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Abstract 

Endometriosis is a complex and painful disorder in which endometrial tissue of the uterus 

grows in ectopic locations in the form of endometriotic lesions. It affects upto 10% females 

of reproductive age around the world, affecting their quality of life and causing infertility 

in many cases. No curative treatment exists, and management involves suppressing the 

symptoms with painkillers, contraceptives, or surgery. Bypassing invasive diagnostic 

procedures might be possible by the discovery of genetic biomarkers that are associated 

with incidence of endometriosis. In the present study, three single nucleotide 

polymorphisms (SNPs) (rs6166 of FSHR, rs7521902 near WNT4, and rs4986938 of ESR2) 

were selected to investigate their association with endometriosis in Pakistani patients. The 

study involved thirty-eight subjects and amplification refractory mutation system – 

polymerase chain reaction (ARMS-PCR) was used; however, no significant association 

was found. In-silico analysis of FSHR and ESR2 was also performed by utilizing 

information from online data sets and webtools. Missense SNPs of FSHR and 3’ and 5’ 

UTR variants of ESR2 were analyzed in-silico to filter other potentially pathogenic 

polymorphisms: rs386833515, rs121909661, rs371482817, and rs1256120. Further in-

vitro experimentation is required to validate the obtained results in the future. Candidate 

SNPs associated with endometriosis may be proposed as biomarkers and molecular drug 

targets to improve diagnosis and treatment in the future.  
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Chapter 1 – Introduction  

Endometriosis 

Endometriosis is a painful, estrogen-dependent disease that is more commonly 

diagnosed in females of reproductive age. It is defined by the presence and growth of 

ectopic, functional endometrial tissue that is associated with severe and chronic pain 

(Greene et al., 2016). Endometrium is the tissue lining the inside of a uterus and is the 

mucosal tissue which thickens in anticipation of pregnancy. However if no fertilized egg is 

implanted within a specific period of time, the thickened lining is shed in the form of 

menstrual periods (Goldstein, 2010). When this endometrial tissue is found in aberrant 

locations outside the uterus, it has a significant detrimental effect on the day-to-day life, 

personal and sexual relationships, productivity, and mental health of affected women 

(Chapron et al., 2019). The presence of endometriotic lesions also increases the risk of 

ovarian cancer and may act as precursors to endometrioid ovarian carcinomas (Saavalainen 

et al., 2018).  

1.1. Prevalence 

Around 2-10% of all reproductive age women are affected by endometriosis 

(Parasar et al., 2017), however, a delay in diagnosis often happens and significantly reduces 

the quality of life. The average age at which endometriosis gets diagnosed is 28 years 

(Falcone & Flyckt, 2018). It is a misconception that pre-menarchal or post-menopausal 

women cannot have the disease; endometriosis has also been reported in neonates in a 

handful of cases (Dekker et al., 2021). Endometriosis has also been called a disease of 

adolescence, or by ancient physicians as ‘the disease of young girls’ and ‘the disease of 

virgins’ (“Endometriosis of Young Girls and Teenagers,” n.d.). It affects 70-73% of 

adolescent girls reporting pelvic pain, and is often unresponsive to medical treatment (Dun 

et al., 2015). In addition, 20-50% of women presenting infertility or subfertility, and 30-

80% of women with chronic pelvic pain get diagnosed with endometriosis (Kho et al., 

2018). The age-specific prevalence and yearly incidence of endometriosis has been shown 

in Figure 1.1. (Eisenberg et al., 2018) 
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1.2. Classification of Endometriosis 

There is no one way to classify endometriosis; the disease can be classified based  

on its progression, location, morphology, as well as number and size of lesions (Parasar et 

al., 2017). Based on whether the patient is experiencing minimal, mild, moderate, or severe 

endometriosis, it can be labelled as stage I, II, III, or IV respectively (American Society for 

Reproductive Medicine, 1997).  

The common sites for endometriosis are the ‘pelvic’ locations: ovaries, peritoneum, 

fallopian tubes, and uterosacral ligaments (USL). Endometriosis might also be found rarely 

in ‘extra-pelvic’ sites such as the gastrointestinal tract, soft tissues, urinary tract, or chest 

(Lee et al., 2015).  

Three distinct phenotypes of endometriosis have also been recognized based on the 

type and localization of endometrial lesions. The first, superficial peritoneal endometriosis 

(SPE), is associated with three types of superficial peritoneal lesions (red, white, or black) 

and is the least severe form. Second, ovarian endometriomas (OMA) also called ‘chocolate 

cysts’, are ovarian cysts filled with dark, chocolate-colored endometrial fluid. These cysts 

resist medical treatment and can potentially destroy all the ovarian tissue. Lastly, the most 

severe phenotype is the deep infiltrating endometriosis (DIE), associated with 

endometriotic lesions that penetrate greater than 5 mm into the peritoneum or organs 

surrounding the uterus (Imperiale et al., 2023) 

Figure 1.1. (a) Age specific prevalence of endometriosis and (b) yearly incidence of new cases 

of diagnosed endometriosis. 

(Copied from Eisenberg et al., 2018) 
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1.3. Causes and Risk Factors 

1.3.1. Reproductive and Lifestyle Aspects 

Several factors have been constantly associated with the incidence of endometriosis 

in women, although the mechanisms behind them, or even the nature of the relationship, 

are not well understood. Short menstrual cycles, heavy bleeding, and early age of menarche 

have been linked to an increased risk of endometriosis, while the use of oral contraceptives, 

parity, and a high BMI (body mass index) interestingly has been associated with a 

decreased risk (Parasar et al., 2017). Linking other lifestyle factors with the disease has 

been even more confusing. Smoking is generally known to be harmful to health, however 

it has shown to reduce the risk of endometriosis in some women, probably due to estrogen 

suppression (Baron et al., 1990). A similar reason is behind the increased risk of disease in 

women who consume large amounts of caffeine and alcohol, although once again, the exact 

relationship cannot be defined. Increased physical activity and the inclusion of omega-3 

fatty acids in diet has also some poorly understood role in decreasing the risk of 

endometriosis (Missmer et al., 2010). 

1.3.2. Retrograde Menstruation 

To date, the most widely accepted model for the occurrence of endometriosis is 

Sampson’s retrograde menstruation theory (Sampson, 1927), according to which the 

backwards flow of menstrual blood through the fallopian tubes and its deposition into the 

peritoneal cavity leads to the adhesion of endometrial cells and formation of lesions 

(Persoons et al., 2020). This is also backed by the observation that the factors that increase 

menstrual flow (shorter cycles and longer periods with heavy bleeding) are also risk factors 

for endometriosis (Chapron et al., 2019). However, retrograde menstruation is a 

phenomenon observed in 90% of menstruating women and is generally regarded as non-

pathological. This implies that in women with the disease, the migrating cells have acquired 

some additional qualities for adhesion, proliferation, and immune evasion that leads to the 

formation of pathogenic lesions (Persoons et al., 2020). 

1.3.3. Hormonal Imbalances 

Estrogens are a group of hormones responsible for the normal sexual and 

reproductive development in women. These hormones function by binding to their 



Chapter 1                    Introduction 

 

 
Molecular Investigation of Polymorphisms of FSHR, WNT4, and ESR2 in Endometriosis  

                                                                                                                                            4 

receptors which are of two types: estrogen receptor α and estrogen receptor β, that are both 

persistently expressed by the ectopic endometrium. High estradiol levels are also found in 

the menstrual blood of endometriosis patients even though levels in peripheral blood are 

normal. This is mostly the result of the action of aromatase (cytochrome P450), that 

converts androgens to estrogens, and thus stimulates the growth of endometriotic lesions 

(Barbosa et al., 2011). 

Progesterone is a hormone involved in maintaining menstrual cycles and the early 

stages of pregnancy. It can antagonize the estrogen-induced proliferation of endometriomal 

cells; the isoform A of the progesterone receptor can inactivate estrogen receptors. 

However, endometriosis is often associated with progesterone-resistance and loss of 

progesterone signaling (Patel et al., 2017). Luteinizing hormone (LH) has an important role 

in the maturation of oocytes, ovulation, production of androgens, and the release of 

estradiol and progesterone. High concentrations of LH have been observed in the peritoneal 

fluid of patients as well as a higher expression of the luteinizing hormone receptor on the 

surface of endometriotic lesions (Barbosa et al., 2011). 

A correlation between incidence of endometriosis and thyroid dysfunction has also 

been reported. This might be caused in part by the progesterone resistance that is a hallmark 

of endometriosis (Peyneau et al., 2019). 

1.3.4. Immunopathophysiology 

As mentioned previously, endometrial cells that migrate out of the uterus have 

altered qualities that allow them to implant in ectopic lesions. Immune dysfunction has 

been theorized to be one of the mechanisms that facilitates implantation and endometrial 

lesion formation. The immunoinflammatory characteristics of ectopic endometrial cells are 

different from the eutopic endometrium. Transcriptional analysis of these cells shows 

increased expression of genes involved in apoptosis, adhesion, immune cell and cytokine 

recruitment, and other immunological pathways. Moreover, inflammatory cells associated 

with the micro-environment of a tumor have been seen in that of endometriotic lesions. 

Higher populations of neutrophils, natural killer cells, and dendritic cells have been majorly 

implicated in the pathophysiology of endometriosis (Symons et al., 2018). 
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1.3.5. Genetic Factors 

The genetic basis for endometriosis has now been proven, although the identity of 

the genetic mutations has not. It is a complex and polygenic disorder, meaning that it is not 

caused by one single culprit gene, but by a complex combination of different gene 

mutations that confer susceptibility to the patient, in addition to environmental factors 

(Rahmioglu et al., 2015). Familial aggregation of the disease has been illustrated by many 

studies, showing that first-degree relatives are at a 3-15% higher risk of being affected 

(Saha et al., 2015). The best way to understand heritability however is through twin studies. 

A Sweden-based study showed that an additive genetic component of about 47% 

contributes to the manifestation of endometriosis (Saha et al., 2015) 

While the biological mechanisms causing the disease are not exactly understood, 

many genetic variants that may be the reason behind them have been identified. This has 

been done through both hypothesis-based and hypothesis-free methods. Hypothesis-based 

approach, or the candidate-gene based approach, relies on prior understanding of biological 

mechanisms that may be related to the disease phenotype, and so the genes involved in 

these biological mechanisms are surveyed for correlation to disease manifestation. 

Hypothesis-free approach (including linkage studies and genome-wide association studies) 

on the other hand targets the whole genome instead of preselecting a specific area that 

might be involved in the disease (Rahmioglu et al., 2015). Candidate gene studies have 

approached many different gene groups with mixed negative and positive results of 

association; some of these are galactose-1-phosphate uridyl transferase gene, drug 

metabolism genes, steroid-related genes, DNA mismatch repair genes, and tumor 

suppressor genes (Simpson et al., 2003). To date, five genome-wide association studies 

(GWAS) have been conducted and have discovered several single nucleotide 

polymorphisms (SNPs) that have a robust association with endometriosis. These include 

missense, intronic, and intergenic mutations, and the genes containing them, or present near 

them are WNT4, ETAA1, GREB1, FN1, ID4, NFE2L3, miRNA_148a, HOXA10, CDKN2B-

AS1, and VEZT. However, these genetic variants contribute very little to the heritability of 

the disease and its manifestation, and cannot be used as suitable diagnostic biomarkers 

(Rahmioglu et al., 2015). 
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1.4. Symptoms and their Mechanisms 

The major symptoms presented by women suspected of having endometriosis are 

chronic pain and subfertility. However, a less quantifiable but no less detrimental effect is 

on the quality of life of the patients. Women experience loss of productivity, depression, 

decreased participation in social activities and hence diminished relationships, as well as 

associated high healthcare costs (Agarwal et al., 2019).  

Pain symptoms that women often experience are dysmenorrhea (painful menses), 

dysuria (painful urination), dyspareunia (painful sexual intercourse), and dyschezia 

(painful passing of stool)(Parasar et al., 2017). No symptoms may be present as well, and 

as such there is a poor correlation between severity of pain and progression of disease. 

However, deep infiltrating endometriosis is often associated with more severe symptoms, 

and even in OMAs the deeper endometriomas cause stronger pain regardless of the size of 

the cyst. The increase in pro-inflammatory cytokines and growth factors linked with 

chronic inflammation and their long-term exposure can lead to peripheral and central 

sensitization. This can cause a persisting hyperalgesic state that harms quality of life to a 

worrying extent (Falcone & Flyckt, 2018). 

