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ABSTRACT 

 

Characterization of Rare Genetic Variation in Polycystic Ovary Syndrome. 

 

Lidija Kristina Gorsic 

 

 Polycystic ovary syndrome (PCOS) is a common endocrine disorder affecting 

approximately 1 in 10 reproductive-age women and remains the leading cause of female factor 

infertility among women of childbearing age.  PCOS presents with features of 

hyperandrogenism, irregular menses and polycystic ovaries.  Twin and family studies have 

demonstrated high heritability estimates for PCOS.  Consequently, a number of common genetic 

PCOS susceptibility loci have been reproducibly mapped using family-based association tests or 

GWAS.  However, taken together, these loci only account for a small fraction of PCOS 

heritability, analogous to findings in other complex traits/diseases.  One hypothesis for the 

observed deficit in heritability is that uncommon or rare genetic variants with greater phenotypic 

effects contribute to disease pathogenesis.  We tested this hypothesis using an unbiased whole 

genome sequencing (WGS) approach followed by targeted resequencing of a gene panel 

including 11 PCOS candidates in a case/control cohort.  Subsequent in silico analyses yielded 

PCOS-associated rare genetic variants, both in coding and noncoding regions of the genome.  

Two of the 11 panel genes included anti-Müllerian hormone (AMH) and its specific type 

II receptor (AMHR2).  Women affected with PCOS often have elevated levels of AMH.  In the 

ovary AMH inhibits follicle maturation, thus the elevated AMH levels seen in women with 

PCOS are consistent with the observed arrested folliculogenesis.  Paradoxically, AMH also 
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inhibits androgen production through transcriptional repression of CYP17, a rate-limiting 

enzyme in steroidogenesis.  This suggests a loss of AMH function in PCOS, a phenotype of 

androgen excess.  Identified coding and select noncoding variants of AMH and AMHR2 were 

studied to determine their functional impact on signaling ability.  Using dual luciferase reporter 

assays and quantitative real-time PCR, we identified a total of 37 PCOS-specific variants in 

AMH and AMHR2 that displayed a significant reduction in activity.  Collectively, 45 PCOS cases 

harbored functionally validated pathogenic variants, equating to 6.4% (45/700) of our case 

cohort.  None of the variants observed in control women had impaired signaling activity.  Our 

findings are the first to identify and functionally validate rare genetic variants associated with a 

common PCOS phenotype and suggest a previously unrecognized mechanism for the role of 

AMH in PCOS: decreased AMH bioactivity. 

Given that PCOS is a complex disorder with a heterogeneous presentation, several genes 

and pathways likely lead to various PCOS phenotypes.  Analyses of targeted resequencing data 

also identified predicted deleterious missense variants, specific to PCOS cases, mapping to the 

LMNA and INSR genes that encode the lamin A/C and insulin receptor, respectively.  Mutations 

in these genes cause disorders associated with extreme phenotypes of PCOS.  Our results 

indicate that rare variants in LMNA and INSR also account for a subgroup of PCOS-affected 

women.   
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1.1 POLYCYSTIC OVARY SYNDROME (PCOS) 

Polycystic ovary syndrome (PCOS) is a complex endocrine disorder affecting approximately 1 in 

10 women of reproductive age (1-8).  It is associated with substantially increased risk for 

infertility, prediabetes and type 2 diabetes (T2D) (2).  PCOS is a highly heritable disorder with 

disease correlation of 71% in monozygotic twins, almost twice as large as that in dizygotic twins 

(38%) (9), suggesting a genetic susceptibility to the disorder.  Furthermore, male as well as 

female first-degree relatives have metabolic and reproductive features of the syndrome, including 

increased T2D risk, consistent with a genetic contribution to these phenotypes (2).   

PCOS has a prevalence of 5-18% in reproductive-age women depending on ethnic 

population and clinical criteria used to determine diagnosis (3-8).  PCOS can be diagnosed using 

criteria defined by three groups.  The Rotterdam (ESHRE/ASRM) consensus defines PCOS with 

having at minimum 2 of the 3 following symptoms: oligo-ovulation/anovulation, 

hyperandrogenism and polycystic ovaries through ultrasound confirmation (10).  However, other 

groups have disagreed with the diagnosis of PCOS in the absence of hyperandrogenemia (11).  

