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Abstract 

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder that affects women 

of reproductive age. Although the syndrome affects over 10 percent women worldwide, its 

cause(s) remains unknown. Numerous studies have focussed on the genetic and fetal origins of 

the syndrome. However, the outcomes of genome wide association studies and candidate gene 

studies towards defining PCOS have, arguably, had almost no impact on the definition, 

diagnosis and treatment of the syndrome. This could be attributed mainly to the divergence of 

PCOS studies, as these studies have not collectively defined the molecular mechanisms 

involved in PCOS phenotypes observed. This thesis examined the role of genes in loci 

associated with PCOS and TGF signalling molecules, as well as their upstream regulators and 

mechanisms in the pathogenesis of PCOS.  

Genes in loci associated with PCOS (candidate genes) were shown to be dynamically expressed 

during bovine fetal ovary development. Notably, those genes expressed during the early stages 

of fetal development such as C8H9orf3, TOX3, FBN3, GATA4, HMGA2 and DENND1A are 

co-expressed with genes involved in mitochondria function and are regulated upstream by 

DAP3, MYC, PTEN, HNF4A, ESRRA/G, PSEN1, MYC, mitochondrial LONP1 and TP53. 

Those expressed in the second trimester or just after mid gestation such as YAP1, INSR, THADA 

and TGFB1I1 were co-expressed with genes involved in stroma expansion and are regulated 

upstream by TGF- signalling molecules including TGFB1, TGFB2, TGFB3 and TGFBR2, 

coagulation factor II and fibroblast proliferation regulators including FGF2. Candidate genes 

expressed during the third trimester such as FDFT1, LHCGR, AMH, FSHR, ZBTB16 and 

PLGRKT are co-expressed with genes involved with folliculogenesis and steroidogenesis and 

are regulated upstream by SREBF2, INSIGI, TGFB1 and RPTOR among others. Thus, this 

study infers the possible role of these canonical pathways and upstream regulators in the 

pathogenesis of PCOS during fetal ovary development. 

The role of TGFB signalling molecules in the aetiology of PCOS was further examined.  These 

molecules were also found to be dynamically expressed during fetal ovary development and 

could regulate some PCOS candidate genes in bovine fetal ovary fibroblasts. Across gestation, 

LTBP1/2/3/4, FBN1, TGFB2/3, TGFBR2/3 and TGFB1I1 expression levels increased, while 

FBN3, TGFBR3L, TGFBI and TGFB1 decreased and TGFBRAP1, TGFBR1 and FBN2 

remained relatively constant. TGFβ1, but not androgens nor AMH, has previously been shown 

to inhibit expression of candidate genes (AR, INSR, C8H9orf3 and RAD50) but stimulate 

expression of androgen receptor co-factor, TGFB1I1, in cultured fetal ovarian fibroblasts. 
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Additionally, we showed that expression of PCOS candidate genes ERBB3, NEIL2, IRF1 and 

ZBTB16 significantly decreased after TGFβ1 treatment in cultured fetal ovarian fibroblasts. 

These findings further confirm that TGFβ signalling could be involved in the pathogenesis of 

PCOS or at least in the establishment of polycystic ovaries. 

The role of candidate genes and TGFβ signalling molecules in various tissues including non-

ovarian tissues was assessed as PCOS does not only affect the ovary. Both were shown to be 

dynamically expressed in gonadal (ovary and testis), metabolic (heart, liver and kidney) and 

brain (brain and cerebellum) tissues during the first half of human fetal development and post-

natally until adulthood. More so, some genes were significantly expressed in specific tissues at 

different time points pre-natally and/or post-natally. Notably, HMGA2, FBN3 and TOX3 were 

highly expressed during the early stages of fetal development in all tissues but least during 

adulthood. DENND1A, THADA, MAPRE1, RAB5B, ARL14EP, KRR1, NEIL2 and RAD50 were 

dynamically expressed in all postnatal tissues studied. Interestingly, correlation between 

expression of HMGA2/YAP1 and RAD50/YAP1 were significant in at least 5 of the 7 fetal 

tissues studied. Furthermore, HMGA2, YAP1 and RAD50 correlated significantly with most 

TGFβ signalling molecules in at least 4 tissues. We further showed that there is certainly a 

crosstalk within and between PCOS candidate genes and TGF signalling molecules during 

fetal development within each tissue. Considering the fact that HMGA2 and YAP1 are involved 

in the Hippo signalling pathway as well as epithelial mesenchymal transition (EMT) during 

embryogenesis through TGFβ signalling, their role in the aetiology of PCOS requires further 

studies.  

In conclusion, these findings confirm that genes in loci associated with PCOS and TGF 

signalling molecules are actively involved in the genetic and fetal origins of the syndrome and 

that there is a possible crosstalk between both in the development of multiple organs. This also 

infers that dysregulation of PCOS candidate genes and TGF signalling molecules during fetal 

development could initiate/lead to a cascade of molecular events in various tissues accounting 

for the various phenotypes of PCOS observed in adulthood.  
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Background 9 

Polycystic ovary syndrome (PCOS) is a polygenic disorder with reproductive, endocrine and 10 

metabolic features affecting 10% of women of reproductive age, with 72% of affected women 11 

suffering infertility due to anovulation (Joham et al. 2015). Unfortunately, the outcomes of genome 12 

wide association studies and candidate gene studies towards defining PCOS have, arguably, had 13 

almost no impact yet on the definition, diagnosis and treatment of the syndrome. This literature review 14 

discusses the role of candidate genes in the possible genetic and fetal origins of PCOS. 15 

1.1 Polycystic Ovary Syndrome (PCOS) 16 

According to Teede, Deeks and Moran (2010), ‘PCOS is a frustrating experience for women, often 17 

complex for managing clinicians and is a scientific challenge for researchers’. Thus, PCOS is a 18 

debilitating health problem that presents reproductive features such as menstrual irregularities, 19 

hirsutism, acne, alopecia, anovulatory infertility, recurrent miscarriages; metabolic features such as 20 

insulin resistance, obesity, lipid abnormalities; and endocrine features such as hyperandrogenism 21 

(Teede, Deeks & Moran 2010). Hyperandrogenism, oligo-/anovulation and presence of polycystic 22 

ovary morphology are cardinal features of the syndrome. However, hyperinsulinemia, type 2 diabetes 23 

mellitus, and obesity have also been associated with PCOS (Rodgers et al. 2019; Teede, Deeks & 24 

Moran 2010). Despite the relatively high prevalence of the syndrome, to date, a comprehensive 25 

mechanism elucidating its pathophysiology is still lacking. Divergent research outcomes from studies 26 

pertaining to the pathophysiology of PCOS have increased the scientific conundrum surrounding its 27 

aetiology. 28 

The possible genetic and fetal predispositions of the syndrome have been discussed in literature. The 29 

multifactorial aetiology of PCOS (presented in Section 1.2) has been confirmed by numerous 30 

genomic studies ranging from candidate gene approaches to the Genome-Wide Association Studies 31 

(GWAS) [reviewed in detail by Hardy and Norman (2019)]. Previous studies have identified PCOS 32 

candidate genes including androgen receptor (AR) (Schüring et al. 2012), fibrillin 3 (FBN3) 33 

(Hatzirodos, Bayne, Irving-Rodgers, et al. 2011) and anti-Mullerian hormone (AMH) (Tata et al. 34 

2018). GWAS have also identified 19 susceptibility loci among the Han Chinese, European and 35 

Korean ancestries related to PCOS [reviewed by Jones and Goodarzi (2016); McAllister et al. (2015); 36 

Hiam et al. (2019)]. Furthermore, the fetal origin of PCOS has been studied in humans and animals 37 

including mice (Sullivan & Moenter 2004), rats (Wu et al. 2010), sheep (Birch et al. 2003) and 38 

monkeys (Dumesic et al. 1997). The expression of genes in loci (candidate genes) associated with 39 

PCOS have been studied in bovine and human fetal ovaries; further confirming the possible fetal 40 

predisposition of the syndrome (Liu et al. 2020; Hartanti et al. 2020). Three distinct gene expression 41 
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patterns were observed; genes expressed early in gestation, genes expressed late in gestation and 42 

genes expressed throughout gestation (Hartanti et al. 2020; Liu et al. 2020) as shown in Table 1. 43 

Although these studies have linked the possible genetic and fetal origins of the syndrome, the 44 

molecular mechanisms that associated with these genes during fetal development that lead to the 45 

expression of PCOS phenotypes (such as lean, obese, insulin resistant among others) during 46 

adulthood still remain elusive.  47 

 48 

Table 1. The three distinct expression patterns of PCOS candidate genes observed during 49 

fetal ovary development according to Hartanti et al. (2020); Liu et al. (2020); early, late and 50 

throughout gestation. 51 

Early 
Evidence of 

Choice  
References 

Fibrillin 3 (FBN3) Functional studies 

(Prodoehl et al. 2009; 

Hatzirodos, Bayne, Irving‐

Rodgers, et al. 2011; Urbanek 

et al. 2007) 

GATA binding protein 4 (GATA4) GWAS (Hayes et al. 2015) 

High mobility group AT-hook 2 

(HMGA2) 

GWAS & 

Functional studies 
(Shi et al. 2012; Li et al. 2019) 

TOX high mobility group box family 

member 3 (TOX3), 

GWAS & 

Functional studies 

(Shi et al. 2012; Ning et al. 

2017) 

DENN domain-containing 1A 

(DENND1A) 

GWAS & 

Functional studies 

 (Shi et al. 2012; Chen et al. 

2011; McAllister et al. 2014)  

Luteinising hormone/chorionic 

gonadotrophin receptor (LHCGR) 
GWAS 

(Chen et al. 2011; Zhang et al. 

2019) 

Follicle stimulating hormone beta 

subunit (FSHB) 

GWAS & 

Functional studies  

(Hayes et al. 2015; Day et al. 

2015; Tian et al. 2016) 

Erb-B2 receptor tyrosine kinase 3 

(ERBB3) 
GWAS (Day et al. 2018) 

Throughout   

Thyroid adenoma associated 

(THADA) 
GWAS 

(Shi et al. 2012; Day et al. 

2015; Chen et al. 2011) 

Erb-B2 receptor tyrosine kinase 4 

(ERBB4) 

GWAS & 

Functional studies 

(Day et al. 2015; Peng et al. 

2017) 

DNA repair protein (RAD50) GWAS (Day et al. 2015) 

Chromosome 9 open reading frame 3 

(C8H9orf3) 
GWAS 

(Shi et al. 2012; Hayes et al. 

2015) 

Yes associated protein 1 (YAP1) GWAS 
(Shi et al. 2012; Day et al. 

2015; Li et al. 2012) 

Literature Review

3



 

 

Ras-related Protein (RAB5B) GWAS (Shi et al. 2012; Yu et al. 2019) 

sulphite oxidase (SUOX) GWAS (Day et al. 2015) 

Ca2+/calmodulin-dependent protein 

kinase (KRR1) 
GWAS (Day et al. 2015) 

ADP Ribosylation Factor Like 

GTPase 14 Effector Protein 

(ARL14EP) 

GWAS (Day et al. 2018) 

Farnesyl-Diphosphate 

Farnesyltransferase 1 (FDFT1) 
GWAS (Hayes et al. 2015) 

Nei Like DNA Glycosylase 2 

(NEIL2) 
GWAS (Hayes et al. 2015) 

Microtubule Associated Protein 

RP/EB Family Member 1 (MAPRE1) 
GWAS (Day et al. 2018) 

Late   

Insulin receptor (INSR) 
GWAS & 

functional studies 

(Tucci et al. 2001; Goodarzi et 

al. 2011; Shi et al. 2012) 

Follicle stimulating hormone 

receptor (FSHR) 
GWAS (Shi et al. 2012) 

Plasminogen Receptor with a C-

Terminal Lysine (PLGRKT) 
GWAS (Day et al. 2018) 

Zinc Finger and BTB Domain 

Containing 16 (ZBTB16) 
GWAS (Day et al. 2018) 

Interferon Regulatory Factor 1 

(IRF1) 
GWAS (Day et al. 2018) 

Transforming growth factor beta 1 

induced transcript 1 (TGFB1I1) 
Functional studies (Hartanti et al. 2020) 

Luteinizing 

Hormone/Choriogonadotropin 

Receptor (LHCGR) 

GWAS (Shi et al. 2012) 

Anti-Mullerian hormone (AMH) Functional studies (Tata et al. 2018) 

Androgen receptor (AR) Functional studies (Schüring et al. 2012) 

Others included   

SUMO1 Pseudogene 1 (SUMO1P1) GWAS (Shi et al. 2012) 

 52 

In an attempt to define the PCOS pathophysiology, the cells of the ovary, such as stromal (Hartanti 53 

et al. 2019), granulosa (Owens et al. 2019) and thecal cells (Fortune 1986), have been studied. 54 

However, understanding the role of tissues other than the ovary in PCOS aetiology as well as the 55 

expression profiles of candidate genes in different tissues such as brain and liver could be important 56 

to understand the varying PCOS phenotypes. For example, only a few studies have focused on the 57 
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hepatic dysfunctions and risk of liver diseases in PCOS women as well as the health of their brothers 58 

or male offspring using animal models such as sheep (Siemienowicz et al. 2022; Saadat et al. 2022) 59 

and rats (Cui et al. 2021; Hogg et al. 2011; Vojnović Milutinović et al. 2021). Studies in metabolic 60 

tissues are limited, although studies focussed on understanding the metabolic phenotypes of PCOS 61 

such as insulin disorders have received some attention (Dumesic et al. 2019; Baillargeon & Carpentier 62 

2007; Stepto et al. 2020; Attaoua et al. 2008; Macut et al. 2017). Additionally, the cellular, molecular 63 

and/or biochemical pathways that lead to the expression of these PCOS phenotypes are still not clear. 64 

Efforts to define the upstream regulators/pathways, particularly, the network of genes involved till 65 

the endpoint (phenotypes observed) are also scarce. Wood et al. (2004) proposed Wingless-type 66 

mouse mammary tumour virus integration site (WnT) signalling and the retinoic acid pathways to be 67 

involved in the upstream signalling of PCOS; yet, their relationship with PCOS has not been proven. 68 

The roles of transforming growth factor  (TGF) signalling pathways (Raja-Khan et al. 2014) and 69 

steroid signalling pathways such as the androgen signalling (Aflatounian et al. 2020) still remain a 70 

‘chicken and egg story’ as knowledge on the pathogenesis of the disorder remain elusive.  71 

1.2. Diversity of PCOS Phenotypes  72 

The heterogeneity of PCOS phenotypes in women has had a great impact on the definition of the 73 

syndrome; leading to difficulties in diagnosis and management of the disorder. The prevalence of 74 

PCOS ranges between 6-21% depending on the diagnostic criteria used in the clinical settings 75 

(Lizneva et al. 2016). Notably, to date, the Rotterdam criterion for diagnosis has been the broadest 76 

and internationally accepted. It requires the presence of two of these three cardinal features of PCOS, 77 

hyperandrogenism, oligo/anovulation and polycystic ovary morphology (ESHRE & Group 2004; 78 

Norman & Teede 2018; Johnson et al. 2013).  More so, of the numerous metabolic symptoms 79 

associated with PCOS, obesity and type 2 diabetes are considered to have a long-term consequences 80 

on PCOS patients (Conway et al. 2014). PCOS also affects the psychological health of the patients 81 

causing anxiety, depression and sleep disorders (Fernandez et al. 2018; Damone et al. 2019; Sadeeqa, 82 

Mustafa & Latif 2018). The disorder presents varying symptoms/phenotypes in different age groups; 83 

adolescents, peri- or post-menopausal women [reviewed in detail by Lizneva et al. (2016)]. These 84 

different phenotypes of PCOS are expressed in varying ratios across different stages of life, genotype, 85 

ethnicity and epigenetic factors including lifestyle and bodyweight, posing a huge economic burden 86 

on individual countries and the world at large (Teede, Deeks & Moran 2010). Together, these 87 

numerous phenotypes have made the definition of the syndrome a difficult challenge to researchers 88 

as the intrinsic mechanisms involved remain unclear. In an attempt to define the phenotypes involved, 89 

the pathophysiology of PCOS has been studied. 90 
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The numerous phenotypes expressed in PCOS are responsible for the multifaceted pathophysiology 91 

of the syndrome. Efforts to define the pathophysiology of PCOS have increased knowledge of the 92 

syndrome from being a mere reproductive disorder to a more complex endocrinopathy in women as 93 

well as brothers of the affected women (Urbanek et al. 2007). Increased androgen levels, follicular 94 

arrest and insulin resistance are the core components of its pathophysiology studied (Diamanti-95 

Kandarakis 2008). In PCOS, aberration in hormones involved in folliculogenesis and ovarian 96 

steroidogenesis which interfere with the feedback mechanisms required to stabilise both processes 97 

are observed. Hormones such as LH, insulin, AMH and androgens are elevated whilst FSH levels are 98 

reduced. Specifically, hyperandrogenism, which is a requirement for PCOS diagnosis according to 99 

the Androgen Excess Society, has been studied the most [Abbott, Dumesic and Levine (2019)]. It 100 

impairs the feedback effects of ovarian steroids to the hypothalamus causing a persistent increase in 101 

gonadotrophin releasing hormone (GnRH) pulse frequency, hypersecretion of LH and a high LH/FSH 102 

ratio. The anomalous levels of these hormones further cause abnormal oocyte maturation and 103 

premature luteinisation of granulosa cells leading to ovarian dysfunction. This could be attributed to 104 

premature arrest of activated follicles at the antral stages, leading to the accumulation of small to 105 

medium antral follicles in polycystic ovaries as well as excess androgen production (Palomba, Daolio 106 

& La Sala 2017).  107 

Insulin resistance has also been associated with increased androgen levels among PCOS patients. 108 

Majority of PCOS women experience up to a 30% decrease in insulin sensitivity and this could be 109 

exacerbated by obesity (Li et al. 2018). Thus, body-mass-index (BMI) was associated with insulin 110 

resistance with prevalence increasing from 34.5%, 80.2% to 98.7% in lean, overweight, and obese 111 

women with PCOS, respectively, of the Han Chinese ancestry (Li et al. 2018). Previous studies have 112 

also shown that insulin could further stimulate the accumulation of androgens in ovarian stroma of 113 

hyperandrogenic women in vitro (Barbieri et al. 1986). Thus, peripheral insulin resistance caused by 114 

either overexpression of insulin receptors (INSR) in the ovaries of non-obese patients or their under 115 

expression in metabolic tissues of obese patients, both result in a feedback mechanism leading to 116 

excess ovarian androgen production (Azziz et al. 2016).  117 

The ovaries of women with PCOS tend to be more fibrous due to a more collagenous tunica, an 118 

increased thickness of cortical and subcortical stroma and increased ovarian stroma volume 119 

(Hughesdon 1982; Buckett et al. 1999). These features were among the earliest descriptions of the 120 

syndrome since 1935 (Stein 1935), however, it is still not known when and how this occurs. The 121 

increased stromal collagen and ovarian cortex expansion in PCOS patients have been associated with 122 

FBN3 dysfunction, which is highly expressed in early stages of fetal development and were not 123 

expressed during late gestation nor in adult bovine ovaries (Hatzirodos, Bayne, Irving-Rodgers, et al. 124 
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2011). Fibrillins regulate TGF- pathways, which stimulate fibroblast proliferation and collagen 125 

formation. TGF may also play significant roles in the cardiovascular and metabolic symptoms of 126 

PCOS as discussed in review by Raja-Khan et al. (2014). Nonetheless, attempts to delineate the 127 

molecular mechanism underpinning PCOS phenotypes towards defining the syndrome has resulted 128 

in the discovery of its genetic and fetal origins.  129 

1.3. Genetic Origin of PCOS  130 

The multifactorial aetiology of PCOS is underpinned by a complex genetic architecture that has only 131 

recently begun to be elucidated. Familial clustering and twin studies were the first evidence of genetic 132 

origin of PCOS (Lunde et al. 1989; Vink et al. 2006; Kahsar-Miller & Azziz 1998). Over 200 genes 133 

related to PCOS have since been identified through candidate gene studies and GWAS [reviewed in 134 

detail by Azziz et al. (2016); Hiam et al. (2019)]. Candidate gene studies are useful to discover the 135 

pathways involved as well as some of the cell types in which these genes are expressed (Franks, 136 

Gharani & McCarthy 2001). Also, these studies have attempted to explain the molecular mechanisms 137 

involved in some phenotypes observed in the syndrome, for instance those related to AMH, AR, LH, 138 

FSH and INSR [reviewed in detail by Kulkarni et al. (2019); McAllister et al. (2015)]. However, these 139 

studies are neither efficient, consistent nor conclusive due to the complex pathophysiology and the 140 

numerous phenotypes observed in PCOS (Azziz et al. 2016).   141 

Furthermore, GWAS, which identifies the common genetic polymorphisms related to PCOS, has 142 

identified 19 loci among the Han Chinese, Korean and European ancestry (Jones & Goodarzi 2016). 143 

Collectively, the PCOS genes identified near/in these loci include SUMO1P1, FBN3, NEIL2, GATA4, 144 

HMGA2, TOX3, DENND1A, LHCGR, INSR, FSHR, THADA, ERBB4, RAD50, C8H9orf3, YAP1, 145 

RAB5B, SUOX and KRR1 (Chen et al. 2011; Shi et al. 2012; Hayes et al. 2015). It is worth noting that 146 

GWAS only accounts for a small fraction of the estimated heritability and does not identify specific 147 

genes but merely provide information about the loci related to the syndrome (Azziz et al. 2016). This 148 

explains why certain crucial genes related to PCOS, like AR, were not identified by GWAS which is 149 

a limitation of this approach. Moreover, the loci identified by these studies could be located within 150 

or near a gene, having a role either functional or regulatory in PCOS which needs to be investigated 151 

further (Hiam et al. 2019). 152 

Studies involving PCOS candidate genes including those identified in/near loci associated with the 153 

disorder have become the focus of genetic studies. Candidate gene studies in humans have been used 154 

to define the regulation of some of the genes identified in/near loci associated with PCOS with focus 155 

on steroid biosynthesis and actions [DENND1A isoforms (Tee et al. 2016), AR (Catteau-Jonard et al. 156 

2008)], gonadotrophin secretion and action [FSH (Catteau-Jonard et al. 2008), LHCGR (Capalbo et 157 
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al. 2012)], folliculogenesis [AMH (Tata et al. 2018)], weight and energy regulation [ADIPOQ 158 

(Ranjzad et al. 2012; Zhang et al. 2008), FTO (Attaoua et al. 2008; Barber et al. 2008)]; as well as 159 

insulin action [INSR (Lee et al. 2008), IRS-1 (Baba et al. 2007) and IRS-2 (El Mkadem et al. 2001)]. 160 

Some of the genes have regulatory roles in ovarian development, like transcription factors GATA4, 161 

which is required for the initial thickening and full development of the gonadal ridges (Efimenko et 162 

al. 2013; Hu, Okumura & Page 2013) and FBN3 expression is involved in stromal 163 

compartmentalisation (Hatzirodos, Bayne, Irving-Rodgers, et al. 2011). However, their roles in 164 

establishing PCOS symptoms observed in the ovary and in non-ovarian tissues still remain unclear.  165 

Studies to elucidate the roles of genes in loci associated to PCOS are still on-going. Genes nearest 166 

FSHB locus have been associated significantly with LH levels among women with Korean and 167 

European ancestries (Pau et al. 2017; Hong et al. 2020; Tian et al. 2016), and with free testosterone 168 

levels among the Korean ancestry (Hong et al. 2020). THADA has also been associated with these 169 

two hormones among the Han-Chinese ancestry (Cui et al. 2013). Tian et al. (2020) using a dominant 170 

model of genotype-phenotype studies proposed that THADA, INSR, TOX3 and DENND1A could be 171 

involved in the metabolic disorder-related pathway of PCOS. Specifically, this study also associated 172 

DENND1A with insulin resistance (Tian et al. 2020). Also, previous candidate gene studies have 173 

shown some DENND1A isoforms regulate androgen biosynthesis in theca cells (McAllister et al. 174 

2014) and are possibly associated significantly with  reproductive subtype of PCOS according to 175 

Dapas et al. (2020). These findings collectively imply that these genes could be regulated upstream 176 

in a peculiar manner or are possibly upstream regulators of other genes leading to the PCOS 177 

phenotypes observed. Unfortunately, studies to delineate these mechanisms/pathways (both canonical 178 

and non-canonical) from fetal development through to adult life are very limited and difficult to 179 

achieve.  180 

1.4. Fetal Origin of PCOS 181 

PCOS animal models involving monkeys (Abbott, Tarantal & Dumesic 2009; Abbott et al. 2008; 182 

Dumesic et al. 2019; Abbott, Levine & Dumesic 2016), sheep (Cardoso & Padmanabhan 2019; 183 

Padmanabhan & Veiga-Lopez 2013; Cernea et al. 2015) and mice (van Houten et al. 2012; 184 

Aflatounian et al. 2020; van Houten & Visser 2014) as well as studies in PCOS women and their 185 

children (Mills et al. 2020; Tata et al. 2018) have confirmed the possible fetal predisposition  to PCOS 186 

later in life. Most studies in animal-models have focussed on the effect of maternal hormones 187 

especially testosterone to comprehend the fetal predisposition to PCOS in mice (Sullivan & Moenter 188 

2004), rats (Wu et al. 2010), sheep (Birch et al. 2003) and primates (Dumesic et al. 1997). 189 

Furthermore, peripheral exposure of AMH to mice during gestation have also been used to induce 190 

major cardinal PCOS neuroendocrine features such as hyperandrogenism, elevated LH levels, 191 
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sporadic ovulation as well as fertility defects in mice (Tata et al. 2018). These neuroendocrine 192 

dysfunction were attributed to aberrant gonadotrophin receptor signalling (Tata et al. 2018). However, 193 

the AMH mouse model mainly represents the lean PCOS phenotype and the hormone when injected 194 

acts centrally by activating the neurons responsible for gonadotrophin-releasing hormone in the 195 

hypothalamus resulting in the features observed (Tata et al. 2018). Furthermore, Risal and colleagues 196 

developed a PCOS mouse model with similar complexity of the syndrome as observed in humans in 197 

an attempt to unravel the transgenerational inheritance involved in PCOS. To achieve this, pregnant 198 

mice were exposed to androgen (dihydrotestosterone) during late gestation (embryonic day 16.5-199 

18.5) while altering their metabolic features including glucose homeostasis. This experiment resulted 200 

in PCOS-like reproductive and metabolic features in three generations of mice (Risal et al. 2019); 201 

providing more evidence on the impact of fetal programming on PCOS phenotypes observed. 202 

However, increased AMH levels, which is a common feature of PCOS, was not observed in F1-F3 203 

generations. Also, F2 offspring from obese and androgenised F0 mothers died at weaning (Risal et al. 204 

2019). Although with limitations, animal models are currently available that can mimic different 205 

PCOS phenotypes; further affirming the polygenic aetiology of the syndrome. 206 

In a retrospective study of PCOS women at adulthood, anthropometric features at birth such as 207 

thinness as determined by low weight per cubic length (ponderal indices), have been associated with 208 

the likelihood of developing PCOS later in life (Davies et al. 2012). Specifically, every one unit 209 

increment of ponderal index (PI) at birth is associated with reduced risk of all three cardinal features 210 

of PCOS in women about 30-years-old, whereas a 100-g increase in birthweight is associated with 211 

increased risk of hyperandrogenism (Davies et al. 2012). This study highlights the relevance of 212 

anthropometric features in understanding the metabolic risk acquired at birth. A larger retrospective 213 

population-based cohort study using data collected over 11 years from Healthcare Cost and 214 

Utilization Project-Nationwide Inpatient Sample (HCUP-NIS) showed that PCOS mothers have 215 

higher likelihood of giving birth to infants with congenital anomalies compared to non-PCOS mothers 216 

(Mills et al. 2020). However, very few of such retrospective studies have been carried out and there 217 

is a need for more independent cohort studies.  218 

Studies to understand differences between offspring exposed to PCOS and those not exposed are also 219 

becoming the focus of human studies attempting to define the fetal origin of the syndrome. In studies 220 

by Detti et al. (2019), AMH levels in PCOS pregnant mothers and umbilical cord blood samples of 221 

their offspring were statistically higher than in control healthy women, although increased 222 

testosterone and decreased FSH were observed only in maternal blood of PCOS women. In another 223 

study, AMH levels have been found to be higher in cord blood samples collected from obese PCOS 224 

mothers (n=60) than controls who were healthy pregnant women (n=60) (Far et al. 2019). 225 
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Furthermore, PCOS exposure in utero has been shown to affect the placental and umbilical cord 226 

morphology and changes in the expression of placental proteins observed (Sun et al. 2020). Other 227 

studies have also identified sex-dependent epigenetic changes in the promoter regions of metabolic 228 

and reproductive genes such as AR, leptin receptor and adiponectin receptor 1 and 2 in offspring from 229 

