiration and wells were washed with PBS (-). The cells were 

detached and suspended to fresh PBS (-). The cells for RNA samples were lysed to RA1 lysis buffer 

according to Macherey-Nagel NucleoSpin RNA kit instructions as D0 sample and stored in - 20 °C 

freezer. Two wells per day per condition were lysed. The two wells on D1, D2 and D4 were pooled 

as one sample per day to get enough RNA as there was a small number of cells. The rest of the 

samples (D6-D12) were collected from individual wells without pooling technical replicates to avoid 

having too many cells per sample. 

3.5 Immunofluorescence staining 

On D12 the wells left for immunofluorescence were washed twice with PBS (Medicago) and fixed 

with 3.8 % paraformaldehyde in PBS for 15-20 minutes. The wells were washed again three times 

with PBS. Fourth addition of PBS was left in the wells and the plates sealed with parafilm and stored 

in the + 4 °C until immunofluorescence staining. 

The cells were permeabilized with 0.5 % Triton-X100 (Fischer Scientific) in PBS for ~ 7 minutes at 

room temperature. They were washed once with PBS and incubated for 8 minutes at room 
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temperature with Protein block (Thermo Fisher) to prevent unspecific binding of the antibodies. The 

primary antibodies, polyclonal goat anti-GATA4 [Santa Cruz Biotechnology, 1:250] and monoclonal 

mouse anti-SF1 [R&D systems, 1:200] were mixed into 0.1 % PBS-tween (Fischer Scientific) to 

prevent the formation of non-specific protein-protein interactions and incubated in + 4 °C overnight. 

On the following day the wells were washed three times with PBS for 5 minutes each time. The 

secondary antibody solution with Alexa Fluor® 594 donkey anti-goat immunoglobulin G (A-11058) 

and Alexa Fluor® 488 donkey anti-mouse immunoglobulin G (A-21206) (1:1000, Invitrogen) in 0.1 % 

PBS-tween was incubated in room temperature ~ 35 minutes in dark and washed three times with 

PBS. 10-minute incubation with DAPI 1:500 (Invitrogen) in 0.1 % PBS-tween was done to stain the 

DNA. The wells were washed again three times with PBS and the mounted with VECTASHIELD 

Mounting medium for fluorescence (Vector Laboratories) and stored in parafilm in fridge. The wells 

were imaged with Evos FL (Thermo Fischer Scientific). 

3.6 RNA isolation, purification and clean-up 

RNA was isolated by using the NucleoSpin RNA isolation method and kit by Macherey-Nagel™. The 

protocol was done as the kit instructed, except for the membrane desalting, digestion and 

membrane washing with RA2 buffer. Separate DNase treatment was done for the samples instead 

after the isolation to secure the removal of genomic DNA since the group had optimized more 

efficient method for their research. 

The DNase master mix [1 x RQ1 DNase buffer (Promega), 120 U RNasin/Ribolock (Thermo Fischer) 

and 4.5 U RQ1 RNase-free DNase (Promega)] was prepared on ice. The buffer and RNasin were 

quickly vortexed (Scientific Industries, Vortex Genie 2) and all components were centrifuged down 

(Thermo, Heraceus Fresco 17 Centrifuge) before mixing the master mix. Master mix was pipetted 

into a new microcentrifuge tube (1.5 ml) per sample and the isolated RNA sample was pipetted on 

top of it. They were mixed by pipetting up and down couple of times. The samples were centrifuged 

down quickly and incubated + 37 °C (Memmert, B 40) for 30 minutes. 

RNA clean-up was done right after DNase treatment. The RNA clean-up was done with Macherey-

Nagel™ RNA clean-up kit as instructed. After the RNA clean-up, the concentration of RNA and the 

purity was measured (AH Diagnostics, DeNovix DS-11+ Spectrophotometer). 
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3.7 Reverse transcriptase (RT) reaction and qRT-PCR 

2 µg RNA was calculated for each sample from the purified RNA to polymerizate complementary 

DNA (cDNA) for 20 µl RT reaction. If the RNA concentration was low, the sample volume was reduced 

with vacuum concentrator (Eppendorf, Concentrator plus). 

The 2 µg samples were heated on a heat block (Grant, QBT2) + 65 °C for 1 minute to open RNA 

secondary structures. The samples were put back on ice to cool down to ensure the RNA to stay 

open single stranded and prevent secondary structures from forming (Thermo Scientific). RT master 

mix [1 x RT buffer (Promega), 0.3125 mM dNuTPs (Thermo Scientific dNTP set), 500 ng OligoT 

Primers (Thermo Scientific), 100 ng Random Hexamer Primers (Thermo Scientific), 20 U RNase 

Inhibitor (Thermo Scientific), 100 U M-MLV Reverse Transcriptase (Promega)] was added for Vtot = 

20 µl per sample and mixed up and down for couple of times. The samples were centrifuged down 

and incubated in + 37 °C for 90 minutes for the RT to polymerizate cDNA. The samples were then 

incubated on heat block + 90°C for 5 minutes to deactivate the RT. After the incubation, the samples 

were put on ice and centrifuged down. RNase-free H2O was added for Vtot = 40 µl to reach the 

concentration 0.05 ng/µl of the RNA. 

The qRT-PCR runs were designed to a 96-well plate (Axygen, PCR Microplate) and run with 

LightCycler® 96 Instrument (Roche Diagnostics). Cyclophilin G was used as the internal control and 

housekeeping gene to normalize the cDNA content as its expression level is the same in 

undifferentiated and differentiated cells. Reactions without templates were used as negative 

controls. 2 µM primer mixes with forward and reverse strand (Appendix 1) were prepared to RNase-

free H2O before doing the qRT-PCR master mixes for each gene separately [1 x Hot FIREPol EvaGreen 

qRT-PCR Mix Plus (no ROX) (Solis BioDyne), 0.5 µM gene primer mix, RNase-free H2O]. The analysed 

expression levels were relative to the undifferentiated cells. Intensity of SYBR green, which is a 

fluorescence molecule that binds to dsDNA and can be detected when bound, was measured. 