Thus, the NIH/NICHD and Androgen Excess and PCOS Society require the presence of elevated 

androgen levels (12, 13).   

In addition to reproductive symptoms, this complex disorder also involves metabolic and 

dermatological symptoms.  Metabolic characteristics of PCOS may include insulin resistance 

(IR), hyperinsulinemia, dyslipidemia and obesity (14).  Cutaneous manifestations of insulin 

resistance or hyperandrogenemia such as acanthosis nigricans, acne, alopecia and hirsutism (14, 

15), as well as psychiatric effects of anxiety and depression (16) are also associated.  

Furthermore, PCOS is diagnosed through an elimination process of other potential conditions 

that have similar phenotypic indicators, such as androgen secreting tumors (17).  Some have also 
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questioned whether subclinical hypothyroidism should also be an exclusion criterion for PCOS 

diagnosis (18).  This variability in diagnostic qualifications for PCOS and the significant 

heterogeneity in patient symptoms create challenging obstacles in understanding the underlying 

biological processes involved in its pathogenesis.  As a result, much of the etiology of PCOS still 

remains unknown. 

 

1.2 SIGNIFICANCE 

Chronic ovulation irregularities as well as IR put affected individuals at a greater risk for 

additional health complications.  IR was found to be a frequently observed PCOS characteristic 

with 75% incidence in PCOS women with lean body mass index (BMI) and in 95% of 

overweight PCOS women (19).  Yet, in general, women with PCOS have significant IR 

independent of obesity (20).  Studies have further shown that Caucasian and South Asian women 

with PCOS and IR have a heightened risk for developing type 2 diabetes (T2D), particularly at 

younger stages in life (21-24).  The prevalence of obesity in women with PCOS is estimated to 

be approximately 61% (25, 26).  Even though BMI has been suggested to positively correlate 

with PCOS phenotype severity, risks of metabolic and cardiovascular diseases remain 

substantially increased independent of BMI (23, 27).  For instance, a meta-analysis for PCOS-

associated coronary heart disease established a 2-fold increased risk among patients with PCOS 

regardless of BMI status (27).  Despite serious risk factors related to PCOS, preventative 

screening measures for women affected with this disorder continue to be neglected in today’s 

clinical practices (28). 

In addition, researchers have also uncovered an association between PCOS and 

endometrial cancer occurrence (29, 30).  Due to ovulatory dysfunction, increased estrogen levels, 
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and lack of shedding endometrial cells through menstruation, it has been suggested that women 

with PCOS may have an increased risk for developing uterine diseases (31).  Gottschau et al. 

confirmed this phenomenon in a Danish population, finding a 4-fold increase in endometrial 

cancer risk among PCOS patients (30).  Collectively, not only does PCOS have immediate 

premenopausal health complications such as infertility and IR, it also substantially increases risk 

for severe metabolic, cardiovascular and tumorigenic problems throughout a woman’s lifespan. 

Thus, PCOS has a significant impact on health and quality of life. 

 Given that the cause of PCOS has yet to be identified, treatment options are restricted to 

alleviating symptoms.  Initial treatment recommendations typically focus on lifestyle changes 

with an increase in exercise and restrictive diet (32).  In some circumstances, lowering BMI 

through lifestyle changes or bariatric surgery may improve IR and resume regular ovulation thus 

improving fertility (33-35); however, this approach is not always effective (15).  Therefore, 

treatment for PCOS must be individualized depending on existing symptoms as well as specific 

interests of each patient, mainly whether or not their goal includes immediate and/or future 

pregnancy.  Hormonal treatments during in vitro maturation (IVM) (36, 37) and in vitro 

fertilization (IVF) (38, 39) have shown successful pregnancy and live birth outcomes in women 

with PCOS.  In circumstances where pregnancy is not the desired outcome, combined oral 

contraceptives (40) and/or insulin-sensitizing agents, such as metformin (41, 42), may be 

prescribed to regulate ovulation and IR.  A meta-analysis evaluating toxic effects of routine 