The reason behind subfertility and infertility is not well understood, although 

multiple theories are present. The increase of inflammatory cells in the endometriomas and 

peritoneal cells may affect oocyte production and ovulation. These inflammatory cells may 

also affect fallopian tube mobility and function, impairing gamete transport and fertilized 

egg implantation. In addition, alteration in the environment of the endometrium due to 

genetic factors and other unknown reasons may cause implantation failure, leading to 

infertility (Macer & Taylor, 2012). 

1.5. Diagnosis 

There is an average delay of 7-8 years between the first sign of symptoms, and 

diagnosis of disease (Falcone & Flyckt, 2018). This has multiple reasons; a poor 

understanding of the causes of endometriosis, heterogeneity in its phenotypes, possibility 

of asymptomatic disease, and most importantly: the multifarious nature of its major 

symptom. Pelvic pain is hard to correlate with any single disorder, and finding the root 

cause behind it is a challenge faced by healthcare professionals (Chapron et al., 2019). 
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 Initial diagnosis usually involves a physical examination in which a clinician 

palpates for tenderness and/or pelvic masses. Appropriate diagnostic tests are carried out 

to rule out other causes of pelvic pain such as gastrointestinal and urologic disorders, 

pregnancy, or other gynecological problems. A pelvic, transvaginal, or transabdominal 

ultrasound may be carried out to facilitate the diagnosis of ovarian cysts and 

endometriomas (Parasar et al., 2017). 

The gold standard yet for the diagnosis of endometriosis is the invasive 

visualization of lesions through a laparoscope, coupled with a histological analysis for 

confirmation. Still, the correlation between the extent of symptoms experienced by the 

patient and the findings of the laparoscopy is poor (Agarwal et al., 2019). To date, there 

has been no reliable biomarker identified that could aid in the early and non-invasive 

diagnosis of endometriosis, and prevent its progression (Kiesel & Sourouni, 2019). 

1.6. Management of Endometriosis 

Currently, there is no cure for endometriosis. Existing treatment options are 

designed to suppress the symptoms and must be continued indefinitely to avoid recurrence. 

Available medical therapies include non-hormonal treatments (painkillers and non-

steroidal anti-inflammatory drugs) or hormonal contraceptives (such as progestins and 

ethyl estradiol)  to decrease inflammation and relieve pain. However, hormonal treatments 

are not recommended for patients who are trying for pregnancy. Assistive reproductive 

technologies are an option for women with endometriosis-associated infertility. (Bedaiwy 

et al., 2017). 

Conservative surgery is another option for endometriosis patients, especially those 

who are trying to conceive naturally. It involves the complete or partial removal of 

endometriotic lesions through a laparoscopy. Definitive surgery on the other hand, includes 

a hysterectomy, and a possible oophorectomy, in addition to complete removal of lesions. 

Unfortunately, ongoing hormonal suppression is necessary even after surgery since pain 
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symptoms likely recur, and at a 50% risk after five years (Falcone & Flyckt, 2018). Figure 

1.2. summarizes the basic information regarding endometriosis.  

 

 

Figure 1.2. Risk factors, molecular mechanisms, symptoms, and treatments of 

endometriosis. 

1.7. Selected SNPs for Association Analysis 

There is an urgent need for the identification of genetic biomarkers that can aid in 

the diagnosis and treatment of endometriosis. These can be discovered by performing 

association studies to find out which gene mutations, specifically single nucleotide 

polymorphisms,  are persistently present in patients suffering from endometriosis, while 

absent in people who are not. Such studies are being done all over the world and new 

potential biomarkers and drug targets are discovered every year. 

In this study, three previously reported SNPs were selected to confirm their 

association with endometriosis in samples taken from Pakistani women. Two SNPs, rs6166 

(Liaqat et al., 2021) and rs4986938 (Liaqat et al., 2013), were reported in studies involving 

Pakistani patients. The third polymorphism, rs7521902 (Matalliotakis et al., 2017), has 

been reported by GWAS and international studies but has not yet been studied in Pakistan. 
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rs6166 is a missense mutation (a genetic mutation changing an amino acid in the translated 

protein) present in the gene FSHR, that codes for a follicle stimulating hormone receptor. 

rs4986938 is present in the 3’ UTR region of the gene ESR2, which codes for the estrogen 

receptor β and is persistently expressed in ectopic endometrial cells. Lastly, rs7521902, is 

an intronic variant present near the gene WNT4, which has a critical role in female sexual 

development.  

1.8. Objective of the Study 

Due to several reasons, the understanding of endometriosis in Pakistan is very low, 

even when the number of cases is increasing day by day. Women do not get checked until 

their symptoms are very severe, or they are facing difficulty in getting pregnant. As 

mentioned previously, the diagnosis itself is painful and invasive, and there is still no 

curative treatment available. The discovery of genetic biomarkers that can serve as tools 

for non-invasive diagnosis, or even as potential drug targets in the future, would improve 

the quality of life of countless women suffering from endometriosis. 

The objectives of this study are:  

1. To identify potential disease associated SNPs in selected genes (FSHR and ESR2) 

through in-silico analysis  

2. To investigate the association between genetic variants in selected genes (FSHR, WNT4 

and ESR2) and patients with endometriosis.
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Chapter 2 - Literature Review 

 Endometriosis is a complex, estrogen-dependent disorder, and little is known about 

its direct causes. The disease is becoming increasingly prevalent in females of reproductive 

age around the world. It is difficult to diagnose, and no curative treatment yet exists, and 

existing medical interventions only aim to suppress the symptoms. Severe chronic pain that 

heavily affects the quality of life of patients is one of the major symptoms, along with other 

possible complications and infertility. A cost-analysis study conducted by the US army 

showed a loss of 2.6 million dollars over a period of 6 years because of the time lost to 

surgical hospitalization (Eskenazi & Warner, 1997). Over the last few decades, many 

studies have been conducted to understand the causes of endometriosis. While little success 

has been had, several risk factors have been discovered that confer susceptibility to the 

disease. These include environmental factors as well as genetic mutations and 

polymorphisms in the genomes of subjects. Two GWAS performed recently in Japanese 

and European populations have discovered eight genomic regions with strong evidence of 

association with risk of endometriosis (Fung et al., 2015). Multiple studies have been 

conducted to confirm the results of GWAS in different populations, with varying levels of 

success. Other genes have also been studied and have been associated with disease 

occurrence and progression risk. The extent of work done on the genes selected for this 

study has been described below. 

2.1. Follicle Stimulating Hormone Receptor  

The mature follicle stimulating hormone receptor (FSHR) is a 678 amino acid long 

G protein coupled receptor that binds to and mediates the action of the follicle stimulating 

hormone (FSH). This hormone is secreted by the pituitary gland and plays a vital role in 

the reproduction of mammals (Coss, 2020). FSH is a 35.5 kDa protein consisting of two 

dimers, α and β, both of which are necessary for biological activity. In females, this 

hormone is necessary for follicular growth while in males it stimulates the proliferation of 

Sertoli cells. These cells interact with testosterone and thus regulate spermatogenesis. As 

such, men and women suffering from subfertility are treated with FSH routinely. In males 

the treatment has been seen to increase sperm count and improve morphology (Santi et al., 
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2020). Assisted reproduction in females can involve treatment with FSH to stimulate 

collection of multiple eggs by the ovaries.  

   The FSHR gene coding for the receptor is located on chromosome 2 and is 54 kb 

long. It contains 9 introns and 10 exons, in addition to a promoter region. The gene has 

been seen expressed in extragonadal tissues as well as on the surface of tumors. Due to 

alternative splicing, four different isoforms of the FSHR protein exist, with isoform 1 being 

the full-length canonical protein. Many mutations and polymorphisms in the FSHR gene 

have been reported that can increase or decrease the function of the receptor, and hence its 

responsiveness to the hormone, causing disorders like ovarian hyperstimulation syndrome 

(OHSS) and premature ovarian failure (POF) respectively (Bhartiya & Patel, 2021). 

Approximately 1800 single nucleotide polymorphisms have been documented that affect 

the responsiveness of the receptor to its hormone, as well as the risk of developing 

infertility or OHSS among other reproductive disorders. Understandably, these mutations 

have a worse effect in women, leading to infertility, while men might become subfertile. 

Much research has been done to correlate FSHR polymorphisms to reproductive disorders 

and to uncover the molecular mechanisms beneath them, but without notable success. With 

so many variables coming into play, including ethnicity, maternal age, and combinations 

of genotypes, no clear results have yet been obtained.  

2.1.1. Single nucleotide polymorphism of FSHR (rs6166) and associated disorders 

Of the 1800 reported SNPs for the FSHR gene, only 8 are exonic and non-

synonymous, causing an amino acid change in the resultant protein. Seven of these are in 

exon 10, which codes for the intracellular domain, the transmembrane domain, and the C-

terminus of the extracellular domain. Two of these seven SNPs have been widely studied 

and implicated in several reproductive disorders; rs6165 (Ala307Thr) and rs6166 

(Ser680Asn). These have been well characterized and are common in terms of ethnic 

distribution and allele frequencies (Bhartiya & Patel, 2021). The codons for these two 

positions seem to be in linkage disequilibrium, since they occur together in a way that is 

not entirely random. This has generated specific allelic variants that are found within 

different populations at specific frequencies; of these, Ala307/Ser680 (AS genotype) and 
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Thr307/Asn680 (TN genotype) are the most common. Some of the disorders associated 

with these two polymorphisms, along with others, are discussed below. 

a. Infertility  

  Globally, 8-12% of couples face infertility issues that are unequally contributed  by 

the male and female partner (Vander Borght & Wyns, 2018). Different FSHR associated 

medications are available, such as follicle stimulating drugs, gonadotropins, and medicines 

for ovarian stimulation that females are given to treat their infertility. Mutations in the 

FSHR gene, and the resultant changes in the receptor structure and function, may affect the 

capacity for reproduction. A study conducted in Iraq tested the response of infertile women 

to ovarian stimulating drugs. When genotyped, poor responders were homozygous for the 

rs6166 mutant allele at a high frequency. The polymorphism can thus be considered as one 

of the genetic factors behind infertility in Iraqi women (Hussein et al., 2022). Another study 

that recruited 106 infertile women was conducted in India to relate the co-occurrence of 

rs6166 Ser680Asn with infertility, however no significant results were obtained (Rai et al., 

2019). There is still a clinically relevant relationship between the presence of this 

polymorphism and low fecundity that can be addressed for patients experiencing 

unexplained infertility. 

b. Ovarian Hyperstimulation Syndrome (OHSS) 

 Studies have shown that people with Asn at position 680, either in homozygous 

(NN) or heterozygous (SN, NS) form, often respond very well to exogenous FSH or 

gonadotropins, and potentially have a higher risk of developing OHSS (Lussiana et al., 

2008). The subjects with SS genotype (Ser680 homozygous) are more likely to be poor 

responders to ovarian stimulating drugs (Pabalan et al., 2014). These results are not 

consistent among all ethnicities, since a study done on Caucasian patients found a 

surprising number of OHSS patients that had the SS genotype (Daelemans et al., 2004). 