Preincubation [95 °C for 900 seconds] activated the hot start polymerase. By using hot start 

polymerase (Hot FIREPol EvaGreen qRT-PCR Mix Plus (no ROX) (Solis BioDyne)) undesired 

polymerase activity was less as it requires higher temperature to work. This leads to less non-specific 

amplicons. 3 step amplification [denaturation in 95 °C for 15 seconds, annealing in 60 °C for 20 

seconds, extension in 72 °C for 20 seconds] lasted 45 cycles. The dsDNA melted to single stranded 

DNA (ssDNA) during denaturation and opened the hybridization possibility for the complementary 

sequences. During annealing and during extension the DNA polymerase synthetized the hybridized 
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sequences. The melting [95 °C for 10 seconds, 65 °C for 60 seconds, 97 °C for 1 second] opened the 

dsDNA releasing fluorescence, which was detected continuously, and allowed to perform melting-

curve analysis. 

3.8 Analysis and calculations of the qRT-PCR results 

The melting curves of the primers were checked with the LightCycler 96® software program to verify 

the functionality of the primers to produce only their specific amplicon. Cycle threshold (Ct) was 

received for each well and the average of the two replicate wells was used to calculate relative 

expression fold change. Ct expresses the amount of cycles needed for the fluorescence signal to 

reach the threshold level. The average results from different experiments per gene were merged 

and the standard error of mean (SEM) was calculated from them. If the Ct values of the replicate 

wells differed from each other more than two cycles, the higher one was discarded as there was 

likely less RNA for the qRT-PCR. When the Ct values on D0 for some genes varied more than two 

cycles between replicate qPCR wells on several occasions, an average of D0 Ct values from all runs 

for the gene was calculated. The average was used for the differences between the qRT-PCR analysis 

days to be comparable between each other. For CYP11A1 and LHX9 the average value of D0 Ct was 

38 and for EMX2 the value was 36. The D0 sample was used as the calibrator (Roche Applied Science, 

2001). All the expression levels of samples were compared to the expression of undifferentiated 

hiPSCs on D0 to see how the expression level folds changed relatively to the undifferentiated cells. 

4 Results 

4.1 Morphology of the cells changed throughout the differentiations 

The first four days of in each differentiation were done with the same protocol for all cells. On D1 

most cells had attached to the bottom with very few floating unattached cells (Fig 7 A). The few 

wells with a lot of unattached cells were discarded from the experiments to avoid differences caused 

by variation in confluency. On D2 there were spheres loosely attached to the bottom in some of the 

wells (Fig 7 B). By D3 all remaining cells including cells growing within the spheres had attached to 

the bottom (Fig 7 C) and the cells had started to spread. By D4 the cells in all the wells had spread 
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throughout the bottom (Fig 7 D). Some wells were confluent, and some had still room for the cells 

to grow in. 

 

Figure 7. The appearance of the differentiation during PS and IM state. A) The cells had attached to the bottom of the wells after 
plating them. B) Spheres were formed in some of the wells by D2. The spheres present were attached to the bottom by D3 C) and 
started to spread and grow more from there. D) By D4 the cells in all wells were spread throughout the bottom either confluent or 
close to being confluent. Pictures were taken from spots that represented the general morphology. Pictures taken with Leica DMILED. 
Scale bar represents 200 µm. 

Morphological differences between the different conditions were first seen on D5, on the next day 

after adding the different growth factors (Fig 8). There were no morphological differences between 

the non-induced (BASIC) and induced (SF1) cells incubated in the presence of the same growth factors 

(Fig 8). 
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Figure 8. The morphological differences after culturing in the presence of different growth factor combinations. The most 
presentative picture of each condition was chosen to show the morphological differences between the conditions. After establishing 
the characteristic morphology, morphology of the cells changed very little or not at all (days 5-10). Scale bar represents 250 µm. 

In controlBASIC and controlSF1 (Fig 8 A-B) the cells developed stringy attachments between thicker cell 

layers. The cells grew in a net-like structure in the bottom. In the conditions containing bFGF or 

FGF9, the cells had vastly different morphology than in the control conditions (Fig 8 C-H) as they 

lacked the characteristic stringy attachments. Cells differentiated in bFGF grew as a thick layer (Fig 

8 C-D). In FGF9 conditions there were thickenings of the cell layer and cells centred as clumps (Fig 8 

G-H). In cocktail conditions including bFGF, FGF9 and PGD2, the cell layer was the flattest (Fig 8 E-

F). In PGD2BASIC and PGD2SF1 similar looking morphology was observed as in the control conditions 

(Fig 8 I-J) with a lot of strings attached to the bottom from the thicker grown cell clumps. 

4.2 Expression of SF1 protein was detected with immunofluorescence staining 

Immunofluorescence staining was done for controlBASIC (Fig 9 A-C) and controlSF1 on D12 (Fig 9 D-F). 

The functionality of the SF1 activator cassette was confirmed by the protein presence. In controlBASIC 

SF1 was not expressed by the cells (Fig 9 B & C). GATA4 protein was expressed by a few cells (Fig 9 

B & C). In controlSF1 SF1 protein was expressed in most of the cells and the intensity within the cells 

varied a lot (Fig 9 E & F). The intensity of GATA4 was weaker than the intensity of SF1. SF1 and 

GATA4 proteins were localized mainly in different cells (Fig 9 E & 10). 
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Figure 9. Immunofluorescence of controlBASIC and controlSF1 on D12. SF1 is shown with green, GATA4 red and the nuclei is blue. A) 
The cells in controlBASIC B) did not express SF1. GATA4 was present only in some cells C) as background noise hides some of the signal. 
D) DAPI staining for controlSF1. E) Production of SF1 and GATA4 were seen unevenly in the cells and F) they were not present in all the 
cells. Scalebar for controlBASIC represents 400 µm and scalebar for controlSF1 represents 200 µm. 

Some GATA4 and SF1 colocalizations were seen (Fig 10 A). GATA4 was expressed much weaker in 

cells expressing also SF1 than in cells with just GATA4 expression and no SF1 (Fig 10 A & B). 
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Figure 10. GATA4 expression intensity in controlSF1. Blue arrows indicate colocalization of GATA4 and SF1 expression. White arrows 
indicate cells with GATA4 expression and no SF1 expression. A) SF1 expressed with green and GATA4 with red in overlay. B) GATA4 
expression intensity variation was seen in cells that expressed and did not express SF1. Scalebar represents 200 µm. 

4.3 Gene marker qRT-PCRs indicated cell fate 

4.3.1 Differentiation begin with PS and IM state 

The expression levels of Brachyury increased on D1 and peaked on D2 indicating that the cells had 

reached the PS state (Fig 11). By D4 the expression of Brachyury decreased close back to the level 

of undifferentiated cells. The expression levels of IM markers PAX2, OSR1 and LHX1 peaked on D2 

(Fig 11). PAX2 had yet no expression on D1 and this indicated that IM state started on D2. By D4 the 

expression level of OSR1 had decreased close to the undifferentiated cells and the expression levels 

of PAX2 and LHX1 had decreased indicating that the cells had started to pass the IM state. 