PCOS intervention therapeutics found low associated risks with severe adverse events (43), 

however this study only included patients undergoing treatment for a span of one year.  It is 

possible that cardiovascular, hepatic, or multisystem toxicities would accumulate past this 

window of observation.  Ultimately, a greater understanding of the mechanistic underpinnings of 
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PCOS is paramount to developing distinguished diagnostic criteria, targeted treatment options 

and preventative measures for women of all ages. 

 

1.3 GENOME WIDE ASSOCIATION STUDIES (GWAS) IDENTIFY LOCI FOR PCOS 

SUSCEPTIBILITY 

In light of the strong heritability observed in PCOS twin studies and families, researchers have 

utilized candidate gene analyses and genome wide association studies (GWAS) to discover 

susceptibility loci in multiple ethnicities (44-50).  These association studies have revealed 

several loci within genes significantly related to PCOS; namely mapping to, C9orf3, DENND1A, 

ERBB4, FBN3, FSHB, FSHR, GATA4/NEIL2, HMGA2, INSR, KRR1, LHCGR, RAD50, 

RAB5B/SUOX, SUMO1P1, THADA, TOX3 and YAP1 (44-51).  Yet, some results have been 

contradictory and replication sets have not been able to validate certain loci (52). 

Collectively, GWAS in Han Chinese and European PCOS cohorts have implicated 

gonadotropin secretion and action, ovarian androgen biosynthesis, insulin resistance, body 

weight and sex hormone binding globulin in the development of PCOS (53-55).   However, as 

with other complex diseases (56), the susceptibility loci identified have modest effect sizes and 

thus account for only a small fraction of the estimated heritability of PCOS (44, 45, 54, 55, 57). 

 

1.4 WHAT ACCOUNTS FOR MISSING HERITABILITY? 

One hypothesis for this deficit in heritability is that low frequency or rare genetic variants with 

larger biologic effects play a more important role in complex disease pathogenesis than do 

variants that can be detected by GWAS (56).  Over the years, the general consensus and 

approach for studying complex traits has largely been based on the common-disease common-
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variants (CD/CV) hypothesis (58-62), which suggests that common complex diseases are due to 

common variants (minor allele frequencies (MAF)≥0.05).  GWAS are designed to detect 

common genetic variation (MAF≥0.05) (56).  These variants are expected to have modest 

phenotypic impact since they have not been subjected to strong selective pressure (63).  

However, in recent years and with the development of more advanced sequencing methods, 

researchers have begun to investigate whether common diseases are due to low frequency 

(MAF<0.05) or rare variants (MAF<0.01): the common-disease rare-variants (CD/RV) 

hypothesis (59-62).  In contrast to common variants, rare variants often show extreme allelic 

heterogeneity (62) and result in greater biologic effects. 

 

1.5 NEXT GENERATION SEQUENCING (NGS) 

Next generation sequencing (NGS) technologies have allowed researchers to explore the CD/RV 

hypothesis, by providing a reliable and high-throughput method for the discovery of low 

frequency and rare genetic variation.  With a greater number of research studies utilizing NGS 

strategies to study common complex disorders, our understanding of their allelic architecture will 

only continue to improve throughout the coming years (62).   