However, the same study did also find that patients suffering with a more severe case of 

OHSS had the Asn680 allele. It could be thus concluded that the NN or NS genotype can 

be used to predict the severity of the disease rather than its onset.  
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c. Polycystic Ovarian Syndrome (PCOS)  

 PCOS is a leading cause of female infertility that affects up to 12% of females 

worldwide, and is characterized by multiple ovarian cysts, androgen excess, and ovulatory 

dysfunction. Causative links between FSHR polymorphisms and PCOS have been studied 

extensively with inconsistent results. Chinese studies conducted on both rs6165 and rs6166 

collectively failed to show any significant relationship between the disease and the 

genotypes (Fu et al., 2013; X. Wu et al., 2014). An Egyptian study showed different results 

by showing that the Ala307Thr polymorphism was associated with PCOS and may act as 

a causative factor (Abdel-Aziz et al., 2015). Another study conducted in India showed 

association between the risk of developing PCOS and NN genotype, along with elevated 

body mass index (BMI) and levels of LH (Sujatha et al., 2016). Other FSHR 

polymorphisms: rs2268361, rs2349415, rs1922476,  and rs11692782 have also been 

studied and linked with PCOS in multiple European, Asian, and American studies (Laven, 

2019). 

d. Endometriosis 

 Studies have also been done on relating rs6166 with endometriosis. One conducted 

in Pakistan showed that NN genotype for rs6166 and TT genotype for rs6165 showed a 

high incidence in patients suffering from endometriosis compared to controls. The co-

incidence of the two was 45.5% in endometriosis patients and 11% in control subjects 

(Liaqat et al., 2021). Another study showed different results; it found no significant 

correlation between the polymorphisms and the disease itself. However, when the 

endometriosis patients were further divided into groups, analysis showed that the AS 

genotype (Ala307Ser680) was associated with fertile women diagnosed with 

endometriosis. The AN haplotype (Ala307Asn680) was rarely found in the endometriosis 

group, regardless of the fertility status (André et al., 2018). A Chinese study concluded that 

subjects homozygous for the TN genotype (Thr/Thr307Asn/Asn680) had a higher risk of 

developing endometriosis compared to those that contained at least one of the converse 

alleles (H.-S. Wang et al., 2012) 
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2.2. Wingless-type MMTV Integration Site 4 

Among the members of the wingless type MMTV integration site family (WNT) 

that are involved in embryonic development, WNT4 is a signaling protein involved in 

organogenesis forming the adrenals, the urinary tract and kidneys, the mammary glands, 

and the female reproductive tract. It is a 351 amino acid long protein encoded by the WNT4 

gene present on chromosome 1 that consists of 7 exons. The gene codes for two isoforms 

of the protein, isoform 1 being the full-length canonical protein. WNT4 protein shows 98% 

amino acid identity to that found in mice and rats. It is also highly conserved and found in 

both mammals and other vertebrates. Members of the WNT family act in a paracrine 

signaling pathway to induce a number of developmental changes. The proteins bind to 

specific cell surface receptors of the frizzled family; a family of atypical G protein-coupled 

receptors. Their activation in turn activates dishevelled phosphoprotein which recruits the 

cytosolic scaffold Axin. Axin binds to the cytoplasmic tail of lipoprotein receptor-related 

protein 5 and 6 and is then degraded. As a result, β-catenin (a protein responsible for 

triggering gene transcription) degradation is decreased, T-cell factor transcription factor is 

activated, and WNT-responsive genes are induced (Biason-Lauber & Konrad, 2008). A 

non-canonical pathway that does not involve β-catenin has also been reported. WNT4 can 

also activate Jun N-terminal kinase, also known as the stress-activated protein kinase, 

which in turn activates the transcription factor Pax2. Pax2 activation is necessary for the 

development of human embryonic kidney cells, and the Mullerian structures in females 

(Pellegrino et al., 2010).   

The expression of the WNT4 protein is consistent in females, but dramatically 

decreases in males after the SRY (sex-determining region Y) transcription factor starts 

being expressed (Pellegrino et al., 2010). WNT4 is expressed in fetal granulosa cells in 

humans, and in oocytes and granulosa cells after birth. This upregulates a gene responsible 

for antagonizing the nuclear-receptor steroid factor 1, and as a result steroidogenic enzymes 

are inhibited. It also works with Rspo1 to decrease the expression of Sox9, a downstream 

effector of the male-specific SRY (Biason-Lauber, 2012). 
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2.2.1. Müllerian Duct and SERKAL Syndrome 

 Müllerian duct (MD) is an embryonic structure running down the side of the 

urogenital ridge, that develops into the fallopian tubes, the uterus, and the upper part of the 

vagina at about 8 weeks of gestation in females. While present in early male embryo as 

well, selective ablation later happens due to the action of Anti-Müllerian Hormone secreted 

by the Sertoli cells. in WNT4 knock-out mice this structure fails to develop, indicating the 

major role of WNT4 in its regulation. Along with WNT4, WNT7 and WNT9 have also shown 

some involvement in the morphogenesis of MD (Biason-Lauber & Konrad, 2008). If WNT4 

is overexpressed, or a duplication of the gene-containing region on chromosome 1 is 

present, severe hypospadias along with remains of both MD and Wolffian ducts have been 

reported. This is a characteristic of male-to-female sex reversal.  

 SERKAL syndrome (SEx Reversion, Kidneys, Adrenal and Lung dysgenesis) is the 

opposite of this situation, characterized by the inactivation of both copies of WNT4 on 

homologous chromosomes. This recessive disorder has been described in 46XX fetuses 

and involves masculinization of fetal sex organs, adrenal hypoplasia, ambiguous genitals, 

underdeveloped kidneys, and several lung and heart defects. A missense mutation causing 

loss of function of WNT4 by disrupting mRNA structure has been identified as the culprit 

(Mandel et al., 2008). 

2.2.2. Mayer-Rokitansky-Kuster-Hauser (MRKH) Syndrome 

 In females with primary amenorrhea and normal secondary external genitalia, 

MRKH syndrome is suspected. Complete uterus and vaginal aplasia or hypoplasia coupled 

with malformed tubes and kidney problems are characteristic of the disorder. A French 

study identified an L12P (leucine to proline) mutation in exon 1 of the WNT4 gene after 

analyzing the DNA samples of 28 adolescent girls suffering from MRKH syndrome. 

Functional analysis of the mutation showed increased expression of enzymes involved in 

androgen biosynthesis, which explains the hyperandrogenism symptoms experienced by 

the patients (Philibert et al., 2008). Another study on a patient with absent uterus and vagina 

along with other MRKH syndrome symptoms revealed a missense mutation in exon 5 of 

the gene. E226G (glutamate to glycine) caused the formation of a mutant WNT4 protein 

that was not palmitoylated at its secondary strucuture and thus remained trapped inside the 
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cells. When the mutant ovarian cells were cultured, no WNT4 was secreted and β-catenin 

was also not detected (Biason-Lauber et al., 2004). 

2.2.3. Kidney Diseases 

 Correct expression of WNT4 is also crucial in proper nephrogenesis (kidney 

development). Mice displaying loss of function of this gene showed renal agenesis and 

renal failure (Pellegrino et al., 2010). Expression of the gene was found to be altered in 

chronic kidney disease (CKD) experimental models. This was also tested in 98 human 

patients diagnosed with different glomerular diseases and at different stages of chronic 

kidney disease. It was found that the level of mRNA was higher in patients with 

membranous nephropathy, compared to those with lupus nephritis or IgA nephropathy. 

Patients at stage 3 of CKD also showed higher levels of WNT4 mRNA compared to CKD 

stage 2 patients. This study also showed a correlation between WNT4 expression and serum 

levels of albumin, cholesterol, sodium and potassium, creatinine, and urea in patients at 

different stages of CKD. It can be thus suggested that WNT4 expression plays a role in 

disease progression and development (Kiewisz et al., 2019). Its expression was also found 

to be upregulated in acute kidney injury and the protein was detected earlier than serum 

creatinine and epidermal growth factor in the urine of patients with tubular injury, 

suggesting its possible use as a noninvasive biomarker (S.-L. Zhao et al., 2016). Some 

studies suggest that kidney lesions in glomerular diseases might be caused by increased 

WNT4 expression and its inhibition would help in kidney injury treatment (Q. Zhang et 

al., 2021). 

2.2.4. Bone Diseases 

 Maintenance of bone mineral density is done by osteoclasts and osteoblasts that are 

responsible for bone resorption and bone formation respectively. Lower levels of WNT4 

have been linked to a higher risk of fracture while higher levels prevent skeletal aging and 

osteoporosis by inhibiting bone resorption and promoting bone formation (Hendrickx et 

al., 2017). A study involving patients with primary osteoporosis showed a downregulation 

of WNT4, WNT3a, and WNT5a in their bone tissues. According to another study, 

mesenchymal stem cells that have been genetically engineered to express WNT4 can 
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potentially be used to enhance osteogenesis and repair craniofacial defects (Chang et al., 

2007). 

2.2.5. Single Nucleotide Polymorphism of WNT4 (rs7521902) and Endometriosis 

 Recently conducted genome wide association studies conducted to understand 

endometriosis identified several SNPs, including those present in or near WNT4 gene. The 

meta-analysis of two of these studies produced rs7521902; a C>A polymorphism located 

in the regulatory region at 1p36.12 and involved in post-natal uterine development. 

Different studies have been done to confirm this finding in different populations. 

Independent studies conducted in Italian (Pagliardini et al., 2013), Brazilian (Mafra et al., 

2015), Chinese (Z. Wu et al., 2015), and Sardinian (Angioni et al., 2020) populations failed 

to find any significant correlation between occurrence of the polymorphism and increased 

risk or progression of endometriosis. A Greek study that recruited 166 women diagnosed 

with endometriosis and 150 controls reported association between the AC genotype and 

severe stages of the disease only (Matalliotakis et al., 2017). 

2.3. Estrogen Receptor 2        

ESR2, also known as ERβ or estrogen receptor 2, is a member of the nuclear 

receptor transcription factor family that binds to 17-beta-estradiol and other ligands. When 

the ESR2 gene is translated, it forms a protein that binds specific ligands at its C-terminal 

and subsequently interacts with DNA through its N-terminal to activate transcription. The 

gene is located on chromosome 14q23.1 and consists of 9 exons spanning approximately 

62 kb.  Two other members of the estrogen receptor family are ERα and  ERγ. ERα and 

ERβ have been widely investigated while ERγ has only been discovered recently. While 

the two former receptors have similar DNA and ligand binding sites, and interact with the 

same DNA response elements, their activation function domains and hence the protein co-

regulatory complexes they recruit are very different, which might explain the differences 

in their biological function. Relative expression of the two receptors is also different in 

different cells. Estrogen effects can be mediated either by binding of the receptors to 

estrogen response elements in the target genes, or by the post-translational modifications 

(followed by the assembly of a protein complex) of the ERs localized at the plasma 
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membranes instead of in the nucleus (Gregorio et al., 2021). Overview of the estrogen 

pathway is shown in Figure 2.2. (Dimauro et al., 2021) 

 

Figure 2.1. Overview of the estrogen signaling pathway. 

Estrogen binds to and activates intracellular estrogen receptor which dimerizes, enters the 

nucleus, and binds to estrogen response elements to activate genes responsible for various 

cellular functions. Alternatively, estrogen binds to plasma membrane ER and activates a 

protein cascade which regulates gene expression of estrogen target genes (Adapted from 

Dimauro et al., 2021) 

 

Estrogens (majorly estrone, estradiol, estriol, and estetrol) being steroid hormones, 

can passively enter through the plasma membrane of any cell, therefore it is the presence 

of the ER that is necessary for the action of the estrogen. While predominantly expressed 

in females, they also play important reproductive roles in males, such as maturation of 

sperm cells. Development of secondary sexual characteristics of females and thickening of 

the endometrium during the menstrual cycle is also dependent on estrogen (Fuentes & 

Silveyra, 2019). 

2.3.1. Reproductive Disorders 

 Sex determination depends on the activation and inactivation, or presence and 

absence of several sex-specific genes. Changes in this delicate balance can lead to 
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differences of sex development (DSD) where individuals with atypical sexual 

characteristics are born. Homozygosity mapping and whole exome sequencing revealed 

that a homozygous deletion mutation in the ESR2 gene, causing significantly increased 

transcriptional activation, was the reason behind syndromic DSD in a 46,XY individual 

(Baetens et al., 2018). While mutations in ESR1 have been commonly linked with 

reproductive disorders, delayed puberty, and osteoporosis in females, a study conducted in 

2018 showed that ESR1 alone is not sufficient for correct sexual development in women. 

Functional transactivation studies and whole exome sequencing showed that a 16-year-old 

girl with primary amenorrhea, osteoporosis, lack of breast development (signs similar to 

ESR1 mutation consequences) had a loss-of-function mutation in a conserved residue of 

ESR2, which disrupted estradiol signaling and caused complete ovarian failure (Lang-

Muritano et al., 2018).  

2.3.2. Hypertension and Cardiovascular Disease 

 Estrogen deficiency plays an important role in the path to cardiovascular disease, 

and hypertension is one of mediators involved. To study the association between a specific 

CA repeat polymorphism in the ESR2 flanking region and hypertension, a study was 

conducted on postmenopausal Japanese women. Women that had at least one allele for 26 

CA repeats had significantly high systolic blood pressure than those who did not, although 

the molecular mechanism is not understood (Ogawa et al., 2000). Another study tested the 

relationship between SNP rs4986938 and risk of hypertension in post-menopausal Chinese 

Han women, and found that the wild type allele was significantly associated with decreased 

risk of high blood pressure (Xin et al., 2013). A study also showed that in women with 

hypertension, two ESR2 SNPs in linkage disequilibrium with one another were associated 

with left ventricular hypertrophy and left ventricular wall thickness. No association was 

found in men (Peter et al., 2005). 