 

Figure 11. D0 to D4 gene expressions of PS and IM markers. PS started on D1, was strongest on D2 and was gone by D4. Only PAX2 
was run from D1 from the IM marker genes, and its expression level was not increased on that day. The expression levels of the IM 
markers were the highest on D2. Expression levels of OSR1 were back to the level of undifferentiated cells by D4. The expression levels 
of PAX2 and LHX1 decreased by D4 to quarter of expression on D2. 

4.3.2 Addition of bFGF did not aid the differentiation of SLCs 

The expression levels of SF1 increased only when induced with DOX and TMP (Fig 12). The 

expression levels of SF1 in BASIC conditions were lower than on D0 (Fig 12). The expression levels in 

bFGF SF1 were slightly lower than in controlSF1 or close to being same. SF1 was expressed two days 

after the induction on D6 and the expression peaked slightly on D8 (Fig 12). The expression levels of 

SF1 reduced to half of the peak on D10 and stayed constant until D12. GATA4 was expressed 
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similarly in the non-induced and in the induced conditions. The expression of GATA4 peaked on D8 

in the control conditions. Expression levels of GATA4 stayed constant from D6 to D12 in bFGF. They 

were roughly half of the expression levels of control conditions on D6 and D8. The differences 

started to even out on D10 and by D12 the expression levels were the same. The expression level of 

WT1 in bFGFBASIC and bFGFSF1 was only a fraction of the expression levels detected in controls. The 

expressions peaked on D10 and D12 in control conditions. LHX9 expression pattern resembled that 

of WT1. In bFGF conditions, the LHX9 expression levels did not differ from the expression level of 

the undifferentiated cells throughout the differentiation. The expression levels of EMX2 increased 

in bFGFSF1 only on D6 and D12, and in bFGFBASIC its expression rose slightly on D12. Expression of 

EMX2 in controlbasic and controlSF1 did not rise much compared to the undifferentiated cells (Fig 12). 

 

Figure 12. The relative expression of bipotential gonad gene markers with and without bFGF treatments at days 6 to 12 compared 
to expression of undifferentiated cells on D0. Expression levels in 2 biological replicates and 2 technical replicates (Ntot = 4) were 
analyzed and SEMs were calculated for SF1, GATA4, WT1 and LHX9. 2 technical replicates from one biological replicate (Ntot = 2) was 
analyzed for EMX2. 

The expression pattern of CYP11A1 resembled that of SF1 (Fig 13). The expression was detected 

already on D6 but peaked on D8. On D6 and D8 the expression level of CYP11A1 was the same in 
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controlSF1 and bFGFSF1. By D10 and D12 the expression of CYP11A1 in controlSF1 was higher than in 

bFGFSF1. STAR had similar expression pattern to SF1 and CYP11A1. Expression of STAR was higher in 

controlSF1 than in bFGFSF1 (Fig 13). The expression peaked on D8 in both controlSF1 and bFGFSF1. The 

expression kept on decreasing in bFGFSF1 but rose again in controlSF1 on D12. Without SF1 induction 

the expression levels of STAR stayed very low throughout the differentiation. HSD17B3 got the 

lowest expression in bFGFbasic from D6 to D10. In the other conditions HSD17B3 was expressed with 

quite similar trend (Fig 13). By D12 the expression level of HSD17B3 in bFGFbasic increased to the 

same level in bFGFSF1 and control SF1. The expression of HSD17B3 peaked at D10 in controlSF1. In 

controlBASIC HSD17B3 was expressed at the highest level on D6 and the expression decreased slightly 

from there. The expression levels of CYP17A1 increased only in controlSF1 and the increase was seen 

starting on D8 (Fig 13). CYP17A1 expression levels in controlbasic, bFGFbasic and bFGFSF1 stayed close 

to the expression level of undifferentiated cells throughout the differentiation. CYP19A1 expression 

was the highest in controlSF1 on D6 and D8 (Fig 13). On D10 the expression was the same as in 

undifferentiated cells and on D12 half of the expression in undifferentiated cells. CYP19A1 was 

expressed similarly in bFGFSF1 and controlSF1 on D6. The expression in bFGFBASIC and bFGFSF1 was the 

same as in undifferentiated cells on D8 and on D10 and D12 the expressions were half of that. 
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Figure 13. The relative expression of steroidogenic gene markers with and without bFGF treatments at days 6 to 12 compared to 
expression of undifferentiated cells on D0. 2 biological replicates and 2 technical replicates (Ntot = 4) were analyzed for CYP11A1 and 
STAR and SEMs were calculated for them. 2 technical replicates from one biological replicate (Ntot = 2) was analyzed for HSD17B3, 
CYP17A1 and CYP19A1. 

The expression levels of INHA increased noticeably only in controlSF1 starting on D8 and rose linearly 

from there to D12 (Fig 14). INHA was expressed slightly in controlBASIC, bFGFBASIC and bFGFSF1 and in 

bFGF the expression levels were lower than in controlBASIC. The expression levels of SOX9 did not 

increase compared to the undifferentiated cells in controlbasic and controlSF1 during D6 and D12 (Fig 

14). The expression levels of SOX9 in bFGFSF1 and bFGFbasic conditions were higher than in control 

conditions on D6, D10 and D12, however the overall increase in SOX9 expression remained low. The 

expression of AMH peaked on D10 in controlSF1 (Fig 14). ControlBASIC, bFGFBASIC and bFGFSF1 expressed 

AMH only slightly. FSHR expression levels were highest in controlBASIC until D10 (Fig 14). The 

expression levels peaked on D6 and decreased linearly from there on in all conditions. FSHR 

expression was higher in control conditions than in bFGF conditions. In the non-induced conditions 

FSHR was expressed higher than in the corresponding induced conditions. 
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Figure 14. The relative expression of testicular gene markers with and without bFGF treatments at days 6 to 12 compared to 
expression of undifferentiated cells on D0. 2 biological replicates and 2 technical replicates (Ntot = 4) were analyzed for INHA and 
SOX9 and SEMs were calculated for them. 2 technical replicates from one biological replicate (Ntot = 2) was analyzed for AMH and 
FSHR. 