Modes of sequencing DNA have come a long way since the Sanger chain termination 

method was developed in 1977 (64).  Even though the Sanger method is still highly useful and 

reliable for sequencing validation purposes (65), it is not ideal for high-throughput studies of the 

genome.  Short read, massively parallel sequencing of the “next generation” revolutionized 

sequencing capabilities.   
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Generally, the process of sequencing on the Illumina HiSeq platform uses a DNA 

polymerase to catalyze the incorporation of fluorescently labeled deoxyribonucleotide 

triphosphates (dNTPs) into a DNA template strand through repeated cycles of DNA synthesis 

(65).  The technology can be divided into four basic steps: library preparation, cluster generation, 

sequencing and data analysis (Figure 1.1).  During library preparation DNA undergoes random 

fragmentation followed by adapter ligation on both the 5’ and 3’ ends (Figure 1.1A).  PCR 

amplification is used to amplify adapter-ligated fragments, which are gel purified.  The library is 

Figure 1.1  Methodology of next generation sequencing.  Includes four steps: (A) library 
preparation, (B) cluster amplification, (C) sequencing, (D) alignment and data analysis.  
(modified from www.illumina.com/technology/next-generation-sequencing.html)    
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then loaded into a flow cell, where adapters hybridize to complementary surface-bound oligos 

and bridge amplification creates separate clonal clusters (Figure 1.1B).  Illumina sequencing by 

synthesis chemistry uses four reversible terminator-bound dNTPs that are incorporated, imaged 

and repeated during DNA synthesis of each cluster (Figure 1.1C).  Data alignment, annotation 

and analysis can then identify genetic variations present in the DNA sequence including single 

nucleotide variants (SNVs) as well as insertion-deletions (indels) (Figure 1.1D).  Furthermore, 

advancement in NGS technology has included the development of paired-end sequencing, where 

both ends of DNA fragments can be sequenced resulting in read pairs of forward and reverse 

reads.  Paired-end sequencing allows for an increase in the number of reads, greater accuracy in 

read alignment and the capability of indel detection (www.illumina.com/technology/next-

generation-sequencing.html). 

Various sequencing approaches include whole genome sequencing (WGS), whole exome 

sequencing (WES) and custom targeted sequencing of selected gene regions (65, 66).  WGS 

provides sequence information of coding and noncoding regions of the genome, while WES is 

focused on the ~1-2% of the genome that codes for proteins.  Targeted sequencing can be 

performed on specific genes of interest and is a cost-effective option for candidate gene studies 

in larger cohorts and produces higher rates of coverage.  For instance, WGS studies typically 

attain 30-50x coverage per genome; however, a targeted resequencing project can achieve target 

region coverage at 500-1000x or more (www.illumina.com).   

NGS technologies have also given rise to a powerful medical tool for the discovery of 

causal variants underlying genetically inherited diseases, allowing for targeted therapies in the 

clinical setting (67, 68).  WGS and WES have substantially decreased in cost over recent years 

and are potentially a faster and more cost-effective option compared to traditional diagnostic 
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modalities (67).  Today, the Illumina HiSeqX system has the ability to perform high-quality 

sequencing of over 45 human genomes in a single day at approximately 1000 US dollars per 

genome (www.illumina.com).  Even though applications of WGS and WES have not yet been 

widely adopted in the medical practice, their use in enabling diagnoses and influencing therapy 

has been demonstrated in several instances (69-73) and will only continue to grow across 

numerous clinical specialties. 

 

1.6 RARE VARIATION IN COMPLEX TRAITS 

In translational research, rare variants that cause larger biologic effects than common 

susceptibility variants have been found in other common, complex diseases.  Particularly, 

targeted candidate gene resequencing has been successful in a number of examples, such as 

variants linking to obesity (74), T2D (75), Crohn’s disease (76) and longevity (77).  In T2D, rare, 

likely-to-be-deleterious variants were found in MTNR1B, which encodes melatonin receptor 1B 

(MT2) (75).  Only the rare MTNR1B variants that resulted in total or partial loss of MT2 function 

increased T2D risk (75).  Rare coding variants have also been found in GCKR, another T2D 

GWAS susceptibility gene encoding glucokinase regulatory protein, in subjects with higher 

circulating triglyceride levels (78).  Collectively, these findings support the hypothesis that rare, 

functional coding variants can produce common, complex disease/trait phenotypes (56).   