PCOS mothers to be associated with intrauterine exposure of the syndrome; although the sample size 230 

was low (n= 24) (Echiburú et al. 2020). A subsequent study involving a larger sample size (n=172), 231 

also showed that male offspring exposed to a PCOS environment in utero might be more susceptible 232 

to metabolic abnormalities in later life (Li et al. 2020). Additionally, women born with congenital 233 

adrenal hyperplasia have a higher incidence of PCOS at puberty than others (Barnes et al. 1994). 234 

Furthermore, children born to women with PCOS have a five-fold increased risk of developing the 235 

syndrome compared to those not exposed according to Risal et al. (2019). However, it has not been 236 

confirmed if this is due to a genetic or a fetal cause. Together, these findings not only confirm the 237 

possible fetal origin of PCOS, but also show that the syndrome is not only associated with the ovary 238 

as the name suggests. Thus, the need to study the possible upstream pathways/mechanisms as well as 239 

organs involved in PCOS, more especially during fetal development, has become necessary. 240 

1.5. Relationships between Genetic and Fetal Origins 241 

The scientific conundrum surrounding the aetiology of the disorder has increased the need to 242 

understand the roles/functions of candidate genes, identified both by candidate gene studies as well 243 

as those in/near GWAS loci, during fetal development that may lead to the predisposition of PCOS 244 

in adulthood. The genesis of such studies was from Hartanti et al. (2020) and Liu et al. (2020) who 245 

studied the expression of candidate genes in human and bovine fetal ovaries. Knowledge on the 246 

expression patterns of PCOS candidate genes during ovary development is essential in understanding 247 

the possible functionality of the genes at different time points of development. 248 

The role of TGFβ signalling molecules in the predisposition of PCOS are limited, although the PCOM 249 

morphology (fibrous stroma) was the first feature discovered in women with PCOS (Stein 1935). 250 

These molecules include TGFβs and their receptors, latent TGFβ binding proteins (LTBP) and 251 

fibrillins, which are extracellular matrix proteins that bind LTBPs and are also expressed in fetal 252 

ovaries (Hatzirodos, Bayne, Irving-Rodgers, et al. 2011). Their expression levels were either constant 253 

(TGFB1, TGFBR1), increasing (TGFB2, TGFB3, TGFBR2, TGFBR3, LTBP1, LTBP2, LTBP3, 254 

LTBP4) or decreasing (FBN2, FBN3) across gestation (Hatzirodos et al. 2019; Hatzirodos, Bayne, 255 

Irving-Rodgers, et al. 2011). TGFβ1 has also been shown to inhibit expression of AR and 3 PCOS 256 

candidate genes (INSR, C8H9orf3 and RAD50) and stimulated expression of TGFB1I1 (Transforming 257 

Growth Factor Beta 1 Induced Transcript 1) in cultured fetal ovarian stroma cells (Hartanti et al. 258 

2020). This suggests that TGFβ signalling is dynamic during fetal ovarian development and could be 259 
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an important part of the aetiology of PCOS, providing a link between the genetic basis and fetal 260 

predisposition to PCOS. However, studies to discover the roles of these TGFβ signalling molecules 261 

in fetal development as well as the upstream mechanisms involved are limited. Also, the relationship 262 

between genes in loci associated with PCOS and TGFβ signalling molecules in various tissues during 263 

fetal development has not been studied.  264 

1.6. Tissue and Organ Studies involving PCOS  265 

The role of different tissues other than the ovary in the establishment of endocrine, metabolic, 266 

reproductive as well as psychological symptoms presented by women with PCOS has not received 267 

much attention over the years. Undoubtedly, the main causes of the various phenotypes observed in 268 

PCOS remain unknown. The role of various tissues involved in the common symptoms of PCOS are 269 

also elusive. A systematic and comparative study analysed different tissues in lean (BMI ≤ 23) and 270 

obese (BMI ≥ 23) women with PCOS using data from different studies available in the Gene 271 

Expression Omnibus (GEO) in a meta-analysis approach (Idicula-Thomas et al. 2020). The different 272 

tissues analysed were: ovarian including metaphase II oocyte, cumulus cells and lutein granulosa 273 

cells; endometrial cell types including epithelial, endothelial, stromal fibroblasts and mesenchymal 274 

stem cells; adipose made up of subcutaneous adipose tissue and omental adipose tissue; and skeletal 275 

muscle. Meta-analysis was achieved by normalising each study containing cases and controls, 276 

analysing them individually to identify differentially-expressed genes (DEGs) and enriched pathways 277 

and then comparing the results across studies. The study showed that most differentially-expressed 278 

genes were downregulated regardless of the type of the tissues or phenotype. The pathways associated 279 

with DEGs identified in the meta-analysis were grouped under four functional themes; (i) 280 

Mitochondrial related genes which were downregulated mainly in the cumulus cells of the obese 281 

PCOS samples but upregulated mainly in subcutaneous adipose tissues of lean PCOS samples; (ii) 282 

Cell-motility and immune response; (iii) FAK-related; (iv) ERBB1 and PDGFRB signalling were all 283 

upregulated in obese PCOS but downregulated in lean PCOS samples (Idicula-Thomas et al. 2020). 284 

It is worth noting that no commonly dysregulated genes were found between lean and obese 285 

phenotypes inferring that different mechanism could be involved in the development of PCOS in lean 286 

and obese women.  287 

PCOS women or their brothers present various metabolic symptoms. Aside the hepatic dysfunctions 288 

and risk of liver diseases in PCOS women, their brothers and offspring (both male and female) studied 289 

in animal models mentioned earlier (Siemienowicz et al. 2022; Saadat et al. 2022; Cui et al. 2021; 290 

Hogg et al. 2011; Vojnović Milutinović et al. 2021), few other metabolic tissues have been studied. 291 

Morphological changes have been observed in the pancreatic islets of infant and adult monkeys 292 

exposed to pre-natal androgens, accounting for the metabolic symptoms associated with insulin 293 
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resistance and glucose intolerance (Nicol et al. 2014). In skeletal muscle of overweight women with 294 

PCOS, high gene expression of collagens type IA2 and type IIIA1, decorin, lysyl oxidase and TGFβ 295 

receptor 2 was observed when compared to BMI-matched controls (Stepto et al. 2020). Also, 296 

administration of 12 weeks old female rats with testosterone caused hyperinsulinaemia, reduced 297 

whole-body insulin sensitivity and an inhibition of glycogen synthesis in skeletal muscle (Holmang 298 

et al. 1990). The mechanisms leading to insulin resistance in the skeletal muscle in PCOS have been 299 

discussed to be tissue-specific and presented in a review by Walters et al. (2022). These findings 300 

together infer the role of different metabolic tissues in the aetiology of PCOS; further confirming its 301 

multifactorial/polygenic nature.  302 

The role of the central nervous system in PCOS pathophysiology has been investigated over the past 303 

decade (Silva, Prescott & Campbell 2018; Sverrisdottir et al. 2008; Maranon et al. 2015). Structural 304 

and functional brain disturbances have been associated with metabolic symptoms in PCOS women 305 

suggesting that the central nervous system could be playing a key role in PCOS development (Ozgen 306 

Saydam & Yildiz 2020). High sympathetic activity has also been associated with high blood pressure 307 

in PCOS (Sverrisdottir et al. 2008; Maranon et al. 2015).  Notably, involvement of different tissues 308 

in the metabolic and reproductive symptoms observed in PCOS has not been studied. Thus, very little 309 

is known about the possible upstream or downstream mechanisms in various tissues that result in the 310 

metabolic or reproductive phenotypes observed in PCOS. Collectively, the role of candidate genes in 311 

various tissues, if known, could inform/guide further studies into delineating the possible mechanisms 312 

that are involved in PCOS predisposition from conception till adulthood. 313 

1.7. Research Aims  314 

The possible fetal and genetic predisposition of PCOS have been confirmed in numerous human and 315 

animal studies. Genes in loci associated with PCOS have been shown to be dynamically expressed 316 

during human and bovine fetal ovary development (Liu et al. 2020; Hartanti et al. 2020). However, 317 

upstream regulators and mechanisms associated with these genes during fetal ovary development 318 

have not been identified. A major focus has been on studies concerning the ovaries and fertility issues 319 

of women with PCOS. These ovaries are known to be more fibrous and have more tunica and stroma 320 

indicating a possible involvement of TGF signalling at some point. Our previous studies have also 321 

shown that TGFβ1, but not androgens or AMH, was able to regulate some PCOS candidate genes. 322 

Nonetheless, it has not been shown yet, how the members of the TGF family (TGFs, LTBPs, 323 

fibrillins and associated molecules) are expressed during fetal development of ovaries as well as other 324 

organs involved in PCOS pathology, such as metabolic organs and the brain. The fact that male 325 

offspring from PCOS women tend to have metabolic abnormalities in adult shows that the syndrome 326 

is not only associated with the ovary as the name suggests. The role of metabolic, and brain tissues 327 
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in the aetiology of the syndrome have been rarely studied. Understanding the possible relationship 328 

between genes in loci associated with PCOS and TGFβ signalling molecules in various tissues pre-329 

natally and post-natally has become necessary in delineating the different phenotypes observed in 330 

PCOS. Thus, the aims of this study are: 331 

I. To identify potential upstream regulators and pathways associated with PCOS candidate genes 332 

during fetal ovary development (Chapter 2). 333 

II. To identify the expression of TGFβ signalling molecules during bovine fetal ovary development 334 

across gestation and their role in regulating more PCOS candidate genes (Chapter 3). 335 

III. To examine the expression of PCOS candidate genes in gonadal, metabolic and brain tissues pre-336 

natally and post-natally as well as their association with each other during fetal development (Chapter 337 

4). 338 

IV. To examine the expression of TGFβ signalling molecules in gonadal, metabolic and brain tissues 339 

pre-natally and post-natally as well as their relationship with genes in loci associated with PCOS 340 

(Chapter 5). 341 
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INTRODUCTION

Polycystic Ovary syndrome (PCOS) is a debilitating syndrome
with reproductive, endocrine and metabolic symptoms, affecting
up to 10% women of reproductive age, with about 72% suffering
infertility due to anovulation (Joham et al., 2015).
Hyperandrogenism, oligo /anovulation and the presence of
polycystic ovary morphology are the cardinal features of the
syndrome. However, hyperinsulinemia, type 2 diabetes mellitus,
and obesity are also associated with PCOS [reviewed in detail by
Teede et al. (2010)]. Despite the high prevalence of the syndrome,
a comprehensive mechanism elucidating its pathophysiology is
still lacking. Research efforts to define the pathophysiology of
PCOS have increased the scientific conundrum surrounding its
developmental origin(s) due to the diverging nature of research
outcomes.

The multifactorial aetiology of PCOS has been evident by
numerous genomic studies ranging from candidate gene
approaches to Genome Wide Association Studies (GWAS)
confirming its genetic origin. Candidate gene studies have
identified androgen receptor (AR) (Schüring et al., 2012),
fibrillin 3 (FBN3) (Hatzirodos et al., 2011), and anti
Mullerian hormone (AMH) (Tata et al., 2018) among others
to be related to PCOS. GWAS have also identified 19 PCOS
susceptibility loci among the Han Chinese, European and
Korean ancestry [reviewed in detail by McAllister et al.
(2015); Jones and Goodarzi (2016); Hiam et al. (2019)].
More so, the fetal origin of PCOS has been studied in
human (Davies et al., 2012; Echiburú et al., 2020; Mills
et al., 2020) and animal models including mice (Sullivan and
Moenter 2004), rats (Wu et al., 2010), sheep (Birch et al., 2003),
and monkeys (Dumesic et al., 1997). The possible fetal
predisposition of the syndrome has also been studied further
in bovine and human fetal ovaries using qRT PCR technique
(Hartanti et al., 2020; Liu et al., 2020).

Hartanti, et al. (2020), Liu, et al. (2020) showed that all
PCOS candidate genes in/near loci identified by GWAS, except
small ubiquitin like modifier 1 pseudogene 1 (SUMO1P1), and
three additional candidate genes AR, AMH and transforming
growth factor beta 1 induced transcript 1 (TGFB1I1) were
expressed in human and bovine fetal ovaries. Three distinct
expression patterns were observed; some genes were highly
expressed during early stages, others during late stages
whilst others were expressed throughout gestation (Table 1).
Notably, the mRNA levels of genes within the early and late
groups significantly correlated with each other as well as mean
age (Hartanti, et al., 2020; Liu, et al., 2020). The expression of
these PCOS genes during fetal development has provided
further insight to the fetal origin of the syndrome;
necessitating further studies to delineate its pathophysiology.
Thus, the molecular mechanisms and upstream regulators
associated with PCOS candidate genes during fetal
development that could probably lead to the expression of
various phenotypes (such as lean, obese, insulin resistant)
during adulthood still remain elusive.

Therefore, there is a need to identify the upstream
regulators and pathways that operate when PCOS candidate
genes are expressed during normal ovary development.
This will provide more insight on the possible perturbations
during fetal ovary development that could lead to PCOS in
adulthood and also help clarify some of the conundra
surrounding the genetic and fetal origins of the disorder.
Although studies to delineate the roles of PCOS candidate
genes during fetal development are on going, acquisition of
human fetal ovary samples across gestation, especially from the
third trimester, is a limitation. Considering the strong
similarities between human and bovine ovaries in
morphology and physiology, gestational length and the
propensity for singleton pregnancies as well as the similarity
in expression of PCOS candidate genes between human and

TABLE 1 | The three distinct expression patterns of PCOS candidate genes observed during fetal ovary development according to Hartanti, et al. (2020), Liu, et al. (2020);
early, late and throughout gestation.

Early Late Throughout

Fibrillin 3 (FBN3) Insulin receptor (INSR) Thyroid adenoma associated (THADA)
GATA binding protein 4 (GATA4) Follicle stimulating hormone receptor (FSHR) Erb B2 receptor tyrosine kinase 4 (ERBB4)
High mobility group AT hook 2 (HMGA2) Plasminogen receptor with a C terminal lysine (PLGRKT) DNA repair protein (RAD50)
TOX high mobility group box family member 3 (TOX3) Zinc finger and BTB domain containing 16 (ZBTB16) Chromosome 9 open reading frame 3 (C8H9orf3)
DENN domain containing 1A (DENND1A) Interferon regulatory factor 1 (IRF1) Yes associated protein 1 (YAP1)
Luteinising hormone/chorionic gonadotrophin
receptor (LHCGR)

Transforming growth factor beta 1 induced transcript 1
(TGFB1I1)

Ras related protein (RAB5B)

Follicle stimulating hormone beta subunit (FSHB) Luteinizing hormone/choriogonadotropin receptor
(LHCGR)

Sulphite oxidase (SUOX)

Erb B2 receptor tyrosine kinase 3 (ERBB3) Anti mullerian hormone (AMH) Ca2+/calmodulin dependent protein kinase (KRR1)
Androgen receptor (AR) ADP ribosylation factor like GTPase 14 effector protein

(ARL14EP)
Farnesyl diphosphate farnesyltransferase 1 (FDFT1)
Nei like DNA glycosylase 2 (NEIL2)
Microtubule associated protein RP/EB family member 1
(MAPRE1)
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bovine during early stages of fetal ovary development
(Hartanti, et al., 2020; Liu, et al., 2020), this study seeks to
define the upstream regulators and pathways that operate when
PCOS candidate genes are expressed (Hartanti, et al., 2020; Liu,
et al., 2020) using bovine fetal ovaries.

MATERIALS AND METHODS

Bovine Fetal Ovary Collection
Fetal ovarian pairs across gestation (62 276 days, n � 19) were
collected from pregnant Bos taurus cows at the abattoir of
Midfield Meat International, Warrnambool, Victoria, Australia
and were immediately frozen on dry ice on site and later stored
in the laboratory at −80°C. These ovaries were scavenged from
animals that were being processed for human consumption and
were not owned by the authors or their institutions. As such the
University of Adelaide’s Animal Ethics Committee only
requires notification of this. To estimate the gestational age
of fetal samples, the crown rump length (CRL) was measured
(Russe 1983).

Sex Determination of Bovine Fetuses
Genomic DNA was extracted from the tail of fetuses with a CRL
<10 cm using theWizard SV Genomic DNA Purification System
(Promega Australia, Alexandria, NSW, Australia) according to
the manufacturer’s instructions. Two pairs of primers
specific for a region in the Sex determining region Y (SRY)
sequence (sense primer: 5′ TCACTCCTGCAAAAGGAGCA
3′, antisense primer: 5′ TTATTGTGGCCCAGGCTTG 3′), and
for the 18S ribosomal RNA (18S) gene sequence were used for
amplifying the genomic DNA in individual reactions as
previously described (Hummitzsch et al., 2013).

RNA Extraction and RNA Sequencing
Whole fetal bovine ovaries were homogenised in 1 ml Trizol®
(Thermo Fisher Scientific, Waltham, MA, United States) using
the Mo Bio Powerlyser 24 (Mo Bio Laboratories Inc., Carlsbad,
CA, United States) and RNA extracted according to
manufacturer’s instructions. All samples were treated with
DNase I (Promega/Thermo Fisher Scientific Australia Pty Ltd.,
Tullmarine, Vic, Australia). The RNA concentration and quality
(RQI, Table 2) was then determined using the Experion™ RNA
StdSens Analysis kit and the Experion™ Automated
Electrophoresis System (Bio Rad Laboratories Pty., Ltd.,
Gladesville, NSW, Australia). 500 ng/50 µl per well (96 well
plate) of total RNA of each sample was used for RNA seq.

RNA seq based transcriptome profiling was performed at the
SAHMRI Genomics Facility (SAHMRI, Adelaide, SA, Australia).
Briefly, Single end Poly A selection mRNA libraries (∼35 M
reads per sample) were created using the Nugen Universal
Plus mRNA Seq library kit from Tecan (Mannedorf,
Switzerland) and sequenced with an Illumina Nextseq 500
using single read 75 bp (v2.0) sequencing chemistry (Illumina
Inc., San Diego, CA, United States). Two sequencing runs, with 10
samples per run, were performed and sample 15/R43t was used as
internal control in both runs.

RNA-Seq Data Analysis Using Partek Flow
®

The raw data containing FASTQ files were uploaded to Partek
Flow® Software, version 8.0 (Partek Incorporated, St. Louis,
Missouri, United States). All samples underwent a pre
alignment quality assessment and showed Phred Quality
Scores larger than 30. The reads were aligned and annotated
to the bovine genome ARS UCD1.2 (bosTau9; https://www.
ncbi.nlm.nih.gov/assembly/GCF 002263795.1/) using STAR 2.
7.3a aligner (>97% alignment rate for all samples) and Partek

TABLE 2 | Characteristics of bovine fetal ovaries and RNA quality index (RQI).

Sample ID Identical samples Crown-rump length
[cm]

Gestational age
[days]

Gestational period RQI

15/R12t Y 7.7 62 Early I 9.0
15/R85t Y 9 66 Early I 8.5
15/R86t N 12 76 Early I 8.9
15/R74t Y 14 82 Early I 9.1
15/R41t N 17 91 Early II 9.3
15/R57t N 19 98 Early II 9.2
15/R42t Y 24 113 Early II 9.6
15/R51t Y 28 124 Early II 9.6
15/R43t Y 32 135 Early II 9.5
15/R2t Y 39 154 Late 9.8
15/R44t Y 45 170 Late 9.3
15/R1t Y 58 201 Late 9.5
15/R45t Y 74 234 Late 9.6
15/R33t Y 80 245 Late 9.6
15/R47t N 86 255 Late 9.4
15/R35t Y 88 258 Late 9.5
15/R38t Y 91 263 Late 9.3
15/R49t N 93 266 Late 9.7
15/R50t Y 100 276 Late 9.5

Identical samples refer to samples also analysed in Hartanti, et al. (2020), Liu, et al. (2020).
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E/M, respectively. Transcript abundances were determined and
expression levels presented as normalised counts per million
(CPM). Initial comparison of gene expression profiles in the
samples was then carried out using principal components
analysis (PCA) (Hotelling 1933).

Analysis of PCOS Candidate Genes
Normalised RNA seq data of bovine fetal ovaries across
gestation were analysed to study the expression of PCOS
candidate genes as well as their associated upstream
regulators and mechanisms. The expression of 27 PCOS
candidate genes, most of which are located in/near the loci
associated with PCOS from previous GWAS, and three
additional candidate genes AR, AMH, and TGFB1I1 were
analysed using to Partek Flow® Software (version 8.0).
Scatter plots showing the expression patterns for each
candidate gene across gestation were also generated using
GraphPad Prism version 8 (GraphPad Software Inc., La
Jolla, Ca, United States). Pearson’s correlation of the genes
with each other as well as with gestational age were further
analysed. Fold change and statistical significance of PCOS
genes across gestation (comparing late versus early) were
determined using the default parameters of Gene Specific
Analysis (GSA); a multi model approach based on Akaike
Information Criterion (AIC) in Partek Flow®.

A supervised hierarchical clustering (heatmap) of all
24,889 genes identified in the RNA seq data for all samples
across gestation was then carried out; the location of PCOS
genes on the heatmap was determined and clusters of PCOS
genes as well as genes co expressed with them were identified.
Four clusters associated with the PCOS candidate genes were
further studied using the core analysis component of
Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood
City, CA, United States). The canonical pathways,
upstream regulators and networks associated with each
cluster were analysed based on the statistical significance
(p value) and fold change (log2 ratio) of its gene list,
determined using the default parameters of GSA in Partek
Flow®. C9orf3, also known as aminopeptidase (AOPEP)
replaced its bovine variant, C8H9orf3, in IPA analysis. For
a more in depth understanding of pathways associated with
genes in each of the four clusters, the Database for
Annotation, Visualization, and Integrated Discovery
(DAVID) Bioinformatics Resources 6.8 (https://david.
ncifcrf.gov/home.jsp, Frederick, MD 21702, United States)
(Huang et al., 2009; Sherman and Lempicki 2009), was
further used to analyse the pathway enrichment of genes
for each cluster from Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases for
bovine organisms.

Statistical Analyses
Expression of PCOS genes across gestation was plotted using
GraphPad Prism version 8 (GraphPad Software Inc., La Jolla,
CA, United States). PCA and hierarchical clustering were
performed using the Euclidian algorithm for dissimilarity
with average linkage. Pearson’s correlation table and

correlation coefficient (R) generated for scatterplots were
determined in Partek Genomic Suite 7.0 (Partek
Incorporated, St. Louis, Missouri, United States). The
p value of overlap between a set of significant molecules in
each cluster and a given process/pathway/upstream regulator
is determined using the Right Tailed Fisher’s Exact Test in
IPA software. The z score, which considers the directional
effect of one molecule on another molecule/process and the
direction of change of molecules in the dataset, represents
activation when ≥2 and inhibition when ≤ −2. R program,
version 4.0.4 was used to plot GO graphs using data from
DAVID bioinformatic resources.

RESULTS

Expression of PCOS Candidate Genes
The normalised RNA seq data of bovine fetal ovaries identified
24,889 genes including uncharacterised and non coding RNA.
Principal Component Analysis (PCA) of all the genes in the data
clustered the samples into three groups/stages; early I
(62 82 days, n � 4), early II (91 135 days, n � 5), and late
(154 276 days, n � 10) (Figure 1). For the purposes of this
study, the two early groups were combined as “early”
(62 135 days, n � 9) and all comparisons across gestation
involved late versus early samples.

The expression of the 27 PCOS candidate genes identified in
the RNA seq data was studied across gestation. Using Pearson’s
correlation, the mRNA expression of these candidate genes across
gestation showed three patterns; early, late, and throughout
gestation. Thus, some PCOS candidate genes correlate
significantly with gestational age negatively whilst others

FIGURE 1 | Principal Component analysis of bovine ovarian samples
analysed in the RNA sequencing. The samples are grouping into three stages;
early I (red; 62 82 days, n � 4), early II (blue; 91 135 days, n � 5) and late
(orange; 154 276 days, n � 10).
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(biological processes) analyses of each cluster revealed relevant
and similar canonical pathways to be associated with genes co
expressed with PCOS candidate genes across gestation. The top
canonical pathways associated with the “early” genes (cluster 1)
are mainly involved in mitochondrial function (Figure 3) whilst
“late” genes were involved in stromal development and expansion
(cluster 2) and lipid biosynthesis/steroidogenesis (cluster 4)
(Figures 4, 5). Cluster 3, which consists of genes expressed
throughout gestation, seems to be associated with a range of
different pathways including central nervous system regulation
and signalling among others (Figure 6). These pathways were
also observed to some extent in the GO and KEGG pathway
analysis for each cluster; with the strongest similarities to IPA
observed in clusters 1 and 4 for mitochondrial function and
steroidogenesis, respectively (Supplementary Tables S6 S9).
Also, the number of genes extracted from each of these
clusters as well as those that map to the IPA knowledge base
and DAVID bioinformatic database for each cluster are shown in
Supplementary Table S10.

Top biological upstream regulators associated with the strong
clusters 1 and 4 and the weak clusters 2 and 3 were identified
using IPA and are shown in Tables 4, 5, respectively. Upstream
regulators such as TGFβ, TNF, angiotensin, ESR1, among others
were common to the “late” clusters 2 and 4. Upstream regulators

such as PTEN, HNF4A, ESRRA/G, PSEN1, MYC, mitochondrial
LONP1, and TP53 among others were associated with cluster 1
whereas HNF1A, GATA2, PSENEN, IL25, REST, OCT4 NANOG,
APHIA, and AGRN were associated with cluster 3. Chemical
upstream regulators (including endogenous molecules)
associated with each cluster was also studied. The list of the
top chemical (including endogenous molecules) upstream
regulators associated with each cluster are detailed in
Supplementary Tables S11, S12. Estradiol is among the top
chemical upstream regulators associated with certain genes in
clusters 1, 2, and 4 while dexamethasone regulates some genes in
cluster 2 and 4 among others.

Additionally, 25 networks were generated by the IPA
database for each cluster showing their functions and
diseases. However, only those rated as important for fetal
development and the role of PCOS candidate genes are
shown in Figures 7 9. Specifically, mitochondrial function
networks (1 and 3) of cluster 1 consisting of nuclear
encoded and mitochondrial DNA encoded genes were
downregulated during the second half of gestation
(Figure 7). Networks associated with cluster 2, which were
upregulated during the second half of gestation, consist of
β catenin as the central player (network 16) interacting with
other subunits of its kind, namely frizzled molecules and
cadherins, which are cell adhesion molecules (CAM)
(Figure 8A). The second network of cluster 2 (network 24)
consists of extracellular matrix components including the
different types of collagen with two central molecules,
collagen, and fibronectin (Figure 8B). The top networks for
cluster 4, which were also upregulated during the second half of
gestation, are associated with the effects of the transcription
factor MYC in metabolism (network 1) and steroidogenesis
(network 2) (Figure 9). All other relevant networks are
summarized in Supplementary Figures S2 S5.

Nuclear-Encoded Mitochondrial Genes and
Mitochondrial-DNA Encoded Genes
Oxidative phosphorylation and mitochondrial dysfunction
pathways are the top canonical pathways co expressed with
the PCOS candidate genes expressed during early gestation
(cluster 1). mRNA expression of nuclear encoded
mitochondrial genes associated with these top pathways as
well as genes encoded by mitochondrial DNA from the RNA
seq are shown as scatterplots to outline their expression patterns
across gestation (Supplementary Figures S6, S7, respectively).
Similar patterns of expression were observed for both; thus, these
genes are highly expressed during the early stages of gestation
with expression decreasing gradually until 200 days of gestation,
then the expression is maintained or increased slightly at that
level in the third trimester.

DISCUSSION

Using RNA seq data from normal fetal ovaries collected across
gestation, we examined the expression patterns of PCOS

FIGURE 2 | Location of PCOS candidate genes and their respective
clusters on the supervised heatmap of 24,889 genes identified in the fetal
ovaries (62 276 days, n � 19) using RNA sequencing. Each cluster is made up
of PCOS candidate genes as well as genes co expressed with them;
detailed lists of each cluster can be found in Supplementary Tables S2–S5.
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candidate genes and found that most belonged to one of four gene
clusters. The expression patterns of most of the PCOS candidate
genes in the RNA seq data were consistent with those previously
identified by both Hartanti, et al. (2020) and Liu, et al. (2020). In
addition to the PCOS candidate genes identified as expressed
“early” or “late” in gestation in these previous studies, we found
that MAPRE1, ARL14EP, and C8H9orf3 were also “early” genes,
whilst YAP1 and THADA were “late” genes. The study then
identified canonical pathways, biological and chemical upstream
regulators and networks of genes that are co expressed in each of
the clusters. This knowledge could be vital for understanding the
mechanisms and identifying upstream regulators for delineating
the fetal origin of PCOS.