4.3.3 Cocktail conditions resulted in similar expression levels as in bFGF 

The qRT-PCR results from cocktailBASIC and cocktailSF1 (with bFGF, FGF9, PGD2, GNDF and FSH) (Fig 

15-17) were similar to bFGFBASIC and bFGFSF1 (Fig 12-14). The expressions in control conditions were 

the same. 

Expression of SF1 was detected on D6 and it was the same in controlSF1 and cocktailSF1 (Fig 15). The 

expression of GATA4 was the same from D6 to D12 in cocktailBASIC and cocktailSF1. The expression of 

GATA4 in cocktail conditions was half of the expression in control conditions on D6-D10. The 

expression levels of WT1 and LHX9 in cocktailBASIC and cocktailSF1 were a fraction of the expression 

levels of controlBASIC and controlSF1. 
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Figure 15. The relative expression of bipotential gonad gene markers with and without cocktail treatments at days 6 to 12 
compared to expression of undifferentiated cells on D0. 2 biological replicates and 2 technical replicates (Ntot = 4) were analyzed for 
them all and SEMs were calculated for them. 

The expression of CYP11A1 was detected only by the induction and increased slightly on D6 and by 

D8 the expressions peaked (Fig 16). In controlSF1 condition the expression levels were higher than in 

cocktailSF1 condition on D8 and D12. The expression levels of STAR increased the most in controlSF1 

condition and peaked on D8 (Fig 16). The expression of STAR without induction stayed consistently 

low in controlBASIC and cocktailBASIC conditions throughout the differentiation. 

 

Figure 16. The relative expression of testicular gene markers with and without cocktail treatments at days 6 to 12 compared to 
expression of undifferentiated cells on D0. 2 biological and 2 technical replicates (Ntot = 4) were analyzed for CYP11A1 and STAR and 
SEMs were calculated for them. 

The expression levels of INHA were lower in cocktailBASIC and cocktailSF1 conditions than in 

controlBASIC condition (Fig 17). In controlSF1 the expression of INHA increased until D12. SOX9 
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expression levels increased in cocktailBASIC and cocktailSF1 slightly compared to the undifferentiated 

cells (Fig 17). In cocktailBASIC and cocktailSF1 SOX9 expression was higher than in the controls. 

 

Figure 17. The relative expression of testicular gene markers with and without cocktail treatments at days 6 to 12 compared to 
expression of undifferentiated cells on D0. 2 biological and 2 technical replicates (Ntot = 4) were analyzed for them both and SEMs 
were calculated for them. 

4.3.4 SLC differentiation was not seen in FGF9 

The results from FGF9BASIC and FGF9SF1 (Fig 18-20) were similar as in the previously described growth 

factor conditions (Fig 12-17). 

The expression of SF1 was similar in FGF9SF1 (Fig 18) as in bFGFSF1 and cocktailSF1 (Fig 12 & 15). GATA4 

was expressed in FGF9 conditions less than in the control conditions on D6. On D12 GATA4 was 

expressed on the same level in controlBASIC, controlSF1 and FGF9BASIC and in FGF9SF1 the expression 

was lower (Fig 18). WT1 was expressed similarly as in the previous growth factor conditions (Fig 12 

& 15) as WT1 was expressed less in FGF9 compared to control conditions (Fig 18). LHX9 expression 

increased only in the control conditions and not in FGF9 conditions. The expression in controls was 

higher on D12 than on D6. 
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Figure 18. The relative expression of bipotential gonad gene markers with and without FGF9 treatments at days 6 and 12 compared 
to expression of undifferentiated cells on D0. 2 biological and 2 technical replicates (Ntot = 4) were analyzed for SF1 and SEMs were 
calculated for them. 2 technical replicates from one biological replicate (Ntot = 2) was analyzed for GATA4, WT1 and LHX9. 

CYP11A1 was expressed only in the induced conditions (Fig 19) as previously (Fig 13 & 16). In FGF9 

conditions STAR was expressed similarly to bFGF and cocktail (Fig 13 & 16); in controlSF1 and FGF9SF1 

on D6 and not expressed in controlBASIC and FGF9BASIC. 

 

Figure 19. The relative expression of steroidogenic gene markers with and without FGF9 treatments at days 6 and 12 compared to 
expression of undifferentiated cells on D0. 2 technical replicates from one biological replicate (Ntot = 2) was analyzed for CYP11A1 
and STAR and SEMs were calculated for them. 

The expression of INHA increased only in controlSF1 and not in the other conditions by D12 (Fig 20) 

similarly to previous growth factors (Fig 14 & 17). The expression of SOX9 was increased by D12 in 

FGF9BASIC and FGF9SF1. SOX9 was expressed twice as much in FGF9 conditions than in the control 
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conditions. The SEMs were high as there were big differences between the expression levels on the 

biological replicates. 

 

Figure 20. The relative expression of testicular gene markers with and without FGF9 treatments at days 6 and 12 compared to 
expression of undifferentiated cells on D0. 2 biological and 2 technical replicates (Ntot = 4) were analyzed for SOX9 and SEMs were 
calculated for them. 2 technical replicates from one biological replicate (Ntot = 2) was analyzed for INHA. 

4.3.5 Addition of PGD2 showed potential of SLC differentiations 

The results from PGD2BASIC and PGD2SF1 conditions differed the most from bFGF, FGF9 and cocktail 

conditions. By the addition of PGD2 several gene markers were expressed close to same level as in 

the representative control conditions. 

SF1 was expressed only by induction (Fig 21). The expression was higher in controlSF1 than in PGD2SF1 

(Fig 21). The expression levels of GATA4 were roughly twice as high in the control groups than what 

they were in PGD2BASIC and PGD2SF1. WT1 was expressed in PGD2BASIC and PGD2SF1 on D6 and D12 

(Fig 21) unlike in the other growth factor conditions (Fig 12, 15 & 18). In PGD2BASIC the expression 

was higher than in controlBASIC and PGD2SF1 was roughly half of the expression level in controlSF1 on 

D12. LHX9 was not expressed on D6 in any of the conditions. On D12 LHX9 was expressed in 

PGD2BASIC more than half of the expression in controlBASIC. 
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Figure 21. The relative expression of bipotential gonad gene markers with and without PGD2 treatments at days 6 and 12 
compared to expression of undifferentiated cells on D0. 2 biological and 2 technical replicates (Ntot = 4) were analyzed from SF1. 2 
technical replicates from one biological replicate (Ntot = 2) was analyzed from GATA4, WT1 and LHX9. 