2.3.3. Single Nucleotide Polymorphism of ESR2 (rs4986938) and Endometriosis 

 Endometrial stromal cells display abnormal expression of a wide range of nuclear 

receptors. NR5A1 and NR2F2 are two nuclear receptors that compete to maintain the 

regulation of steroid-synthesizing genes in these cells. Dominance of NR5A1 leads to the 

formation of excessive estrogen. Moreover, the ratio ESR1/ESR2 in the endometriotic 
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stromal cells is abnormally low due to high expression of ESR2 (Yilmaz & Bulun, 2019). 

Multiple studies have shown that in various endometrial lesions, the mRNA levels of ESR2 

are significantly higher than that of ESR1 and PGR, corresponding to the low levels of 

ESR1 and progesterone receptors that have been observed (Smolarz et al., 2020). Different 

mutations in the ESR2 gene, such as SNP rs17179740 (Smolarz & Romanowicz, 2021), 

SNP rs4986938 (Liaqat et al., 2013), and a CA repeat polymorphism (Lamp et al., 2011) 

have been associated with a higher risk of endometriosis. 



Chapter 3                    Methodology 

 

 
Molecular Investigation of Polymorphisms of FSHR, WNT4, and ESR2 in Endometriosis  

                                                                                                                                            21 

Chapter 3 - Methodology 

3.1. In-silico Analysis of FSHR and ESR2 

3.1.1. Retrieval of Missense SNPs of FSHR 

The total reported non-synonymous SNPs of FSHR gene were analyzed for 

identification of other possibly deleterious polymorphisms that may play a role in the 

causation of endometriosis. For this purpose, missense SNPs of this gene were retrieved 

from the NCBI dbSNP (https://www.ncbi.nlm.nih.gov/snp/).  

a. Filtering deleterious SNPs 

The obtained SNPs were filtered through a series of online tools that predicted 

whether they were deleterious or not. The list of these tools, along with their operating 

principles, is given in Table 3.1. Amino acid FASTA sequence of the canonical FSHR 

protein was obtained from UniProt (https://uniprot.org/) to be added as input sequence 

where required. 

 

Table 3.1. Online tools used to filter deleterious missense SNPs of the FSHR gene. 

 Tool Principle Weblink 

1. SIFT (Sorting 

Intolerant From 

Tolerant) 

It is a sequence-homology based tool that 

predicts the effect of non-synonymous 

genetic polymorphisms on protein function 

by assuming important amino acids to be 

evolutionarily conserved (Kumar et al., 

2009). 

https://sift.bii.a-star.edu.sg/. 

2.  PolyPhen-2 

(Polymorphism 

Phenotyping v2)  

This tool considers comparative 

evolutionary and structural information to 

predict the effect of non-synonymous 

mutations on the stability and function of 

the protein (Adzhubei et al., 2013). 

http://genetics.bwh.harvard.e

du/pph2/ 

 

3. PANTHER 

(Protein 

PANTHER uses phylogenetic trees as a set 

of reference protein sequences that have 

http://www.pantherdb.org/ 

https://www.ncbi.nlm.nih.gov/snp/
https://uniprot.org/
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Analysis 

Through 

Evolutionary 

Relationships) 

been obtained from sequencing genomes of 

organisms. This information is used to make 

inferences on the gain or loss or protein 

function due to amino acid substitutions 

(Thomas et al., 2022). 

4. PhD-SNP 

(Predictor of 

human 

Deleterious 

Single 

Nucleotide 

Polymorphisms) 

This tool is an SVM (Support Vector 

Machine) -based classifier that classifies 

missense substitutions into disease and 

neutral polymorphisms (Capriotti et al., 

2006). 

https://snps.biofold.org/phd-

snp/phd-snp.html 

5. SNPs&GO SNPs&GO is a GO-integrated predicting 

software that operates on an SVM-based 

classifier principle. It takes the input protein 

sequence and functional information to 

predict probability of deleterious mutation 

(Capriotti et al., 2013).  

https://snps.biofold.org/snps-

and-go/snps-and-go.html 

 

b. Predicting Structural and Functional Alterations 

Only the SNPs that were predicted to be deleterious by all the filtering tools were 

then entered into the MutPred2 online tool (http://mutpred.mutdb.org/#qform). Along with 

giving a general prediction about the pathogenicity of a polymorphism, the tool also 

provided a list of potential molecular alterations that an SNP may cause in the resultant 

protein (Pejaver et al., 2020).  

To understand the effect of each polymorphism on the stability of the protein, I-

Mutant 2.0 (https://folding.biofold.org/cgi-bin/i-mutant2.0.cgi) was used. This tool is also 

an SVM-based webserver that uses the protein sequence or structure to accurately predict 

whether a single point mutation stabilizes or destabilizes the protein (Capriotti et al., 2005).  

The evolutionary conservation of the amino acids being substituted by filtered 

missense mutations was estimated using the online ConSurf webserver 

(https://consurf.tau.ac.il/consurf_overview.php). Highly conserved amino acids are often 

http://mutpred.mutdb.org/#qform
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those that have important roles in maintaining the structure and function of a protein, 

therefore knowing the degree of conservation of specific amino acids can help in 

understanding their significance in the protein (Ashkenazy et al., 2016). 

c. Protein Modelling of Mutant and Wild-type Protein  

For protein modelling, trRosetta (transform-restrained Rosetta) online tool was 

used (https://yanglab.nankai.edu.cn/trRosetta/). The wild protein was modelled first using 

the canonical protein’s amino acid FASTA sequence. Separate models for each filtered SNP 

were generated subsequently. trRosetta is a fast and accurate modelling tool that uses both 

de-novo and homology modelling (Du et al., 2021), and thus provided far more reliable 

results than other online webservers. Each protein model result was obtained within a few 

hours of query submission, and multiple entries were made at the same time.  

The quality and confidence levels of the designed models were tested using two 

different protein validation webservers; ERRAT (https://saves.mbi.ucla.edu/), and 

MolProbity (http://molprobity.manchester.ac.uk/). 

d. Protein Superimposition 

Root-mean-square deviation (RMSD) values are often used as a good indicator of 

structural variability between two similar proteins. The value is zero for two identical 

proteins and increases as the level of variability increases. This value can be used to predict 

the structural change caused by a point mutation in the translated protein. If the change of 

a single amino acid results in a protein that is notably different in structure compared to the 

wild-type protein, it can be assumed that the function of that protein would be significantly 

altered as well.  

To find out the RMSD value of each mutant/wild protein pair, TM-align software 

was used (https://zhanggroup.org/TM-align/). The algorithm aligns the two uploaded 

protein structures residue-by-residue, providing an optimal superimposition as well as the 

RMSD and TM scores (Y. Zhang & Skolnick, 2005). The TM-score value works in reverse 

to the RMSD; a higher value shows greater similarity between the two proteins, with the 

score of 1 indicating a perfect match. Mutants with the highest RMSD values were selected 

as final outputs. Superimposed proteins were also visualized using the PyMOL 2.5 software 

(Yuan et al., 2017).   

https://yanglab.nankai.edu.cn/trRosetta/
https://saves.mbi.ucla.edu/
http://molprobity.manchester.ac.uk/
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e. Protein-protein Interactions 

The protein-protein interactions, including physical and functional associations, of 

the selected protein with others were predicted by the STRING (Search Tool for the 

Retrieval of Interacting Genes/proteins) software (https://string-db.org/). The data 

contained in this server is obtained from literature, reported experiments, and computer 

predictions, and can be used to understand the complex protein interactions (Szklarczyk et 

al., 2023). 

f. Post-translational Modifications 

Post-translational modifications (PTMs) are covalent modifications, performed by 

enzymes, that occur on specific amino acid residues of synthesized proteins and can 

significantly alter their properties. Different tools were used to check the effect of selected 

polymorphisms on the PTMs of the protein. 

i. Phosphorylation 

 Phosphorylation is one of the most important post-translational modifications that 

can activate, deactivate, or otherwise alter the function of a protein. Protein kinases 

covalently attach a phosphate group to the side chains of serine, threonine, and tyrosine 

residues in the protein. Any change in the phosphorylation of a protein can have significant 

effects on the protein. GPS 6.0, available at http://gps.biocuckoo.cn/online.php, was used 

to check phosphorylated sites in the wild and mutant proteins (Chen et al., 2023). 

ii. Glycosylation 

 Protein glycosylation is a crucial process that is important for cell adhesion, 

recognition, protein stability, solubility, transport, and immunogenicity among many 

others. In this process, a carbohydrate is attached to specific functional groups of amino 

acids. N-glycosylation involves the addition of glycans to the nitrogen of asparagine or 

arginine side chains. The N-glycosylation of wild and mutant protein were predicted by 

NetNGlyc 1.0 (https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/). O-

glycosylation is the attachment of sugar group to oxygen atom of serine or threonine 

residues of the protein, and was testing using NetOGlyc 4.0 

(https://services.healthtech.dtu.dk/services/NetOGlyc-4.0/)  

iii. Methylation 

https://string-db.org/
http://gps.biocuckoo.cn/online.php
https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/
https://services.healthtech.dtu.dk/services/NetOGlyc-4.0/
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 Methyltransferases catalyze the transfer of methyl groups to the N-groups of lysine 

and arginine side chains, or the C- and N-termini of different proteins. The methylated sites 

of the wild and mutant protein were predicted using the GPS-MSP 1.0 webserver 

(http://msp.biocuckoo.org/) (Deng et al., 2017). 

iv. Ubiquitination 

  Ubiquitination is an ATP-dependent process performed by a cascade of enzymes 

and has several biological functions. GPS-Uber webserver available at 

http://gpsuber.biocuckoo.cn/ was used for prediction (C. Wang et al., 2022). 

v. SUMOylation 

 Small ubiquitin-like modifiers (SUMOs) can covalently modify lysine residues on 

different proteins, and thus regulate transcription, DNA repair, cell cycle, and other aspects 

of protein functioning. These sites, along with SUMO-interacting motifs (SIMs) were 

identified by using GPS-SUMO 2.0 (https://sumo.biocuckoo.cn/)  (Q. Zhao et al., 2014) 

3.1.2. Non-coding Transcript Variants of ESR2  

 The non-coding transcript variants of ESR2 were retrieved from NCBI dbSNP. Only 

the 3’ and 5’ UTR variants were selected and analyzed for potentially pathogenic SNPs. 

Selected SNPs were first entered into the RegulomeDB webserver 

(https://regulomedb.org/regulome-search/). RegulomeDB is a tool used to select and 

prioritize functionally significant single nucleotide variants present in the non-coding 

regions of the genome. The tool ranks SNPs from 1-7, variants with a score of 1 have the 

most supporting data available and are thus most likely to be functional. A probability score 

of 0 to 1 is also given, with 1 being the highest probability of an SNP being a regulatory 

variant (Dong et al., 2023). From the returned result, only the SNPs with a score of 1a-1f 

or 2a were selected. 

 All 3’ and 5’ UTR variants were then entered into SNPinfo, a webserver that 

identifies SNPs with alternative alleles that have differential effects 

(https://snpinfo.niehs.nih.gov/). We selected the SNPinfo FuncPred tool to filter SNPs that 

may be functionally significant . These functional effects include changing transcriptional 

activity by binding to transcription factor binding sites (TFBS), affecting stop codons, and 

causing premature termination of protein, disrupting splice sites, exonic splicing silences 

http://msp.biocuckoo.org/
http://gpsuber.biocuckoo.cn/
https://sumo.biocuckoo.cn/
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(ESS), and exonic splicing enhancers (ESE), and affecting the translation of proteins by 

changing the sites on which miRNAs bind. A regulatory potential score and conservation 

score ranging from 0 to 1 is also given (Xu & Taylor, 2009). SNPs that were found to be 

functionally significant by both RegulomeDB and SNPinfo were finalized.  

3.2. In-vitro Analysis of FSHR (rs6166), WNT4 (rs7521902), and ESR2 (rs4986938) 

This study was performed to investigate the association of three candidate gene 

polymorphisms (rs6166 of FSHR, rs4986938 of ESR2, and rs7521902 of WNT4) with 

endometriosis in patients of Pakistani origin. Ethical approval for this study was obtained 

from the Institutional Review Board (IRB), ASAB. 