During the early stages of fetal ovary development,
primordial germ cells settle in the developing ovary as
oogonia and start to proliferate between the proliferating
Gonadal Ridge Epithelial Like (GREL) cells. Then stroma of
the mesonephros, containing fibroblasts, fibres, and

capillaries, penetrates into the gonadal ridge. This results in
the formation of the ovigerous cords containing the GREL cells
and proliferating oogonia. The ovigerous cords are separated
from the penetrating stroma by a basal lamina and are open at
the surface of the ovary during early gestation (Hummitzsch,
et al., 2013; Hummitzsch et al., 2019). Interestingly, we found
in cluster 1 that mitochondrial function is a key canonical
pathway at this early stage of fetal ovary development.
Expression patterns of nuclear encoded mitochondrial genes
and mitochondrial DNA encoded genes across gestation
showed that mitochondrial function and oxidative
phosphorylation are at peak during stromal proliferation
and penetration, specifically from the time of ovigerous
cord formation until the cords begin to breakdown and
primordial follicle formation occurs during fetal ovary
development.

The relationship between mitochondrial dysfunction and
the pathogenesis of PCOS remains unclear, although studies

FIGURE 3 | Top canonical pathways associated with cluster 1 (“early” genes) using (A) Ingenuity Pathway Analysis (IPA) and (B) Gene Ontology (GO) biological
processes from DAVID database. “Pop Hits” refers to the total number of genes associated with each of the pathway in the database. The bar graphs represent the
percentage of genes from the data set that map to each canonical pathway whilst the orange line shows the p value of overlap between genes in each cluster and a given
pathway.
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focussed on this topic began over the last decade.
Mitochondrial DNA copy number and abnormal reactive
oxidative species have been associated with numerous
phenotypes of PCOS (Hyderali and Mala 2015; Shukla
et al., 2020). Thus, insulin resistance, obesity,
hyperandrogenism among others have been linked directly/
indirectly to mitochondrial dysfunction [see reviews (Ilie
2018; Zhang et al., 2019; Zeng et al., 2020)]. A meta
analysis involving lean (BMI ≤ 23) and obese (BMI ≥ 23)
PCOS patients using a systematic and comparative study by
Idicula Thomas et al. (2020) showed that nuclear encoded
mitochondrial genes were downregulated mainly in the
cumulus cells of obese PCOS patients, but upregulated
mainly in subcutaneous adipose tissues of lean PCOS
patients. Furthermore, previous studies have shown that
offspring of androgenised lean PCOS mice had impaired
ovarian mitochondrial ultrastructure and function when

compared to their controls (Chappell et al., 2020). Thus,
mitochondrial ultrastructure in oocytes of androgenised
offspring had disorganised cristae and swollen vacuoles
without any electron dense content; a lower inner
mitochondrial membrane potential of oocytes was also
observed as compromised mitochondria function in the
PCOS lean mice (Chappell, et al., 2020). This implies that
in utero exposures to high androgen levels can significantly
affect the development of the ovaries, most probably at the
early stages of gestation, when germ cells undergo
mitosis, ovigerous cords form, and stroma proliferates and
migrates leading to the fetal programming of PCOS. More so,
aberrant mitochondrial function was observed in oocytes at
germinal vesicles stage of PCOS patients when compared to
healthy controls in a study that compared the various
stages of oocyte development in the two groups using
single cell RNA sequencing (Qi et al., 2020). Additionally,

FIGURE 4 | Top canonical pathways associated with cluster 2 (“late” genes) using (A) Ingenuity Pathway Analysis (IPA) and (B) Gene Ontology (GO), biological
processes from DAVID database. “Pop Hits” refers to the total number of genes associated with each of the pathway in the database. The bar graphs represent the
percentage of genes from the data set that map to each canonical pathway whilst the orange line shows the p value of overlap between genes in each cluster and a given
pathway.
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studies focussed on the early stages of fetal ovary
development in pig have also shown upregulation of
mitochondrial activity and oxidative phosphorylation
genes, inferred by higher expression of mitochondrial
DNA encoded genes at early stages of development (E31).
During this stage, extensive proliferation of primordial germ
cells and the global waves of methylation and demethylation
occur in the porcine ovary; requiring significant levels of
energy to sustain the changes (Zhu et al., 2021). The high
energy produced results in by products (e.g., alpha
ketoglutarate) that are then used to establish various
epigenetic marks and modulate demethylation by oxidising
of 5 methylcytosine (5mC) to 5 hydroxymethylcytosine
(5hmC) (Tahiliani et al., 2009; Wu and Zhang 2017). The
findings together infer that mitochondrial function could play
a significant role in the predisposition of PCOS; requiring
further studies.

Furthermore, the identification of upstream regulators such as
DAP3, which plays significant roles in mitochondrial respiration
and apoptosis (Tang et al., 2009), and MYC, which is a regulator
of mitochondrial biogenesis (Li et al., 2005), as well as the
downregulation of nuclear and mitochondrial DNA encoded
genes during the second half of gestation, in this study,
implies that mitochondrial function is vital to the early stages
of ovary development.

During mid gestation, compartmentalisation of the ovary
into the cortex and medulla becomes apparent, where there are
alternating ovigerous cords and stromal areas in the cortex
and stroma from the mesonephros containing extracellular
matrix, fibroblasts and vasculature in the medulla. The
stroma starts to migrate laterally after reaching just below
the ovarian surface resulting in the closing of the ovigerous
cords on the surface and the establishment of an ovarian surface
epithelium underlain by a basal lamina (Hummitzsch, et al.,

FIGURE 5 | Top canonical pathways associated with cluster 4 (“late” genes) using (A) Ingenuity Pathway Analysis (IPA) and (B) Gene Ontology (GO), biological
processes from DAVID database. “Pop Hits” refers to the total number of genes associated with each of the pathway in the database. The bar graphs represent the
percentage of genes from the data set that map to each canonical pathway whilst the orange line shows the p value of overlap between genes in each cluster and a given
pathway.
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2019; Hummitzsch, et al., 2013). This is, to some extent,
consistent with our observations of genes connected with
cluster 2, which includes genes involved in stromal
expansion. Notably, the presence of elevated levels of fibrous
tissues and collagen in the ovarian capsule or tunica albuginea
resulting in denser ovarian stroma are common features of
polycystic ovaries. Increased stromal collagen and ovarian
cortex expansion in PCOS patients are associated
with dysfunction of fibrillin 3 (FBN3) which is highly
expressed in early stages of fetal development and not
expressed late in gestation or adult ovaries (Hatzirodos,
et al., 2011). FBN3 regulates transforming growth factor β
(TGF β) pathways, which stimulate fibroblast proliferation
and collagen formation. TGF β may also play significant
roles in the cardiovascular and metabolic symptoms of PCOS
as discussed in review by Raja Khan et al. (2014). Upstream
regulators involved in TGF β signalling pathways such as

TGFB1, TGFB2, TGFB3, and TGFBR2 and
fibroblast proliferation regulators such as FGF2, coagulation
factor II (F2) were consistent with findings of this study. In
addition, networks associated with the components of
extracellular matrix, such as collagen and fibronectin which
are relevant to this stage of ovary development were associated
with this cluster of genes.

Furthermore, YAP1, a PCOS candidate gene in cluster 2, is a
critical regulator of granulosa cell proliferation, differentiation
and survival by interaction with epidermal growth factor
receptor, gonadotrophin, and TGF β signalling pathways (Lv
et al., 2019). More so, ERBB3, which is an early gene
according to our GSA analysis and Liu et al. (2020) and a
member of the epidermal growth factor family, was identified
as an upstream regulator for genes in cluster 2. Additionally,
β catenin, which is a central molecule for one of the networks
associated with this cluster, plays an essential role in Wnt signal

FIGURE 6 | Top canonical pathways associated with cluster 3 (“throughout” genes) using (A) Ingenuity Pathway Analysis (IPA) and (B) Gene Ontology (GO),
biological processes fromDAVID database. “PopHits” refers to the total number of genes associated with each of the pathway in the database. The bar graphs represent
the percentage of genes from the data set that map to each canonical pathway whilst the orange line shows the p value of overlap between genes in each cluster and a
given pathway.
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transduction and in intercellular adhesion by interacting with
cadherin (Liu et al., 2009; Bush et al., 2019). Undoubtedly, the
regulation of the PCOS candidate genes during this stage plays a
substantial role in the cascade of events that occur later in fetal
development.

During the late stages of ovary development, follicles
consisting of oocytes and granulosa cells are formed from
the differentiation of ovigerous cords (Hummitzsch, et al.,
2013; Heeren et al., 2015). The first primordial follicles
appear in the inner cortex medulla region, surrounded by a
basal lamina. The surface epithelium, mostly single layered,
then surrounds the ovary. Stroma beneath the surface
epithelial basal lamina then develops into the tunica
albuginea during the final developmental stages of the
human and bovine ovary (Hummitzsch, et al., 2013;
Heeren, et al., 2015; Hummitzsch, et al., 2019). Activation
of some primordial follicles occurs leading to their

development into primary and preantral follicles.
Remarkably, the genes in cluster 4 (including the PCOS
candidate genes), top canonical pathways, upstream
regulators and networks were involved in folliculogenesis
and ovarian steroidogenesis which is consistent with
occurrence during this stage of development. FDFT1, which
is an essential enzyme in the synthesis of sterols further
leading to the synthesis of cholesterol, correlates
significantly with genes involved in folliculogenesis such as
AMH, FSHR, LHCGR. More so, upstream regulators involved
in steroid synthesis such as SREBF2, INSIG1, TGFB1, RPTOR,
and networks such as network 2 which has a central molecule,
Mitogen Activated Protein Kinases, ERK1/2, interacting with
other molecules of steroidogenesis such as FSH, LH, AMH,
CYP11A1 were also identified for this cluster.

Despite the increasing number of genetics studies to
define the abnormalities associated with PCOS, the

TABLE 4 | Top biological upstream regulators and their respective activation z score as well as p value of association for the strong clusters, cluster 1 and 4.

Upstream regulator Name z-score p-value

Cluster 1 CLPP Caseinolytic mitochondrial matrix peptidase proteolytic subunit 4.899 1.11E 11
PTEN Phosphatase and tensin homolog 0.143 1.46E 10
HNF4A Hepatocyte nuclear factor 4 alpha 3.972 1.90E 10
TLE3 TLE family member 3, Transcriptional corepressor 2.69E 10
DAP3 Death associated protein 3 3.162 1.05E 09
ARNT Aryl hydrocarbon receptor nuclear translocator 3.689 2.98E 09
LONP1 Lon peptidase 1, Mitochondrial 1.457 3.71E 09
ESRRG Estrogen related receptor gamma 2.006 6.71E 09
Firre Firre intergenic repeating RNA element 4.796 1.41E 08
APP Amyloid beta precursor protein 2.107 3.01E 08
MYC MYC proto oncogene, BHLH transcription factor 7.632 3.11E 08
STK11 Serine/Threonine kinase 11 4.041 3.31E 08
ALKBH1 AlkB homolog 1, Histone H2A dioxygenase 2.646 8.62E 08
NSUN3 NOP2/Sun RNA methyltransferase 3 2.646 8.62E 08
PSEN1 Presenilin 1 0.649 1.64E 07
KDM5A Lysine demethylase 5A 4.914 2.45E 07
MAPT Microtubule associated protein tau 3.58E 07
RICTOR RPTOR independent companion of MTOR complex 2 4.854 5.14E 07
DDX5 DEAD box helicase 5 3.638 2.46E 06
TP53 Tumor protein P53 1.511 2.90E 06
Esrra Estrogen related receptor alpha 1.849 3.18E 06

Cluster 4 SREBF2 Sterol regulatory element binding transcription factor 2 4.586 1.41E 22
INSIG1 Insulin induced gene 1 4.447 5.74E 21
MAP2K5 Mitogen activated protein kinase 5 4.088 3.78E 18
SCAP SREBF chaperone 4.269 9.03E 18
POR Cytochrome P450 oxidoreductase 3.776 4.93E 16
SREBF1 Sterol regulatory element binding transcription factor 1 4.508 3.27E 14
MFSD2A Major facilitator superfamily domain containing 2A 3.138 8.14E 13
ATP7B ATPase copper transporting beta 3.464 1.46E 12
MAPK7 Mitogen activated protein kinase 7 3.873 2.30E 12
NPPB Natriuretic peptide B 3.283 3.41E 12
SH3TC2 SH3 domain and tetratricopeptide repeats 2 3.162 2.27E 11
PROM1 Prominin 1 2.828 3.28E 11
PPARA Peroxisome proliferator activated receptor alpha 1.112 6.45E 11
NR5A1 Nuclear receptor subfamily 5 group A member 1 3.446 7.22E 11
C4BP Complement component 4 binding protein 2.449 5.69E 10
RPTOR Regulatory associated protein of MTOR complex 1 3.2 1.43E 09
KIF3A Kinesin family member 3A 2.596 1.47E 09
INSIG2 Insulin induced gene 2 2.586 1.97E 09
TGFB1 Transforming growth factor beta 1 2.172 3.90E 09
SIRT2 Sirtuin 2 1.913 6.77E 09
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pathogenesis of the syndrome still remains a challenge.
Numerous studies to delineate the transgenerational
susceptibility of PCOS in animals and human are on going
(Tata, et al., 2018; Risal et al., 2019; Mimouni et al., 2021) and
this study provides upstream regulators as well as canonical
pathways that could be further studied to delineate the
pathogenesis of the syndrome. Notably, genes co expressed
with most PCOS candidate genes during both the early and late
developmental stages of fetal development are involved in
pathways that have previously been associated with PCOS,
although mechanisms remain elusive. It would be very
logical to infer that perturbations associated with
mitochondrial function in the early stages of fetal ovary
development lead to a cascade of events across gestation,
some of which impact key canonical pathways such as
stromal expansion and steroidogenesis, possibly, leading to
PCOS in adulthood. The outcome of this study supports the

need to further study the fetal origin of PCOS with the hope to,
not only define the syndrome, but also towards the diagnosis,
treatment and prevention of syndrome.

In summary, although this study is an in silico analysis of
PCOS candidate genes and their co expressed genes from
RNA seq data, it has shown significant consistency with the
literature on ovarian development and PCOS. Additional
studies to delineate the pathogenesis of the syndrome will
be required based on these findings. The limitations of IPA
software are also acknowledged as IPA is a knowledge based
curated software.

CONCLUSION

These findings highlight the involvement of PCOS associated
genes in mitochondrial function, stromal expansion and

TABLE 5 | Top biological upstream regulators and their respective activation z score as well as p value of association for the weak clusters, cluster 2 and cluster 3.

Upstream regulator Name z-score p-value

Cluster 2 TGFB1 Transforming growth factor beta 1 7.017 1.77E 21
HRAS HRas proto oncogene, GTPase 0.699 1.60E 14
ERBB2 Erb B2 receptor tyrosine kinase 2 0.667 7.95E 13
F2 Coagulation factor II, Thrombin 5.485 9.38E 13
Alpha catenin Alpha catenin group 5.256 1.76E 12
TGFB2 Transforming growth factor beta 2 3.062 3.71E 12
TNF Tumor necrosis factor 3.597 1.00E 11
Mek Mitogen activated protein kinase 1 3.218 1.23E 11
COLQ Collagen like tail subunit of asymmetric acetylcholinesterase 1.511 1.29E 11
MRTFB Myocardin related transcription factor B 5.14 1.60E 11
VEGF Vascular endothelial growth factor 5.581 9.26E 11
TP53 Tumor protein P53 4.493 9.90E 11
Tgf beta Transforming growth factor beta 4.093 2.28E 10
AGT Angiotensinogen 3.331 3.01E 10
FGF2 Fibroblast growth factor 2 4.223 4.14E 10
ITGB1 Integrin subunit beta 1 1.223 5.19E 10
SP1 Sp1 transcription factor 5.601 1.01E 09
ERBB3 Erb B2 receptor tyrosine kinase 3 0.325 1.71E 09
TP63 Tumor protein P63 1.448 1.80E 09
TGFBR2 Transforming growth factor beta receptor 2 3.079 3.79E 09
TGFB3 Transforming growth factor beta 3 3.759 4.62E 09

Cluster 3 ASCL1 Achaete scute family BHLH transcription factor 1 2.543 7.44E 05
FOXQ1 Forkhead box Q1 5.54E 04
Dst Dystonin 5.54E 04
NOBOX NOBOX oogenesis homeobox 9.83E 04
HNF1A HNF1 homeobox A 2.88 1.51E 03
RSPO2 R spondin 2 3.22E 03
TBPL1 TATA box binding protein like 1 3.22E 03
ATOH1 Atonal BHLH transcription factor 1 3.48E 03
GATA2 GATA binding protein 2 0.128 4.78E 03
SNCA Synuclein alpha 1.673 4.83E 03
GRIN3A Glutamate ionotropic receptor NMDA type subunit 3A 2.828 5.61E 03
SAMD4A Sterile alpha motif domain containing 4A 7.81E 03
PSENEN Presenilin enhancer, gamma secretase subunit 1.08E 02
PTPN11 Protein tyrosine phosphatase non receptor type 11 1.09E 02
REST RE1 silencing transcription factor 2.19 1.14E 02
OCT4 NANOG POU class 5 homeobox 1 nanog homeobox 1.41E 02
IL25 Interleukin 25 0.277 1.63E 02
APH1A Aph 1 homolog A, gamma secretase subunit 1.79E 02
AGRN Agrin 1.79E 02
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FIGURE 7 | Important networks connected with cluster 1. Network 3 (A)
and network 12 (B) are associated with mitochondrial functions. Red color of
molecules represents downregulation in the second half of gestation and the
intensity of each color shows the strength of regulation.

FIGURE 8 | Important networks associated with cluster 2. (A) Network
16 contains β catenin as central player, whereas (B) network 24 is associated
with the components of extracellular matrix, such as collagens and fibronectin.
Blue color of molecules represents upregulation in the second half of
gestation and the intensity of each color shows the strength of regulation.
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steroidogenesis during ovarian development. It could be
speculated that perturbations during fetal ovary development
resulting from dysregulation of these pathways could result in
the different phenotypes of PCOS observed during adulthood.
These perturbations could be genetic and/or environmental
depending on maternal environment and fetal exposures
associated with it. Further studies to delineate the role(s) of
these pathways in the pathogenesis of PCOS are necessary.
Notably, these findings infer a relationship between these
major pathways, usually studied separately to define the
syndrome and the need for studies investigating their
interactions.
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FIGURE 9 | Important networks of genes associated with cluster 4. (A)
Network 1 is associated with the effects of the transcription factor MYC. (B)
Network 2 is connected with steroidogenesis. Red represents downregulation
and blue upregulation in the second half of gestation. The strength of
regulation is shown by the intensity of each color.
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S2 Fig. Selected networks from cluster 1 and their respective functions and diseases. Red 
represents downregulation during the second half of gestation. The strength of regulation is 
shown by the intensity of each color.

Network 11 ‘DNA Replication, Recombination, and Repair, Nucleic Acid Metabolism, 
Small Molecule Biochemistry’ 

Network 14  ‘Cardiovascular Disease, Cellular Assembly and Organization, 
Cellular Function and Maintenance’ 
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Network 18  ‘Endocrine System Disorders, Gene Expression, Hereditary Disorder’ 
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S3 Fig: Selected networks from cluster 2 and their respective functions and diseases. Red 
represents downregulation and blue represents upregulation during the second half of gestation. 
The strength of regulation is shown by the intensity of each color.

Network 1  ‘Cancer, Gastrointestinal Disease, Hepatic System Disease’ 

Network 4  ‘Carbohydrate Metabolism, Nucleic Acid Metabolism, Small Molecule Biochemistry’ 
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Network 8  ‘Embryonic Development, Nervous System Development and Function, 
Organ Development’ 

Network 10  ‘Cellular Development, Gene Expression, Tissue Development’
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Network 14  ‘Cell Signalling, Cellular Assembly and Organization, 
Cellular Function and Maintenance’
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S4 Fig 4. Selected networks from cluster 3 and their respective functions and diseases. Red 
represents downregulation and blue represents upregulation during the second half of gestation. 
The strength of regulation is shown by the intensity of each color.

Network 3  ‘Cell-To-Cell Signaling and Interaction, Cellular Assembly and Organization, 
Cellular Function and Maintenance’ 

Network 5  ‘Lipid Metabolism, Molecular Transport, Small Molecule Biochemistry’ 
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Network 6  ‘Cancer, Gastrointestinal Disease, Post-Translational Modification’

Network 20  ‘Nervous System Development and Function, Neurological Disease, 
Organ Morphology’
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Network 21  ‘Cell Signaling, Molecular Transport, Vitamin and Mineral Metabolism’ 

Network 22  ‘Amino Acid Metabolism, Molecular Transport, Small Molecule Biochemistry’ 
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S5 Fig. Selected networks from cluster 4 and their respective functions and diseases. Blue 
represents upregulation during the second half of gestation. The strength of regulation is shown 
by the intensity of each color.

Network 4  ‘Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral Metabolism’ 

Network 9 ‘Carbohydrate Metabolism, Cell Cycle, Gene Expression’
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Network 12  ‘Cell Signaling, Connective Tissue Development and Function, 
Post-Translational Modification’

Network 14  ‘Lipid Metabolism, Molecular Transport, Small Molecule Biochemistry’ 
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Network 16  ‘Cancer, Organismal Injury and Abnormalities, Tumor Morphology’

Network 20  ‘Embryonic Development, Nervous System Development and Function, 
Organ Development’
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Network 21  ‘Endocrine System Disorders, Organismal Injury and Abnormalities, 
Reproductive System Disease’ 
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S10 Table. The number of genes extracted from the heatmap and those from the list 
that mapped onto IPA and DAVID knowledge bases for each cluster. 

Cluster 
Number of genes 

Heatmap Mapped to IPA DAVID (Homo sapiens) DAVID (Bos taurus) 

1 2052 1654 1589 1773 

2 1781 1402 1290 1415 

3 871 534 477 576 

4 516 376 350 393 
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S11 Table. Chemical upstream regulators (including endogenous molecules) associated 
with the strong clusters (clusters 1 and 4). 

Cluster 1 Upstream Regulator Molecule Type Activation 
z-score

p-value
of
overlap

GSKJ4 chemical reagent 5.048 7.57E-18 
CD 437 chemical drug 6.173 1.69E-12 
ST1926 chemical drug 5.799 6.37E-12 
metribolone chemical reagent -7.648 1.87E-10 
actinonin chemical reagent 3.317 2.70E-09 
IND S1 chemical - kinase inhibitor 0.302 1.09E-07 
5-fluorouracil chemical drug 2.671 1.56E-08 
trichostatin A chemical drug -3.257 8.85E-07 
PCGEM1 other -3.696 9.53E-07 
1,2-dithiol-3-thione chemical reagent -4.967 1.28E-06 
decitabine chemical drug -3.542 2.35E-06 

beta-estradiol chemical - endogenous 
mammalian -7.079 2.93E-06 

mono-(2-
ethylhexyl)phthalate chemical toxicant -5.073 3.01E-06 

tazemetostat chemical drug 1.121 3.88E-06 
SP2509 chemical reagent 1.254 4.47E-06 
torin1 chemical reagent 5.339 9.53E-06 

D-glucose chemical - endogenous 
mammalian 0.006 1.18E-05 

MEL S3 chemical - kinase inhibitor 0.632 2.47E-05 
miR-127 prodrug chemical reagent 2.234 3.96E-05 
MEL T1 chemical - kinase inhibitor -0.378 7.27E-05 

Cluster 4 dexamethasone chemical drug 2.675 1.30E-19 
chloropromazine chemical drug 2.207 3.00E-18 
(-)-norephedrine chemical drug 3.317 3.15E-17 
lysophosphatidylcholine chemical - other 3.873 2.52E-15 

beta-estradiol chemical - endogenous 
mammalian 3.597 1.19E-13 

elaidic acid chemical - endogenous 
mammalian 4.084 2.33E-13 

isoquercitrin chemical drug 2.985 4.22E-13 
25-hydroxycholesterol chemical reagent -1.444 4.82E-11 
pitavastatin chemical drug 2.937 6.13E-11 
atorvastatin chemical drug 2.456 3.97E-10 
ezetimibe chemical drug 2.81 1.47E-09 
rosuvastatin chemical drug 2.345 1.84E-09 

dihydrotestosterone chemical - endogenous 
mammalian 2.503 2.52E-09 

lithium chloride chemical drug 2.557 2.86E-09 
PD98059 chemical - kinase inhibitor -3.495 3.64E-09 
3-deoxy-2-octulosonic
acid(2)-lipid A

chemical - endogenous 
non-mammalian -0.378 5.79E-09 

Gm35986 other -2.216 7.50E-09 
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 TO-901317 chemical reagent 1.295 3.87E-09 

 sterol chemical - endogenous 
mammalian -2.587 1.31E-08 

 bucladesine chemical toxicant 4.579 1.33E-08 
 

Activation z-scores were not generated for most of the upstream regulators in Cluster 3. 
These could be due to the fact that these genes are expressed throughout gestation and are not 
differentially expressed. 
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S12 Table. Chemical upstream regulators (including endogenous molecules) associated 
with the weak clusters (clusters 2 and 3). 

Cluster 2 Upstream Regulator Molecule Type Activatio
n z-score 

p-value
of
overlap

beta-estradiol chemical - endogenous 
mammalian 6.994 2.34E-13 

dexamethasone chemical drug 4.76 4.53E-13 
8-bromo-cAMP chemical reagent 7.755 1.33E-12 
thioacetamide chemical toxicant 4.372 1.54E-11 
medroxyprogesterone 
acetate chemical drug 7.159 1.05E-10 

trans-
hydroxytamoxifen chemical drug -2.135 5.21E-10 

halofuginone chemical drug -2.216 7.47E-10 
triptolide chemical drug -5.053 1.08E-09 
lipopolysaccharide chemical drug 6.225 1.47E-09 

D-glucose chemical - endogenous 
mammalian 5.076 7.70E-09 

trichostatin A chemical drug 1.985 1.41E-08 
estrogen chemical drug 2.554 1.23E-07 
2-amino-5-
phosphonovaleric acid chemical - other -0.482 2.60E-07 

branched chain amino 
acids chemical drug -3 2.88E-07 

prednisolone chemical drug -1.147 7.09E-07 
thapsigargin chemical toxicant 2.22 9.11E-07 
ramipril chemical drug -1.943 1.46E-06 

dihydrotestosterone chemical - endogenous 
mammalian 3.025 1.60E-06 

aspirin chemical drug -4.891 1.78E-06 

levodopa chemical - endogenous 
mammalian 0.472 1.83E-06 

MM-589 chemical reagent -1.69 2.47E-06 
PTC-209 chemical reagent -1.69 2.47E-06 

Cluster 3 AMP chemical - endogenous 
mammalian 3.22E-03 

sulpiride chemical drug 7.81E-03 
Congo Red chemical toxicant 7.81E-03 
2-(3-
hydroxypropoxy)calci
triol 

chemical drug 1.41E-02 

tetrodotoxin chemical drug 1.67E-02 
6-amino-4-(4-
phenoxyphenylethyla
mino)quinazoline

chemical reagent 1.79E-02 

ziprasidone chemical drug 1.79E-02 
tolbutamide chemical drug 2.20E-02 
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CGP 42112 chemical reagent 2.20E-02 

formononetin chemical - endogenous 
non-mammalian 2.20E-02 

5'-adenylyl 
(beta,gamma-
methylene)diphospho
nate 

chemical reagent 2.36E-02 

pregnanolone chemical - endogenous 
mammalian 2.36E-02 

taurolithocholate-3-
sulfate 

chemical - endogenous 
mammalian 2.36E-02 

soraphen-A1alpha chemical - endogenous 
non-mammalian 2.36E-02 

A-443654 chemical reagent 2.36E-02 
tiapride chemical drug 2.36E-02 
ATP-gamma-S chemical reagent 2.08E-02 
CORT-108297 chemical reagent 2.36E-02 
betel quid extract chemical reagent 2.36E-02 
RECTAS chemical reagent 2.36E-02 

Activation z-scores were not generated for most of the upstream regulators in Cluster 3. 
These could be due to the fact that these genes are expressed throughout gestation and are not 
differentially expressed. 
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.
providing a link between the genetic basis and foetal predisposition to
PCOS.