The expression level of CYP11A1 in PGD2SF1 was close to controlSF1 on D12 (Fig 22). The expression 

of CYP11A1 was much lower in the other growth factor conditions compared to the level of 

controlSF1 (Fig 13, 16 & 19). STAR was expressed in induced conditions (Fig 22). The expressions were 

higher in controlSF1 than in PGD2SF1. STAR was not expressed by the addition of the other growth 

factors (Fig 13, 16 & 19). 

 

Figure 22. The relative expression of steroidogenic gene markers with and without PGD2 treatments at days 6 and 12 compared 
to expression of undifferentiated cells on D0. 2 technical replicates from one biological replicate (Ntot = 2) were analyzed for CYP11A1 
and STAR. 



44 
 

INHA was not expressed on D6 (Fig 23). Expression of INHA increased in controlSF1 and PGD2SF1 by 

D12 and PGD2SF1 expressed INHA slightly less than in controlSF1. The expression of SOX9 was on the 

same level in the control and PGD2 conditions on D6 and D12 (Fig 23). On D6 the expression was 

lower than in undifferentiated D0 cells. On D12 the expression levels increased slightly in controls 

and in PGD2 conditions. 

 

Figure 23. The relative expression of testicular gene markers with and without PGD2 treatments at days 6 and 12 compared to 
expression of undifferentiated cells on D0. 2 biological and 2 technical replicates (Ntot = 4) were analyzed for SOX9. 2 technical 
replicates from one biological replicate (Ntot = 2) was analyzed from INHA. 

5 Discussion 

The first aim of this thesis was to study whether hiPSCs differentiated to bipotential gonadal cells 

with the protocol of Sepponen et al. (2017) could continue the differentiation to SLC state by adding 

bFGF, FGF9 and PGD2 to the growth media. Differentiation of PSCs into SLCs with these factors was 

already shown by two separate groups both in murine and human PSCs (Seol et al., 2018; Rodríguez 

Gutiérrez; 2018). The second aim was to see whether the addition of these growth factors could 

induce SF1 expression without the need of artificial activation with DOX and TMP through 

CRISPR/Cas9. The experiments gave very distinct results to what was hypothesized and seen in 

previous studies. 

5.1 Variation in morphologies was seen before and after growth factor addition 

The addition of bFGF, FGF9 and cocktail with and without SF1 induction resulted in different 

morphology of the cells compared to control groups (Fig 10). These conditions lacked the stringy 

attachments formed in the control conditions (Fig 10). Seol et al. (2018) got similar stringy 

attachments in their differentiated SLCs and control culture of primary immature mouse Sertoli 

cells. Lack of strings was the first implication that the cells had adapted another pathway instead of 
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SLCs. The cells in bFGF, FGF9 and cocktail conditions were possibly proliferating, since they were flat 

and cultured proliferating cells stay as a monolayer on 2D plates and follow the shape of the bottom 

as they proliferate (Baker et al., 2012). bFGF, FGF9, FSH and GDNF have been shown to induce 

proliferation in different cell types and cultures (Matsui et al., 1992; Sharpe et al., 2003; Hu et al., 

2013a). To verify that the cells in bFGF, cocktail and FGF9 conditions were in proliferative state, 

proliferative markers should have been analysed with different cell proliferation assays such as using 

fluorescent dyes that can be detected from proliferating cells or using the bromodeoxyuridine 

(BrdU) assay that attaches to DNA. Higher expression for SOX9 could have been expected since these 

growth factors have positive feedback loop with SOX9 (Biason-Lauber, 2016). Since the cells were 

not in gonadal differentiation pathway, the feedback loop by FGF9 and PGD2 did not have an effect. 

As seen on D2, spheres were not formed in all the wells. According to the Tapanainen group, similar 

spheres had also formed previously, when the same hiPSCs cell line HEL46.11-SF1-AVD192 and 

another hPSC line were used. It is possible that the spheres formed in some experiments since the 

experiments were started on slightly different growth phases of the cells. This might have affected 

how they had attached to the bottom during the first day and behaved on rest of the days. Another 

possible explanation could be the number of cells attached to the wells. Similar looking wells were 

chosen to continue with on D1. There might have been different number of cells attached to the 

wells, but it was not detected. 

5.2 Protein and gene expressions revealed differentiation states 

GATA4 was not present in all the cells controlBASIC or controlSF1 (Fig 9) unlike in the original protocol 

by Sepponen et al. (2017) in the corresponding condition to controlBASIC. The protocol by Sepponen 

et al. (2017) was done with different cell line, which could affect to the differentiation and gene 

expression potential (Chin et al., 2009). The intensity of SF1 and GATA4 can be seen varying a lot 

between the cells in the controlSF1 condition (Fig 10). It is possible that the expressions of analysed 

gene markers in these experiments vary also in the cells like SF1 and GATA4 do. This might be one 

possible reason to why there were such high variability with the qRT-PCR results for some genes. 

Another possible reason is that the differentiation efficiency was different between the experiments 

and caused variation in the gene expressions. 

These experiments modelled the in vivo differentiation of bipotential gonads and Sertoli cells. 

Therefore, it was important to prove the cells to undergo the PS and IM stages. Their marker 

expressions were validated by gradual rise and fall (Fig 11). The expression levels of Brachyury and 
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LHX1 were much lower and PAX2 and OSR1 were much higher than in the original protocol 

(Sepponen et al., 2017). Usage of different cell line could explain some of this. 

5.2.1 Level of SF1 increased only by induction 

Expression of SF1 increased only with the chemical activation of the SF1 activator cassette with DOX 

and TMP (Fig 9 B & E). The expression was detected on D6, two days after adding DOX and TMP (Fig 

12, 15, 18 & 21). The SF1 expression did not rise with any of the growth factor combinations without 

induction. The growth factors did not enhance the differentiation even with the SF1 induction. This 

same trend was seen with most of the other analysed genes as their expression levels were lower 

than in control conditions. 

The expression levels of SF1 in all BASIC conditions were lower than on D0 (Fig 12). The same growth 

factors in cocktailBASIC were added in the same concentrations as in Seol et al. (2018) experiment. 

They showed ~ 30-fold increase for SF1 in the representing growth factor cocktail while in these 

experiments the expression of SF1 in cocktailBASIC was close to the undifferentiated cells. Seol et al. 