3.2.1. Sample Collection 

A total of 38 samples were collected from collaborative hospitals. The sampling 

was completed over a period of 8 months. 

The study was a case-control study, and the collected samples were categorized into 

the following groups: 

1. Cases: Subjects diagnosed with endometriosis (19 samples) 

2. Controls: Healthy subjects without endometriosis (19 samples) 

3.2.2. Selection of Subjects 

The subjects were chosen based on the inclusion and exclusion criteria given in 

Table 3.2. 

Table 3.2. Inclusion and exclusion criteria for designed association study 

Inclusion criteria Exclusion criteria 

Cases Controls 

Diagnosed with 

Endometriosis 

Not diagnosed with 

endometriosis 

Males 

Ages 15-45 Ages 18-45 Other reproductive disorders 

besides endometriosis 

  Crossed menopause 

  Below age of menarche 
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3.2.3. Sample Type 

Whole blood was collected from the study subjects after informing them about the 

nature and purpose of the study, as well as taking verbal and/or written consent. The blood 

samples were collected in 5ml EDTA (Ethylenediaminetetraacetic acid) tubes by a trained 

phlebotomist. The tubes were labelled with the names and ages of the patients, and the tube 

ID numbers were entered into a list for future reference. Blood collected in the hospitals 

was stored safely in an ice box and brought back to the ASAB Immunogenetics Lab where 

it was immediately stored at 4°C.  

3.2.4. DNA Extraction 

Genomic DNA was extracted from the whole blood samples using the phenol-

chloroform method. The composition of the different solutions used in the process is given 

in Table 3.3. 

 

Table 3.3. Solutions required for DNA extraction using Phenol-Chloroform method. 

Solution Method for making Function 

Solution A (blood cell 

lysis buffer) 

For 1000 ml solution 

• 109.44 g Sucrose (320 mM) 

• 12.114 g Tris (10 mM) 

• 0.476 g MgCl2 (5mM) 

• 10 ml Triton X-100 (1% V/V) 

• The above chemicals were 

combined in 600 ml double-distilled 

water and the pH was set to 7.5 

using HCl/NaOH. Volume was 

made up to 1000 ml with double-

distilled water. 

This solution breaks the cell 

membranes of the blood cells 

allowing cell contents to be 

released into solution. 

Solution B  For 1000 ml solution 

• 12.114 g Tris (10 mM) 

• 23.37 g NaCl (400mM) 

• 0.58 g EDTA (2mM) 

This solution separates the 

protein content and 

precipitates the DNA present 

in the mixture. 
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• The above chemicals were 

combined in 600 ml double-distilled 

water and the pH was set to 7.5 

using HCl/NaOH. Volume was 

made up to 1000 ml with double-

distilled water. 

20% Sodium Dodecyl 

Sulfate (SDS) 

For 100 ml solution 

• 20 g SDS was weighed out in a 

graduated bottle and volume made 

up to 100 ml with distilled water 

SDS contributes to cell lysis, 

promoting high yield and 

purity of the extracted DNA.  

Proteinase K  It degrades contaminating 

proteins and any nucleases 

that may attack the DNA. 

Solution C Phenol Phenol helps in the separation 

of DNA into a separate, 

aqueous layer. 

Solution D For 50 ml solution 

• 48 ml Chloroform (24 parts) 

• 2 ml iso-amyl alcohol (1 part) 

This solution helps in the 

coagulation of protein so that 

the aqueous layer of pure 

DNA can be easily collected. 

Isopropanol  Isopropanol efficiently 

precipitates DNA from large 

volumes of solution. 

Sodium Acetate For 100 ml solution: 

• 24.609 g sodium acetate was 

weighed out in a graduated bottle 

and volume made up to 100 ml with 

distilled water (3M) 

Sodium acetate is also used to 

precipitate the DNA. 

Ethanol 100% Ethanol decreases the 

solubility of DNA allowing it 

to precipitate. Pure ethanol is 
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used as it evaporates 

completely.  

PCR water/TE buffer  Used to resuspend the DNA 

pellet and for storage. 

 

Phenol-chloroform extraction protocol  

Day 1 

• Using a reliable micropipette and autoclaved tips, 750 µl of whole blood was 

transferred to a 2 ml autoclaved microcentrifuge tube. 750 µl of Solution A was also 

transferred to the same tube and the tube was inverted 4-6 times to ensure proper 

mixing of the two solutions.  

• The tube was then kept at room temperature for 10 minutes, after which it was 

centrifuged at 13000 rpm for 10 minutes. 

• After centrifugation, the supernatant was discarded, leaving behind a small pellet 

at the bottom of the tube. This pellet was then completely dissolved in 400 µl of 

Solution B by the application of mechanical force. The tube was again centrifuged 

at 13000 rpm for 10 minutes. 

• The supernatant was again discarded and 400 µl of Solution B, 12 µl of 20% SDS, 

and 5 µl of proteinase K was added to the pellet. The pellet was again dissolved by 

application of mechanical force. 

• The tube was incubated overnight at 37°C. 

Day 2  

• 250 µl each of Solution C and Solution D was mixed in a separate tube and then added 

carefully without mixing to the tube taken out from the incubator after overnight 

incubation. It was then centrifuged at 13000 rpm for 10 minutes. 

• After the tube was centrifuged, the upper aqueous layer containing DNA was carefully 

pipetted out into a new tube. Care was taken as to not disturb the sticky protein layer 

directly in contact with the aqueous layer, as mixing affects the purity of the extracted 

DNA. In case of too much mixing, 500 µl of Solution D was added to the removed 

aqueous layer, centrifuged, and the aqueous layer was removed again. 
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• The aqueous layer was then submerged in 55 µl of 3M sodium acetate and 500 µl iso-

propanol. The tube was inverted several times to promote the precipitation of DNA. At 

this stage, DNA was observed as a white thread suspended in the solution. 

• The tube was again centrifuged at 13000 rpm for 10 minutes, and the supernatant was 

discarded. The DNA pellet was then resuspended in 200 µl of chilled pure ethanol. 

• After the tube was again centrifuged at 13000 rpm for 10 minutes, the tube was gently 

tipped over to discard the excess ethanol and the remaining was left to evaporate 

through air-drying. 

• Once the tube was completely dry and no ethanol was left behind, the DNA was 

submerged in 500-100 µl of TE buffer. This was then stored at -20°C in the freezer.  

3.2.5. Quantificaiton of DNA 

a. Nanodrop Spectrophotometer 

The concentration and purity of the extracted DNA was tested using the 

ThermoScientific Nanodrop 2000 UV-Vis Spectrophotometer at ASAB. The following 

steps were followed: 

• The Nanodrop software was started and the ‘Nucleotides’ application was selected. 

In the next option ‘DNA’ was selected. The arm was lifted over the pedestal and 1 

µl of TE buffer (the same which was used to resuspend the DNA pellet) was used 

as a blank. 

• Once it was confirmed that the device gave a quantification in negative values when 

blanked, the arm was lifted, and the drop of TE buffer was wiped off.  

• 1 µl of the DNA sample was now applied and the arm was gently closed.  

• Pressing ‘Measure’ then gave the result for DNA concentration in ng/µl. The device 

also gave the ratio of absorbances at 260 nm and 280 nm. This ratio is used to assess 

the purity of the DNA. A ratio of around 1.8 is accepted as relatively pure for DNA, 

and a lower value might indicate the presence of proteins, phenol, or other 

contaminants that absorb strongly at 280 nm.  

• The values for the DNA concentration and 260/280 ratio were noted for each 

sample. 

b. Agarose Gel Electrophoresis 
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Gel electrophoresis is used for separating out DNA strands according to their size, 

as well as for the qualitative and semi-quantitative detection of DNA. The extracted DNA 

was run on a 2% (w/v) gel according to the protocol below. Table 3.4. describes the 

composition of the solutions used in this technique. 

 

Table 3.4. Composition of solutions required for Agarose gel electrophoresis. 

Solution Method for making 

0.5 M EDTA stock solution For 500 ml 

• 93.05 g of EDTA disodium salt was 

weighed out and dissolved in 400 ml 

of deionized water. 

• pH was adjusted to 8.0 using NaOH 

pellets to dissolve the salt. 

• Volume was topped up to 500 ml and 

the solution was autoclaved. 

50 x TAE buffer stock solution For 1000 ml 

• 242 g of Tris-base was dissolved in 

around 600 ml deionized water. 

• 57.1 ml of glacial acetic acid and 100 

ml of 0.5 M EDTA stock solution was 

added. 

• Volume was made up to 1000 ml. 

1 x TAE working solution For 1000 ml 

• 20 ml of the 50 x TAE stock buffer 

was combined with 980 ml of distilled 

water. 

 

Protocol 

• 2 g agarose powder was weighed out using a digital weighing balance and added to 

a glass flask. 100 ml of 1 x TAE solution was then added using a measuring 
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cylinder. To allow the agarose to dissolve, the flask was heated in the microwave 

for approximately 2 minutes. 

• Once the solution had stopped steaming, 4 µl of ethidium bromide solution (8 

µg/ml) was added and mixed. 

• The solution was then poured into a gel casting tray and a comb was immediately 

inserted to allow wells to form. 

• The comb was removed when the gel had cooled and solidified. The gel was then 

taken out of the casting tray and placed in a gel tank connected to a power supply. 

It was positioned so that the wells were on the side of the negative terminal. 

• 1 x TAE buffer was poured into the tank, allowing it to cover the gel. 8 µl of a 1000 

bp DNA ladder were loaded into the first well. 2 µl of loading dye were combined 

with 6 µl of the DNA sample and then loaded into the next well.  

• The gel was electrophoresed at 90 V for 30 minutes, and then viewed in a Wealtec 

UV transilluminator as well as a Cleaver Scientific omniDOC gel documentation 

system. 

3.2.6. Primer Designing 

To carry out ARMS-PCR (Amplification-Refractory Mutation System-Polymerase 

Chain Reaction), three primers each were manually designed for the three candidate gene 

polymorphisms; rs6166 in the FSHR gene on chromosome 2, rs7521902 an intron variant 

near WNT4 gene on chromosome 1, and rs4986938 located in the 3’ UTR near ESR2 gene 

on chromosome 14. Among the three primers designed, one was the common primer that 

would bind to DNA template, both in the presence and absence of target mutation. The 

‘wild’ primer would bind only if the wild-type allele was present in the DNA target and the 

‘mutant’ primer would bind only with the mutant allele of the SNP. 

FASTA sequences of the three SNPs were obtained from dbSNP in NCBI (National 

Center for Biotechnology Information). An online software, OligoCalc, was used to predict 

the properties of oligonucleotide primers, including self-complementarity, hair-pin 

formation, and annealing temperatures. Primer BLAST software was used to check the 

specificity of the designed primers to make sure that they did not bind on other DNA 

regions in the genome. Finally, UCSC in-silico PCR browser was used to predict the 
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efficiency of the primers when running PCR in the wet-lab, as well as a secondary test for 

primer specificity and product size. Table 3 shows the details of the designed primers. 

Primers were obtained in lyophilized form, and the reconstituted stock was used to 

make dilutions in separate tubes by adding nuclease-free water. The optimum annealing 

temperature for each primer set was determined using gradient PCR. The primer pair for 

rs6166 (FSHR) showed best amplification at 59°C, that of rs7521902 (WNT4) at 58°C, 

and that of rs4986938 (ESR2) at 57°C. 

 

Table 3.5. Primers designed for ARMS-PCR. 

Gene and 

SNP-ID 

Nucleotide 

change 
Primer sequence – 5’- 3’ 

Primer 

length 

– bp 

Melting 

temperature 

– °C 

PCR 

amplicon 

size – bp 

FSHR 

rs6166 

C>T F-wild: 

GGACAAGTATGTAAGTGGAACCAC 

24 55.7 371 

F-mutant: 

GGACAAGTATGTAAGTGGAACCAT 

24 54 

R: CTCTAGTGACACCAGGATCGC 21 56.3 

WNT4 

rs7521902 

C>A F-wild: GGAATTGCGAGGTGAAACC 19 51.5 328 

F-mutant: 

GGAATTGCGAGGTGAAACA 

19 49.3 

R: TTTCTCAGGATAACGATTTCACC 23 51.9 

ESR2 

rs4986938 

C>T F-wild: 

CTGGAGTTCACGCTTCAGCC 

20 56.5 245 

F-mutant: 

CTGGAGTTCACGCTTCAGCT 

20 54.4 

R: 

TAACAAGGGCATGGAACATCTGC 

23 55.5 

Note: F-wild – forward primer with wild-type allele of SNP at 3’; F-mutant – forward 

primer with mutant allele of SNP at 3’; R – common reverse primer. 
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3.2.7. Amplification Refractory Mutation System – Polymerase Chain Reaction 

To carry out the Amplification Refractory Mutation System – Polymerase Chain 

Reaction (ARMS-PCR), each DNA sample was amplified in two separate PCR tubes. One 

tube contained the ‘wild’ forward primer, the other tube was given the ‘mutant’ forward 

primer. The common reverse primer was added to both the tubes. Amplification only 

happened if the target allele was present in the DNA sample. If amplification occurred in 

both the tubes, it indicated a heterozygous DNA sample that contained both the wild and 

the mutant allele.  