Circulating levels of TGFb2 were found to be correlated with an
drogen levels in women (Raja Khan et al., 2014) and skeletal muscles
in adult women with PCOS have higher expression levels of genes
controlled by TGFb and they produce more collagens (Stepto et al.,
2020). In adipose tissue of PCOS women, TGFb1 was identified as
the master upstream regulator (Dumesic et al., 2019). In order to fur
ther our knowledge of TGFb and foetal ovary development, we exam
ined the regulation of eight additional PCOS candidate genes and the
expression of TGFb signalling molecules during foetal ovary develop
ment using RNA sequencing (RNA seq) analysis.

Materials and methods

Ethical approval for the study
Ethical approval was not required for this study, as foetuses and foetal
ovaries were scavenged from animals being processed for human con
sumption and were not owned by the authors or their institutions. As
such the University of Adelaide’s Animal Ethics Committee only
requires notification of this.

Collection of bovine foetal ovaries
For RNA seq, foetal ovarian pairs across gestation (62 276 days,
n¼ 19) were collected from pregnant Bos taurus cows at the abattoir
of Midfield Meat International, Warrnambool, Victoria, Australia and
were immediately frozen on dry ice on site and later stored in the lab
oratory at 80�C.

For TGFb1 treatment, foetuses from pregnant B. taurus cows were
collected at local abattoirs (Thomas Foods International, Murray
Bridge, SA, Australia and Strath Meats, Strathalbyn, SA, Australia) and
transported on ice in Hank’s balanced salt solution (HBSS) with cal
cium and magnesium (HBSSþ/þ) to the laboratory. The gestational
ages of all foetuses were estimated from the crown rump length
(CRL) (Russe, 1983). Foetuses with a CRL <8 cm underwent sex de
termination as previously reported by Hummitzsch et al. (2013).

RNA extraction and RNA-seq
Using the Mo Bio Powerlyser 24 (Mo Bio Laboratories Inc., Carlsbad,
CA, USA) and 1 ml TrizolVR (Thermo Fisher Scientific, Waltham, MA,
USA), whole foetal bovine ovaries were homogenized and RNA
extracted according to manufacturer’s instructions. DNase I
(Promega/Thermo Fisher Scientific Australia Pty Ltd, Tullamarine, VIC,
Australia) was used to treat all samples. The RNA concentration and
quality were then determined using the ExperionTM RNA StdSens
Analysis kit and the ExperionTM Automated Electrophoresis System
(Bio Rad Laboratories Pty., Ltd., Gladesville, NSW, Australia). Of total
RNA, 500 ng/50ml per well (96 well plate) of each sample was used
for RNA seq.

RNA seq based transcriptome profiling was performed at the
SAHMRI Genomics Facility (SAHMRI, Adelaide, SA, Australia). Briefly,
single end poly A selection mRNA libraries (�35 M reads per sample)
were created using the Nugen Universal Plus mRNA Seq library kit
from Tecan (Mannedorf, Switzerland) and sequenced with an Illumina

Nextseq 500 using single read 75 bp (v2.0) sequencing chemistry
(Illumina Inc., San Diego, CA, USA). Two sequencing runs, with 10
samples per run, were performed and a sample (15/R43t, 135 days
gestational age) was used as internal control in both runs.

RNA-seq data analysis using Partek flow
The raw data containing FASTQ files were uploaded to Partek FlowVR

Software, version 8.0 (Partek Incorporated, St. Louis, MO, USA). All
samples underwent a pre alignment quality assessment and showed
Phred Quality Scores larger than 30. The reads were aligned and an
notated to the bovine genome ARS UCD1.2 (bosTau9; https://www.
ncbi.nlm nih.gov/assembly/GCF 002263795.1/) using STAR 2.7.3a
aligner (>97% alignment rate for all samples) and Partek E/M, respec
tively. The FASTQ files, normalised data and experimental information
have been deposited in the Gene Expression Omnibus (GEO) (Barrett
et al., 2009), accessible by accession number GSE178450. The expres
sion of TGFbs, LTBPs, fibrillins and TGFb receptors were analysed us
ing Partek FlowVR Software (version 8.0). Scatter plots showing the
expression patterns for fibrillins, LTBPs, TGFbs and TGFb receptors
across gestation were generated using GraphPad Prism version 8
(GraphPad Software Inc., La Jolla, CA, USA). Pearson’s correlation of
the genes with gestational age as well as with each other were further
analysed.

Treatment of bovine foetal fibroblasts with
TGFb1
Foetal fibroblasts (160 198 days, n¼ 6) were cultured and treated
with 5 ng/ml or 20 ng/ml TGFb1 (R&D Systems) as previously de
scribed by Bastian et al. (2016). Briefly, bovine foetal fibroblasts were
seeded at 30 000 cells/well in 24 well plates in DMEM/F12 medium
containing 5% (v/v) foetal calf serum, 100 IU/ml penicillin, 0.01%
streptomycin sulfate (GIBCO, Carlsbad, CA, USA, 15140122) and
0.1% fungizone at 38.5�C and 5% CO2. At 60 70% confluency, cells
were treated with 5 ng/ml or 20 ng/ml of TGFb1 for 18 h in DMEM/
F12 medium containing 1% foetal calf serum and then harvested and
stored at 80�C for analysis.

RNA isolation, cDNA synthesis and
quantitative real-time PCR
Bovine foetal fibroblasts were homogenized in 1 ml TrizolVR (Thermo
Fisher Scientific, Waltham, MA, USA) using the Mo Bio Powerlyser 24
(Mo Bio Laboratories Inc., Carlsbad, CA, USA) and RNA extracted
according to manufacturer’s instructions as reported previously
(Bastian et al., 2016). Complementary DNA was then synthesized
from 200 ng of DNase treated RNA using random hexamers (Sigma,
Adelaide, SA, Australia) and 200 U Superscript Reverse Transcriptase
III (Thermo Fisher Scientific, Waltham, MA, USA) as previously de
scribed (Hartanti et al., 2020). Based on available RNA sequences in
NCBI, PCR primers for eight newly discovered PCOS candidate genes
(ERBB3, MAPRE1, FDFT1, NEIL2, ARL14EP, PLGRKT, IRF1 and ZBTB16)
were designed to span introns using Primer3 plus and Net primer soft
ware (PREMIER Biosoft Palo Alto, CA, USA) and primers are listed in
Table I. Primer combinations were tested as previously described
(Hummitzsch et al., 2013; Liu et al., 2020). The amplification condi
tions were 95�C for 15 s, then 60�C for 60 s for 40 cycles using Rotor
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.
hallmark of polycystic ovaries, (ii) in foetal ovarian fibroblasts TGFb1
can regulate seven genes genetically associated with PCOS, (iii) in foe
tal ovarian fibroblasts TGFb1 can alter the expression of AR and an
AR cofactor and androgen signalling has been shown to be very likely
involved in the foetal development of an adult PCOS phenotype, (iv)
in foetal ovarian fibroblasts TGFb1 can regulate expression of COL1A1
and COL3A1 thus regulating collagen synthesis and (v) many of
the components of TGFb signalling are dynamically expressed in
foetal ovaries across gestation as are the PCOS candidate genes. The
implications of these findings for the function of other organ systems
associated with PCOS, like the skeletal muscle, should also be
explored.

Data availability
The FASTQ files, normalised data and experimental information have
been deposited in the Gene Expression Omnibus (GEO) accessible by
accession number GSE178450. Data used to create Figs 1 4 can be
found at FigShare.
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Conclusions: These findings suggest that these genes have tissue- or

development-specific roles in multiple organs, possibly resulting in the various

symptoms associated with PCOS. Thus the fetal origin of a predisposition to

PCOS in adulthood could arise via the effects of PCOS candidate genes in the

development of multiple organs.

KEYWORDS

fetus, ovary, testis, kidney, liver, heart, brain, PCOS (polycystic ovarian syndrome)

Introduction

Polycystic ovary syndrome (PCOS) is a heterogeneous disorder

that affects 10% women of reproductive age of which 72% suffer

infertility due to anovulation (1). The disorder has become a public

health concern presenting long term complications in women,

notwithstanding challenges of diagnosis to clinicians and

researchers. The syndrome presents varying symptoms ranging

from endocrine features including hyperandrogenism (hirsutism,

acne, alopecia); reproductive features including menstrual

irregularities and infertility; metabolic features such as insulin

resistance, obesity, hyperinsulinemia, type 2 diabetes mellitus; and

cardiovascular features including atherogenic dyslipidaemia, a

prothrombotic state, elevated blood pressure and increased

circulation proinflammatory markers (2 9). The syndrome also

affects the psychological health of patients causing anxiety and sleep

disturbances as well as sleep disorders (10). Aside from the

challenges of delayed diagnosis and lack of treatment options,

these symptoms collectively worsen the psychological health of

PCOS women.

Some of the metabolic symptoms of PCOS have also been

observed in male offspring of PCOS mothers in both human and

animal studies (11 16). However, the cause of the syndrome still

remains unclear. The genetic and fetal origins of the disorder have

become the focus of current studies. Previous studies have shown

that PCOS candidate genes including those in loci identified in

GWAS and microsatellite genotyping are dynamically expressed in

human and bovine fetal ovaries (17 19). Also, these genes are co

expressed with genes involved in mitochondrial function, stromal

expansion and steroidogenesis during fetal ovary development (18).

Even though, it is not clear how these genes further regulate

canonical pathways during fetal development leading to PCOS

predisposition later in life, numerous theories in the literature

have associated these pathways to the aetiology of PCOS.

Interestingly, these candidate genes were not differentially

expressed in the ovaries of adult women with PCOS when

compared with controls (19), further supporting the possible fetal

origin of the syndrome.

Although the name PCOS suggests a syndrome of the ovary, the

disorder presents symptoms associated with other organs of the body.

The majority of PCOS studies have focussed on the role of the ovary in

understanding the disorder, however, most of these studies have

increased the conundrum surrounding the syndrome. Currently,

animal studies, including genetic knock out studies, are focussing on

the role of genes in or near loci associated with PCOS; towards

delineating the disorder. However, studies delineating the expression

patterns of these candidate genes during fetal and adult development in

different tissues/organs, other than the ovary, are lacking. Thus, this

study seeks to delineate the expression patterns of genes in loci

associated with PCOS (17 19) in gonadal, metabolic and brain

tissues during fetal development as well as postnatally until

adulthood using publicly available human RNA sequencing data. For

the purpose of presentation and discussion, the PCOS candidate genes

were grouped based on their known basic functions; DNA/RNA

regulation/processing (HMGA2, TOX3, GATA4, YAP1, ZBTB16,

IRF1, NEIL2, RAD50, KRR1), cellular functions (RAB5B, ARL14EP,

DENND1A, THADA, MAPRE1), enzymatic reactions (C9orf3/AOPEP,

SUOX, SUMO1P1), cell surface receptors (ERBB3, ERBB4, PLGRKT),

extracellular matrix regulation (FBN3), metabolism (INSR, FDFT1),

and reproduction (FSHB, FSHR, LHCGR, AR, AMH).

Materials and methods

We analysed normalised human RNA sequencing data (counts

per million) deposited in Array Express (E MTAB 6814) from the

‘Gene expression across mammalian organ development’ project,

which sampled seven organs collected from males and females. The

prenatal samples in that project were provided by the MRC

Wellcome Trust Human Developmental Biology Resource based

in the United Kingdom. They were from elective abortions with

normal karyotypes. Postnatal samples were provided by the NICHD

Brain and Tissue Bank for Developmental Disorders at the

University of Maryland, USA, and by the Chinese Brain Bank

Center in Wuhan, China. They originated from individuals with

diverse causes of death that, given the information available, were

not associated with the organ sampled. The patient information

provided in this project was gender and age or developmental status

(Tables S1 S3). The status regarding any PCOS is unknown but it is

possible that some samples are from such women. The organs in

this project represent the three germ layers: the ectoderm consisting

of brain (forebrain/cerebrum) and cerebellum (hindbrain/

cerebellum); the mesoderm of heart, kidney, ovary and testis; and

the endoderm of the liver (20). The expression of PCOS candidate
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genes was studied in all 7 tissues in fetuses 4 20 weeks post

conception (wpc) and from birth till adulthood. Fetal ovary

samples were available only up to 18 wpc and no postpartum

samples were available, while kidney samples were collected only up

to 8 years. Postnatally, we grouped the samples as prepubertal (from

birth till 9 years), pubertal (13 19 years) and adulthood (each

decade until 65 years of age). In testis samples, 13 14 years were

considered as early puberty, and 15 19 as late puberty as grouped in

the original study (20).

The tissues were grouped according to function; gonads (ovary

and testis), metabolic tissues (liver, kidney, and heart), and brain

tissues (brain and cerebellum). Expression data of PCOS candidate

genes studied previously (17 19) were extracted from normalised

data and further analysed. The possible influence of transcriptional

and post transcriptional mechanisms such as mRNA stability/

degradation, storage in stress granules, translational control was

not the focus of this study. Specifically, time course scatterplots

were generated for each gene as grouped for all samples available

using ggplot2 package in R (21). Tables S1 3 show the sex and

specific time points (gestational age/years postnatally) of samples

plotted for each gene. Pearson’s correlation was then carried out for

each fetal tissue separately using IBM SPSS Statistics for Windows,

version 25 (IBM Corp., Armonk, NY, USA). The correlation of each

gene with others within each tissue was then compared with that in

the other tissues and the output collated based on all significant

correlations (P < 0.01). No further statistical analysis was conducted

as this study, from a basic science perspective, provides an initial set

of results for more comprehensive and translational studies.

Results

Expression in fetal tissues

Gene expression in the context of this study refers to the steady

state mRNA levels measured. The expression of PCOS candidate

genes was studied in 7 fetal tissues (ovary, testis, heart, liver, kidney,

brain and cerebellum) from early till mid gestation (4 20 wpc). All

genes were dynamically expressed across all tissues, with few

exceptions. Although there were fewer female samples than males,

there was no difference in gene expression observed between the

two sexes in the same tissues, excluding the gonads. We compared

gene expression among different tissues and found that some genes

were significantly expressed in gonadal tissues, whilst others were

expressed in the metabolic or brain tissues at different time points

prenatally and/or postnatally.

DNA and RNA regulation/processing genes (HMGA2, TOX3,

GATA4, YAP1, ZBTB16, IRF1, NEIL2, RAD50, KRR1) were

dynamically expressed across gestation. HMGA2 was highly

expressed at 4 weeks and expression decreased significantly till

mid gestation in all tissues (Figure 1). This expression pattern was

also observed in YAP1 (Figure 2) and ZBTB16 (Figure S1A) in both

brain tissues. IRF1 and GATA4 were not detected in the brain and

cerebellum (Figures S1B, C). Levels of all other genes in this group

are very consistently expressed in the two brain tissues during the 20

weeks. The expression of YAP1 also declined in the liver and ovary,

whereas it had a U shaped distribution in the testis and was highly

expressed throughout gestation in heart and kidney (Figure 2).

Furthermore, GATA4 expression increased significantly until 13

weeks in gonadal tissues and levels drastically decreased thereafter

(Figure S1C). A similar steep increase in expression with a decline

after 10 weeks was observed for TOX3 in the fetal ovary, whereas

levels in the testis were always low (Figure S1D). In metabolic

tissues, GATA4 was highly expressed in heart tissues throughout

gestation, whereas the expression in the liver was highest at 4 weeks

and then declined, however, only low levels of expression were

observed in fetal kidneys. TOX3, on the other hand, was least

expressed in metabolic tissues with a slight increase in expression

in kidney tissues towards mid gestation (Figure S1D). ZBTB16

expression was low and remained relatively constant in most of

the fetal tissues (Figure S1A). IRF1 levels increased slightly as the

fetus developed in both gonadal and metabolic tissues (Figure S1B).

NEIL2 was moderately expressed in the metabolic and brain tissues,

however, the levels increased slightly after 14 weeks in the brain

tissues (Figure S1E). In addition, NEIL2 expression increased

significantly in the gonadal tissues, especially the ovary, as the

fetus developed. RAD50 was expressed highest at 12 weeks in the

ovary, but remained relatively constant in all tissues studied

A B C

FIGURE 1

Expression of HMGA2 in gonadal (A), metabolic (B) and brain tissues (C) during the first half of fetal development and postnatally. Short dashes
distinguish fetal samples from postnatal ones.
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(Figure 3). KRR1 was dynamically expressed in all tissues with levels

remaining relatively constant throughout the first half of gestation

(Figure S1F).

Cell function genes (RAB5B, ARL14EP, DENND1A, THADA,

MAPRE1), were expressed at relatively constant levels in most

tissues with very few exceptions (Figure S2). In brain tissues,

expression levels of THADA and MAPRE1 decreased significantly

towards 20 weeks. The expression of the genes for the enzymes

C9orf3/AOPEP, SUOX and SUMO1P1 was relatively low or absent

in most fetal tissues (Figure S3).

Cell surface receptor genes (ERBB3, ERBB4, PLGRKT) were

dynamically expressed in the tissues studied. ERBB3 was least

expressed in the ovary, heart and brain (brain and cerebellum)

tissues, but highly in testis from week 7 up until week 14 before

declining. ERBB3 was also highly expressed in the fetal kidney and

liver throughout the 20 weeks (Figure S4A). Although, ERBB4 was

least expressed in the liver and both gonadal tissues, it was highly

expressed in the kidney, heart, and both brain tissues during early to

mid stage fetal development (Figure S4B). PLGRKT was evenly

expressed in all fetal tissues throughout the 20 weeks of gestation

(Figure S4C). Like GATA4, FBN3 levels increased until 8 weeks and

levels decreased thereafter in gonadal, kidney and heart tissues

(Figure S5). However, FBN3 was least expressed in the liver and

heart tissues whilst levels remained relatively constant in the

brain tissues.

Metabolic genes (INSR, FDFT1) were expressed significantly in

all tissues during fetal development. INSR expression remained

relatively constant in all fetal tissues throughout the 20 weeks of

gestation (Figure S6A). FDFT1 was expressed higher in the first

weeks of fetal liver development, but decreased significantly

thereafter. In the fetal testis, FDFT1 showed a steep increase in

expression between 8 13 weeks before dramatically declining

towards 20 weeks. FDFT1 was least expressed in the kidney and

heart during the early stages of fetal development (Figure S6B).

Notably, genes involved in reproduction (FSHB, FSHR, LHCGR,

AR, AMH) were not expressed in most of the fetal tissues before

mid gestation, as expected. FSHB was only detected in three kidney

and one cerebellum samples during mid gestation, but not in all

other fetal samples throughout the 20 weeks (Figure S7B). FSHR,

LHCGR and AMH levels showed a steep increase after 7 8 weeks

gestation in the fetal testis, whereas levels remained relatively low in

the fetal ovary (Figures S7B, C, E). An increasing expression of

FSHR and AR were observed in ovary tissues at low levels till mid

gestation (Figure S7).

A B C

FIGURE 2

Expression of YAP1 in gonadal (A), metabolic (B) and brain tissues (C) during the first half of fetal development and during lifetime. Short dashes
distinguish fetal samples from postnatal ones.

A B C

FIGURE 3

Expression of RAD50 in gonadal (A), metabolic (B) and brain tissues (C) during the first half of fetal development and during lifetime. Short dashes
distinguish fetal samples from postnatal ones.
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Relationships of gene expression
in fetal tissues

Pearson’s correlation of candidate genes with each other as well

as with gestational age was carried out for each tissue separately and

the outcome of all significant correlations (P < 0.01) for all tissues

collated into a table for each gene. All PCOS candidate genes

showed a significant (P < 0.01) correlation with gestational age

(days) in at least one tissue studied except for FSHB, SUOX and

SUMO1P1 (Table 1). Selected gene expression relationships are

reported here, however, detailed data on other genes not mentioned

here can be found in supplementary tables (Tables S4 28).

Interestingly, the correlation of HMGA2/YAP1 and RAD50/YAP1

were significant in at least 5 of the 7 fetal tissues studied.

While HMGA2 significantly correlated negatively with

gestational age in all tissues studied, IRF1 correlated with

gestational age in 5 tissues including gonads and cerebellum but

not heart and brain tissues (Table 1). FBN3 expression correlated

negatively with gestational age in testis and all metabolic tissues

while GATA4 correlated negatively with gestational age in all

metabolic tissues. AR correlated positively with gestational age in

the gonads and the liver but negatively in brain tissues. LHCGR,

YAP1, ZBTB16, THADA, and MAPRE1 correlated negatively with

gestational age in brain tissues but positively with NEIL2 (Table 1).

Interestingly, RNA/DNA regulation/processing genes

correlated with each other and other candidate gene significantly

in at least 3 tissues studied. For instance, HMGA2 expression

significantly correlated positively with FSHR, ERBB3/4, TOX3,

YAP1, THADA, MAPRE1, and FBN3, but negatively with INSR,

and IRF1 in at least 3 tissues studied (Table 2). YAP1 expression

significantly correlated positively with FSHR, LHCGR, ERBB4,

HMGA2, RAD50, KRR1, ARL14EP, THADA, and MAPRE1, but

negatively with INSR and DENND1A in at least 3 tissues studied

(Table 3). ZBTB16 expression significantly correlated positively

with AR, RAD50, THADA and MAPRE1 in at least 3 tissues

studied (Table S6). RAD50 expression significantly correlated with

THADA in all tissues, with YAP1, KRR1, MAPRE1 in 6 tissues and

with AR, AMH, ZBTB16, RAB5B, ARL14EP, DENND1A and

AOPEP in at least 3 tissues (Table 4). KRR1 expression

significantly correlated positively with YAP1, ZBTB16, RAD50,

THADA and MAPRE1 but negatively with AMH and SUOX in at

least 3 tissues (Table S9).

More so, genes involved in cell function (RAB5B, ARL14EP,

DENND1A, THADA, and MAPRE1) significantly correlated with

RAD50 in at least 4 tissues (Tables S10 14). THADA and MAPRE1

significantly correlated positively with each other in 5 tissues and

both genes correlated positively with FDFT1, HMGA2, ZBTB16,

KRR1, and THADA in at least 3 tissues. More so, ERBB3

significantly correlated with FSHR, LHCGR, HMGA2, NEIL2,

THADA, and AOPEP in at least 3 tissues (Table S18). ERBB4

significantly correlated with HMGA2, TOX3, YAP1, and RAB5B

in at least 3 tissues studied (Table S19).

In testis tissues, INSR and FDFT1 expression significantly

correlated with each other positively; both genes also significantly

correlated positively with FSHR, LHCGR, AMH, GATA4, and

NEIL2, but negatively with HMGA2 and YAP1 (Tables S22, S23).

FSHB expression did not correlate with other reproductive genes,

but correlated significantly with ZBTB16 and IRF1 in the kidney

(Table S24). FSHR significantly correlated positively with other

genes including LHCGR, AR, ERBB3, HMGA2, and GATA4 in at

least 4 tissues (Table S25). LHCGR expression significantly

correlated positively with AMH, INSR, FDFT1, ERBB3, NEIL2,

and MAPRE1, but negatively with HMGA2 and YAP1 in the testis

(Table S26). Detailed correlation relationships on other genes are in

Supplementary Tables S4 S28.

Postnatal gene expression

The expression of PCOS candidate genes was studied in 5

tissues (testis, heart, liver, brain, and cerebellum) from birth till

adulthood and in kidney samples till 8 years old. No data from

postnatal ovary samples were available. We compared the levels of

gene expression in the fetal tissues to those in the corresponding

postnatal tissues. We found that RAD50 (Figure 3), KRR1, NEIL2

(Figure S4), and DENND1A, THADA, MAPRE1, RAB5B, and

ARL14EP (Figure S5) were dynamically expressed in all postnatal

tissues studied.

HMGA2 (Figure 1) and TOX3 (Figure S1D, except for

prepubertal kidney), were not expressed in any tissue postnatally.

RAD50, NEIL2, and KRR1 (Figure 3 and Figures S1E, F respectively)

were expressed in all tissues studied. YAP1 expression was high in

testis, kidney and heart during fetal life, but decreased to very low

levels towards adulthood (Figure 2). The expression levels in liver,

brain and cerebellum remained low postnatally similar to fetal

levels. ZBTB16 expression levels in the metabolic tissues increased

during the prepubertal stage and then slowly declined towards

adulthood (Figure S1A), whereas levels in the two brain tissues

increased with age. Expression levels in the testis remained

relatively constant postnatally at levels similar to those of mid

gestation. IRF1 expression increased dramatically from birth until

adulthood in all three metabolic tissues (Figure S1B). GATA4 was

only significantly expressed in the heart tissues and slightly in testis

samples after puberty, whereas all other tissues showed low to nil

expression (Figure S1C). Even the expression levels in the brain

tissues were slightly higher after birth and throughout lifetime. On

the other hand, in testis IRF1 expression was dramatically higher

during prepuberty, and then declined again towards adulthood to

levels comparable to mid gestation.

All genes involved in cell function (RAB5B, ARL14EP,

DENND1A, THADA, MAPRE1) were dynamically expressed in all

tissues studied (Figure S2). Notably, RAB5B levels increased slightly

from birth till the end of puberty in the brain tissues where they

remained relatively constant thereafter (Figure S2A). ARL14EP and

DENND1A levels remained relatively constant in all tissues

postnatally and at similar levels as during fetal life (Figures S2B,

C). THADA and MAPRE1 levels decreased slightly after birth in all

tissues compared to fetal life (Figures S2D, E).

C9orf3/AOPEP and SUOX showed increased expression during

prepuberty in testis compared to fetal life (Figure S3). However, this

expression declined to very low levels at puberty and in adulthood.

In the metabolic tissues, C9orf3/AOPEP and SUOX expression
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increased significantly after birth (Figures S3A, B). C9orf3/AOPEP

expression increase slightly in the brain tissues towards adulthood

(Figure S3A). SUMO1P1 expression was undetectable until puberty

and then increased dramatically towards adulthood in testis,

whereas no expression was detected in any other postnatal tissues

(Figure S3C).

Cell surface receptor genes (ERBB3, ERBB4, PLGRKT) were

dynamically expressed postnatally (Figure S4). ERBB3 expression

levels remained low and constant in the heart, kidney and brain

tissues while levels increased with age in the liver and kidney. In the

testis, ERBB3 expression was high during prepuberty, but levels

declined significantly at puberty where it remained low during late

puberty and adult life (Figure S4A). ERBB4 expression was least in

the liver and testis tissues, but levels remained constant in the brain.

Compared to fetal life, ERBB4 expression decreased during

prepuberty in heart and kidney samples but levels remained low

and constant thereafter in the heart (Figure S4B). PLGRKT was

highest expressed in heart tissues postnatally and the expression

increased with age. Levels also increased slightly from birth till

prepuberty in kidney samples whilst expression remained relatively

constant in testis, liver and brain tissues (Figure S4C). Postnatally

FBN3 was not expressed in any tissues (Figure S5).

TABLE 1 Pearson’s correlation coefficients (R) between PCOS candidate genes mRNA expression levels and gestational age across individual tissues.