For complex traits like PCOS, disease burden attributable to a single gene is expected to 

be modest.  A large-scale analysis of rare PPARG variants with reduced function in an adipocyte 

differentiation assay that substantially increased T2D risk, identified one such variant per 1000 

individuals screened (0.1% carrier rate) (79). 
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1.7 FOLLICULOGENESIS AND STEROIDOGENESIS ALTERATIONS IN PCOS 

Despite the remaining questions in the etiology of PCOS, a great deal of progress has been made 

throughout the years to better define the molecular changes in patients.  In PCOS affected 

women, hypothalamic gonadotropin-releasing hormone (GnRH) pulses at a higher frequency 

(80).  It has been theorized that increased GnRH pulses may be due to decreased progesterone 

and estradiol levels in women with PCOS (80).  Normal triggering of anterior pituitary 

hormones, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), are also disrupted 

resulting in LH hypersecretion.  Increased LH levels as well as insulin stimulate androgen 

production in follicular theca cells (81).  Elevated androgen levels propagate this cycle, 

preventing continued follicular development and dominant follicle selection, resulting in 

irregular menses or anovulation (81, 82).  Current known consequences of increased androgen 

levels in PCOS etiology across the hypothalamic-pituitary-ovarian axis and certain related 

tissues are summarized in Figure 1.2. 

 

Figure 1.2  Hyperandrogenemia in PCOS pathogenesis.  
Increased hypothalamic GnRH pluses cause LH hypersecretion.  
LH stimulates testosterone production in theca cells within the 
ovary.  Androgens inhibit negative progesterone feedback on 
GnRH pulse generator and amplify insulin resistance in fat and 
muscle cells.  Hyperinsulinemia propagates androgen 
production within the ovary.  (modified from Chang, Nat Clin 
Pract Endocrinol Metab 2007) 
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Disrupted processes of folliculogenesis found in PCOS women include a surplus of 

primordial follicles initially recruited for growth.  Yet, their development is arrested when they 

reach early antral stages, causing the characteristic cystic morphology (81, 83) (Figure 1.3).  

Polycystic ovarian morphology (PCOM) is a key reproductive feature of PCOS (84, 85).  PCOM 

is characterized by a distinctive 2- to 4-fold increase in early-stage follicles suggesting an 

alteration in gonadotropin-independent folliculogenesis (84).  In females, anti-Müllerian 

hormone (AMH), or Müllerian inhibiting substance (MIS), is secreted by the granulosa cells of 

early primary stage to early antral stage follicles (84-87) and its expression is inversely 

correlated with follicle size (88). 
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Figure 1.3  Developmentally arrested follicles 
in PCOS.  In the normal ovary follicles 
undergo maturation toward ovulation; 
however, in the polycystic ovaries this 
development stops resulting in multiple 
immature follicles.  Ovarian follicles consist of 
the oocyte, theca cells as well as granulosa 
cells, which produce AMH. (modified from  
© Alila Medical Media, Shutterstock) 
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1.8 ABNORMAL ANTI-MÜLLERIAN HORMONE (AMH) LEVELS IN PCOS 

Levels of AMH are typically elevated in PCOS-affected women (85, 89-94), yet it remains 

unclear whether this is due to the follicle surplus observed in PCOS or a pathogenic effect.  

Serum AMH levels correlate with antral follicle counts in both reproductively normal women as 

well as in those with PCOS (85, 95).  Accordingly, elevated AMH levels in women with PCOS 

have been considered to be a consequence of the increased number of early-stage follicles (85).  

Therefore, elevated AMH levels are proposed to be a marker for the distinctive alteration in 

folliculogenesis that is a cardinal feature of PCOM (85, 96, 97).  Interestingly, elevated AMH 

levels have also been found in the sons, brothers and fathers of PCOS affected women (98), 

suggesting a possible defect in the AMH pathway in PCOS.  While women with PCOS typically 

have distinctly high levels of AMH, a subgroup of women also experience normal or low levels 

(99). 