The reaction mixture that was made in each tube is given in table 4. Preparation of 

the reaction mixture was always done in a laminar flow biosafety cabinet, and the tubes 

were constantly kept on ice during the process. Finally, the tubes were spun for a few 

seconds in a short-spin equipment to allow proper mixing of all the components and then 

loaded in a Thermocycler 2720. The thermocycling conditions for the three separate primer 

pairs are given in Figures 3.1., 3.2., and 3.3. 

 

Table 3.6. Components and volumes used in the reaction mixture for PCR. 

Order Reagents  Amounts 

1 PCR water  10 µl 

2 Forward primer 1 µl 

3 Reverse primer 1 µl 

4 DNA template 2 µl 

5 Master mix 6 µl 

  Total: 20 µl 
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Figure 3.1. PCR profile for ESR2 rs4986938 

 

 

Figure 3.2. PCR profile for WNT4 rs7521902 
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Figure 3.3. PCR profile for FSHR rs6166 

3.2.8. Agarose Gel Electrophoresis 

Gel electrophoresis was carried out again to visualize the results of the 

amplification. While the PCR was running, a 2% agarose gel was made and set as described 

before. Once the PCR was completed, the samples were immediately loaded into the wells 

of the gel (6 µl sample + 2 µl loading dye) alongside a 50 bp DNA ladder. The gel was run 

at 80 V for 45 minutes and visualized using the gel documentation system.  

3.2.9. Statistical Analysis 

 Statistical analysis was performed using GraphPad Prism 10.0 software and 3 x 2 

contingency table. Genotypic and allelic frequencies were calculated from the obtained in-

vitro analysis data. The Chi-square test and Fisher’s exact test were applied to calculate the 

chi-square value and P-value for each case-control study, and level of association was 

deduced from these results. 
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Chapter 4 - Results 

4.1. In-silico Analysis of FSHR and ESR2 

4.1.1. Missense SNPs of FSHR 

a. SNP Retrieval 

 Out of the 86,184 SNPs that have been reported for the FSHR gene in the NCBI 

database, 743 non-synonymous/missense SNPs were retrieved. Other functional classes 

present are inframe deletions, insertions, and indels as well as intronic SNPs, non-coding 

transcript variants, initiator codon variants, and synonymous SNPs.  

b. Filtering Deleterious SNPs 

 The 743 retrieved missense SNPs were entered into SIFT tool, which predicted 111 

SNPs to be deleterious. Out of these, only 35 were SNPs present in the canonical isoform 

1 of the FSHR protein and were selected. Information obtained from SIFT has been 

summarized in Figure 4.1. 

 

Figure 4.1. Summary of the result obtained when 743 missense SNPs of FSHR were 

entered into the SIFT tool. 

 The 36 potentially deleterious SNPs of isoform 1 were further entered into four 

different filtering tools; PolyPhen-2, PANTHER, PhD-SNP, and SNPs&GO. The results 

returned by each of these have been listed in Tables 4.1. and 4.2. 

 

Tolerated SNPs, 

632

Canonical isoform 

1, 35

Other isoforms, 76

Deleterious, 

111
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Table 4.1. Effects of 35 missense SNPs of FSHR predicted by PolyPhen-2 and PANTHER 

webservers. 

SNP 

Amino 

acid 

change 

PolyPhen 

predicted effect 

PolyPhen 

score 

PANTHER 

predicted effect 

PANTHER 

score 

rs6167 S524R probably damaging 0.993 probably benign 0.24 

rs28928870 T449I probably damaging 1 probably damaging 0.74 

rs28928871 D567N probably damaging 1 probably damaging 0.85 

rs121909658 A189V probably damaging 0.999 probably damaging 0.74 

rs121909659 I160T possibly damaging 0.894 probably benign 0.19 

rs121909660 R573C probably damaging 1 probably damaging 0.85 

rs121909661 A419T probably damaging 1 probably damaging 0.85 

rs121909662 P519T probably damaging 1 probably damaging 0.89 

rs121909663 T449A probably damaging 1 probably damaging 0.74 

rs121909664 I545T probably damaging 1 probably damaging 0.57 

rs200144377 T555I probably damaging 1 probably damaging 0.57 

rs371482817 G446S possibly damaging 0.936 probably damaging 0.89 

rs386833510 P348R probably damaging 0.97 probably damaging 0.89 

rs386833511 A575V possibly damaging 0.936 probably damaging 0.85 

rs386833512 P525H probably damaging 0.995 probably damaging 0.89 

rs386833512 P587H probably damaging 1 probably damaging 0.89 

rs386833513 L601V probably damaging 1 probably damaging 0.85 

rs386833513 L337V possibly damaging 0.882 possibly damaging 0.5 

rs386833515 D224V probably damaging 1 probably damaging 0.85 

rs140415279 I132T probably damaging 0.992 possibly damaging 0.5 

rs141135052 N118K possibly damaging 0.762 probably damaging 0.57 

rs142755430 L72Q probably damaging 1 possibly damaging 0.5 

rs145775250 A88V possibly damaging 0.534 probably damaging 0.57 

rs145815060 L535H probably damaging 1 probably damaging 0.74 

rs200191550 L611P probably damaging 1 probably damaging 0.85 

rs200328782 R283W benign 0.008 possibly damaging 0.5 

rs201078200 M532T benign 0.121 probably benign 0.27 

rs201115329 C644G benign 0.118 probably benign 0.13 
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rs267599403 S527L probably damaging 1 probably damaging 0.57 

rs368367400 C548Y probably damaging 1 probably damaging 0.85 

rs369583512 P45L probably damaging 1 probably damaging 0.74 

rs374191266 R557W probably damaging 1 probably damaging 0.74 

rs374788399 L252F benign 0.001 probably benign 0.27 

rs375329429 D137H possibly damaging 0.609 probably benign 0.19 

rs375475417 R573H probably damaging 1 probably damaging 0.85 

 Note: For each tool, the score describes the probability of a mutation being deleterious, 

with damaging mutations scoring higher and benign mutations scoring closer to 0. 

 

Table 4.2. Effects of 35 missense SNPs of FSHR predicted by PhD-SNP and SNPs&GO 

webservers. 

SNP 
Amino acid 

change 

PhD-SNP 

effect 

Reliability 

index 

SNPs&GO 

effect 

Reliability 

index 

rs6167 S524R Neutral 3 neutral 6 

rs28928870 T449I Disease 4 disease 3 

rs28928871 D567N Disease 7 neutral 5 

rs121909658 A189V Disease 6 disease 4 

rs121909659 I160T Disease  7 disease 1 

rs121909660 R573C Disease 7 disease 1 

rs121909661 A419T Disease 5 disease 4 

rs121909662 P519T Disease 8 disease 5 

rs121909663 T449A Neutral 1 neutral 5 

rs121909664 I545T Disease 2 disease 1 

rs200144377 T555I Disease 4 neutral 4 

rs371482817 G446S Disease 7 disease 4 

rs386833510 P348R Disease 6 disease 6 

rs386833511 A575V Disease 7 disease 0 

rs386833512 P525H Disease 1 neutral 6 

rs386833512 P587H Disease 6 disease 3 

rs386833513 L601V Disease 2 neutral 8 
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rs386833513 L337V Neutral 8 neutral 8 

rs386833515 D224V Disease 9 disease 7 

rs140415279 I132T Disease 5 disease 1 

rs141135052 N118K Disease 5 neutral 6 

rs142755430 L72Q Disease 5 disease 3 

rs145775250 A88V Neutral 2 neutral 6 

rs145815060 L535H Disease 3 neutral 1 

rs200191550 L611P Disease 6 neutral 2 

rs200328782 R283W Disease 8 disease 0 

rs201078200 M532T Disease 1 neutral 8 

rs201115329 C644G Disease 5 disease 0 

rs267599403 S527L Disease 1 neutral 6 

rs368367400 C548Y Disease 9 disease 8 

rs369583512 P45L Disease 4 disease 3 

rs374191266 R557W Disease 6 neutral 0 

rs374788399 L252F Neutral 1 disease 1 

rs375329429 D137H Disease 6 neutral 7 

rs375475417 R573H Disease 4 disease 1 

Note: For each software, the reliability index is a score measuring how reliable the 

predicted result is, with a higher score being more reliable and 0 being least reliable. 

 

 SNPs predicted to be deleterious by all four tools, and having a reliability score 

greater than or equal to 4 were selected. This narrowed the 35 SNPs to 7, which are listed 

in Table 4.3.  

 

Table 4.3. Seven shortlisted missense SNPs of FSHR after filtering. 

SNP Amino acid change 

rs121909662 P519T 

rs386833510 P348R 

rs386833515 D224V 

rs368367400 C548Y 
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rs121909658 A189V 

rs121909661 A419T 

rs371482817 G446S 

 

c. Effect of Mutation on Protein Structure and Stability 

 The seven filtered SNPs were entered into the Mutpred2 webserver, which returned 

a result describing the potential effect each mutation could have on the structure and 

function of the protein. A general score (g) gives the probability of a mutation being 

pathogenic if the value is greater than or equal to 0.5. Pr is the probability of an alteration 

in structure/function happening because of the given substitution and can be evaluated for 

each individual alteration. The value P is the probability of a benign substitution (from the 

MutPred2 training set) having Pr greater than or equal to that of the given substitution; a 

lower P value corresponds to a higher chance of a specific alteration to be pathogenic. Two 

predicted alterations having the same Pr value does not mean they will have the same P 

value, since the P value is specific for each property. The result obtained has been displayed 

in Table 4.4. 

 

Table 4.4. Results obtained from the Mutpred2 webserver for the seven filtered missense 

SNPs of FSHR. 

SNP 
Amino acid 

change 

Score 

(g) 
Predicted Effect 

rs121909662 P519T 0.713 

Altered Transmembrane protein (Pr = 0.26 | P = 1.1e-

03); Gain of Disulfide linkage at C517 (Pr = 0.11 | P = 

0.04) 

rs386833510 P348R 0.768 

Altered Transmembrane protein (Pr = 0.28 | P = 6.5e-

04); Loss of Disulfide linkage at C346 (Pr = 0.25 | P = 

5.9e-03) 

rs386833515 D224V 0.738 Altered Transmembrane protein (Pr = 0.15 | P = 0.01) 

rs368367400 C548Y 0.863 

Loss of Helix (Pr = 0.28 | P = 0.03); Altered Ordered 

interface (Pr = 0.25 | P = 0.02) 
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rs121909658 A189V 0.68 

Altered Transmembrane protein (Pr = 0.30 | P = 1.5e-

04); Loss of N-linked glycosylation at N191 (Pr = 0.05 

| P = 0.02) 

rs121909661 A419T 0.635 

Altered Transmembrane protein (Pr = 0.26 | P = 9.7e-

04); Altered Ordered interface (Pr = 0.24 | P = 0.04); 

Altered Metal binding (Pr = 0.18 | P = 0.03) 

rs371482817 G446S 0.841 

Gain of Catalytic site at C442 (Pr = 0.29 | P = 1.6e-03); 

Gain of Relative solvent accessibility (Pr = 0.26 | P = 

0.03); Altered Transmembrane protein (Pr = 0.19 | P = 

6.8e-03); Gain of Disulfide linkage at C442 (Pr = 0.19 

| P = 0.02) 

Note: g – General probability of substitution being pathogenic; Pr – Probability of 

occurrence of the predicted change in property; P – Probability of the predicted change 

being benign. 

 

 Effect on the stability of the protein by the occurrence of each point mutation was 

predicted by the I-mutant2.0 webserver. Based on the sign of change in the change of Gibbs 

free energy (DDG, delta delta G, or ΔΔG), positive DDG referring to increased stability 

and negative DDG referring to decreased stability, the effect is predicted. A reliability index 

is also given, with higher scores corresponding to more reliable results. The results have 

been listed in Table 4.5. 