Genes Ovary Testis Heart Kidney Liver Cerebellum Brain

FSHB - - - 0.46a – 0.35a –

FSHR 0.24 0.16 -0.41a -0.50b -0.28 -0.30 -0.45b 2-

LHCGR -0.42 0.20 -0.03 -0.12 -0.46b -0.37a -0.61c 2-

AR 0.51a 0.85d 0.16 0.09 0.64d -0.58c -0.75d 2+, 2-

AMH -0.17 0.00 -0.33 -0.56b -0.25 0.04 -0.34 1-

INSR -0.14 0.36 0.29 0.31 0.52b 0.20 0.74d 2+

FDFT1 0.20 0.17 -0.26 -0.57b -0.42a -0.72d -0.14 2-

ERBB3 -0.31 0.05 -0.39a 0.52b -0.04 -0.34 -0.38a 1+

ERBB4 -0.61b -0.47a 0.12 0.79d -0.29 0.23 0.29 1+, 1-

PLGRKT -0.72c -0.32 0.53b 0.52b 0.14 -0.48b -0.15 2+, 2-

HMGA2 -0.77c -0.75d -0.69d -0.85d -0.55c -0.64d -0.72d 7-

TOX3 0.34 -0.50b -0.31 0.68d -0.51b -0.60c -0.07 1+, 3-

GATA4 0.45 -0.15 -0.51b -0.53b -0.66d -0.03 -0.22 3-

YAP1 -0.65b -0.02 0.21 0.12 -0.47b -0.72d -0.74d 4-

ZBTB16 0.43 0.62c 0.43a 0.25 0.15 -0.66d -0.57c 1+, 2-

IRF1 0.69b 0.84d 0.11 0.67c 0.82d 0.54b 0.04 5+

NEIL2 0.75c 0.31 -0.42a -0.56b 0.27 0.75d 0.67d 3+, 1-

RAD50 0.31 0.04 0.01 -0.04 0.05 -0.61c -0.28 1-

KRR1 0.01 0.29 0.34 0.30 0.36a -0.58c -0.28 1-

RAB5B -0.04 0.27 0.33 0.54b 0.32 0.06 0.25 1+

ARL14EP -0.39 0.30 0.53b 0.32 -0.03 -0.02 0.30 1+

DENND1A 0.33 -0.14 -0.35a 0.01 -0.22 0.66d 0.09 1+

THADA 0.21 -0.12 -0.11 0.01 -0.36a -0.79d -0.78d 2-

MAPRE1 0.06 -0.19 -0.41a -0.61c 0.16 -0.78d -0.69d 3-

AOPEP 0.02 0.11 0.28 0.57b -0.20 -0.41a -0.65d 1+, 1-

SUOX -0.26 -0.41a -0.27 0.12 -0.34a 0.16 -0.13

SUMO1P1 0.09 0.10 -0.18 0.06 0.00 – 0.22

FBN3 -0.44 -0.73d -0.77d -0.73d -0.46b -0.17 0.43a 4-

Positive and negative correlations are marked in pink and blue, respectively. The colour intensity corresponds with the strength of the correlation. P-values: a < 0.05; b < 0.01; c < 0.001; d < 0.0001.
Tissues with P < 0.01 were regarded as significant. ϮNumber of organs with significant (P < 0.01), positive (+) or negative (-) correlations. (-) for no gene expression.
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Metabolic genes (INSR, FDFT1) were expressed dynamically

from birth throughout lifetime in all tissues (Figure S6). In the testis,

INSR levels decreased from birth until adulthood, while FDFT1

levels increased. The expression of both genes remained constant

during prepuberty, puberty and adulthood. The levels of INSR

expression in the liver appeared slightly higher postnatally

compared to fetal life, whereas those in kidney and heart were

relatively unchanged. Relative to fetal expression, FDFT1 declined

towards puberty/adulthood more in the liver, and only slightly in

the brain tissues.

The expression of all reproductive genes (FSHB, FSHR, LHCGR,

AMH and AR) was very low or nil at the postnatal stages for both

brain tissues and the three metabolic tissues, except for high FSHB

expression in prepubertal kidney and high AR expression in the

liver (Figure S7). AMH level was also low or not detected in

postnatal testes (Figure S7E). FSHB showed an increased

expression in the testis during puberty followed by a decline

during adulthood, whereas FSHR was low prepubertally, then

increased expression at puberty and the levels remained high

throughout adulthood (Figures S7A, B). Contrary to this,

TABLE 2 Pearson’s correlation coefficients (R) between PCOS candidate genes mRNA expression levels and HMGA2 across individual tissues.

Genes Ovary Testis Heart Kidney Liver Cerebellum Brain

FSHB - - - -0.34 - -0.09 -

FSHR -0.61b -0.37 0.67d 0.64c 0.82d 0.59c 0.45b 5+, 1-

LHCGR 0.52a -0.58b 0.18 0.13 0.41a 0.68d 0.68d 2+, 1-

AR -0.31 -0.49a -0.03 0.19 -0.050 0.92d 0.85d 2+

AMH -0.16 -0.55b -0.12 0.53b -0.03 -0.330 -0.044 1+, 1-

INSR -0.16 -0.71d -0.33 -0.22 -0.61d -0.42a -0.65d 3-

FDFT1 -0.07 -0.50b 0.75d 0.57b 0.15 0.41a -0.176 2+, 1-

ERBB3 0.05 -0.37 0.82d -0.68d 0.10 0.68d 0.60c 3+, 1-

ERBB4 0.77c 0.60c 0.11 -0.74d 0.78d -0.32 -0.22 3+, 1-

PLGRKT 0.63b -0.09 -0.60c -0.42a -0.22 0.19 -0.10 1+, 1-

HMGA2 * * * * * * *

TOX3 -0.59a 0.86d 0.58c -0.54b 0.62d 0.11 0.05 3+, 1-

GATA4 -0.82d -0.25 0.33 0.70d 0.94d -0.14 -0.08 2+

YAP1 0.86d 0.53b 0.20 0.06 0.97d 0.96d 0.92d 5+

ZBTB16 -0.40 -0.26 -0.14 -0.27 0.20 0.86d 0.76d 2+

IRF1 -0.62b -0.72d 0.19 -0.71d -0.42b 0.02 0.25 4-

NEIL2 -0.78c -0.60b 0.53b 0.67c -0.17 -0.30 -0.34 2+, 2-

RAD50 -0.20 0.29 0.35a 0.28 0.39a 0.67d 0.53b 2+

KRR1 -0.12 0.09 -0.05 -0.09 -0.08 0.54b 0.50b 2+

RAB5B 0.33 -0.05 0.12 -0.44a 0.24 0.11 -0.03

ARL14EP 0.48a -0.01 -0.34 -0.11 0.35a -0.11 -0.18

DENND1A -0.70b 0.09 0.62c -0.05 0.18 -0.38a 0.01 1+, 1-

THADA -0.23 0.21 0.53b 0.02 0.52b 0.87d 0.89d 4+

MAPRE1 -0.10 -0.03 0.54c 0.61c 0.26 0.50b 0.58c 4+

AOPEP -0.06 -0.20 -0.59c -0.58b -0.25 0.67d 0.85d 2+, 2-

SUOX 0.12 0.20 -0.04 -0.23 -0.06 -0.01 0.26

SUMO1P1 -0.45 -0.08 0.35a -0.01 -0.13 – -0.10

FBN3 -0.02 0.75d 0.87d 0.73d 0.95d 0.26 -0.01 4+

Positive and negative correlations are marked in pink and blue, respectively. The colour intensity corresponds with the strength of the correlation. P-values: a < 0.05; b < 0.01; c < 0.001; d < 0.0001.
Tissues with P < 0.01 were regarded as significant. ϮNumber of organs with significant (P < 0.01), positive (+) or negative (-) correlations. ‘-’ and ‘*’ were for no gene expression and correlation
between same gene, respectively.
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expression of AR in the testis had been increased towards mid

gestation, remained high during prepuberty, but then declined

during puberty and adulthood (Figure S7D). LHCGR expression

levels were slightly higher in some pubertal and adult testis samples

than in others, but generally low (Figure S7C).

Discussion

In this study, we analysed the expression patterns of genes in

loci associated with PCOS (candidate genes) from 4 20 weeks of

gestation as an index of their potential roles in the development of

PCOS at different stages of postnatal human life in gonadal,

metabolic and brain tissues. We found that candidate genes such

as HMGA2, TOX3 and FBN3 were mainly expressed in fetal tissues,

while DENND1A, THADA, MAPRE1, RAB5B, ARL14EP, KRR1,

NEIL2, and RAD50 were dynamically expressed in all postnatal

tissues studied. Notably, the expression patterns of PCOS candidate

genes observed in the human ovary were consistent to our previous

findings in bovine ovaries at the same timeframe (17 19). However,

due to the limitation of obtaining human fetal tissues after mid

gestation, it was not prudent to cluster or group the PCOS candidate

genes into expressed early, late or throughout gestation as

previously done for bovine fetal ovaries (17 19). We therefore

TABLE 3 Pearson’s correlation coefficients (R) between PCOS candidate genes mRNA expression levels and YAP1 across individual tissues.

Genes Ovary Testis Heart Kidney Liver Cerebellum Brain

FSHB - - - -0.19 - -0.12 -

FSHR -0.45 -0.35 0.41a 0.01 0.85d 0.62c 0.63b 3+

LHCGR 0.71c -0.57b 0.21 0.05 0.41a 0.69d 0.80d 3+, 1-

AR -0.15 0.27 0.40a 0.11 0.01 0.94d 0.93d 2+

AMH -0.39 -0.86d -0.60c -0.46a -0.11 -0.40a -0.10 2-

INSR -0.10 -0.58b 0.10 -0.07 -0.50b -0.39a -0.68b 3-

FDFT1 0.17 -0.53b 0.36a -0.05 0.15 0.52b -0.09 1+, 1-

ERBB3 0.22 -0.44a 0.37a 0.03 0.09 0.65d 0.73c 2+

ERBB4 0.93d 0.67c 0.82d 0.49b 0.83d -0.25 -0.08 5+

PLGRKT 0.51a -0.59b -0.03 0.54b -0.24 0.25 -0.21 1+, 1-

HMGA2 0.86d 0.53b 0.20 0.06 0.97d 0.96d 0.92d 5+

TOX3 -0.31 0.63c 0.04 0.31 0.67d 0.25 0.16 2+

GATA4 -0.77c -0.60b -0.08 -0.04 0.86d -0.10 -0.05 1+, 2-

YAP1 * * * * * * *

ZBTB16 -0.10 0.40a 0.22 -0.42a 0.30 0.87d 0.92d 2+

IRF1 -0.56a -0.16 0.14 -0.42a -0.36a -0.05 0.17

NEIL2 -0.61b -0.63c 0.13 -0.42a -0.14 -0.35a -0.35 2-

RAD50 0.18 0.72d 0.83d 0.90d 0.52b 0.75d 0.58c 6+

KRR1 0.23 0.61c 0.86d 0.91d 0.07 0.65d 0.57c 5+

RAB5B 0.50a 0.40a 0.64d -0.12 0.36a 0.18 0.06 1+

ARL14EP 0.72c 0.50a 0.56c 0.84d 0.47b 0.00 -0.20 4+

DENND1A -0.60b -0.04 0.18 -0.57b 0.18 -0.53b 0.00 3-

THADA 0.13 0.36 0.74d 0.67c 0.53c 0.93d 0.94d 5+

MAPRE1 0.22 -0.06 0.60c 0.47a 0.37a 0.63d 0.62c 3+

AOPEP -0.26 -0.34 -0.47b -0.14 -0.32 0.63d 0.91d 2+, 1-

SUOX -0.04 -0.37 -0.60c -0.51b -0.15 -0.08 0.27 2-

SUMO1P1 -0.42 0.05 0.40a -0.06 -0.14 – -0.16

FBN3 -0.20 0.13 -0.02 -0.29 0.92d 0.08 0.02 1+

Positive and negative correlations are marked in pink and blue, respectively. The colour intensity corresponds with the strength of the correlation. P-values: a < 0.05; b < 0.01; c < 0.001; d < 0.0001.
Tissues with P < 0.01 were regarded as significant. ϮNumber of organs with significant (P < 0.01), positive (+) or negative (-) correlations. ‘-’ and ‘*’ were for no gene expression and correlation
between same gene, respectively.
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grouped these genes based on their functionality, while we focussed

on the differences and similarities in each group. Although,

postnatal ovary samples were not available and postnatal kidney

samples were only available up to 8 years of age, the findings of this

study infer that other fetal tissues, in addition to the ovary, could

also be involved in the manifestation of the syndrome in adulthood.

It is important to recognise that GWAS findings only account

for a small fraction of the estimated heritability of PCOS and do not

identify specific genes but rather loci related to the syndrome (22).

Genes within or near these loci could either have a causal or

regulatory role in PCOS, which needs to be investigated further

(23). This may be addressed by Mendelian randomisation studies

and transcriptome wide association studies in the future.

Numerous human and animal studies have focussed on defining

the possible causal or regulatory roles of these genes. For instance,

recent animal studies have associated THADA and RAD50 with

ovarian folliculogenesis, steroidogenesis, and female fertility (24

26). However, studies comparing PCOS adult tissues with controls

rarely identify PCOS candidate genes to be differentially expressed

(19, 27). A study comparing the ovaries of PCOS women with

controls showed no significant difference in the expression of these

candidate genes except for RAD50 (19). A meta analysis involving

TABLE 4 Pearson’s correlation coefficients (R) between PCOS candidate genes mRNA expression levels and RAD50 across individual tissues.

Genes Ovary Testis Heart Kidney Liver Cerebellum Brain

FSHB - – – -0.19 – -0.16 –

FSHR 0.10 0.21 0.57c 0.31 0.32 0.41a 0.38a 1+

LHCGR 0.05 0.00 0.29 0.20 0.04 0.39a 0.37a

AR 0.59b 0.21 0.42a 0.35 0.27 0.69d 0.51b 3+

AMH -0.67b -0.56b -0.64d -0.33 -0.55c -0.6c -0.44a 5-

INSR -0.06 -0.10 0.01 0.00 -0.14 0.17 0.09

FDFT1 0.42 0.03 0.47b 0.05 0.21 0.36a -0.13 1+

ERBB3 0.32 -0.01 0.50b -0.21 0.12 0.40a 0.42a 1+

ERBB4 0.11 0.53b 0.66d 0.30 0.31 0.25 0.02 2+

PLGRKT -0.39 -0.50b -0.17 0.31 -0.08 -0.02 -0.43a 1-

HMGA2 -0.20 0.29 0.35a 0.28 0.40a 0.67d 0.53b 2+

TOX3 0.55a 0.53b 0.21 0.16 0.37a 0.50b 0.21 2+

GATA4 0.03 -0.09 0.01 0.24 0.30 0.11 -0.18

YAP1 0.18 0.72d 0.83d 0.90d 0.52b 0.75d 0.58c 6+

ZBTB16 0.71c 0.09 0.31 -0.42a 0.70d 0.69d 0.56c 4+

IRF1 0.41 0.14 0.17 -0.51b -0.02 -0.14 -0.04 1-

NEIL2 0.48a -0.23 0.18 -0.18 0.01 -0.50b -0.29

RAD50 * * * * * * *

KRR1 0.52a 0.63c 0.71d 0.85d 0.44b 0.90d 0.70d 6+

RAB5B 0.59a 0.77d 0.80d -0.22 0.86d 0.54b 0.49b 5+

ARL14EP 0.36 0.53b 0.30 0.83d 0.37a 0.47b 0.41a 3+

DENND1A 0.03 0.11 0.44b -0.62c 0.44b -0.45b 0.03 2+, 2-

THADA 0.83d 0.60b 0.90d 0.56b 0.64d 0.82d 0.65d 7+

MAPRE1 0.78c 0.51b 0.69d 0.48a 0.75d 0.65d 0.52b 6+

AOPEP -0.58a -0.59b -0.63d -0.41a -0.80d 0.38a 0.45b 2+, 2-

SUOX -0.12 -0.40a -0.58c -0.54b -0.29 -0.37a -0.13 2-

SUMO1P1 -0.18 0.15 0.33 0.05 -0.08 – -0.24

FBN3 -0.62b -0.10 0.14 -0.17 0.33a -0.16 0.20 1-

Positive and negative correlations are marked in pink and blue, respectively. The colour intensity corresponds with the strength of the correlation. P-values: a < 0.05; b < 0.01; c < 0.001; d < 0.0001.
Tissues with P < 0.01 were regarded as significant. ϮNumber of organs with significant (P < 0.01), positive (+) or negative (-) correlations. ‘-’ and ‘*’ were for no gene expression and correlation
between same gene, respectively.
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lean (BMI ≤ 23) and obese (BMI ≥ 23) PCOS patients identified

ZBTB16, FSHR, GATA4 and AR to be downregulated in cumulus

cells of lean PCOS women, while INSR, THADA, PLGRKT were

downregulated in endometrial tissues of obese women with PCOS

(27). These findings not only suggest roles for the different organs

other than the ovary in the pathophysiology of PCOS, but could also

imply that most of these candidate genes could be dysregulated

during early stages of fetal development when some are mostly

expressed. Thus, further understanding of the effects of androgens,

AMH, TGFb and other regulatory factors (18) on fetal

programming of candidate genes during development is required.

The expression patterns as well as the roles/mechanisms of

these candidate genes during normal fetal development and

postnatally could be of value in identifying abnormalities that

could lead to PCOS in adulthood. Considering the limitation of

collecting human fetal samples after mid gestation and also the

strong similarities between human and bovine ovaries in

morphology and physiology, gestational length and the

propensity for singleton pregnancies, implications can be drawn

from bovine data. In addition, the expression level of a candidate

gene in a particular tissue at birth could inform to some extent the

level of expression for this gene during the final days of gestation.

For instance, it can be inferred that HMGA2 levels might be

consistently very low during the third trimester in all human

tissues as the levels at birth were the same as those at mid

gestation, consistent with previous bovine studies (17 19). More

so, the correlation between candidate genes within a tissue during

fetal development suggests a possible co regulation between these

genes, which needs to be further investigated. This has become

necessary as some loci identified in GWAS contain up to three

candidate genes in/near it, requiring more studies to understand

their possible association with the syndrome. For instance, although

the possible role of FDFT1 in PCOS aetiology remains unknown, it

is located in GWAS loci 8p32.1 in proximity to GATA4 and NEIL2;

it is not clear if all these genes are causal or regulatory in PCOS (28).

Correlation studies provide preliminary knowledge about the

relationships between candidate genes, their possible co regulation

(either co activation/ inhibition) and affirm that the genes do not

necessarily operate in isolation. In this study, correlation of

HMGA2/YAP1 and YAP1/RAD50 was significant in at least 5 out

of the 7 tissues studied. HMGA2 plays a crucial role in proliferation

and differentiation of mesenchymal cells and is also involved in

adipogenesis, stem cell development as well as spermatogenesis

(29 32). It also increases the proliferation of cancer cells by

promoting cell cycle entry and apoptosis inhibition (33). HMGA2

has been associated with the Hippo YAP pathway as it regulates

YAP1 stability and possibly inhibits its ubiquitination (34).

Although these genes have been studied individually in PCOS, the

co expression of HMGA2 and YAP1 in PCOS has yet to be studied.

HMGA2 has been associated with polycystic ovary morphology

(PCOM) phenotype in PCOS patients of Han Chinese ancestry,

potentially functioning to promote the proliferation of ovarian

granulosa cells via the HMGA2/IMP2 pathway, thereby

underpinning the increased proliferation of early growing follicles

and decreased apoptosis in granulosa cells in PCOS (35 37).

HMGA2 has also been significantly associated with both

hyperandrogenism and oligo/amenorrhea in women with PCOS

in Saudi Arabia (38). More so, YAP1 is highly expressed in

mammalian oocytes and preimplantation embryos, consistent

with our finding in 4 week fetal tissues (39). YAP1 is a core

component of the Hippo signalling pathway, essential for cell

proliferation and apoptosis during early developmental events,

promoting organ size and tumorigenesis (40 43). The gene is also

important for normal ovarian development and function, and is

required for proliferation of granulosa cells (44). Furthermore,

maternal accumulation of YAP1 in the oocyte is crucial for

zygotic genome activation, which occurs 2 3 days after

fertilisation (39). In ovarian granulosa cells in PCOS, a significant

decrease in methylation level was observed in the promoter region

of YAP1, accounting for a significant increase in the mRNA and

protein expression levels of YAP1 (45). Treatment of granulosa cells

from control women with testosterone, but not luteinizing hormone

(LH) or follicle stimulating hormone (FSH) reduced YAP1

methylation in a dose dependent manner (45); implying

regulatory roles of androgens on the gene. Together, these

findings and the co regulatory effects of HMGA2 and YAP1

identified in this study, require further exploration towards

delineating their roles in the pathogenesis of PCOS.

Although the cause of PCOS remains unclear, it is well known

that aberration in most hormones involved in folliculogenesis and

ovarian steroidogenesis interfere with the feedback mechanisms

that regulate both processes. Hormones such as LH, insulin, AMH

and androgens are elevated whilst FSH levels are reduced. This, in

addition to hyperandrogenism in most women with PCOS,

disrupted hypothalamo pituitary function leading to increased LH

pulse frequency, increased LH/FSH ratio and a persistently rapid

frequency of gonadotropin releasing hormone (GnRH) pulse

secretion, suggests an impaired feedback mechanism between

gonads and the brain (46). The anomalous levels of these

hormones further cause abnormal oocyte maturation and

premature luteinisation of granulosa cells leading to premature

arrest of activated follicles at the antral stage. This then results in the

accumulation of small to medium antral follicles in polycystic

ovaries as well as excess androgen production (47). In this study

we observed, as expected, that mRNA of reproductive genes (FSHB,

FSHR, LHCGR, AR, AMH) were not detected during the first half of

fetal development in the tissues studied except for LHCGR and

AMH in the testis. These genes are usually expressed during the

second half of gestation in the ovary and are associated with

folliculogenesis and steroidogenesis (17, 18); the lack of AMH in

the ovary in first half of gestation is consistent with its known

function in regulating Mullerian tract regression and the lack of

AMH and LHCGR with the absence of follicles at early stages of

ovary development (48).

Furthermore, the increased risk of metabolic disorders such as

obesity, chronic hypertension and pre gestational diabetes in

pregnant women with PCOS (49) implies that dysregulation of

candidate genes in metabolic tissues could certainly play a role in

the aetiology of the syndrome. Thus, insulin receptor signalling

has also been associated with GnRH dysregulation leading to LH
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secretion and reproductive dysfunction in obesity (50). Insulin

resistance has also been linked with increased androgen levels

among PCOS patients. Specifically, both overexpression of insulin

receptor (INSR) in the ovaries of non obese PCOS patients and its

underexpression in metabolic tissues of obese PCOS patients

results in feedback mechanisms for excess ovarian androgen

production (22). Moreover, offspring of women with PCOS are

more likely to have metabolic and congenital anomalies compared

to those from healthy women (49, 51, 52). Notably, brothers/sons

of women with PCOS have elevated androgen levels (53),

increased total cholesterol and low density lipoproteins levels at

puberty (16), decreased insulin sensitivity (independent of

obesity) and glucose tolerance (12), among other symptoms.

Also, hepatic dysfunctions and risk of liver diseases have been

observed in PCOS models in male sheep (11), female sheep (54,

55), and rats (56, 57), together affirming the roles of these organs

in the pathophysiology of the syndrome. Although transcriptional

and post transcriptional factors were not evaluated, INSR and

FDFT1 were dynamically expressed in all tissues examined in this

study. However, it is not clear how dysregulation of these and

other genes during fetal development are involved in the

metabolic symptoms observed in PCOS. Thus, understanding

the roles of PCOS candidate genes in these metabolic tissues

and their possible dysregulation in PCOS will improve

understanding of the pathogenesis of disorder.

Association studies as well as co localisation studies have been

carried out on genes in loci genetically associated with PCOS with

the hope to map the role of these candidate genes to the phenotypes

or symptoms observed in women with PCOS [reviewed in (38, 58

67)]. Specifically, FSHB and FHSR loci have been associated with

gonadotropin levels, while LHCGR, FSHR, DENND1A, RAB5/

SUOX, HMGA2, C9orf3, YAP1, TOX3, RAD50, FBN3, and AMH

have been associated with gonadotropin action and ovarian

function (61, 62, 64). THADA, GATA/NEIL2, ERBB4, SUMO1P1,

INSR, KRR1 and RAB5B have been associated with metabolic

function (61, 62, 64, 65). However, most of these studies,

including GWAS, were carried out in adult women with

confirmed diagnosis, mostly several years after presenting their

first symptoms. Considering the increasing evidence on the fetal

origin of PCOS, studies monitoring high risk children from birth

until adulthood where phenotypes are observed, should be the focus

of current studies for delineating this polygenic disorder. This

supports the recommendations of the International Guidelines

which have emphasised the metabolic nature of PCOS (68).

It is tempting to infer that dysregulation of genes expressed in

particular tissues could have relevant functions or mechanisms

contributing to the predisposition of the syndrome in these

tissues. The metabolic abnormalities observed particularly in male

offspring or brothers of women with PCOS also present empirical

evidence that PCOS is not only a syndrome of the ovary.

Collectively, the role of candidate genes in various tissues, if

clearly defined, could inform/guide further studies into

delineating the possible mechanisms that are involved in PCOS

predisposition in different tissues from conception till adulthood.

Conclusions

Although , Mende l ian randomisa t ion s tud ies and

transcriptome wide association studies were not included in this

study, they may be addressed in future studies. Also, the influence of

transcriptional and post transcriptional mechanisms such as

mRNA stability/degradation, storage in stress granules,

translational control on gene expression should be considered.

That notwithstanding, this study further confirms that PCOS is a

polygenic syndrome involving multiple organs of the body. This

study identified expression of PCOS candidate genes during fetal

development of many organs in humans. Thus, the fetal origin of a

predisposition to PCOS in adulthood could arise via the effects of

PCOS candidate genes in the development of multiple organs.
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Sample Tissue age age_days Sex

Ovary.4wpc.1 Ovary 4 28 Female

Ovary.4wpc.2 Ovary 4 28 Female

Ovary.5wpc.3 Ovary 5 35 Female

Ovary.6wpc.4 Ovary 6 42 Female

Ovary.7wpc.5 Ovary 7 49 Female

Ovary.7wpc.6 Ovary 7 49 Female

Ovary.8wpc.7 Ovary 8 56 Female

Ovary.8wpc.8 Ovary 8 56 Female

Ovary.9wpc.9 Ovary 9 63 Female

Ovary.10wpc.10 Ovary 10 70 Female

Ovary.10wpc.11 Ovary 10 70 Female

Ovary.11wpc.12 Ovary 11 77 Female

Ovary.12wpc.13 Ovary 12 84 Female

Ovary.12wpc.14 Ovary 12 84 Female

Ovary.13wpc.15 Ovary 13 91 Female

Ovary.16wpc.16 Ovary 16 112 Female

Ovary.18wpc.17 Ovary 18 126 Female

Ovary.18wpc.18 Ovary 18 126 Female

Testis.4wpc.1 Testis 4 28 Male

Testis.5wpc.2 Testis 5 35 Male

Testis.5wpc.3 Testis 5 35 Male

Testis.6wpc.4 Testis 6 42 Male

Testis.6wpc.5 Testis 6 42 Male

Testis.7wpc.6 Testis 7 49 Male

Testis.7wpc.7 Testis 7 49 Male

Testis.7wpc.8 Testis 7 49 Male

Testis.8wpc.9 Testis 8 56 Male

Testis.8wpc.10 Testis 8 56 Male

Testis.8wpc.11 Testis 8 56 Male

Testis.9wpc.12 Testis 9 63 Male

Testis.9wpc.13 Testis 9 63 Male

Testis.10wpc.14 Testis 10 70 Male

Testis.10wpc.15 Testis 10 70 Male

Testis.11wpc.16 Testis 11 77 Male

Testis.11wpc.17 Testis 11 77 Male

Testis.12wpc.18 Testis 12 84 Male

Testis.12wpc.19 Testis 12 84 Male

Testis.13wpc.20 Testis 13 91 Male

Testis.13wpc.21 Testis 13 91 Male

Testis.13wpc.22 Testis 13 91 Male

Testis.16wpc.23 Testis 16 112 Male

Testis.16wpc.24 Testis 16 112 Male

Testis.18wpc.26 Testis 18 126 Male

Testis.19wpc.27 Testis 19 133 Male

Testis.infant.28 Testis infant 463 Male

Testis.infant.29 Testis infant 463 Male

Testis.toddler.31 Testis toddler 1375 Male

Table S1. Characteristics (age and gender) of gonadal tissues analysed in this study. 
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Testis.youngTeenager.32 Testis youngTeenager 5025 Male

Testis.youngTeenager.33 Testis youngTeenager 5025 Male

Testis.oldTeenager.34 Testis oldTeenager 6485 Male

Testis.oldTeenager.35 Testis oldTeenager 6485 Male

Testis.youngAdult.36 Testis youngAdult 11230 Male

Testis.youngAdult.37 Testis youngAdult 11230 Male

Testis.youngAdult.38 Testis youngAdult 11230 Male

Testis.youngMidAge.39 Testis youngMidAge 14880 Male

Testis.olderMidAge.40 Testis olderMidAge 18530 Male

Testis.Senior.41 Testis Senior 22180 Male
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Sample Tissue age age (days) Sex