(2018) used mouse ESCs whereas human iPSCs were used in this study. The protocols differed in the 

differentiation to mesoderm and IM by the added growth factors and timing. SF1 was not analysed 

by Gutiérrez et al. (2018) so the expression could not be compared with their results. 

5.2.2 Extending differentiation time did not aid the maturation of SLCs 

  Extending the differentiation from 10 days (Sepponen et al., 2017) up to 12 days did not improve 

the differentiation based on the gene marker expressions. Most of the gene expression either did 

not change or decreased compared to D10. The expression level of STAR, INHA and LHX9 varied 

between D6 and D12 (Fig 12-17).  Cells do not express genes on constant rate but vary their 

expression by the need. This can explain the variation of the gene expression on STAR and LHX9. 

The extension of the protocol did not lead to the maturation since these growth factors in these 

combinations and concentrations did not seem to support it. 

5.2.3 bFGF had positive and negative effect on genes expressed in Sertoli cells 

Since CYP11A1, CYP17A1 and STAR are downstream of SF1 (Lewis et al., 2014), their expression 

levels were expected to increase due to SF1 expression. CYP11A1 expression levels increased in 

bFGFSF1, STAR was expressed quite less in bFGFSF1 compared to controlSF1 and CYP17A1 was not 

expressed in bFGFSF1 (Fig 13). The same is seen with WT1, LHX9 and GATA4 (Fig 12). They were 

expressed at higher levels in control conditions than in bFGFBASIC or bFGFSF1. This suggested that 
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addition of bFGF inhibits the differentiation towards SLCs or has an inhibitory effect on the 

expression of these genes. These results together with the morphology showed that in the bFGFBASIC 

and bFGFSF1 conditions the cells did not differentiate into SLCs. 

The expression of SOX9 seemed to be slightly higher in bFGF conditions than in control conditions 

(Fig 14). SOX9 was expressed already in the undifferentiated cells and due to this the expression 

change remained low. Since the line of hiPSCs had been de differentiated from dermal fibroblasts 

of a prepuce of penis, there might be epigenetic memory of the original tissue, such as methylations 

and histone modifications that affect the SOX9 expression (Kim et al., 2010). As discussed earlier, 

Chaboissier et al. (2004) showed that if SOX9 expression is not kept up by FGF9, there will be no 

Sertoli cell differentiation. Increase in SOX9 expression was shown by both Seol et al. (2018) and 

Rodríquez Gutiérrez et al. (2018) as the result of their SLC differentiation protocols. 

The AMH expression increased notably only in controlSF1 and by couple folds in controlBASIC, bFGFBASIC 

and bFGFSF1 (Fig 14).  This showed the importance of SF1 in the upregulation of AMH (Swain and 

Lovell-Badge, 1999). As AMH is a specific marker of Sertoli cells (Rey et al., 2000), and it was not 

upregulated by bFGF in these studies, it supported the fact again that the cells in bFGF conditions 

were not SLCs. 

The D0 Ct values for EMX2 was changed to 36 as discussed in the methods. EMX2 was expressed on 

D8 and D10 (APPENDIX 2) but they were not seen with the balanced values (APPENDIX 2). The D0 Ct 

values should be relatively constant since the Ct value on D0 cells the expression in undifferentiated 

cells and the values ought to be constant. Despite the method chosen for calculating D0 Ct values, 

the general expression trend for EMX2 expression remained the same (APPENDIX 2). However, 

EMX2 was only analyzed from one experiment due to running out of control samples for qRT-PCR 

and EMX2 should be analyzed from repeated experiments. 

EMX2 expression levels did not seem to increase in control conditions unlike in the original protocol 

by Sepponen et al. (2017). In this experiment with the corresponding condition, controlBASIC, the 

expression of EMX2 increased only slightly on D8 (Fig 12). Different cell lines and Ct values with the 

undifferentiated cells could affect the results. Expression of EMX2 was the only besides SOX9 that 

increased in bFGF conditions (Fig 12). 

SF1 has been shown to upregulate FSHR expression in mice (Levallet et al., 2001) and rats (Heckert, 

2001). The expression of FSHR was lower in controlSF1 and bFGFSF1 than in controlBASIC and bFGFBASIC 
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in these experiments (Fig 14). This suggests that the addition of DOX and TMP might interfere 

somehow with FSHR pathway since the expression of SF1 is increased with induced conditions but 

FHSR is expressed lower than in controls. 

Some of the genes discussed in this paragraph were analysed only from one biological replicate 

(experiment) including two technical replicates (culturing wells) (Ntot = 2), so there were no 

replication experiments to verify these results. These preliminary results support the replicated 

results for other genes, in that adding bFGF does not induce expression of gonadal genes. 

5.2.4 Cocktail and FGF9 conditions resembled the results from bFGF 

The morphology and qRT-PCR results of cocktailBASIC, cocktailSF1 (Fig 15), FGF9BASIC and FGF9SF1 (Fig 

18) were very similar to bFGFBASIC and bFGFSF1 (Fig 12). The expression of LHX9 increased in 

cocktailBASIC and cocktailSF1 (Fig 15) unlike in bFGFBASIC and bFGFSF1 (Fig 12). Expression of GATA4 in 

FGF9BASIC increased much closer to the control conditions on D12 than in bFGF or cocktail. GATA4 

and WT1 were not expressed in the protocol by Rodríquez Gutiérrez et al. (2018) but were expressed 

in Seol et al. (2018) differentiation. They were expressed in our experiments of different growth 

factor conditions with much bigger expression levels even though they were less expressed than in 

control conditions. 

5.2.5 PGD2 was the most potential for SLC differentiation 

The addition of PGD2 resulted in different type of results than with the other growth factor 

conditions. The cells formed similar stringy attachments as in the control conditions (Fig 8) and what 

had been previously observed during gonadal cell differentiation in Tapanainen laboratory using 

protocol Sepponen et al. (2017). The strings were not formed in any other growth factor condition. 