 

1.9 ROLE OF AMH IN FOLLICULAR RECRUITMENT AND DEVELOPMENT 

Once a follicle is recruited from the primordial pool it begins to increase layers of two main 

types of cells that surround the oocyte: granulosa and theca cells (Figure 1.3).  Follicular 

maturation requires bi-directional communication between the theca and granulosa cells, and 

granulosa cells and oocyte (100).  Ligands of the TGFβ superfamily, including AMH, are 

especially prominent in this dialogue (Figure 1.4).  In the ovary, AMH has been shown to be a 

key regulator of follicular recruitment and folliculogenesis (101).  AMH signaling involves both 

autocrine and paracrine actions within the follicle that regulate follicular development and 

production of steroid hormones (100). 
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In vitro and in vivo studies of the postnatal ovary have demonstrated two follicle selection 

points at which AMH plays a regulatory function during folliculogenesis (102).  Firstly, AMH 

has been proposed to repress initial recruitment of follicles from the primordial pool (103, 104).  

Secondly, AMH has demonstrated an inhibitory role on early stage follicular growth by 

attenuating sensitivity to FSH (88).  Studies in rodent as well as human granulosa and Sertoli 

cells have found AMH to inhibit FSH-induced adenylyl cyclase activation, aromatase 

expression, and estradiol production (88, 105, 106).  Consequently, targeted disruption of AMH-

induced primordial follicle recruitment and FSH-induced follicular growth in female mice 

resulted in premature ovarian failure (102), the opposite phenotype of PCOM (85).  Further, the 

loss of one AMH allele in mice caused a significant enhancement of follicle recruitment followed 

by premature ovarian failure compared to control littermates suggesting a gene-dosage effect for 

Figure 1.4  Action of TGFβ family members across follicular cell types.  Follicular development 
involves bi-directional signal exchange between theca and granulosa cells, and granulosa cells 
and oocyte.  Many signaling communication ligands belong to the TGFβ family.  Both autocrine 
(purple arrows) and paracrine (black arrows) mechanisms are likely to occur, depending the the 
presence of type I and type II receptors at the cell membrane. (modified from Knight and Glister, 
Repro 2006) 
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AMH in the rodent ovary (103).  However, there have been conflicting reports on the role of 

AMH in primordial follicular recruitment (101, 107, 108).  In contrast to findings in mice, 

knockdown of AMH bioactivity by active immunization with keyhole limpet hemocyanin 

conjugated AMH peptides in female sheep did not affect the rate of primordial follicle 

recruitment (108).  These findings suggest that there are species differences in the ovarian 

actions of AMH. 

 

1.10 AMH EFFECTS ON GONADAL STEROIDOGENESIS 

AMH has also been shown to modulate gonadal steroidogenesis through its inhibition of CYP17 

in the normal testis (109, 110) (Figure 1.5).  In transgenic male mice overexpressing AMH 

(111), as well as in isolated mouse Leydig cell cultures (109, 111), AMH inhibits testosterone 

production by downregulating transcription of CYP17, reducing both its 17α-hydroxylase and 

17,20-lyase activities, which are rate-limiting for androgen biosynthesis.  Amh has also been 

shown to inhibit androgen production and spermatogenesis in male adult zebrafish (112).  In 

human boys, AMH levels decrease just prior to puberty and are inversely correlated with 

testosterone postnatally (111).  The inhibitory role of AMH on steroidogenesis has also been 

observed in female models.  For example, in female mice, intraperitoneal administration of 

recombinant AMH significantly lowers testosterone levels (113).  Wild-type AMH is, thus, 

predicted to inhibit theca cell androgen production in the normal ovary analogous to its action in 

male Leydig cells (109) (Figure 1.5).  However, the relationship between AMH and testosterone 

is complicated.  While, on one hand, AMH has an inhibitory effect on testosterone production, 

testosterone has also been shown to inhibit AMH.  For instance, testosterone treatment 

significantly decreased AMH mRNA and protein expression in bovine granulosa cells isolated 
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from early stage follicles (114).  Likewise, testosterone-stimulated mouse preantral follicles 

exhibited down-regulated levels of Amh (115). 