Heart.4wpc.1 Heart 4 28 Female

Heart.4wpc.2 Heart 4 28 Male

Heart.5wpc.3 Heart 5 35 Female

Heart.5wpc.4 Heart 5 35 Male

Heart.6wpc.5 Heart 6 42 Female

Heart.6wpc.6 Heart 6 42 Male

Heart.7wpc.7 Heart 7 49 Female

Heart.7wpc.8 Heart 7 49 Male

Heart.7wpc.9 Heart 7 49 Male

Heart.8wpc.10 Heart 8 56 Female

Heart.8wpc.11 Heart 8 56 Female

Heart.8wpc.12 Heart 8 56 Male

Heart.8wpc.13 Heart 8 56 Male

Heart.8wpc.14 Heart 8 56 Male

Heart.9wpc.15 Heart 9 63 Female

Heart.9wpc.16 Heart 9 63 Male

Heart.9wpc.17 Heart 9 63 Male

Heart.10wpc.19 Heart 10 70 Female

Heart.10wpc.20 Heart 10 70 Male

Heart.10wpc.21 Heart 10 70 Male

Heart.11wpc.22 Heart 11 77 Female

Heart.11wpc.23 Heart 11 77 Male

Heart.11wpc.24 Heart 11 77 Male

Heart.11wpc.25 Heart 11 77 Male

Heart.12wpc.27 Heart 12 84 Male

Heart.13wpc.28 Heart 13 91 Female

Heart.13wpc.30 Heart 13 91 Male

Heart.13wpc.31 Heart 13 91 Male

Heart.16wpc.33 Heart 16 112 Male

Heart.16wpc.34 Heart 16 112 Male

Heart.18wpc.36 Heart 18 126 Male

Heart.19wpc.35 Heart 19 133 Female

Heart.19wpc.37 Heart 19 133 Male

Heart.19wpc.38 Heart 19 133 Male

Heart.newborn.39 Heart newborn 280 Female

Heart.newborn.41 Heart newborn 280 Male

Heart.infant.43 Heart infant 463 Female

Heart.infant.44 Heart infant 463 Male

Heart.infant.45 Heart infant 463 Male

Heart.toddler.46 Heart toddler 1375 Female

Heart.toddler.47 Heart toddler 1375 Male

Heart.teenager.48 Heart teenager 5755 Male

Heart.youngAdult.49 Heart youngAdult 11230 Male

Heart.olderMidAge.50 Heart olderMidAge 18530 Male

Kidney.4wpc.1 Kidney 04 28 Male

Kidney.5wpc.2 Kidney 05 35 Female

Kidney.5wpc.3 Kidney 05 35 Male

Table S2. Characteristics (age and gender) of metabolic tissues analysed in this study. 
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Kidney.6wpc.4 Kidney 06 42 Female

Kidney.6wpc.5 Kidney 06 42 Male

Kidney.7wpc.6 Kidney 07 49 Female

Kidney.7wpc.7 Kidney 07 49 Male

Kidney.8wpc.8 Kidney 08 56 Female

Kidney.8wpc.9 Kidney 08 56 Male

Kidney.9wpc.11 Kidney 09 63 Male

Kidney.10wpc.12 Kidney 10 70 Female

Kidney.10wpc.13 Kidney 10 70 Female

Kidney.10wpc.14 Kidney 10 70 Female

Kidney.11wpc.15 Kidney 11 77 Female

Kidney.11wpc.16 Kidney 11 77 Male

Kidney.12wpc.17 Kidney 12 84 Female

Kidney.12wpc.18 Kidney 12 84 Male

Kidney.13wpc.19 Kidney 13 91 Female

Kidney.13wpc.20 Kidney 13 91 Male

Kidney.13wpc.21 Kidney 13 91 Male

Kidney.16wpc.23 Kidney 16 112 Male

Kidney.16wpc.24 Kidney 16 112 Male

Kidney.18wpc.25 Kidney 18 126 Female

Kidney.18wpc.26 Kidney 18 126 Female

Kidney.19wpc.30 Kidney 19 133 Male

Kidney.20wpc.28 Kidney 20 140 Female

Kidney.20wpc.29 Kidney 20 140 Male

Kidney.newborn.31 Kidney newborn 280 Female

Kidney.newborn.32 Kidney newborn 280 Female

Kidney.newborn.33 Kidney newborn 280 Male

Kidney.infant.34 Kidney infant 463 Female

Kidney.infant.36 Kidney infant 463 Female

Kidney.infant.37 Kidney infant 463 Male

Kidney.toddler.38 Kidney toddler 1375 Female

Kidney.toddler.39 Kidney toddler 1375 Male

Kidney.school.40 Kidney school 3200 Female

Liver.4wpc.1 Liver 04 28 Female

Liver.4wpc.2 Liver 04 28 Male

Liver.4wpc.3 Liver 04 28 Male

Liver.4wpc.4 Liver 04 28 Male

Liver.5wpc.5 Liver 05 35 Female

Liver.5wpc.6 Liver 05 35 Male

Liver.6wpc.7 Liver 06 42 Female

Liver.6wpc.8 Liver 06 42 Male

Liver.7wpc.9 Liver 07 49 Female

Liver.7wpc.10 Liver 07 49 Male

Liver.7wpc.11 Liver 07 49 Male

Liver.7wpc.12 Liver 07 49 Male

Liver.8wpc.13 Liver 08 56 Female

Liver.8wpc.14 Liver 08 56 Female

Liver.8wpc.15 Liver 08 56 Male

Liver.8wpc.16 Liver 08 56 Male

Liver.9wpc.17 Liver 09 63 Female
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Liver.9wpc.18 Liver 09 63 Male

Liver.9wpc.19 Liver 09 63 Male

Liver.10wpc.20 Liver 10 70 Female

Liver.10wpc.21 Liver 10 70 Female

Liver.10wpc.22 Liver 10 70 Male

Liver.10wpc.23 Liver 10 70 Male

Liver.11wpc.24 Liver 11 77 Female

Liver.11wpc.25 Liver 11 77 Male

Liver.11wpc.26 Liver 11 77 Male

Liver.12wpc.27 Liver 12 84 Male

Liver.13wpc.28 Liver 13 91 Female

Liver.16wpc.29 Liver 16 112 Female

Liver.16wpc.30 Liver 16 112 Male

Liver.18wpc.31 Liver 18 126 Female

Liver.18wpc.32 Liver 18 126 Female

Liver.18wpc.33 Liver 18 126 Male

Liver.19wpc.34 Liver 19 133 Female

Liver.19wpc.36 Liver 19 133 Male

Liver.20wpc.35 Liver 20 140 Female

Liver.20wpc.37 Liver 20 140 Male

Liver.newborn.38 Liver newborn 280 Female

Liver.newborn.39 Liver newborn 280 Male

Liver.infant.40 Liver infant 463 Male

Liver.toddler.42 Liver toddler 1375 Female

Liver.school.43 Liver school 3200 Male

Liver.teenager.44 Liver teenager 5755 Male

Liver.youngAdult.45 Liver youngAdult 11230 Male

Liver.youngAdult.46 Liver youngAdult 11230 Male

Liver.youngAdult.47 Liver youngAdult 11230 Male

Liver.olderMidAge.48 Liver olderMidAge 18530 Male

Liver.senior.49 Liver senior 22180 Male

Liver.senior.50 Liver senior 22180 Male
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Sample Tissue age age (days) Sex

Brain.5wpc.4 Brain 5 35 Female

Brain.7wpc.6 Brain 7 49 Female

Brain.8wpc.9 Brain 8 56 Female

Brain.8wpc.10 Brain 8 56 Female

Brain.9wpc.13 Brain 9 63 Female

Brain.10wpc.16 Brain 10 70 Female

Brain.11wpc.17 Brain 11 77 Female

Brain.13wpc.22 Brain 13 91 Female

Brain.16wpc.25 Brain 16 112 Female

Brain.19wpc.28 Brain 19 133 Female

Brain.20wpc.32 Brain 20 140 Female

Brain.newborn.34 Brain newborn 280 Female

Brain.newborn.35 Brain newborn 280 Female

Brain.toddler.38 Brain toddler 1375 Female

Cerebellum.4wpc.1 Cerebellum 4 28 Female

Cerebellum.5wpc.4 Cerebellum 5 35 Female

Cerebellum.6wpc.6 Cerebellum 6 42 Female

Cerebellum.6wpc.7 Cerebellum 6 42 Female

Cerebellum.7wpc.10 Cerebellum 7 49 Female

Cerebellum.8wpc.13 Cerebellum 8 56 Female

Cerebellum.8wpc.14 Cerebellum 8 56 Female

Cerebellum.9wpc.17 Cerebellum 9 63 Female

Cerebellum.10wpc.19 Cerebellum 10 70 Female

Cerebellum.11wpc.21 Cerebellum 11 77 Female

Cerebellum.12wpc.25 Cerebellum 12 84 Female

Cerebellum.13wpc.28 Cerebellum 13 91 Female

Cerebellum.16wpc.31 Cerebellum 16 112 Female

Cerebellum.16wpc.32 Cerebellum 16 112 Female

Cerebellum.newborn.34 Cerebellum newborn 280 Female

Cerebellum.newborn.35 Cerebellum newborn 280 Female

Cerebellum.newborn.37 Cerebellum newborn 280 Female

Cerebellum.infant.39 Cerebellum infant 463 Female

Cerebellum.toddler.42 Cerebellum toddler 1375 Female

Cerebellum.school.44 Cerebellum school 3200 Female

Cerebellum.youngAdult.51 Cerebellum youngAdult 11230 Female

Brain.4wpc.1 Brain 4 28 Male

Brain.4wpc.2 Brain 4 28 Male

Brain.4wpc.3 Brain 4 28 Male

Brain.5wpc.5 Brain 5 35 Male

Brain.7wpc.7 Brain 7 49 Male

Brain.7wpc.8 Brain 7 49 Male

Brain.8wpc.11 Brain 8 56 Male

Brain.8wpc.12 Brain 8 56 Male

Brain.9wpc.14 Brain 9 63 Male

Brain.9wpc.15 Brain 9 63 Male

Brain.11wpc.18 Brain 11 77 Male

Brain.11wpc.19 Brain 11 77 Male

Table S3. Characteristics (age and gender) of metabolic tissues analysed in this study. 
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Brain.11wpc.20 Brain 11 77 Male

Brain.12wpc.21 Brain 12 84 Male

Brain.13wpc.23 Brain 13 91 Male

Brain.13wpc.24 Brain 13 91 Male

Brain.16wpc.26 Brain 16 112 Male

Brain.18wpc.27 Brain 18 126 Male

Brain.19wpc.29 Brain 19 133 Male

Brain.19wpc.30 Brain 19 133 Male

Brain.20wpc.31 Brain 20 140 Male

Brain.newborn.33 Brain newborn 280 Male

Brain.infant.37 Brain infant 463 Male

Brain.toddler.39 Brain toddler 1375 Male

Brain.toddler.40 Brain toddler 1375 Male

Brain.school.41 Brain school 3200 Male

Brain.school.42 Brain school 3200 Male

Brain.teenager.43 Brain teenager 5755 Male

Brain.teenager.44 Brain teenager 5755 Male

Brain.teenager.45 Brain teenager 5755 Male

Brain.youngAdult.47 Brain youngAdult 11230 Male

Brain.youngAdult.48 Brain youngAdult 11230 Male

Brain.youngAdult.49 Brain youngAdult 11230 Male

Brain.youngMidAge.50 Brain youngMidAge 14880 Male

Brain.youngMidAge.51 Brain youngMidAge 14880 Male

Brain.olderMidAge.52 Brain olderMidAge 18530 Male

Brain.olderMidAge.53 Brain olderMidAge 18530 Male

Brain.senior.54 Brain senior 22180 Male

Brain.senior.55 Brain senior 22180 Male

Cerebellum.4wpc.2 Cerebellum 4 28 Male

Cerebellum.4wpc.3 Cerebellum 4 28 Male

Cerebellum.5wpc.5 Cerebellum 5 35 Male

Cerebellum.6wpc.8 Cerebellum 6 42 Male

Cerebellum.6wpc.9 Cerebellum 6 42 Male

Cerebellum.7wpc.11 Cerebellum 7 49 Male

Cerebellum.7wpc.12 Cerebellum 7 49 Male

Cerebellum.8wpc.15 Cerebellum 8 56 Male

Cerebellum.8wpc.16 Cerebellum 8 56 Male

Cerebellum.9wpc.18 Cerebellum 9 63 Male

Cerebellum.10wpc.20 Cerebellum 10 70 Male

Cerebellum.11wpc.22 Cerebellum 11 77 Male

Cerebellum.11wpc.23 Cerebellum 11 77 Male

Cerebellum.11wpc.24 Cerebellum 11 77 Male

Cerebellum.12wpc.26 Cerebellum 12 84 Male

Cerebellum.12wpc.27 Cerebellum 12 84 Male

Cerebellum.13wpc.29 Cerebellum 13 91 Male

Cerebellum.13wpc.30 Cerebellum 13 91 Male

Cerebellum.16wpc.33 Cerebellum 16 112 Male

Cerebellum.newborn.36 Cerebellum newborn 280 Male

Cerebellum.infant.40 Cerebellum infant 463 Male

Cerebellum.infant.41 Cerebellum infant 463 Male

Cerebellum.toddler.43 Cerebellum toddler 1375 Male
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Cerebellum.school.45 Cerebellum school 3200 Male

Cerebellum.school.46 Cerebellum school 3200 Male

Cerebellum.teenager.47 Cerebellum teenager 5755 Male

Cerebellum.teenager.48 Cerebellum teenager 5755 Male

Cerebellum.teenager.49 Cerebellum teenager 5755 Male

Cerebellum.teenager.50 Cerebellum teenager 5755 Male

Cerebellum.youngAdult.52 Cerebellum youngAdult 11230 Male

Cerebellum.youngAdult.53 Cerebellum youngAdult 11230 Male

Cerebellum.youngMidAge.54 Cerebellum youngMidAge 14880 Male

Cerebellum.youngMidAge.55 Cerebellum youngMidAge 14880 Male

Cerebellum.olderMidAge.56 Cerebellum olderMidAge 18530 Male

Cerebellum.olderMidAge.57 Cerebellum olderMidAge 18530 Male

Cerebellum.senior.58 Cerebellum senior 22180 Male

Cerebellum.senior.59 Cerebellum senior 22180 Male
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Abstract 19 

Polycystic Ovary Syndrome (PCOS) patients present with varying symptoms including reproductive, 20 

endocrine, metabolic and sometimes psychological symptoms. Current theories have attributed high 21 

levels of androgens or anti-Mullerian hormone (AMH) during fetal development to the establishment 22 

of PCOS phenotypes in later life. Our previous studies showed that TGFβ1, rather than these 23 

hormones, altered expression in cultured fetal ovarian fibroblasts of 7 of 25 genes in loci associated 24 

with PCOS. However, the relationship between TGF signalling molecules and PCOS candidate 25 

genes is still unknown. Here, we examined the expression patterns of TGFβ signalling molecules in 26 

gonadal, metabolic and brain tissues, and examined relationships with expression of PCOS candidate 27 

genes during the first half of human fetal development and postnatally until adulthood, using publicly 28 

available RNA sequencing data. Generally, the TGF signalling molecules were dynamically 29 

expressed in most tissues during prenatal or/and postnatal development. FBN3 was only expressed 30 

during fetal development in all tissues. Genes in loci associated with PCOS such as HMGA2, YAP1 31 

and RAD50 correlated significantly with most TGFβ signalling molecules in at least 4 fetal tissues 32 

and specifically with TGFBR1 in 6 out of 7 tissues. The findings of this study suggest that possible 33 

crosstalk between genes in loci associated with PCOS and TGFβ signalling molecules occurs in 34 

various tissues particularly during fetal development.  35 

36 
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Introduction 37 

 38 

Polycystic Ovary Syndrome (PCOS) is a polygenic reproductive/endocrine disorder that 39 

affects 10% women of reproductive age of which 72% suffer infertility due to anovulation (Joham, 40 

et al. 2015). The syndrome presents varying symptoms ranging from endocrine features including 41 

hyperandrogenism leading to hirsutism, acne or alopecia; reproductive features including menstrual 42 

irregularities and infertility; metabolic features such as insulin resistance, obesity, hyperinsulinaemia, 43 

type 2 diabetes mellitus; and cardiovascular features including atherogenic dyslipidaemia, elevated 44 

blood pressure and increased circulating proinflammatory markers (Anagnostis, et al. 2018; 45 

Comerford, et al. 2012; Echiburú, et al. 2016; Glueck and Goldenberg 2019; Hart, et al. 2004; Hart, 46 

et al. 2011; Stuckey, et al. 2014; Teede, et al. 2010). The syndrome also affects the psychological 47 

health of patients, causing anxiety and depression as well as sleep disorders (Fernandez, et al. 2018). 48 

More so, the ovaries of PCOS women are morphologically distinct, having numerous antral follicles 49 

and more fibrous stroma (Buckett, et al. 1999; Hughesdon 1982; Stein 1935). Despite the many non-50 

reproductive aspects, PCOS is currently diagnosed using reproductive symptoms. The key criteria for 51 

PCOS diagnosis commonly used, the Rotterdam criteria, require two of the following three: 52 

hyperandrogenism (biochemical or clinical), polycystic ovarian morphology (PCOM) or 53 

oligo/anovulation observed on ultrasound, after exclusion of all other differential diagnoses (Teede, 54 

et al. 2018).  55 

The heterogeneity of PCOS phenotypes in women has had a great impact on the definition, 56 

diagnosis and treatment of the syndrome. The disorder presents varying symptoms/phenotypes in 57 

different age groups (adolescents, peri- or post-menopausal women) as reviewed in detail by Lizneva, 58 

et al. (2016). Furthermore, of the numerous metabolic symptoms associated with PCOS, obesity and 59 

type 2 diabetes have long-term consequences for patients (Conway, et al. 2014; Macut, et al. 2017). 60 

More so, over 50% of women with PCOS of Chinese Han ancestry had up to a 30% decrease in 61 

insulin sensitivity and this was exacerbated by obesity (Li, et al. 2018). Thus, BMI was associated 62 
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with insulin resistance in these PCOS women with prevalence increasing from 34.5%, 80.2% to 63 

98.7% in lean, overweight and obese women with PCOS, respectively (Li et al. 2018). Previous 64 

studies have also shown that insulin could further stimulate the accumulation of androgens in ovarian 65 

stromal cells from hyperandrogenic women (Barbieri, et al. 1986). However, it is not entirely clear 66 

when and how these phenotypes develop as the disorder progresses.  67 

Although recent studies have focused on the genetics of PCOS, it is also evident from animal 68 

studies that fetal exposures such as to hormones (androgens and AMH) and diet during pregnancy 69 

play a role in PCOS (Birch, et al. 2003; Dumesic, et al. 1997; Risal, et al. 2019; Sullivan and Moenter 70 

2004; Tata, et al. 2018; Wu, et al. 2010). A link between the genetic and fetal predisposition became 71 

evident when studies identified that PCOS candidate genes including those in loci identified in 72 

GWAS and microsatellite genotyping are dynamically expressed in human and bovine fetal ovaries 73 

(Azumah, et al. 2022a; Hartanti, et al. 2020; Hatzirodos, et al. 2011; Liu, et al. 2020). A recent study 74 

in the developing bovine fetal ovary found that PCOS candidate genes were co-expressed with genes 75 

involved in mitochondrial function (C8H9orf3, TOX3, FBN3, GATA4, HMGA2 and DENND1A), 76 

stroma expansion (YAP1, INSR, THADA and TGFB1I1) and steroidogenesis (FDFT1, LHCGR, AMH, 77 

FSHR, ZBTB16 and PLGRKT) (Azumah et al. 2022a). Studies on the fetal origins of PCOS have 78 

focused on the effects of androgens (Birch et al. 2003; Dumesic et al. 1997; Risal et al. 2019; Sullivan 79 

and Moenter 2004; Wu et al. 2010) and more recently AMH (Tata et al. 2018) and transforming 80 

growth factor beta (TGFβ). TGFβ is a good candidate as it regulates stroma and its collagen content 81 

(Raja-Khan, et al. 2014; Walters, et al. 2022) and the adult polycystic ovary has more stroma and is 82 

more collagen rich (Buckett et al. 1999; Hughesdon 1982; Lesnoy 1928; Stein 1935). 83 

TGFβ1 is not only essential in development and cell differentiation (Wu & Hill, 2009; Zinski 84 

et al, 2018) but it is important for reproduction. TGFβ1 protein was detected in bovine granulosa cells 85 

of early pre-antral and antral follicles (1-2 cm) but was not observed in later stages (Nilsson, et al. 86 

2003). TGFB1 null mice had perturbed function of the hypothalamic–pituitary–gonadal axis, which 87 

resulted in a reduction in luteinising hormone levels, further resulting in reduced serum 88 
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androstenedione and testosterone production in males and abnormalities of the oestrous cycle in 89 

females (Ingman and Robertson 2007; Ingman, et al. 2006). Notably, oocyte developmental 90 

incompetence due to a TGFβ1 deficient follicular environment has also been associated with early 91 

embryo arrest in mice (Ingman and Robertson 2009; Ingman et al. 2006). TGFβ signalling molecules 92 

are known to be expressed during the development of the ovary and have been postulated to be 93 

involved in the aetiology of PCOS, thus linking the possible genetic and fetal disposition to PCOS in 94 

adulthood and additionally to the PCOS ovarian phenotype (Azumah et al. 2022a; Azumah, et al. 95 

2022b; Hartanti et al. 2020; Hatzirodos et al. 2011; Liu et al. 2020). TGFβ signalling molecules 96 

including TGFB1/2/3 appear to be upstream regulators during stroma expansion of the developing 97 

fetal ovary (Azumah et al. 2022a). TGFβ1, but not AMH nor androgen, has been shown to regulate a 98 

proportion of PCOS candidate genes in fetal ovarian cells (Azumah et al. 2022b; Hartanti et al. 2020). 99 

Thus, expression of some genes in loci associated with PCOS including INSR, C8H9orf3, RAD50, 100 

ERBB3, NEIL2, IRF1 and ZBTB16, were inhibited by TGFβ1 in fetal ovarian fibroblasts in vitro 101 

(Azumah et al. 2022b; Hartanti et al. 2020). Notably, androgen receptor (AR) expression was also 102 

inhibited, while its cofactor TGFβ induced transcript 1 (TGFB1I1) was stimulated by TGFβ1 in 103 

cultured fetal ovarian stromal cells (Azumah et al. 2022b; Hartanti et al. 2020). These observations 104 

further affirm the significance of TGFβ in PCOS pathogenesis. 105 

Not surprisingly many of the fetal studies have focused on the ovary. Only more recently with 106 

the use of tissue specific knock outs (Cox, et al. 2020; Roy, et al. 2022) and direct examination of 107 

PCOS candidate genes in other fetal organs (Azumah, et al. 2023) have other organs involved in the 108 

non-reproductive symptoms of PCOS been specifically examined. We hypothesise that TGF 109 

signalling molecules could be regulating genes in loci associated with PCOS, not only in the fetal 110 

ovary, but also in other developing fetal tissues and organs likely involved in non-reproductive 111 

symptoms of PCOS. Additionally, TGF signalling molecules could be regulating other downstream 112 

genes/pathways leading to PCOS later in life. The current study seeks to understand the patterns of 113 

expression of TGF signalling molecules in different tissues. Although some of these have been 114 
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previously studied such as in the fetal ovary (Azumah et al. 2022a; Azumah et al. 2022b; Hartanti et 115 

al. 2020; Hatzirodos et al. 2011; Liu et al. 2020) their expression relationships with PCOS candidate 116 

genes has not been examined. To achieve this, we used publicly available RNA sequencing data from 117 

various human fetal and adult tissues. The TGF signalling molecules examined included TGFs, of 118 

which there are three (TGFB1 to 3), their latent TGF binding proteins of which there are four 119 

(LTBP1 to 4), the fibrillins that they bind to, of which there are three (FBN1 to 3) and TGF receptors 120 

of which there are three different types (TGFBR1 to 3), and other related genes [Transforming 121 

Growth Factor Beta 1 Induced Transcript 1 (TGFB1I1), Transforming Growth Factor Beta Receptor 122 

3 Like (TGFBR3L), Transforming Growth Factor Beta Induced (TGFBI), Transforming Growth 123 

Factor Beta Receptor Associated Protein 1 (TGFBRAP1)]. The expression levels of the PCOS 124 

candidate genes are published elsewhere (Azumah et al. 2023). 125 

 126 

 127 

Materials and methods 128 

 129 

Data extraction and analysis 130 

 131 

We analysed normalised (counts per million) human RNA-seq data deposited in Array 132 

Express (E-MTAB-6814) from the ‘Gene expression across mammalian organ development’ project 133 

(Cardoso-Moreira, et al. 2019). The prenatal samples in that project were provided by the MRC 134 

Wellcome Trust Human Developmental Biology Resource based in the United Kingdom. They were 135 

from elective abortions with normal karyotypes. Postnatal samples were provided by the NICHD 136 

Brain and Tissue Bank for Developmental Disorders at the University of Maryland, USA, and by the 137 

Chinese Brain Bank Center in Wuhan, China. They originated from individuals with diverse causes 138 

of death that, given the information available, were not associated with the organ sampled. The organs 139 

in this project were sampled from the three germ layers: the ectoderm made up of brain 140 
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(forebrain/cerebrum) and cerebellum (hindbrain/cerebellum); the mesoderm made up of heart, 141 

kidney, ovary and testis; and the endoderm consisting of the liver. The expression of TGF family 142 

genes (TGFB1, TGFB2, TGFB3, LTBP1, LTBP2, LTBP3, LTBP4, FBN1, FBN2, FBN3, TGFBR1, 143 

TGFBR2, TGFBR3, TGFB1I1, TGFBR3L, TGFBI, TGFBRAP1) was studied in all 7 tissues from 144 

fetuses [4-20 weeks post conception (wpc); but missing 14, 15 and 17 wpc], from 5 tissues at birth 145 

until adulthood, and for kidney until 8 years. There were no postnatal ovary tissues available. 146 

Postnatally, we grouped the samples as prepubertal (from birth until 9 years), pubertal (13-19 years) 147 

and adulthood (each decade until 65 years of age). For testis samples, 13-14 years were considered 148 

as early puberty, and 15-19 years as late puberty as grouped in the original study (Cardoso-Moreira 149 

et al. 2019). Supplementary Table S1-3 shows the specific details for each tissue sample used.  150 

The tissues were grouped according to function; gonads (ovary and testis), metabolic tissues 151 

(liver, kidney, and heart), and brain tissues (brain and cerebellum). The TGF family was grouped 152 

functionally: TGFs, (TGFB1, TGFB2, TGFB3), latent TGFβ binding proteins (LTBPs) (LTBP1, 153 

LTBP2, LTBP3, LTBP4), fibrillins (FBN1, FBN2, FBN3), TGFβ receptors (TGFBR1, TGFBR2, 154 

TGFBR3) and others (TGFB1I1, TGFBR3L, TGFBI, TGFBRAP1). Expression levels of TGF family 155 

genes studied previously (Azumah et al. 2022b) were extracted from normalised counts and further 156 

analysed. Specifically, time-course scatterplots were generated for TGF signalling molecules using 157 

ggplot2 package in R (Wickham, et al. 2016). Pearson’s correlation was then carried out for fetal 158 

samples of each tissue separately for firstly, TGF signalling molecules with each other and secondly 159 

with PCOS candidate genes [IBM SPSS Statistics for Windows, version 25 (IBM Corp., Armonk, 160 

NY, USA)]. The correlation of each gene with each other within each tissue was then compared with 161 

that in the other tissues and the output collated based on all significant correlations (P <0.01).  162 

 163 

 164 

 165 
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Results 166 

 167 

TGF Signalling Molecules: Expression in Fetal Tissues 168 

 169 

The expression of the TGF family of genes was studied in 7 tissues (ovary, testis, heart, liver, 170 

kidney, brain and cerebellum) in fetal tissues until mid-gestation (4-20 wpc). All the genes were 171 

dynamically expressed across all tissues with few exceptions as stated below. Although, there were 172 

fewer female samples than males, there was no difference in gene expression observed between the 173 

two sexes in the same tissues, excluding the gonads. We compared the gene expression among 174 

different tissues and found that some genes were significantly expressed in gonadal tissues, whilst 175 

others were expressed in the metabolic or brain tissues at different time points prenatally. 176 

TGFB1 (Supplementary Fig. S1A) and TGFB2 (Fig. 1) expression was highest at 4 weeks in 177 

both gonadal and metabolic tissues and in general, levels in all tissues decreased as the fetuses 178 

developed. TGFB2 and TGFB3 (Fig. 1 and Supplementary Fig. S1B) expression increased at 16 wpc 179 

in the testis until 20 wpc; and at 16 weeks in the heart. TGFB1 expression was low in both brain 180 

tissues and levels decreased and remained low until mid-gestation. TGFB2 expression increased with 181 

gestational age in the cerebellum but remained low in the brain. TGFB3 was least expressed in both 182 

brain tissues. TGFB2 was only expressed early in fetal liver development but TGFB3 was not 183 

expressed in the fetal tissues. 184 

LTBP1/2/3/4 (Fig. 2 and Supplementary Fig. S2) were dynamically expressed in most tissues 185 

with least expression in the fetal brain tissues. LTBP1 (Supplementary Fig. 2) expression was 186 

expressed highest in the heart early in gestation and then slowly declined. In all other tissues, its 187 

expression was relatively constant. The expression of LTBP2 (Supplementary Fig. S2A) increased in 188 

the ovary, testis and heart during gestation, but remained relatively constant and quite low in kidney, 189 

and both brain tissues. LTBP3 and 4 (Supplementary Fig. S2B and C) were the most highly expressed 190 