 

Table 4.5. Effect on the stability of FSHR protein due to each missense SNP predicted by 

the I-Mutant2.0 webserver. 

SNP 
Amino acid 

change 

Predicted effect 

on stability 

Reliability 

index 
DDG 

rs121909662 P519T Decrease 8 -1.69 

rs386833510 P348R Decrease 7 -0.88 

rs386833515 D224V Decrease 4 -1.28 

rs368367400 C548Y Decrease 3 0.17 

rs121909658 A189V Decrease 4 -0.73 
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rs121909661 A419T Decrease 3 -0.22 

rs371482817 G446S Decrease 7 -1.31 

Note: Higher score for reliability index refers to a more reliable result; DDG – delta delta 

G, change in the change of Gibbs free energy of a protein when point mutation is present. 

 

 The evolutionary conservation analysis of each residue in the FSHR protein was 

performed by the ConSurf webserver. Mutations in highly conserved residues have a higher 

chance of being pathogenic as compared to residues that have lower scores. The 

conservation score of each of the seven target residues being mutated has been listed in 

Table 4.6., along with its status prediction. All seven residues were found to be highly 

conserved which shows that they may have very important roles in determining the 

structure and function of the protein. 

 

Table 4.6. Conservation scores of the seven target residues being substituted due to filtered 

missense SNPs of FSHR. 

SNP AA Color Score Prediction 

rs121909662 P519T 9 structural, highly conserved, and buried 

rs386833510 P348R 9 functional, highly conserved, and exposed 

rs386833515 D224V 9 functional, highly conserved, and exposed 

rs368367400 C548Y 9 structural, highly conserved, and buried 

rs121909658 A189V 9 structural, highly conserved, and buried 

Rs121909661 A419T 9 structural, highly conserved, and buried 

rs371482817 G446S 9 structural, highly conserved, and buried 

Note: The numbers on the conservation scale range from 1 to 9, with 9 being the most 

highly conserved. A score of ‘?’ is lower than 1 and refers to highly variable residues. 

 

d. Protein Modelling and Model Validation 

 trRosetta was used for building the seven protein models. Each model of the highest 

confidence level was selected and uploaded to ERRAT and MolProbity for structural 

validation. ERRAT score is on a scale of 0 to 100, with higher scores being more favorable. 
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MolProbity returns a detailed report on the quality of the protein, giving quantitative 

information about poor and favored rotamers, Ramachandran outliers, bad bonds and 

angles, and other variables. A single value, the MolProbity score, is also given to 

summarize and condense the result into one value. A lower MolProbity score is given for 

better quality protein models. All seven of the trRosetta modelled proteins returned good 

scores when validated using the two webservers. The models, and their validation scores, 

are given in Figure 4.2.  
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Figure 4.2. FSHR protein models predicted by trRosetta and their validation scores.  

MP score – MolProbity score. 

 

e. Protein Superimposition 

 Each mutant protein was superimposed onto the wild protein using the TM-align 

software and the RMSD values were noted. Table 4.7. gives the RMSD values for each of 

the seven SNPs. Three superimpositions that gave the highest RMSD values were selected 

and visualized in PyMOL 2.5 and are shown in Figure 4.3.  
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Figure 4.3. The three short-listed SNPs of FSHR superimposed with the wild protein and 

visualized in PyMOL 2.5.  
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Table 4.7. RMSD (Root mean square deviation) values returned when each of the seven 

mutant protein models was superimposed onto the wild FSHR protein.  

Protein-protein superimposition RMSD score 

Wild + P519T 1.87 

Wild + P348R 1.89 

Wild + D224V 2.33 

Wild + C548Y 1.87 

Wild + A189V 1.66 

Wild + A419T 2.07 

Wild + G446S 2.05 

Note: The three superimpositions with highest RMSD scores have been highlighted. 

 

f. Post-translational Modifications 

 The effect of the shortlisted SNPs on PTMs of the FSHR protein were tested using 

different webservers, and the results have been described below. 

i. Phosphorylation 

 Phosphorylated sites of the wild and mutant proteins were checked using GPS 6.0. 

The wild FSHR protein was predicted to be phosphorylated at 27 sites by 4 different 

kinases. Mutant D224V resulted in a loss of phosphorylation at 2 sites: serine residue at 

position 232, and tyrosine residue at position 236. The other two SNPs did not affect 

phosphorylated sites of the protein. 

ii. Glycosylation 

 NetNGlyc 1.0 predicted five sites in the FSHR wild protein to be N-glycosylated, 

and these were not affected by any of the target SNPs. O-glycosylation was predicted using 

NetOGlyc 4.0 and predicted 12 sites to be O-glycosylated in the wild protein. D224V 

resulted in loss of glycosylation at residue 38, 235, and 237, and the gain of O-glycosylation 

at positions 232, 312, and 661. A419T resulted in loss of glycosylation at positions 235 and 

38 and gain at position 662. Finally, G446S was predicted to show a loss of glycosylation 

at position 38 and gain at position 232.  
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For each SNP, a zoomed-out image showing the whole proteins is given first, followed by 

an image zoomed into the amino acid change. Color key: Green – wild protein; Cyan – 

mutant protein; Red – wild residue; Dark blue – mutant residue 

iii. Methylation 

 No sites were predicted to be methylated in the FSHR protein when checked by 

GPS-MSP 1.0.  

iv. Ubiquitination 

 No sites were predicted to be ubiquitinated by the GPS-Uber webserver. None of 

the target SNPs had any effect on this status of the protein. 

v. SUMOylation 

 Three short regions (residues 341-345, 173-177, and 221-225) in the FSHR wild 

protein were predicted to be SIMs by GPS-SUMO 2.0. One residue at position 74 was 

predicted to be SUMOylated. However, none of these PTMs were affected by the three 

shortlisted SNPs. 

g. Protein-protein Interactions  

 The interactions between FSHR and other proteins inside the cell were evaluated 

using the STRING software. Co-expression of FSHR with AMH, CYP19A1, and GNB1 

were predicted, and experimentally determined interactions with APPL1, CGA, CYP19A1, 

FOXO1, and FSHB were also confirmed. The interactions of FSHR with other proteins 

have been summarized in Figure 4.4, obtained from the STRING webserver.   

h. Single Nucleotide Polymorphism of FSHR (rs6166) 

 The result obtained for rs6166 has been summarized in Table 4.8. rs6166 was 

predicted to be a neutral polymorphism by all filtering tools, and as a variable (not 

conserved) residue by ConSurf. It was thus not continued for protein modelling and 

superimposition.  
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Figure 4.4. FSHR protein-protein interactions predicted by STRING webserver. 

 

Table 4.8. In-silico analysis of literature-selected SNP rs6166. 

Tool Score Prediction 

SIFT  0.707  Tolerated 

PolyPhen2  0.00  Benign 

PANTHER 0.27 Probably benign 

PhD-SNP  7 (RI) Neutral 

SNPs&GO 9 (RI) Neutral 

MutPred2 0.102 Not pathogenic 

I-Mutant 2.0 6 (RI) Decreased stability 

ConSurf Color score 2 Variable residue 

Note: RI – Reliability index 

 

4.1.2. Non-coding Transcript Variants of ESR2 

 Of the 45,132 SNPs of ESR2, 1,752 are non-coding transcript variants which were 

downloaded and further filtered for 3’ and 5’ variants. These 902 variants were entered into 

the RegulomeDB server and analyzed for functionally significant polymorphisms. The 

server ranked all the SNPs based on reported evidence of functional significance and 
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probability of being regulatory variants. Only the variants with a rank of 1a-1f or 2a (high 

probability of functional significance) were selected and have been listed in Table 4.9.  

 

Table 4.9. 3’ and 5’ UTR SNPs of ESR2 filtered using RegulomeDB. 

SNP ID Rank Probability 

rs4986938 1b 1 

rs553473793 2a 0.89591 

rs540586598 1f 0.55436 

rs919050282 2a 0.3145 

rs1049589193, rs1174614695 2a 0.829 

rs1253998613 2a 0.74451 

rs1386817766 2a 0.96817 

rs1309024818 2a 1 

rs1256120 1f 0.70823 

Note: A lower rank is given to an SNP with more supporting evidence of functional 

significance. Probability score is higher for variants that have a higher chance of being 

present in regulatory regions.  

 

 The 902 variants were also entered into the SNPinfo webserver for prediction of 

functionally significant SNPs. The result obtained has been shown in Table 4.9. SNPs that 

were predicted to be important by both tools are rs1256120 and rs4986938. 

 

Table 4.10. 3’ and 5’ UTR SNPs of ESR2 with alternative alleles that have different 

functional consequences, as predicted by SNPinfo.  

SNP ID Functional prediction Conservation score 
Regulatory potential 

score 

rs11622991 - 0 NA 

rs1255998 miRNA 0 0 

rs1256054 

Splicing (ESE or ESS), 

Splicing (abolish domain) 

0.998 0.352901 

rs1256120 TFBS 0 0 
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rs2094914 - 0 NA 

rs28440970 miRNA 0.333 0 

rs45624541 - NA NA 

rs4986938 miRNA 0.001 0 

rs58262369 miRNA NA NA 

rs8018687 miRNA 0.001 0 

rs928554 miRNA 0.002 0.051291 

Note: miRNA – micro RNA; ESE – exonic splicing enhancer; ESS – exonic splicing 

silencer; TFBS – transcription factor binding site. 

 

4.2. In-vitro Analysis of FSHR (rs6166), WNT4 (rs7521902), and ESR2 (rs4986938)  

 This in-vitro study was performed to determine the level of association between 

three previously reported SNPs (rs6166, rs7521902, and rs4986938) and the diagnosis of 

endometriosis in females of reproductive age. 38 samples were collected from Benazir 

Bhutto Hospital, P.I.M.S. Hospital, and ASAB diagnostic lab, of which 19 were the 

diseased cases and 19 were controls. Phenol-chloroform extraction 2-day protocol was 

used to extract whole genomic DNA from each sample and was stored. Allele-specific 

primers for each of the three SNPs were designed and ordered, and ARMS-PCR was 

performed. Finally, gel electrophoresis was run after amplification to visualize and 

document the results. Statistical analyses were performed on each of the results obtained 

to reach a conclusion whether the polymorphisms are significantly associated with the 

occurrence of endometriosis or not.  

4.2.1. Single Nucleotide Polymorphism of FSHR – rs6166  

 rs6166 is a missense SNP in exon 10 of the FSHR gene on chromosome 2, involving 

a C/T nucleotide change that belies a change from serine to asparagine in the translated 

protein. After ARMS-PCR was performed, cases and controls homozygous for CC or TT, 

or heterozygous CT were noted down. Figure 4.5. displays an electropherogram with seven 

case samples and seven control samples run to test for nucleotide change in rs6166. The 

size of the amplicon was 372 bp which was attested using a 50 bp DNA ladder in the first 

lane of the gel. Positive and negative controls for each primer set were also applied. Allelic 
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frequencies (frequency of C and T in the cases versus controls) and genotype frequencies 

(frequencies of CC, CT, and TT in the cases versus controls) were calculated and have been 

shown in Table 4.11. Figure 4.6. shows the genotypic distribution in cases and controls. 

The numbers of samples with each genotype were entered in GraphPad Prism 10.0, Chi-

square test and Fisher’s exact test were applied and the χ2 and P-values were noted (Table 

4.8.). A P-value of 0.5052 being greater than 0.05 points towards a result that is non-

significant and χ2 value of 1.366 shows that the distribution of the alternative alleles is 

fairly equal and does not stray much from the Hardy-Weinberg predicted expected 

frequencies.  

 

Figure 4.5. Gel image displaying ARMS-PCR results of seven diseased samples and 

seven healthy controls tested for C/T alleles of rs6166.  

 

Table 4.11. Allelic and genotypic frequencies in subjects analyzed for rs6166.  

 Allele frequency Genotype frequency 

χ2 P value 

Degrees 

of 

freedom 

C T CC CT TT 

Cases 

(n=19) 

0.52 0.47 0.10 0.89 0.05 1.366 0.5052 

 

2 
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Controls 

(n=19) 

0.44 0.55 0.05 0.79 0.16 

 

 

Figure 4.6. Genotypic distribution in 19 cases (endometriosis patients) and 19 controls for 

rs6166. 