It was possible that the addition of PGD2 inhibited something in the pathway of SF1 since the 

expression level of SF1 was much lower than in controlSF1 on D6 (Fig 21) even though it was induced 

with DOX and TMP. On D12 the variation got so high that it was not possible to evaluate it properly 

but the difference between controlSF1 and PGD2SF1 was relatively smaller than on D6 even though in 

controlSF1 SF1 was expressed higher than in PGD2SF1. Due to variation in the other experiments, the 

SF1 expression levels had two possible results. They either reached the same expression level with 

the growth factor conditions as in controlSF1 or the expression of SF1 was always lower with the 

growth factors. 
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The results from qRT-PCR also showed that the cells in PGD2 had the second-best potential to 

differentiate into SLCs after controlSF1. WT1 and LHX9 expression levels increased in PGD2BASIC as 

much as controlBASIC or close to it on D12 (Fig 21). This was noticeable since the other growth factors 

expression did not increase much or at all compared to the control conditions. Without the 

expression of WT1, the cells cannot differentiate into Sertoli cells (Chen et al., 2017). This suggested 

that with PDG2 addition the cells had the potential to differentiate into SLCs since they had WT1 

expression unlike the other growth factor conditions. 

Expression level of INHA in PGD2SF1 was close to controlSF1 (Fig 23) even though SF1 was not 

expressed higher than in the other growth factor conditions. In the other conditions the increase 

was below controlBASIC. Expression of CYP11A1 and STAR in PGD2SF1 were close to the level of 

controlSF1 (Fig 22) indicating steroidogenesis. In bFGF, FGF9 and cocktail the expression increases 

were 20-30 % of the controlSF1 expression indicating that addition of PDG2 aided the SLC 

differentiation even though SF1 expression was not expressed as high. 

PGD2 was the only condition that induced expression of SOX9 on the same level as in the control 

conditions. Even though PGD2 is produced right after the expression of SOX9 (Wilhelm et al., 2007) 

and they have a positive feedback loop (Piprek, 2016), it was not seen in these experiments. The 

reason why SOX9 did not increase in the presence of PGD2 in these experiments is not known. Part 

of the reason could be the epigenetic memory as discussed earlier. PDG2 signalling has been shown 

to increase SOX9 expression in mice and pigs (Wilhelm et al., 2005; Moniot et al., 2008). There could 

have been bigger expression of SOX9 in PGD2 conditions on D8 and D10. It is not known whether 

SOX9 would have peaked on D8 (Fig 23) as in the control (Fig 14) since it was not possible to study 

D8 and D10. 

Since the results in PGD2 could be analysed only on D0, D6 and D12, the gene expression level rise 

and fall throughout the differentiation could not be seen. The results received in these experiments 

were promising and they ought to be repeated. 

5.2.6 Cell fate: proliferative, SLC or Leydig cells? 

Cells induced with DOX and TMP expressed steroidogenic genes more than conditions without 

induction. Cells in controlSF1 could be steroidogenic SLCs as they expressed STAR, INHA and 

CYP11A1. They were expressed noticeably more in controlSF1 than in controlBASIC. The bipotential 

and other testicular and steroidogenic gene markers were expressed quite high in controlSF1 besides 
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controlBASIC. AMH peak on D10 (Fig 14) in controlSF1 suggested fetal SLC state (Swain & Lovell-Badge, 

1999). Second most likely SLCs in these differentiations were cells in PGD2SF1. Bipotential genes WT1 

and LHX9 were expressed more in PGD2BASIC than in PGD2SF1, in which steroidogenic genes were 

expressed more. It is possible that bipotential genes were expressed higher on D8 and D10 and they 

dropped by D12 but due to not being able to analyse D8 and D10 from PGD2 conditions it is not 

known. Even though SLC markers were expressed in PGD2SF1, the cells were not confirmed to have 

differentiated into SLCs. 

Sertoli cells secrete inhibin subunits, bFGF and insulin growth factor (Bicsak et al., 1987; Hu et al., 

2010). These take part in inducing Leydig cell differentiation (Piprek, 2016). The addition of bFGF, 

FGF9 or cocktail did not differentiate the cells into Leydig cell fate instead of SLC. Otherwise the 

expression levels of INHA would have risen as it is present in both Leydig cells and Sertoli cells but 

since it was not expressed the cells did not differentiate to Leydig cells (Bicsak et al., 1987). Their 

addition in these experiments did not upregulate the steroidogenesis since markers of steroidogenic 

genes would have increased (Fig 13, 16 & 19) (Sordoillet et al., 1992; Laslett et al., 1997; Piprek, 

2016). Some Leydig cell gene markers should be studied alongside to verify the presence or absence 

of Leydig cell fate. 

5.3 Difficulties during differentiations 

The growth factors did not induce SLC differentiation and they might not work well together with 

this protocol (Sepponen et al., 2017) as the IM differentiation, methods and cell lines differed from 

Seol et al. (2018) and Rodríquez Gutiérrez et al. (2018). The differentiation potential to IM can be 

quite different between the cell line of hiPSCs used in these experiments compared to the previous 

articles and specially the differentiation to SLCs. Seol et al. (2018) had murine embryonic stem cells 

that they differentiated to IM and then to SLCs. Rodríquez Gutiérrez et al. (2018) used different 

hiPSCs. They created embryoid bodies, which they differentiated to committed mesoderm and then 

to SLCs. 

The concentrations of the growth factors used in these experiments were high for the cells (Matsui 

et al., 1992). Seol et al. (2018) and Rodrígez Gutiérrez et al. (2018) managed to differentiate SLCs 

with the growth factors in same concentrations. To help to understand the results on this thesis and 

why the cells did not adapt SLC state with the same growth factors, conditions without the growth 

factors and growth factors separately using protocols in Seol et al. (2018) and Rodrígez Gutiérrez et 

al. (2018) would be needed for the comparison. By this it could be said with better accuracy what is 
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the effect of each growth factor and whether different cell line, culturing technique, materials, and 

IM differentiation protocol affects the expression levels. 

Several differentiation wells were discarded during the experiments due to several issues. This led 

to not having enough wells for immunofluorescence. If a lot of cells had attached on the starting of 

the experiment, the wells were more likely to be confluent as early as D4. When the wells were 

confluent by D4 (Fig 7 D), the addition of growth factors especially in bFGF and cocktail conditions 

induced overgrowth as the layer of cells started to peel off from the edges of the well and rolled 

eventually to the middle of the well. Wells with rolled cell layer were not used anymore. The middle 

of the rolled clump would have gotten different signals for the differentiation since the middle cells 

only have cell-to-cell contact and no cell-to-media contact unlike the cells on the outside (Pineda et 

al., 2013). This has been shown to lead to different gene expression pattern (Ghosh et al., 2005; 

Pradhan et al., 2010; Pineda et al., 2013). There could have also occurred apoptosis in the middle of 

the clumps (Ghosh et al., 2005; Pradhan et al., 2010). 