LTBPs in the fetal testis and their expression increased throughout the gestational period studied. The 191 
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expression of both these genes in the ovary remained steady, similar to heart and liver. The expression 192 

in the liver was the lowest of the metabolic tissues and remained constant. LTBP3 expression 193 

increased in both brain tissues, whereas LTBP4 was constantly low. LTBP2/4 were not expressed in 194 

the fetal liver tissues.  195 

 196 

Fig. 1. Expression of TGFB2 in gonadal, metabolic and brain tissues during the first half of fetal 197 

development and during lifetime. Short dashes distinguish fetal samples from the postnatal one.  198 

 199 

 200 

Fig. 2. Expression of LTBP1 in gonadal, metabolic and brain tissues during the first half of fetal 201 

development and during lifetime. Short dashes distinguish fetal samples from the postnatal one. 202 

 203 

FBN1/2/3 were dynamically across many fetal tissues with the least expression in the fetal 204 

liver. FBN1 (Supplementary Fig. S3A) expression remained constant in the ovary, kidney, liver 205 

tissues and both brain tissues although levels decreased until 6 wpc in both brain tissues. The 206 

expression of FBN1 in the heart was constant except for one male heart sample at 16 wpc, which 207 

showed an extremely high level. Expression of FBN1 and FBN2 increased in testis until 16 wpc and 208 

levels decreased thereafter. FBN2 (Supplementary Fig. S3B) expression remained constant in the 209 
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ovary tissues and both brain tissues but levels decreased until 8 wpc in both brain tissues. While FBN2 210 

was not expressed in the liver tissues prenatally, it was most expressed in the early stages (first 211 

trimester) in heart tissues after which levels decreased towards mid-gestation. Both FBN1 and FBN2 212 

were least expressed in the liver and both brain tissues. However, FBN3 (Fig. 3) was highest early in 213 

gestation in all tissues except in the brain tissues and then decreased towards mid-gestation. 214 

Expression was the same in both cerebellum and brain tissues during the earlier stages but increased 215 

towards mid-gestation in only brain tissues; although there were no cerebellum tissues at this stage. 216 

Notably, FBN3 is the fibrillin which is most expressed in brain tissues. 217 

 218 

Fig. 3. Expression of FBN3 in gonadal, metabolic and brain tissues during the first half of fetal 219 

development and during lifetime. Short dashes distinguish fetal samples from the postnatal one. 220 

 221 

TGFBR1 (Fig. 4) expression was highest early in gestation across all tissues, the brain tissues 222 

having the highest levels, and then declined towards mid-gestation. TGFBR2 (Supplementary Fig. 223 

S4A) expression increased across gestation in the testis and metabolic tissues, but remained very low 224 

and constant in the brain tissues and the ovary tissues. TGFBR3 (Supplementary Fig. S4B) expression 225 

increased in the testis and kidney, decreased in the ovary and liver but remained constant in the heart 226 

and both brain tissues. 227 

In most tissues, expression of TGFB1I1 (Supplementary Fig. S5A) remained relatively 228 

constant and low, except for testis where it increased towards mid-gestation and for heart where the 229 

expression drastically increased towards 10 wpc and then dropped at 16 wpc to increase again at 18 230 

and 20 wpc. TGFB1I1 was not expressed in the fetal liver. TGFBR3L (Supplementary Fig. S5B) 231 
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expression was either very low or nil in all fetal. TGFBI (Supplementary Fig. S5C) expression was 232 

high at early gestation in heart and brain tissues and then declined. In the ovary and testis, a small 233 

increase up to 8 wpc could be observed, which then declined and stayed low in the ovary and 234 

increased in the testis from 16 wpc onwards again. TGFBI was constantly expressed in liver and 235 

kidney, whereby an increase towards 20 wpc occurred. TGFBRAP1 (Supplementary Fig. S5D) was 236 

dynamically expressed with levels remaining constant across all tissues. 237 

238 

Fig. 4. Expression of TGFBR1 in gonadal, metabolic and brain tissues during the first half of fetal 239 

development and during lifetime. Short dashes distinguish fetal samples from the postnatal one. 240 

241 

TGF Signalling Molecules: Relationships in Fetal Tissues 242 

243 

Pearson’s correlations of the expression of genes within each fetal tissue were carried out 244 

between the genes and gestational age and the outcomes were tabulated in Tables 1-5 and 245 

Supplementary Tables S4-S16. Where description of significance involved more than two tissues or 246 

genes, the direction of correlation (negative or positive) are generally omitted from the text here, to 247 

minimise the complexity in the presentation of the results. However, these details can be observed in 248 

the respective tables for each gene. 249 

In the ovary only LTBP2 significantly correlated positively with gestational age (Table 1), 250 

while TGFB1/2, LTBP1, FBN2, TGFBR1/2 correlated negatively. In the testis samples FBN3 251 

significantly correlated negatively with gestational age, whilst TGFB3, LTBP2/3/4, FBN1/2, 252 

TGFBR2/3 and TGFB1I1 correlated positively (Table 1). In the heart, TGFB1/2, and FBN2/3 253 
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significantly correlated negatively with gestational age, while FBN1 and TGFBR1/2 correlated 254 

positively. In the kidney LTBP2 and TGFBR2 significantly correlated positively with gestational age, 255 

while TGFB2/3, LTBP1, FBN2/3, and TGFBR1/3 correlated negatively. In the liver LTBP1/2, 256 

TGFBR2, TGFBI, TGFBRAP1 significantly correlated with gestational age and TGFB2, FBN1/2/3 257 

and TGFBR3 negatively. For brain and cerebellum tissues, LTBP1, FBN1/2, TGFBR1/3 significantly 258 

correlated negatively with gestational age while TGBFB2, and LTBP3 correlated positively. 259 

However, TGFB3, FBN3 and TGFBRAP1 significantly correlated positively, and LTBP4 and TGFBI 260 

negatively with gestational age in brain only. TGFBR3L only positively correlated with gestational 261 

age in cerebellum. Thus, LTBP1/2/3, FBN2/3, and TGFBR1/2/3 correlated significantly (P < 0.01) in 262 

at least three tissues.  263 

TGFB1 (Supplementary Table S4) expression correlated with expression of most other genes 264 

in the brain tissues; LTBP1/2/4, FBN1/2/3, TGFBR2/3 and TGFBI in cerebellum and LTBP1, FBN1/2, 265 

TGFBR2/3, TGFB1I1 and TGFBI in brain. No correlations were observed in gonadal tissues. TGFB2 266 

(Table 2) correlated with TGFB3, FBN1/2/3, TGFBR1 and TGFBI in at least three tissues. It 267 

correlated significantly with LTBP1, FBN1/2, and TGFBR1/2 in both gonadal tissues, but with 268 

TGFBR3 and TGFBRAP1 in only the ovary and TGFB3 and TGFBR3L in only the testis. TGFB2 269 

correlated with LTBP2 negatively in the ovary, but positively in the testis. TGFB3 (Supplementary 270 

Table S5) expression correlated significantly with TGFB2, LTBP2/3/4, FBN1/2/3, TGFBR2/3, 271 

TGFB1I1, and TGFBI in at least three tissues.  272 

LTBP1 (Table 3) expression correlated significantly (P < 0.01) with FBN1/2, TGFBR2, and 273 

TGFBI in five out of seven tissues and with TGFB2, LTBP2, TGFBR3, and TGFBRAP1 in at least 274 

three tissues. LTBP2 (Supplementary Table S6) expression positively correlated with TGFBR2 in all 275 

tissues except the ovary, where the correlation was negative, and with TGFB3, LTBP2, FBN1/2, and 276 

TGFBI in at least three tissues. LTBP3 (Supplementary Table S7) correlated significantly with 277 

TGFB1I1 in all tissues and TGBFR3L in at least five tissues and with LTBP4, and TGFBI in at least 278 
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significantly with LTBP3, TGFBR1 and TGFBRAP1 in testis and ovary, but only with LTBP2 and 395 

FBN2 in the ovary and with TGFB1I1 in the testis. The observed correlations in the liver were also 396 

related to very low expression of ERBB4 (Azumah et al. 2023) and the TGF signalling molecules 397 

(Figs 1 and 2; Supplementary Figs 2,3,4) in this tissue. PLGRKT (Supplementary Table S26) 398 

expression correlated significantly and negatively with genes in testis including TGFB2/3, LTBP2, 399 

FBN1/2, TGFBR2/3 and TGFBRAP1, whereas it correlated positively with TGFBR3L. TOX3 400 

(Supplementary Table S27) expression significantly correlated with FBN3 in five out of seven tissues 401 

and with TGFBR1/3 and TGFBR3L in at least three tissues. GATA4 (Supplementary Table S28) 402 

expression correlated significantly positively with TGFB2, LTBP4, FBN1/2/3 and TGBFBR1/3 in 403 

liver and with LTBP2 positively in the ovaries, and negatively with FBN2 and TGFBR1/2 in both 404 

gonads, TGFBI in testis and TGFBRAP1 in ovary. ZBTB16 (Supplementary Table S29) significantly 405 

correlated with TGFB1, LTBP1, FBN1/2, TGFBR1/2/3 and TGFBI in at least three tissues, most of 406 

which were in the testis, liver and brain and cerebellum. IRF1 (Supplementary Table S30) expression 407 

correlated significantly with LTBP4, FBN1/2/3 and TGFBR2/3 in the testis, with LTBP2/4, FBN3, 408 

TGFBR1/2 and TGFB1/1 in kidneys, with TGFB2/3 and TGFBR3L in cerebellum and with TGFB1 409 

and TGFBR2 in brain. KRRI (Supplementary Table S32) expression correlated significantly with 410 

LTPB1/3, FBN1 and TGFBR1/2 in at least three tissues. The strongest positive correlations were with 411 

TGFBR1/2/3 in the heart and TGFBR1 in brain and cerebellum. 412 

RAB5B (Supplementary Table S33) significantly correlated positively with TGFBRAP1 in all 413 

tissues except the kidney and with FBN1, TGFBR2/3 and TGFBR3L in at least three tissues. ARL14EP 414 

(Supplementary Table S34) expression showed significant correlations (P < 0.01) with LTBP3, FBN3 415 

and TGFBR2/3 in the heart, while DENND1A (Supplementary Table S35) correlated significantly 416 

with TGFB2/3, LTBP3, TGFBR1, and TGFBR3L in cerebellum, with TGFB1 in heart and TGFB1/1 417 

in kidney. THADA (Supplementary Table S36) showed the most significant correlations in heart 418 

(TGFB2, LTBP1, FBN1/2, TGFBR1/3, TGFB1/1, TGFBI and TGFBRAP1) and the brain and 419 

cerebellum (LTBP1/3, FBN1/2, TGFBR1/3 and TGFBI). MAPRE1 (Supplementary Table S37) 420 
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TGF Signalling Molecules: Postnatal Gene Expression  436 

 437 

The expression of TGF family genes was studied in five postnatal tissues (testis, heart, liver, kidney, 438 

brain, and cerebellum) at birth until adulthood, except kidney samples which were only up to 8 years 439 

of age. There were no postnatal ovary samples. We also compared the levels of expression in the 440 

adult tissues to expression in fetal tissues. Expression of TGF signalling molecules were generally 441 

lower during adulthood compared to expression in fetal tissues. 442 

The expression of TGFB1/2/3 (Fig. 1, Supplementary Figs S1A and B, respectively) 443 

postnatally decreased significantly from birth throughout life in all tissues except for TGFB1/3 in the 444 

heart, where expression increased. In most cases, expression levels were similar to those in fetal 445 

tissues, except TGFB3 in the cerebellum where expression levels were very high at birth after which 446 

levels decreased substantially.  447 

LTBP1/2/4 (Fig. 2 and Supplementary Figs S2A and C, respectively) levels were very low 448 

and constant in brain tissues, whereas LTBP3 (Supplementary Fig. S2B) levels were relatively high. 449 

Expression of all four genes decreased from birth until adulthood in the testis and were dynamically 450 

expressed in the metabolic tissues with the least expression in the liver. LTBP2/3/4 levels increased 451 

with age while LTBP1 levels decreased in heart tissues.  452 

FBN1/2/3 (Fig. 3, Supplementary Figs. S3A and B) expression declined after birth and 453 

remained low throughout adulthood in all tissues studied. TGFBR1/2/3 (Fig. 4, Supplementary Figs. 454 

S4A and B) levels remained constant postnatally in most tissues with few exceptions. TGFBR2 levels 455 

increased after birth until before puberty in kidney and testis, and before adulthood in the heart. The 456 

same patterns were observed in kidney and testis for TGFBR3.  457 

TGFB1I1 (Supplementary Fig. S5A) and TGFBI (Supplementary Fig. S5C) expression had 458 

similar patterns in the testis; higher expression during prepubertal stages and lower expression during 459 

the rest of life. Their levels in the brain and cerebellum were low and constant from birth. Both genes 460 

were dynamically expressed in metabolic tissues. However, TGFBR3L (Supplementary Fig. S5B) 461 
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expression was low and constant in all tissues except in the brain, where its expression increased 462 

significantly from birth until adulthood in both tissues. TGFBRAP1 (Supplementary Fig. S5D) levels 463 

remained constant in metabolic tissues and brain and cerebellum, similar to their expression in the 464 

respective fetal tissues. However in the testis, the levels decreased during late puberty and remained 465 

low and constant during adulthood. 466 

 467 

 468 

Discussion 469 

 470 

In this study we examined the expression patterns and levels of TGFβ signalling molecules from 4-471 

20 weeks of gestation and at different stages of postnatal human life. Seven different tissues were 472 

included. The relationships between the expression of these genes in fetal tissues to each other and to 473 

age of gestation, and prenatal or/and postnatal levels of expression were compared. The expression 474 

of TGFβ signalling molecules was also related to expression of PCOS candidate genes within each 475 

fetal tissue. While some of the expression patterns observed in the human fetal ovary were consistent 476 

to our previous findings in bovine fetal ovaries during 8-18 wpc (Azumah et al. 2022a; Hatzirodos, 477 

et al. 2019; Hatzirodos et al. 2011), others could not be inferred as human samples after mid gestation 478 

were not available in the current study whereas they were previously for bovine tissues (Azumah et 479 

al. 2022a; Hatzirodos et al. 2019; Hatzirodos et al. 2011). Here we highlight from this plethora of 480 

information what we perceive are the most significant findings.  481 

Studies on the role of androgens, insulin, AMH and TGFβ1 in the signalling pathways 482 

associated with PCOS have recently been reviewed (Walters et al. 2022). In particular, TGFβ 483 

signalling molecules have been associated with fibrosis in various tissues including the heart, kidney, 484 

lung, liver and ovary, and the mechanisms involved have been reviewed (Biernacka, et al. 2011; 485 

Gressner, et al. 2002; Zhou, et al. 2017). Interestingly, these regulators have been previously 486 

associated with the development of fibrous ovarian stroma observed in PCOS women as well as its 487 
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predisposition to PCOS (Hatzirodos et al. 2011). Skeletal muscle of women with PCOS tend to have 488 

higher expression of genes controlled by TGFβ and produce more collagens (Stepto, et al. 2020). 489 

Also, TGFβ2 levels in circulation correlate with androgen levels in women (Raja-Khan et al. 2014), 490 

clearly showing a connection between TGFs and androgens. Recent studies have shown that TGFβ1 491 

could regulate some genes in loci associated with PCOS in cultured fetal ovarian fibroblasts (Azumah 492 

et al. 2022b; Hartanti et al. 2020). Specifically, TGFβ1 inhibited expression of genes including INSR, 493 

C8H9orf3, RAD50, ERBB3, NEIL2, IRF1 and ZBTB16 in fetal ovarian fibroblasts in vitro (Azumah 494 

et al. 2022b; Hartanti et al. 2020). Note that androgens and AMH, which have been used to induce 495 

PCOS in animals previously (Abbott, et al. 2006; Dumesic et al. 1997; Hartanti et al. 2020; Risal et 496 

al. 2019; Stener-Victorin, et al. 2020; Tata et al. 2018; Walters 2016), did not regulate any of the 497 

PCOS candidate genes in fetal ovarian fibroblasts in vitro (Azumah et al. 2022b; Hartanti et al. 2020). 498 

TGFβ1 also inhibited the expression of the androgen receptor (AR) and stimulated expression of its 499 

cofactor TGFβ induced transcript 1 (TGFB1I1) (Azumah et al. 2022b; Hartanti et al. 2020). These 500 

findings further infer crosstalk between TGFβ signalling pathways with androgen signalling. 501 

Collectively all these results further affirm TGFβ’s possible role in the aetiology of PCOS. 502 

Examining genes in loci associated with PCOS also shed light on the aetiology of PCOS. We 503 

had previously found these genes to be dynamically expressed during fetal ovary development 504 

(Azumah et al. 2022a; Hartanti et al. 2020; Liu et al. 2020) whereas in adult ovarian stroma there was 505 

no difference in the expression of these genes between control and PCOS (Liu et al. 2020). We also 506 

found recently that many of the PCOS genes were dynamically expressed across gestation in many 507 

other fetal tissues (Azumah et al. 2023). In the fetal bovine ovary, we found PCOS expression patterns 508 

across gestation could be divided into similarly-expressed groups and that genes in these groups were 509 

co-expressed with genes involved either in mitochondria function, stroma expansion or 510 

steroidogenesis (Azumah et al. 2022a). The mitochondrial genes were both nuclear and 511 

mitochondrially encoded (Azumah et al. 2022a). Upstream regulators associated with these pathways 512 

according to Ingenuity Pathway Analyses and KEGG analyses showed that TGFβ1/2/3 among others 513 
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regulate the stroma expansion (Azumah et al. 2022a). Furthermore,  meta-analysis involving lean 514 

(BMI ≤ 23) and obese (BMI ≥ 23) PCOS patients in a systematic and comparative study by Idicula-515 

Thomas, et al. (2020), showed that some PCOS candidate genes were differentially expressed in 516 

different tissues. ZBTB16, FSHR, GATA4, TGFB1I1, AR and LTBP4 were downregulated in cumulus 517 

cells and TGFB2 in subcutaneous adipose tissue of lean PCOS women while INSR, THADA, 518 

PLGRKT, TGFBI, FBN1 and LTBP1 were downregulated in endometrial tissues in obese PCOS 519 

women (Idicula-Thomas et al. (2020). A recent study showed that correlation between the expressions 520 

of HMGA2/YAP1 and RAD50/YAP1 were significant in at least 5 of the 7 fetal tissues analysed (ovary, 521 

testis, kidney, liver, heart, cerebellum and brain) during the first half of human fetal development 522 

(Azumah et al. 2023). Thus clearly there is a real possibility that mis-regulation of genes in loci 523 

associated with PCOS during fetal development could be involved in the aetiology of PCOS.   524 

In the current study, the expression of 3 PCOS candidate genes (HMGA2, YAP1 and RAD50) 525 

in particular correlated significantly with many TGFβ signalling molecules during the first half of 526 

human fetal development in most tissues. Although the specific roles of the 3 genes in the aetiology 527 

of PCOS remain unknown, their functional roles are intriguingly associated directly or indirectly with 528 

some phenotypes of the syndrome. In numerous studies HMGA2 has been associated with birthweight 529 

as well as adult and childhood height (Beaumont, et al. 2018; Horikoshi, et al. 2013; Weedon, et al. 530 

2007). Birthweight has been associated with the risk of hyperandrogenism and obesity, while 531 

ponderal index (weight per cubic length) at birth has been independently associated with some 532 

symptoms of PCOS in adulthood (Davies, et al. 2012; Yu, et al. 2011). Low birthweight, for instance, 533 

has been associated with coronary artery disease, hypertension, obesity and insulin resistance among 534 

others [see review by Calkins and Devaskar (2011)]. Understanding the role of HMGA2 in the fetal 535 

onset of adult disorders/symptoms observed in PCOS will enhance the understanding of the aetiology 536 

of the syndrome. 537 

HMGA2 and YAP1 are involved in epithelial mesenchymal transition (EMT) during 538 

embryogenesis through TGFβ signalling (Martínez Traverso, et al. 2022; Thuault, et al. 2006; Vignali 539 
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and Marracci 2020). Both HMGA2 and YAP1 are also involved in the Hippo signalling pathway, 540 

which regulates organ size by regulating cell differentiation and apoptosis (Huang, et al. 2005; Shen, 541 

et al. 2015; Varelas 2014; Xu, et al. 2021; Zhang, et al. 2014) including in the ovary (Clark, et al. 542 

2022). Interaction between TGFβ and Hippo signalling pathways has been shown to stimulate 543 

hepatocytes to undergo an EMT-like response in a TGFβ-enriched microenvironment (Oh, et al. 544 

2018). HMGA2 regulates YAP1 stability via the Hippo-YAP signalling pathway and possibly inhibits 545 

its ubiquitination, which has been shown to regulate the progression of EMT in human breast cancer 546 

cell lines (Xu et al. 2021). Additionally, YAP1 has also been shown to regulate fibrosis in liver 547 

(Martin, et al. 2016), lung (Chen, et al. 2019) and heart (Li, et al. 2022), contributing to numerous 548 

diseases including cardiovascular diseases, diabetes and cancers (Salloum, et al. 2021). It is not 549 

known if the exposure to high androgens and AMH during pregnancy in PCOS women leads to 550 

dysregulation of some of the genes in loci associated with PCOS, such as YAP1 and HMGA2, as well 551 

as TGFβ signalling molecules during fetal development. Could this lead to the development of a 552 

polycystic ovary morphology and the various phenotypes observed in adulthood?  553 

Although most genes in loci associated with PCOS have been studied individually, studies of 554 

their regulatory roles on each other are limited. HMGA2 has been associated with the Polycystic 555 

Ovary Morphology (PCOM) phenotype in PCOS patients of Han Chinese ancestry, potentially 556 

functioning to promote the proliferation of ovarian granulosa cells via the HMGA2/IMP2 pathway 557 

(Li, et al. 2019). This could possibly account for the increased proliferation of early preantral follicles 558 

and decreased apoptosis in granulosa cells in PCOS (Das, et al. 2008; Li et al. 2019; Stubbs, et al. 559 

2007). HMGA2 has also been significantly associated with both hyperandrogenism and 560 

oligo/amenorrhea in women with PCOS in Saudi Arabia (Bakhashab and Ahmed 2019). More so, 561 

YAP1, which is highly expressed in mammalian oocytes and preimplantation embryos, is essential 562 

for normal ovarian development and function, as well as granulosa cell proliferation (Ji, et al. 2017; 563 

Yu, et al. 2016). YAP1 is also regulated by gonadotrophins and hormones including oestrogen, follicle 564 

stimulating hormone (FSH), and luteinising hormone (LH) (de Andrade, et al. 2022; Ji et al. 2017; 565 
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Moon, et al. 2022; Sun and Diaz 2019); however the consequences of this regulation in PCOS women 566 

has not been studied. In granulosa cells of women with PCOS, a significant decrease in DNA 567 

methylation levels were observed in the promoter region of YAP1, accounting for a significant 568 

increase in the mRNA and protein expression levels of YAP1 (Jiang, et al. 2017). Treatment of 569 

granulosa cells from healthy women with testosterone, but not LH or FSH, reduced YAP1 methylation 570 

in a dose-dependent manner (Jiang et al. 2017); implying regulatory roles of androgens on this gene. 571 

Together, these findings confirm the possible co-regulatory effects between some PCOS candidate 572 

genes, HMGA2 and YAP1, as well as with some TGFβ signalling molecules.  573 

Considering the fact that HMGA2 is mainly expressed during the early stages of fetal 574 

development, one could argue that some or most of these interactions occur mainly during this time. 575 

Thus, exposure of fetuses to a PCOS environment such as high levels of androgens or AMH could 576 

possibly lead to an initiation of mechanisms which possibly leads to a cascade of events during and 577 

after fetal development; accounting for the phenotypes observed. It could also be said that the 578 

dynamic expression of both TGFβ signalling molecules and PCOS candidate genes during fetal and 579 

postnatal development in gonadal, metabolic and brain tissues could account for the variations in age 580 

of onset as well as the phenotypes observed in PCOS. Postnatal exposures could also influence time 581 

of onset of some of these symptoms observed. 582 

Together the current study confirms that some genes in loci associated with PCOS including 583 

HMGA2 and YAP1 could be interacting with TGFβ signalling molecules, resulting in cascades of 584 

events downstream, possibly accounting for the different phenotypes observed. Specifically, this 585 

relationship could underpin the PCOM phenotype, as well as contributing to non-reproductive aspects 586 

of the condition.  587 

 588 

 589 

 590 
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Conclusion 591 

 592 

The influence of transcriptional and post-transcriptional mechanisms such as mRNA 593 

stability/degradation, storage in stress granules, translational control on gene expression were not 594 

considered in this study. Also, Mendelian randomisation studies and transcriptome-wide association 595 

studies may be addressed in future studies.  596 

Notably, most TGFβ signalling molecules were actively expressed in all tissues studied except in the 597 

liver and some were co-expressed with PCOS candidate genes. The findings and interpretations of 598 

this study thus confirms possible relationships between TGFβ signalling molecules and genes in loci 599 

associated with PCOS in various tissues, providing an early step towards understanding the multiple 600 

aspects of this condition. 601 
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Sample Tissue age age_days Sex

Ovary.4wpc.1 Ovary 4 28 Female

Ovary.4wpc.2 Ovary 4 28 Female

Ovary.5wpc.3 Ovary 5 35 Female

Ovary.6wpc.4 Ovary 6 42 Female

Ovary.7wpc.5 Ovary 7 49 Female

Ovary.7wpc.6 Ovary 7 49 Female

Ovary.8wpc.7 Ovary 8 56 Female

Ovary.8wpc.8 Ovary 8 56 Female

Ovary.9wpc.9 Ovary 9 63 Female

Ovary.10wpc.10 Ovary 10 70 Female

Ovary.10wpc.11 Ovary 10 70 Female

Ovary.11wpc.12 Ovary 11 77 Female

Ovary.12wpc.13 Ovary 12 84 Female

Ovary.12wpc.14 Ovary 12 84 Female

Ovary.13wpc.15 Ovary 13 91 Female

Ovary.16wpc.16 Ovary 16 112 Female

Ovary.18wpc.17 Ovary 18 126 Female

Ovary.18wpc.18 Ovary 18 126 Female

Testis.4wpc.1 Testis 4 28 Male

Testis.5wpc.2 Testis 5 35 Male

Testis.5wpc.3 Testis 5 35 Male

Testis.6wpc.4 Testis 6 42 Male

Testis.6wpc.5 Testis 6 42 Male

Testis.7wpc.6 Testis 7 49 Male

Testis.7wpc.7 Testis 7 49 Male

Testis.7wpc.8 Testis 7 49 Male

Testis.8wpc.9 Testis 8 56 Male

Testis.8wpc.10 Testis 8 56 Male

Testis.8wpc.11 Testis 8 56 Male

Testis.9wpc.12 Testis 9 63 Male

Testis.9wpc.13 Testis 9 63 Male

Testis.10wpc.14 Testis 10 70 Male

Testis.10wpc.15 Testis 10 70 Male

Testis.11wpc.16 Testis 11 77 Male

Testis.11wpc.17 Testis 11 77 Male

Testis.12wpc.18 Testis 12 84 Male

Testis.12wpc.19 Testis 12 84 Male

Testis.13wpc.20 Testis 13 91 Male

Testis.13wpc.21 Testis 13 91 Male

Testis.13wpc.22 Testis 13 91 Male

Testis.16wpc.23 Testis 16 112 Male

Testis.16wpc.24 Testis 16 112 Male

Testis.18wpc.26 Testis 18 126 Male

Testis.19wpc.27 Testis 19 133 Male

Testis.infant.28 Testis infant 463 Male

Testis.infant.29 Testis infant 463 Male

Testis.toddler.31 Testis toddler 1375 Male

Table S1. Characteristics (age and gender) of gonadal tissues analysed in this study. 
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Testis.youngTeenager.32 Testis youngTeenager 5025 Male

Testis.youngTeenager.33 Testis youngTeenager 5025 Male

Testis.oldTeenager.34 Testis oldTeenager 6485 Male

Testis.oldTeenager.35 Testis oldTeenager 6485 Male

Testis.youngAdult.36 Testis youngAdult 11230 Male

Testis.youngAdult.37 Testis youngAdult 11230 Male

Testis.youngAdult.38 Testis youngAdult 11230 Male

Testis.youngMidAge.39 Testis youngMidAge 14880 Male

Testis.olderMidAge.40 Testis olderMidAge 18530 Male

Testis.Senior.41 Testis Senior 22180 Male
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Sample Tissue age age (days) Sex