 

 

1.11 THE AMH AND TESTOSTERONE PARADOX IN PCOS 

Given that AMH has an inhibitory role on testosterone production and visa versa, one would 

predict that conditions of high testosterone would result in decreased AMH levels.  It is, 

therefore, paradoxical that women with hyperandrogenic PCOS also have high levels of AMH.  

This suggests possible defects in the AMH pathway and its inhibitory regulation on gonadal 

steroidogenesis in the development of hyperandrogenemia and PCOS. 
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Figure 1.5  Gonadal steroid production and inhibitory role of AMH on CYP17.  In the normal testis, AMH is 
produced by Sertoli cells and exerts an inhibitory effect on CYP17 transcription in Leydig cells.  It is predicted 
that in the normal ovary, AMH would play the same role in female counterpart theca cells. (modified from Teixeira 
et al, Endocrinology 1999, and clinicalgate.com) 
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1.12 AMH IN SEX DEVELOPMENT 

The role of AMH was first described in prenatal male sex determination where AMH induces the 

regression of the Müllerian duct, which in females would develop into the fallopian tubes, uterus 

and upper vagina (116, 117) (Figure 1.6).  In males, homozygous or compound heterozygous 

mutations in AMH and its receptor, AMHR2, account for roughly 85-88% of persistent Müllerian 

duct syndrome (PMDS) cases (118-120).  PMDS is a rare autosomal recessive intersex disorder 

characterized by the presence of Müllerian duct structures in genotypic males with normally 

virilized external genitalia and occasional unilateral or bilateral cryptorchidism (118, 121).  

PMDS-affected males with AMH mutations have AMH levels that range from undetectable to 

normal (118); thus, indicating that AMH levels cannot be used as a surrogate for AMH activity.  

PMDS-associated AMH variants have showed impaired function due to defects in protein folding 

and/or stability (R194C (122), V12G(123)), impaired AMH secretion (H506Q (122)), and 

impaired AMH bioactivity (Q496H 

(122)).  Unfortunately, phenotypic 

characteristics of female relatives 

of PMDS patients have not been 

reported.  While AMH expression 

is specific to male Sertoli cells 

during prenatal development, 

female granulosa cells begin to 

express low levels of AMH during 

folliculogenesis after birth (124). Figure 1.6  Role of AMH in male sex development.  AMH induces the 
regression of the Mullerian duct, which in females would develop into the 
fallopian tubes, uterus and upper vagina.  (Teixeira and Donahoe, J 
Androl. 1996, and modified from Hutson et al, Nat Rev Endocrinol 2014) 
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1.13 THE AMH GENE, PROTEIN AND SIGNALING PATHWAY 

The AMH gene is encoded by 5 exons mapping to the p arm of chromosome 19 (Figure 1.7).  

The encoded AMH protein is a divergent member of the TGFβ superfamily, which includes the 

BMPs, activins, and inhibins (100).  Similar to other protein members of this family, the furin 

protease post-translationally cleaves the AMH precursor into a 110-kDA N-terminal prodomain 

and 25-kDa C-terminal active mature domain, these remain in a noncovalent complex after 

cleavage (125).  Through yet undefined mechanisms, the prodomain of AMH influences folding, 

secretion and biological activity of the active domain (126-130).  However, given the sequence 

and structural variations of the prodomains of TGFβ family members, it is difficult to predict the 

function of the AMH prodomain on ligand activity as well as how genetic variants within this 

region impact function.   

 

Family members of the TGFβ group trigger downstream signaling by binding type II 

serine-threonine receptors activating their latent kinase, which causes the recruitment and 

transactivation of type I receptors (131-133) (Figure 1.8).  Thus far, 33 ligands have been 

defined within this family, while only 5 type II (TGFBR2, ACVR2B, ACVR2A, BMPR2 and 

AMHR2) and 7 type I (ALK1-7) receptors exist (131, 134, 135).  Of the 33 ligands, AMH is 

Figure 1.7  Gene map of AMH. Solid rectangles represent exons. Location of 
domains and cleavage site (teal) are shown. UCSC Genome Browser (https://
genome.ucsc.edu/). 
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currently the only known member to bind its own specific type II receptor, AMHR2, while many 

other type II receptors can bind more than one ligand (134, 135).   