There was very little RNA after purification from both differentiations with FGF9 and PDG2. This is 

the reason only D6 and D12 samples were run from FGF9 and PDG2 conditions, as there was not 

enough RNA from PDG2BASIC on D6 and any other on D8 and D10. There were lots of cells in the 

sample wells, so there were enough cells for the analysis. On the contrary there might have been 

too many cells and the columns were blocked since the maximum capacity was less than five million 

cells per column (Macherey Nagel). 

The gene expressions run with qRT-PCR were relative expression levels to the D0 undifferentiated 

cells. As discussed earlier, this resulted in altered expression levels for some of the gene markers 

after normalizing their D0 value to be the same for all the days (APPENDIX 2). It was not known what 

caused these D0 differences of the same gene on the same qRT-PCR analysis day of the replicate 

wells. Variation could occur also since the samples of different days were analysed with qRT-PCR on 

different days or due to pipetting errors. 

During the 12-day differentiations total of three wells differentiated into spontaneously contracting 

cardiomyocyte-like cells on two different sets of differentiation. They were seen on D12 in one 

PGD2BASIC and on different set in two wells of D12 control BASIC. Cardiomyocytes originate from lateral 

plate mesoderm (Itskovitz-Eldo et al., 2000). PSCs need to be treated with activin A, bFGF, BMP4 

and Wnt to undergo cardiomyocyte pathway (Filipczyk et al., 2007; Yin et al., 2016). With just activin 
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A and BMP4, Laflamme et al. (2007) differentiated cardiomyocytes on monolayer with serum-free 

media from ESCs. Since the gonads and cardiomyocytes differentiate from mesoderm and they both 

are differentiated with activin A, bFGF and BMP4, it is easy for the cells to adapt the other 

differentiation pathway with the given growth factors (Itskovitz-Eldo et al., 2000; Filipczyk et al., 

2007; Laflamme et al., 2007; Yin et al., 2016). It is possible that some wells had taken the 

cardiomyocyte pathway, but they were not seen pulsating yet as they were taken to for the lysis 

sample. This could be one factor affecting the variability with the qRT-PCR results. 

5.4 Final conclusions and future perspective 

As an overall conclusion of these experiments it is clear to see by the qRT-PCR results, that by adding 

either bFGF, FGF9, PGD2 or all of these together with GNDF and FSH daily to the growth media 

during the differentiation after the IM state does not improve their differentiation to gonadal cell 

pathway. Almost all the levels of the markers for bipotential phase, gonads and steroidogenic cells 

were lower with the growth factor treatments when compared to the control conditions. The 

expression levels of AMH, HSD17B3 and EMX2 was seen to be increased in bFGFBASIC and SOX9 in 

bFGF, FGF9 and cocktail conditions but by very little. 

The PGD2 conditions should be tested again and more gene markers should be studied with qRT-

PCR since it had the same outlook with the controls and the cells from PGD2SF1 expressed 

steroidogenic genes. All the growth factors could be tested again, but in smaller concentrations. The 

timing of their presence on the cells could be adjusted to specific days instead of having them 

constantly from day 4 until the end of the differentiation as these results suggest that the 

concentrations might have been too high. Proliferation capability of the cells should be studied with 

previously discussed dyes and markers such as BrdU. The cells need the capability to proliferate 

alongside differentiation. 

By being able to refine valid SLC differentiation protocol, gonads and their development could be 

studied in laboratory. DSD could be studied with these and understood better by having in vitro 

human models of different DSDs. 
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8 Appendices 

APPENDIX 1 

Table 2. Gene primer sequences. Forward and reverse sequences of used gene primers for qRT-PCR organized by group. 

Gene Marker for Sequence (Forward) Sequence (Reverse) 

Cyclophilin G Housekeeping TCTTGTCAATGGCCAACAGAG GCCCATCTAAATGAGGAGTTG 

SF1/NR5A1 Bipotential GGCAGCACAGTGTGTGAACT CCAGGCACACCTGGTAGTTT 

GATA4 Bipotential CAGGCGTTGCACAGATAGTG CCCGACACCCCAATCTC 

EMX2 Bipotential GTCATCGCTTCCAAGGGAAC GGCGTGTTCCAGCCTTAGAA 

WT1 Bipotential CAGGAGTTTGTCTGCCTCAA GCACAGGGTGTAGTCAAGCA 

LHX9 Bipotential GCGAACCTCTTTCAAGCATC TCCTTCTGAATTTGGCTCGT 

FSHR Testis ATCTGTCACTGCTCTAACAGGGT TCTCCAGGTCCCCAAATCCT 

SOX9 Testis GTAATCCGGGTGGTCCTTCT GTACCCGCACTTGCACAAC 

AMH Testis CGCCTGGTGGTCCTACAC GAACCTCAGCGAGGGTGTT 

INHA Testis CTCGGATGGAGGTTACTCTTTCAA GAAGACCCCCCACCCTTAGA 

INHB-α Testis GGACATCGGCTGGAATGACT GGCACTCACCCTCGCAGTAG 

INHB-β Testis CCTGGGATCCTTCGTGCTT GTTGTGTCCTTTCTGGGTCTCTTT 

STAR Steroidogenic GAGTCAGCAGGACAATGGGG CGCTCCACGAGCTCTTCATA 

CYP11A1 Steroidogenic TGGTGACAATGGCTGGCTAAA ATAAACCGACTCCACGTTGC 

CYP17A1 Steroidogenic TCAGCCGCACACCAACTATC GCAAACTCACCGATGCTGGA 

CYP19A1 Steroidogenic GTGGCCCATGGCATTTTATA GAGCTCTACTGGGGAACCAG 

HSD17B3 Steroidogenic CCACAGAGATCGAGCGGAC GGTTTGGAAGCATTCCGACAT 

Brachyury PS GCATGATCACCAGCCACTG TTAAGAGCTGTGATCTCCTC 

PAX2 IM GGAAAGGCTGCTGAACTTTG TATGTTCGCCTGGGAGATTC 

LHX1 IM TCATGCAGGTGAAGCAGTTC TCCAGGGAAGGCAAACTCTA 

OSR1 IM GCTGTCCACAAGACGCTACA CCAGAGTCAGGCTTCTGGTC 
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APPENDIX 2 

 

Figure 24. The different values of EMX2 expression levels with and without balancing D0 Ct values. In the original D0 Ct values were 
not changed to the average of all D0 samples values. In balanced the average was used. 