Heart.4wpc.1 Heart 4 28 Female

Heart.4wpc.2 Heart 4 28 Male

Heart.5wpc.3 Heart 5 35 Female

Heart.5wpc.4 Heart 5 35 Male

Heart.6wpc.5 Heart 6 42 Female

Heart.6wpc.6 Heart 6 42 Male

Heart.7wpc.7 Heart 7 49 Female

Heart.7wpc.8 Heart 7 49 Male

Heart.7wpc.9 Heart 7 49 Male

Heart.8wpc.10 Heart 8 56 Female

Heart.8wpc.11 Heart 8 56 Female

Heart.8wpc.12 Heart 8 56 Male

Heart.8wpc.13 Heart 8 56 Male

Heart.8wpc.14 Heart 8 56 Male

Heart.9wpc.15 Heart 9 63 Female

Heart.9wpc.16 Heart 9 63 Male

Heart.9wpc.17 Heart 9 63 Male

Heart.10wpc.19 Heart 10 70 Female

Heart.10wpc.20 Heart 10 70 Male

Heart.10wpc.21 Heart 10 70 Male

Heart.11wpc.22 Heart 11 77 Female

Heart.11wpc.23 Heart 11 77 Male

Heart.11wpc.24 Heart 11 77 Male

Heart.11wpc.25 Heart 11 77 Male

Heart.12wpc.27 Heart 12 84 Male

Heart.13wpc.28 Heart 13 91 Female

Heart.13wpc.30 Heart 13 91 Male

Heart.13wpc.31 Heart 13 91 Male

Heart.16wpc.33 Heart 16 112 Male

Heart.16wpc.34 Heart 16 112 Male

Heart.18wpc.36 Heart 18 126 Male

Heart.19wpc.35 Heart 19 133 Female

Heart.19wpc.37 Heart 19 133 Male

Heart.19wpc.38 Heart 19 133 Male

Heart.newborn.39 Heart newborn 280 Female

Heart.newborn.41 Heart newborn 280 Male

Heart.infant.43 Heart infant 463 Female

Heart.infant.44 Heart infant 463 Male

Heart.infant.45 Heart infant 463 Male

Heart.toddler.46 Heart toddler 1375 Female

Heart.toddler.47 Heart toddler 1375 Male

Heart.teenager.48 Heart teenager 5755 Male

Heart.youngAdult.49 Heart youngAdult 11230 Male

Heart.olderMidAge.50 Heart olderMidAge 18530 Male

Kidney.4wpc.1 Kidney 04 28 Male

Kidney.5wpc.2 Kidney 05 35 Female

Kidney.5wpc.3 Kidney 05 35 Male

Table S2. Characteristics (age and gender) of metabolic tissues analysed in this study. 
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Kidney.6wpc.4 Kidney 06 42 Female

Kidney.6wpc.5 Kidney 06 42 Male

Kidney.7wpc.6 Kidney 07 49 Female

Kidney.7wpc.7 Kidney 07 49 Male

Kidney.8wpc.8 Kidney 08 56 Female

Kidney.8wpc.9 Kidney 08 56 Male

Kidney.9wpc.11 Kidney 09 63 Male

Kidney.10wpc.12 Kidney 10 70 Female

Kidney.10wpc.13 Kidney 10 70 Female

Kidney.10wpc.14 Kidney 10 70 Female

Kidney.11wpc.15 Kidney 11 77 Female

Kidney.11wpc.16 Kidney 11 77 Male

Kidney.12wpc.17 Kidney 12 84 Female

Kidney.12wpc.18 Kidney 12 84 Male

Kidney.13wpc.19 Kidney 13 91 Female

Kidney.13wpc.20 Kidney 13 91 Male

Kidney.13wpc.21 Kidney 13 91 Male

Kidney.16wpc.23 Kidney 16 112 Male

Kidney.16wpc.24 Kidney 16 112 Male

Kidney.18wpc.25 Kidney 18 126 Female

Kidney.18wpc.26 Kidney 18 126 Female

Kidney.19wpc.30 Kidney 19 133 Male

Kidney.20wpc.28 Kidney 20 140 Female

Kidney.20wpc.29 Kidney 20 140 Male

Kidney.newborn.31 Kidney newborn 280 Female

Kidney.newborn.32 Kidney newborn 280 Female

Kidney.newborn.33 Kidney newborn 280 Male

Kidney.infant.34 Kidney infant 463 Female

Kidney.infant.36 Kidney infant 463 Female

Kidney.infant.37 Kidney infant 463 Male

Kidney.toddler.38 Kidney toddler 1375 Female

Kidney.toddler.39 Kidney toddler 1375 Male

Kidney.school.40 Kidney school 3200 Female

Liver.4wpc.1 Liver 04 28 Female

Liver.4wpc.2 Liver 04 28 Male

Liver.4wpc.3 Liver 04 28 Male

Liver.4wpc.4 Liver 04 28 Male

Liver.5wpc.5 Liver 05 35 Female

Liver.5wpc.6 Liver 05 35 Male

Liver.6wpc.7 Liver 06 42 Female

Liver.6wpc.8 Liver 06 42 Male

Liver.7wpc.9 Liver 07 49 Female

Liver.7wpc.10 Liver 07 49 Male

Liver.7wpc.11 Liver 07 49 Male

Liver.7wpc.12 Liver 07 49 Male

Liver.8wpc.13 Liver 08 56 Female

Liver.8wpc.14 Liver 08 56 Female

Liver.8wpc.15 Liver 08 56 Male

Liver.8wpc.16 Liver 08 56 Male

Liver.9wpc.17 Liver 09 63 Female
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Liver.9wpc.18 Liver 09 63 Male

Liver.9wpc.19 Liver 09 63 Male

Liver.10wpc.20 Liver 10 70 Female

Liver.10wpc.21 Liver 10 70 Female

Liver.10wpc.22 Liver 10 70 Male

Liver.10wpc.23 Liver 10 70 Male

Liver.11wpc.24 Liver 11 77 Female

Liver.11wpc.25 Liver 11 77 Male

Liver.11wpc.26 Liver 11 77 Male

Liver.12wpc.27 Liver 12 84 Male

Liver.13wpc.28 Liver 13 91 Female

Liver.16wpc.29 Liver 16 112 Female

Liver.16wpc.30 Liver 16 112 Male

Liver.18wpc.31 Liver 18 126 Female

Liver.18wpc.32 Liver 18 126 Female

Liver.18wpc.33 Liver 18 126 Male

Liver.19wpc.34 Liver 19 133 Female

Liver.19wpc.36 Liver 19 133 Male

Liver.20wpc.35 Liver 20 140 Female

Liver.20wpc.37 Liver 20 140 Male

Liver.newborn.38 Liver newborn 280 Female

Liver.newborn.39 Liver newborn 280 Male

Liver.infant.40 Liver infant 463 Male

Liver.toddler.42 Liver toddler 1375 Female

Liver.school.43 Liver school 3200 Male

Liver.teenager.44 Liver teenager 5755 Male

Liver.youngAdult.45 Liver youngAdult 11230 Male

Liver.youngAdult.46 Liver youngAdult 11230 Male

Liver.youngAdult.47 Liver youngAdult 11230 Male

Liver.olderMidAge.48 Liver olderMidAge 18530 Male

Liver.senior.49 Liver senior 22180 Male

Liver.senior.50 Liver senior 22180 Male

Journal of Molecular Endocrinology 2023, submitted

359



Sample Tissue age age (days) Sex

Brain.5wpc.4 Brain 5 35 Female

Brain.7wpc.6 Brain 7 49 Female

Brain.8wpc.9 Brain 8 56 Female

Brain.8wpc.10 Brain 8 56 Female

Brain.9wpc.13 Brain 9 63 Female

Brain.10wpc.16 Brain 10 70 Female

Brain.11wpc.17 Brain 11 77 Female

Brain.13wpc.22 Brain 13 91 Female

Brain.16wpc.25 Brain 16 112 Female

Brain.19wpc.28 Brain 19 133 Female

Brain.20wpc.32 Brain 20 140 Female

Brain.newborn.34 Brain newborn 280 Female

Brain.newborn.35 Brain newborn 280 Female

Brain.toddler.38 Brain toddler 1375 Female

Cerebellum.4wpc.1 Cerebellum 4 28 Female

Cerebellum.5wpc.4 Cerebellum 5 35 Female

Cerebellum.6wpc.6 Cerebellum 6 42 Female

Cerebellum.6wpc.7 Cerebellum 6 42 Female

Cerebellum.7wpc.10 Cerebellum 7 49 Female

Cerebellum.8wpc.13 Cerebellum 8 56 Female

Cerebellum.8wpc.14 Cerebellum 8 56 Female

Cerebellum.9wpc.17 Cerebellum 9 63 Female

Cerebellum.10wpc.19 Cerebellum 10 70 Female

Cerebellum.11wpc.21 Cerebellum 11 77 Female

Cerebellum.12wpc.25 Cerebellum 12 84 Female

Cerebellum.13wpc.28 Cerebellum 13 91 Female

Cerebellum.16wpc.31 Cerebellum 16 112 Female

Cerebellum.16wpc.32 Cerebellum 16 112 Female

Cerebellum.newborn.34 Cerebellum newborn 280 Female

Cerebellum.newborn.35 Cerebellum newborn 280 Female

Cerebellum.newborn.37 Cerebellum newborn 280 Female

Cerebellum.infant.39 Cerebellum infant 463 Female

Cerebellum.toddler.42 Cerebellum toddler 1375 Female

Cerebellum.school.44 Cerebellum school 3200 Female

Cerebellum.youngAdult.51 Cerebellum youngAdult 11230 Female

Brain.4wpc.1 Brain 4 28 Male

Brain.4wpc.2 Brain 4 28 Male

Brain.4wpc.3 Brain 4 28 Male

Brain.5wpc.5 Brain 5 35 Male

Brain.7wpc.7 Brain 7 49 Male

Brain.7wpc.8 Brain 7 49 Male

Brain.8wpc.11 Brain 8 56 Male

Brain.8wpc.12 Brain 8 56 Male

Brain.9wpc.14 Brain 9 63 Male

Brain.9wpc.15 Brain 9 63 Male

Brain.11wpc.18 Brain 11 77 Male

Brain.11wpc.19 Brain 11 77 Male

Table S3 Characteristics (age and gender)  of brain tissues analysed in this study. 
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Brain.11wpc.20 Brain 11 77 Male

Brain.12wpc.21 Brain 12 84 Male

Brain.13wpc.23 Brain 13 91 Male

Brain.13wpc.24 Brain 13 91 Male

Brain.16wpc.26 Brain 16 112 Male

Brain.18wpc.27 Brain 18 126 Male

Brain.19wpc.29 Brain 19 133 Male

Brain.19wpc.30 Brain 19 133 Male

Brain.20wpc.31 Brain 20 140 Male

Brain.newborn.33 Brain newborn 280 Male

Brain.infant.37 Brain infant 463 Male

Brain.toddler.39 Brain toddler 1375 Male

Brain.toddler.40 Brain toddler 1375 Male

Brain.school.41 Brain school 3200 Male

Brain.school.42 Brain school 3200 Male

Brain.teenager.43 Brain teenager 5755 Male

Brain.teenager.44 Brain teenager 5755 Male

Brain.teenager.45 Brain teenager 5755 Male

Brain.youngAdult.47 Brain youngAdult 11230 Male

Brain.youngAdult.48 Brain youngAdult 11230 Male

Brain.youngAdult.49 Brain youngAdult 11230 Male

Brain.youngMidAge.50 Brain youngMidAge 14880 Male

Brain.youngMidAge.51 Brain youngMidAge 14880 Male

Brain.olderMidAge.52 Brain olderMidAge 18530 Male

Brain.olderMidAge.53 Brain olderMidAge 18530 Male

Brain.senior.54 Brain senior 22180 Male

Brain.senior.55 Brain senior 22180 Male

Cerebellum.4wpc.2 Cerebellum 4 28 Male

Cerebellum.4wpc.3 Cerebellum 4 28 Male

Cerebellum.5wpc.5 Cerebellum 5 35 Male

Cerebellum.6wpc.8 Cerebellum 6 42 Male

Cerebellum.6wpc.9 Cerebellum 6 42 Male

Cerebellum.7wpc.11 Cerebellum 7 49 Male

Cerebellum.7wpc.12 Cerebellum 7 49 Male

Cerebellum.8wpc.15 Cerebellum 8 56 Male

Cerebellum.8wpc.16 Cerebellum 8 56 Male

Cerebellum.9wpc.18 Cerebellum 9 63 Male

Cerebellum.10wpc.20 Cerebellum 10 70 Male

Cerebellum.11wpc.22 Cerebellum 11 77 Male

Cerebellum.11wpc.23 Cerebellum 11 77 Male

Cerebellum.11wpc.24 Cerebellum 11 77 Male

Cerebellum.12wpc.26 Cerebellum 12 84 Male

Cerebellum.12wpc.27 Cerebellum 12 84 Male

Cerebellum.13wpc.29 Cerebellum 13 91 Male

Cerebellum.13wpc.30 Cerebellum 13 91 Male

Cerebellum.16wpc.33 Cerebellum 16 112 Male

Cerebellum.newborn.36 Cerebellum newborn 280 Male

Cerebellum.infant.40 Cerebellum infant 463 Male

Cerebellum.infant.41 Cerebellum infant 463 Male

Cerebellum.toddler.43 Cerebellum toddler 1375 Male
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Cerebellum.school.45 Cerebellum school 3200 Male

Cerebellum.school.46 Cerebellum school 3200 Male

Cerebellum.teenager.47 Cerebellum teenager 5755 Male

Cerebellum.teenager.48 Cerebellum teenager 5755 Male

Cerebellum.teenager.49 Cerebellum teenager 5755 Male

Cerebellum.teenager.50 Cerebellum teenager 5755 Male

Cerebellum.youngAdult.52 Cerebellum youngAdult 11230 Male

Cerebellum.youngAdult.53 Cerebellum youngAdult 11230 Male

Cerebellum.youngMidAge.54 Cerebellum youngMidAge 14880 Male

Cerebellum.youngMidAge.55 Cerebellum youngMidAge 14880 Male

Cerebellum.olderMidAge.56 Cerebellum olderMidAge 18530 Male

Cerebellum.olderMidAge.57 Cerebellum olderMidAge 18530 Male

Cerebellum.senior.58 Cerebellum senior 22180 Male

Cerebellum.senior.59 Cerebellum senior 22180 Male
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6.1. Significance of the Research Findings 

The diagnosis of PCOS often leads to a frustrating experience for women, as there are currently 

no syndrome-specific treatments or prevention strategies available. Clinicians simply manage 

the symptoms presented. Research efforts have confirmed possible genetic and fetal origins of 

the disorder. Since the discovery of loci associated with PCOS by GWAS, scientific efforts to 

delineate the possible roles of genes in/near these loci became the focus of PCOS studies. 

However, these findings have increased the scientific challenges surrounding the disorder. In 

an attempt to unravel the aetiology of PCOS, this thesis examined how genes in loci associated 

with PCOS and TGFβ signalling molecules and their upstream regulators results in 

predisposition of PCOS in various tissues pre-natally and post-natally.  

In Chapter 2 of this thesis, we identified the upstream regulators and pathways associated with 

PCOS candidate genes during fetal bovine ovary development and this has been published in 

Azumah, Hummitzsch, et al. (2022). Notably, we demonstrated that PCOS candidate genes 

expressed during the early stages of fetal development such as C8H9orf3, TOX3, FBN3, 

GATA4, HMGA2 and DENND1A are co-expressed with genes involved in mitochondria 

function and are regulated upstream by DAP3, MYC, PTEN, HNF4A, ESRRA/G, PSEN1, 

mitochondrial LONP1 and TP53. Those expressed in the second trimester or just after mid 

gestation, such as YAP1, INSR, THADA and TGFB1I1, were co-expressed with genes involved 

in stroma expansion and are regulated upstream by TGF- signalling molecules such as 

TGFB1, TGFB2, TGFB3 and TGFBR2 and fibroblast proliferation regulators such as FGF2, 

and coagulation factor II. This could account for the fibrous nature of PCOS ovaries and might 

also affect stroma in other organs such as pancreas or heart resulting in altered organ-specific 

function. PCOS candidate genes expressed during the third trimester such as FDFT1, LHCGR, 

AMH, FSHR, ZBTB16 and PLGRKT are co-expressed with genes involved with 

folliculogenesis and steroidogenesis and are regulated upstream by SREBF2, INSIG1 TGFB1, 

RPTOR (Azumah, Hummitzsch, et al. 2022). The role of mitochondria (Zhang et al. 2019; 

Zeng et al. 2020; Ilie 2018), stroma expansion  (Hatzirodos, Bayne, Irving-Rodgers, et al. 2011; 

Raja-Khan et al. 2014) and steroidogenesis (de Medeiros, Rodgers & Norman 2021) in the 

aetiology of PCOS have been studied. However, the possible fetal dysregulation of these 

pathways that could lead to phenotypes observed in adulthood has not been investigated yet. 

These findings infer that dysregulation of PCOS candidate genes during fetal development 

could possibly lead to a cascade of molecular events from the early stages of fetal development 

until adulthood where the various phenotypes are observed; requiring further studies.  
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Furthermore, genetic linkage between the stroma and the pathogenesis of PCOS, especially in 

defining the PCOM which is common in women with the disorder, is gradually becoming the 

research focus in PCOS. Also, the roles of TGFβ signalling molecules in the PCOS phenotypes 

observed have not been discussed in much detail but have been shown to be expressed in fetal 

ovaries (Hatzirodos, Bayne, Irving‐Rodgers, et al. 2011). TGFβ1, but not androgens nor AMH, 

has been shown to inhibit the expression of PCOS candidate genes, AR, INSR, C8H9orf3 and 

RAD50 but stimulate expression of androgen receptor co-factor, TGFB1I1, in cultured fetal 

ovarian fibroblasts (Hartanti et al. 2020).  

In Chapter 3 of this thesis, we showed the role of TGFβ signalling molecules in the possible 

predisposition of PCOS and the findings have been published in Azumah, Liu, et al. (2022). 

TGFβ signalling molecules are expressed dynamically in the fetal ovary. Levels of expression 

of genes such as LTBP1/2/3/4, FBN1, TGFB2/3 and TGFBR2/3 were increased, while FBN3, 

TGFBR3L, TGFBI and TGFB1 levels were decreased and TGFBRAP1, TGFBR1 and FBN2 

remained relatively constant across gestation. The role of TGFβ signalling molecules in 

regulating more PCOS candidate genes during fetal ovary development was also examined. 

Expression of PCOS candidate genes ERBB3, NEIL2, IRF1 and ZBTB16 was shown to be 

significantly decreased after TGFβ1 treatment of cultured fetal ovarian fibroblasts (Azumah, 

Liu, et al. 2022). However, TGFβ is known to have different effects in stroma of adult and fetal 

tissues. Thus, it stimulates stromal fibroblast replication and collagen deposition in the former 

but stimulates wound healing in the latter, which do not scar (Rolfe et al. 2007; Rolfe & 

Grobbelaar 2012). This was also confirmed in fetal ovarian fibroblasts where TGFβ inhibited 

COL1A1 and COL3A1 expression (Liu et al. 2022). TGFβ also inhibited expression of AR. 

Thus, we speculate that inhibition of TGFβ signalling in the fetal ovary is likely to increase 

androgen sensitivity and stromal activity and this mechanism could be part of the aetiology of 

PCOS. It is also possible that these mechanisms act in other organs affected by PCOS such as 

skeletal muscle where expression levels of genes controlled by TGFβ are elevated, including 

collagens (Stepto et al. 2020). Together, the conclusions of this chapter were that inhibition of 

TGFβ signalling in the fetal ovary is likely to (i) increase androgen sensitivity by enhancing 

expression of AR, (ii) increase stromal activity by stimulating expression of COL1A1 and 

COL3A1 resulting in the fibrotic appearance of polycystic ovaries and (iii) increase the 

expression of 7 of the 25 PCOS candidate genes. These findings further suggest that TGFβ 

signalling could be part of the aetiology of PCOS or at least the aetiology of polycystic ovaries. 
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PCOS presents various symptoms ranging from endocrine, metabolic, reproductive and 

psychological. Offspring including males from PCOS mothers present varying symptoms 

including congenital abnormalities (Mills et al. 2020). In Chapters 4 and 5 of this thesis, genes 

in loci associated with PCOS and TGFβ signalling molecules, respectively, were shown to be 

dynamically expressed in gonadal (ovary and testis), metabolic (heart, liver and kidney) and 

brain (brain and cerebellum) tissues during the first half of human fetal development and post-

natally until adulthood. Notably, some genes were significantly expressed in specific tissues at 

different time points pre-natally and/or post-natally. Specifically, HMGA2, FBN3 and TOX3 

were highly expressed during the early stages of fetal development in all tissues but least during 

adulthood while DENND1A, THADA, MAPRE1, RAB5B, ARL14EP, KRR1, NEIL2 and RAD50 

were dynamically expressed in all post-natal tissues studied. Interestingly, the correlation 

between expression of HMGA2/YAP1 and RAD50/YAP1 were significant in at least 5 of the 7 

fetal tissues studied (Chapter 4). Also, genes in loci associated with PCOS such as HMGA2, 

YAP1 and RAD50 correlated significantly with most TGFβ signalling molecules in at least 

different 4 tissues (Chapter 5). The fact that HMGA2 and YAP1 correlate with each other as 

well as with most TGFβ signalling molecules in most tissues is intriguing.  

Both HMGA2 and YAP1 are involved in the Hippo signalling pathway, which regulates organ 

size by regulating cell differentiation and apoptosis (Varelas 2014; Huang et al. 2005; Shen et 

al. 2015; Zhang et al. 2014; Xu et al. 2021), as well as epithelial mesenchymal transition (EMT) 

during embryogenesis through TGFβ signalling (Thuault et al. 2006; Martínez Traverso et al. 

2022; Vignali & Marracci 2020). Interaction between the TGFβ and Hippo signalling pathways 

have been shown to stimulate hepatocytes to undergo an EMT-like response in a TGFβ-

enriched microenvironment (Oh et al. 2018). In PCOS women, HMGA2 has been associated 

with PCOM phenotype among Han Chinese ancestry, potentially promoting the proliferation 

of ovarian granulosa cells via the HMGA2/IMP2 pathway (Das et al. 2008; Li et al. 2019; 

Stubbs et al. 2007). HMGA2 has also been significantly associated with hyperandrogenism and 

oligo/amenorrhea in women with PCOS in Saudi Arabia (Bakhashab & Ahmed 2019). More 

so, YAP1, which is highly expressed in mammalian oocytes and preimplantation embryos, is 

also essential for normal ovarian development and function, as well as granulosa cell 

proliferation (Yu et al. 2016; Ji et al. 2017). YAP1 is also regulated by gonadotrophins and 

hormones including oestrogen, follicle-stimulating hormone, and luteinising hormone (Moon 

et al. 2022; Sun & Diaz 2019; Ji et al. 2017; de Andrade et al. 2022). However, the role of these 

genes in the pathogenesis of PCOS still remains elusive. It could be possible that exposure of 
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offspring to abnormal levels of hormones such as androgens, AMH due to PCOS during 

pregnancy dysregulates some of the genes in loci associated with PCOS, such as YAP1 and 

HMGA2, as well as TGFβ signalling molecules during fetal development leading to the various 

phenotypes observed in adulthood. Together, these findings confirm possible crosstalk between 

genes in loci associated with PCOS and TGFβ signalling molecules in various tissues. It also 

suggests that these genes have tissue- or development-specific roles in multiple organs, 

possibly resulting in the various symptoms associated with PCOS. Thus, the fetal origin of a 

predisposition to PCOS in adulthood could arise via the effects of PCOS candidate genes and 

TGFβ signalling molecules in the development of multiple organs.  

 

6.2. Limitations of the Study 

In a basic researcher’s ideal world, one would study human tissues from fetuses known to 

subsequently develop PCOS or not in later life. However, studying human fetal development 

including ovaries is limited to the first and second trimester as samples after mid-gestation are 

rare due to ethical and legal considerations. Those that are available result from terminations 

of unhealthy fetuses or mothers. Additionally the earliest time point in development where a 

predisposition to PCOS in later life is discernible is post-natally. Therefore, in the current 

studies bovine fetal ovaries were used in addition to human fetal ovaries to complete the 

gestational period based on previous findings. Previous studies have identified strong 

similarities between human and bovine in morphology and physiology of fetal and adult ovaries 

(Hatzirodos, Bayne, Irving‐Rodgers, et al. 2011; Hummitzsch et al. 2013; Heeren et al. 2015), 

gestational length and the propensity for singleton pregnancies as well as the similarity in 

expression of PCOS candidate genes during early stages of fetal ovary development (Hartanti, 

et al. 2020, Liu, et al. 2020).  

Chapter 2 is based on in-silico analysis of PCOS candidate genes and their co-expressed genes 

from bovine RNA-sequencing data. Limitations associated with the use of IPA software are 

acknowledged as it is a knowledge-based curated software, mainly using rodent and human 

data. However, to further confirm our results, Database for Annotation, Visualization, and 

Integrated Discovery (DAVID) Bioinformatics Resources 6.8, was used to analyse the pathway 

enrichment of genes from Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) databases for bovine organisms. Also, Chapter 3 which involves the 

regulation of PCOS candidate genes by TGFβ in vitro using bovine fetal ovarian fibroblasts 

and further studies in vivo or with human ovarian cells are required for further validation of our 
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findings. In Chapters 4 and 5, the results were interpreted based on the expression profiles 

obtained from RNA sequencing output. The influence of transcriptional and post-

transcriptional mechanisms such as mRNA stability/degradation, storage in stress granules, 

translational control on gene expression were not considered in this study. Also, Mendelian 

randomisation studies and transcriptome-wide association studies were not addressed in these 

studies. 

 

6.3. Future Directions 

The outcome of this thesis provides fundamental knowledge required for further studies 

specifically translational and clinical studies involving PCOS candidate genes and TGFβ 

signalling molecules. The upstream regulators identified in Chapter 2 should be studied further 

in different tissues, which are functionally affected by PCOS, in both human and animal models 

to delineate their possible role in the aetiology of the syndrome. Specifically, the 

expression/translation of the upstream regulators that are identifiable in blood should be studied 

by assessing their levels in cord blood samples as well as determine their possible association 

with anthropometric features associated with PCOS such as ponderal indices at birth. 

Further studies in vivo and in utero are required to confirm the role of TGFβ signalling 

molecules in the regulation of PCOS candidate genes to account for their role in the 

establishment of the different phenotypes of PCOS. This will further confirm their role in the 

genetic and fetal origins of PCOS. As this project also informs on the expression of PCOS 

candidate genes and TGFβ signalling molecules pre-natally and post-natally, future studies 

involving knock-out models of candidate genes, either at organ or whole organism level, at 

different time points will be required to delineate the pathogenesis of PCOS. Furthermore, the 

possible role of environmental and in utero exposomes in the regulation of upstream regulators 

and candidate genes studied could enhance knowledge on the aetiology of PCOS; possibly 

towards early diagnosis, treatment or prevention of the syndrome.  

 

6.4. Concluding Remarks 

This project is the first of its kind in understanding the aetiology of PCOS as it unravels the 

roles of and relationships between the genes studied during fetal development as a fundamental 

step for further translational studies in defining the syndrome. The findings of this study also 
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confirm the possible genetic and fetal origins of PCOS. Thus, this study identified the canonical 

pathways that could be disturbed when genes in loci associated with PCOS are dysregulated 

during fetal ovary development. It also confirmed that TGFβ signalling in the fetal ovary could 

account for the various phenotypes observed in PCOS or at least the development of the 

polycystic ovaries. Also, PCOS candidate genes and TGFβ signalling molecules, are shown to 

be dynamically expressed in gonadal, metabolic and brain tissues pre-natally and post-natally, 

inferring their possible role in the predisposition of PCOS. This project further showed that 

there is certainly crosstalk within and between PCOS candidate genes and TGFβ signalling 

molecules during fetal development in many tissues. Together, these findings infer that 

exposures in utero could initiate dysregulation of genes leading to a cascade of events 

downstream possibly resulting in PCOS in adulthood. Undoubtedly, post-natal environmental 

exposures could also enhance/trigger some candidate genes associated with PCOS resulting in 

the predisposition of the syndrome. Nevertheless, there is still a lot more research work 

required in women with PCOS and their offspring as well as animal models of PCOS to 

understand fully, which cause(s) lead to the development of PCOS as well as the phenotypes 

observed in female and male offspring of PCOS women. 
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