4.2.2. Single Nucleotide Polymorphism of WNT4 – rs7521902 

 rs7521902 is an intron variant present upstream of the protein-coding WNT4 gene 

in a regulatory region on chromosome 1. It involves a C/A nucleotide change that affects 

the activity of the enhancer region it is present in. After ARMS-PCR was performed, cases 

and controls homozygous for CC or AA, or heterozygous CA were noted down. Figure 4.7. 

displays an electropherogram with seven case samples and seven control samples run to 

test for nucleotide change in rs7521902. The size of the amplicon was 328 bp which was 

attested using a 50 bp DNA ladder in the first lane of the gel. Positive and negative controls 

for each primer set were also applied. Allelic frequencies (frequency of C and A in the cases 

versus controls) and genotype frequencies (frequencies of CC, CA, and AA in the cases 

versus controls) were calculated and have been shown in Table 4.12. Figure 4.8. shows the 

genotypic distribution in cases and controls. The numbers of samples with each genotype 

were entered in GraphPad Prism 10.0, Chi-square test and Fisher’s exact test were applied 

and the χ2 and P-values were noted (Table 4.9.). A P-value of 0.2185 being greater than 
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0.05 points towards a result that is non-significant and χ2 value of 3.042 shows that the 

distribution of the alternative alleles is fairly equal and does not stray much from the Hardy-

Weinberg predicted expected frequencies. 

 

Figure 4.7. Gel image displaying ARMS-PCR results of seven diseased samples and 

seven healthy controls tested for C/A alleles of rs7521902. 

 

Table 4.12. Allelic and genotypic frequencies in subjects analyzed for rs7521902.  

 Allele frequency Genotype frequency 
χ2 P value 

Degrees of 

freedom C A CC CA AA 

Cases 

(n=19) 

0.53 0.47 0.31 0.42 0.26 3.042 0.2185 2 

Controls 

(n=19) 

0.74 0.26 0.57 0.31 0.10 
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Figure 4.8. Genotypic distribution in 19 cases (endometriosis patients) and 19 controls for 

rs7521902. 

 

4.2.3. Single Nucleotide Polymorphism of ESR2 – rs4986938 

 rs4986938 is present in the 3’ untranslated region of ESR2 gene on chromosome 14 

and involves a C/A nucleotide change. After ARMS-PCR was performed, cases and 

controls homozygous for CC or TT, or heterozygous CT were noted down. Figure 4.9. 

displays an electropherogram with seven case samples and seven control samples run to 

test for nucleotide change in rs4986938. The size of the amplicon was 245 bp which was 

attested using a 50 bp DNA ladder in the first lane of the gel. Positive and negative controls 

for each primer set were also applied. Allelic frequencies (frequency of C and T in the cases 

versus controls) and genotype frequencies (frequency of CC, CT, and TT in the cases versus 

controls) were calculated and have been shown in Table 4.13. Figure 4.10. shows the 

genotypic distribution in cases and controls. The numbers of samples with each genotype 

were entered in GraphPad Prism 10.0, Chi-square test and Fisher’s exact test were applied 

and the χ2 and P-values were noted (Table 4.10.). A P-value of 0.8338 being greater than 

0.05 points towards a result that is non-significant and χ2 value of 0.3636 shows that the 

distribution of the alternative alleles is fairly equal and does not stray much from the Hardy-

Weinberg predicted expected frequencies. 
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Figure 4.9. Gel image displaying ARMS-PCR results of seven diseased samples and 

seven healthy controls tested for C/T alleles of rs4986938. 

 

Table 4.13. Allelic and genotypic frequencies in subjects analyzed for rs4986938.  

 Allele frequency Genotype frequency 
χ2 P value 

Degrees of 

freedom C T CC CT TT 

Cases 

(n=19) 

0.47 0.52 0.05 0.84 0.10 0.3636 0.8338 2 

Controls 

(n=19) 

0.5 0.5 0.05 0.89 0.05 
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Figure 4.10. Genotypic distribution in 19 cases (endometriosis patients) and 19 controls 

for rs4986938. 
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Chapter 5 - Discussion 

 Endometriosis is the abnormal growth of endometrial tissue (tissue lining the inside 

of the uterus) in ectopic locations, causing severe and chronic pain (Chapron et al., 2019) 

It affects 2-10% females of reproductive age globally and causes several complications that 

severely lowers the quality of life. (Parasar et al., 2017). No clear causes of endometriosis 

have been determined, although different risk factors have been identified that include 

reproductive and lifestyle aspects as well as the most widely accepted theory: Sampson’s 

retrograde menstruation model (Sampson, 1927). Recent advances have aimed to discover 

the genetic causes of the disease with little success because of its complex nature. Multiple 

mutations and polymorphisms that have been identified act as susceptibility factors rather 

than direct causes, and the results of association are not always identical in reproduced 

studies. From the existing literature on such association studies, three single nucleotide 

polymorphisms were selected that have been reported to be linked with endometriosis: 

rs6166, a missense SNP present in exon 10 of FSHR (Liaqat et al., 2021); rs7521902 , an 

intronic variant located upstream of WNT4 in a CTCK-binding site (Matalliotakis et al., 

2017); and rs4986938 located in the 3’UTR of ESR2 (Liaqat et al., 2013). These three genes 

have important roles in the normal sexual development of females and have been 

implicated in endometriosis as well as other reproductive disorders. 

In this study, the selected SNPs were first analyzed in-silico to understand their 

predicted effects on the respective proteins. All reported missense SNPs of FSHR, and 3’ 

and 5’ UTR variants of ESR2 were also analyzed to identify new pathogenic 

polymorphisms that could be risk factors in causing endometriosis. In-vitro association 

study was next performed for the three SNPs to confirm previously reported results using 

samples taken from hospitals in Rawalpindi, Pakistan. 

 From the 86,184 SNPs reported for FSHR on NCBI, 743 missense SNPs were 

retrieved to perform an in-silico analysis. These SNPs were entered into SIFT tool which 

filtered out 111 deleterious SNPs. These were analyzed and only the SNPs present in the 

canonical isoform 1 were selected for further analysis. The selected 36 SNPs were filtered 

through a series of webservers: PolyPhen-2, PANTHER, PhD-SNP, and SNPs&GO. SNPs 



Chapter 5                                                                                                              Discussion 

 

 
Molecular Investigation of Polymorphisms of FSHR, WNT4, and ESR2 in Endometriosis  

                                                                                                                                            59 

that were predicted to be pathogenic by every one of these tools with a reliability score of  

≥4 were picked, resulting in 7 SNPs. The effect of these shortlisted SNPs on the protein 

stability, structure, and function was then analyzed. The Mutpred2 webserver predicted 

different alterations in the protein that would be caused by each mutation. I-mutant2.0 was 

used to predict change in the stability of the protein, with each of the seven SNPs 

decreasing the stability. Evolutionary conservation analysis was performed using ConSurf, 

which shows the conservation status of each residue in a wild protein. If a mutation occurs 

in a residue that is highly conserved, it has a higher chance of being pathogenic because 

conserved residues usually have very important roles in determining the structure and 

function of a protein. All seven of the SNPs that were shortlisted up to this point were 

highly conserved, with two being functional and exposed, and five being structural and 

buried. Protein models with each of the seven SNPs  were built using trRosetta and their 

quality validated through ERRAT, and MolProbity. TM-Align was used to superimpose 

mutant proteins onto the wild protein and the RMSD values were noted in each case. The 

three mutant models with the highest RMSD were finalized as potentially the most 

pathogenic point mutations. These are rs386833515 (D224V), rs121909661 (A419T), and 

rs371482817 (G446S). rs386833515, involving a change from aspartic acid (D) to valine 

(V), is especially of concern since D is a hydrophilic and acidic amino acid while V is 

highly hydrophobic and is often found buried deep within the protein. The D residue 

present on position 224 is functional and exposed as predicted by ConSurf, and so a 

replacement by a hydrophobic amino acid would probably affect the structure and function 

of the protein. Post-translational modification analysis of the D224V substitution also 

shows that it affects the phosphorylation (loss at position 232 and 236) and O-glycosylation 

(loss at position 38, 235, and 237, and gain at position 232, 312, and 661) of the mutant 

protein. The alanine (A) to threonine (T) change in rs121909661 involves a hydrophobic 

to hydrophilic amino acid substitution that could have structural and functional 

consequences, although both amino acids are neutral (neither acidic nor basic) and can be 

present inside or outside the protein. Glycine (G) is a small, neutral, and amphiphilic amino 

acid and so is serine (S), however the difference in molar mass and size of the two amino 

acids, as well as the flexibility of glycine could be a possible factor in the pathogenicity of 
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G446S substitution. A wet lab analysis would be needed to confirm these results in-vitro. 

The selected SNP rs6166, when analyzed through the in-silico tools, was predicted to be 

neutral. Our in-vitro association study is in agreement with these results, however further 

experimentation is required for validation.  

 The selected SNP rs4986938 and other 3’ and 5’ UTR variants of ESR2 were entered 

into the RegulomeDB webserver for analysis. The tool is used to identify variants of 

functional significance located in non-coding regions of the genome. Each SNP entered 

was returned with a rank from 1-7 based on the probability of it being functionally 

significant (1a being most significant). A probability score from 0-1 was also given to 

describe the chance of the SNP being present in a regulatory region. 9 variants of the 

highest ranks were selected. 3’ and 5’ UTR variants were also entered into SNPinfo which 

predicted the SNPs that would have functional effects because of replacement of 

nucleotide. 11 SNPs were predicted with different predicted consequences. Only the SNPs 

that were predicted to have significance by both tools were finalized. These are rs1256120 

(present in a transcription factor binding site) and rs4986938 (present in miRNA sequence 

region).  

 The in-vitro analysis involved designing allele-specific primers for the three 

selected SNPs, and then performing ARMS-PCR for amplification. The samples for study 

were taken from hospitals in Rawalpindi, Pakistan and the ASAB diagnostic lab in NUST, 

Islamabad, Pakistan. Statistical tools were applied to the obtained results to make a 

conclusion about the level of association between selected SNPs and incidence of 

endometriosis. Results showed that there is no significant association between any of the 

polymorphisms and endometriosis patients of Pakistani origin. Negative association for 

rs7521902 is consistent with results previously reported in Italian (Pagliardini et al., 2013), 

Brazilian (Mafra et al., 2015), Chinese (Z. Wu et al., 2015), and Sardinian populations 

(Angioni et al., 2020), and inconsistent with the result reported by GWAS conducted in 

Japanese and European populations, and an association analysis performed in a Greek 

population (Matalliotakis et al., 2017). rs6166 and rs4986938 were reported to be 

associated with endometriosis in a study conducted previously in Pakistani patients (Liaqat 

et al., 2013, 2021) but were not found to be associated in this study. Small sample size and 
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limited information on disease progression and diagnosis in patients are possible 

limitations of the current study, and different results might be obtained if the study is 

repeated with a larger sample size.  
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Conclusion 

 The association of estrogen-dependent disease endometriosis with Pakistani 

patients was investigated in this study. The three selected SNPs (rs6166 of FSHR, 

rs7521902 near WNT4, and rs4986938 of ESR2) showed no significant association in the 

selected subjects. Frequency of all three mutant alleles did not deviate significantly from 

the frequency of wild type alleles in selected samples. However, this study needs to be 

replicated on a larger sample size for affirmation. In-silico analysis of all reported missense 

SNPs of FSHR gene identified three point-mutations that could be potentially pathogenic: 

rs386833515, rs121909661, and rs371482817. Analysis of reported 3’ and 5’ UTR variants 

of ESR2 identified rs1256120 and rs4986938 as functionally significant with high 

regulatory potential. Wet-lab experimentation is required to test the significance of these 

SNPs in causing disease.  

 

 The current study should be replicated in a larger sample size to confirm the 

relationship between the SNPs analyzed in this study and endometriosis. Using DNA 

sequencing side-by-side with ARMS-PCR is a good way of validating the results of the 

association analysis. Expression analysis of protein-coding genes in cases and controls 

would elucidate the effect of disease on protein expression. Wet-lab experimentation to 

validate the relationship between shortlisted SNPs of FSHR and ESR2, and endometriosis 

need to be conducted, and these mutations could be used as molecular targets for in-silico 

drug design. Identification of SNPs that can act as biomarkers would help in the early and 

non-invasive diagnosis of endometriosis. Further understanding of the molecular 

mechanisms of selected genes/proteins and others identified by GWAS will aid in 

management and treatment of the disease.
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