 

Even though AMH is grouped within the TGFβ family, it only shares 20-25% sequence 

homology at the amino acid level.  For instance, AMH lacks two surface-exposed tryptophan 

residues that are found in all other TGFβ ligands and are important for interactions with type I 

receptors (136).  Furthermore, the type II receptor AMHR2 only shares 20% identity to the other 

type II receptors of the TGFβ family (134).  This suggests that AMH has evolved unique 

interactions that are important for signaling and function compared with other members of its 

protein family.  Signaling of AMH (Figure 1.9) is initiated by ligand binding to the AMH-

specific type II receptor, AMHR2 (137-139).  Once bound, the prodomain dissociates and type II 

receptors recruit and phosphorylate type I receptors (ALK2/3/6) (138, 140-142).  Active type I 

receptors subsequently activate SMADs (1/5/8) triggering a signaling cascade that results in 

transcriptional regulation of target gene expression (143). 
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Figure 1.8  TGFβ family receptor ligand specificity.  Members of the TGFβ family are 
subdivided based on which type I and type II receptor the ligand signals through.  AMH 
signals through a unique type II receptor, AMHR2, and recruited type I receptors that are 
shared with BMP.  (modified from Salazar et al, Nat Rev Endocrinol 2016) 



	
   39 
 Importantly, AMH is secreted from 

cells as a disulfide-linked homodimer 

(125, 144).  Moreover, the AMHR2 

receptor also undergoes dimerization prior 

to ligand binding (137-139).  Given that 

AMH and AMHR2 function as dimers, 

damaging variants resulting in a defective 

mutant product could have a dominant-

negative effect on wild-type protein 

action.  For example, wild-type AMH 

dimers would only account for 25% of 

total AMH in heterozygous individuals 

with AMH variants (144) (Figure 1.10). 

  

 

 

 

 

Figure 1.10  Potential dominant-negative interactions of variant 
AMH. In heterozygous individuals wild-type (WT) AMH dimer 
accounts for 25% of total AMH.  (modified from Rocha et al, Biol 
Reprod 2016) 
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Figure 1.9  AMH signaling cascade via specific type 2 
receptor, AMHR2.  Signaling is initiated by binding AMH-
specific dimer type II receptor (AMHR2).  Once bound N 
dissociates and type II receptors recruit and activate type I 
receptors (ALK 2/3/6).  Active type I receptors phosphorylate 
SMADs (1/5/8) facilitating complex formation between 
SMAD1, SMAD5 and SMAD4.  Nuclear translocation of this 
complex stimulates target gene expression by binding to 
SMAD binding elements (SBE).  (modified from Kristensen et 
al, Mol Hum Reprod 2014 and Rocha et al, Biol Reprod 2016) 
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1.14 GENES OF THE AMH PATHWAY AND PCOS GENETICS 

AMH is a plausible PCOS candidate gene given its role in folliculogenesis and steroidogenesis.  

AMH, itself, has not been identified as a PCOS susceptibility candidate in previous GWAS; 

however, a smaller scale case-control study found a polymorphism in AMH to be associated with 

androgen levels in Chinese PCOS women with insulin resistance (145).  Furthermore, PCOS 

family based association testing has identified a susceptibility risk allele mapping to fibrillin-3 

(FBN3, 19p13.2), a neighboring gene of AMH (146, 147).  Additionally, while common variants 

in AMHR2 were not associated with PCOS per se in PCOS subjects of Dutch ancestry, they were 

associated with AMH levels in women with PCOS (148, 149).  In a Greek cohort, the common 

AMHR2 variant, rs2002555, was associated with PCOS directly (150).  Recently, a genetic 

association study from North India identified a significant association of -34 T>C polymorphism 

of CYP17A1 with PCOS (151).  Although these studies were limited to common variation they 

provide further evidence for a role of AMH signaling in PCOS. 

 

1.15 ADDITIONAL PATHWAYS IMPLICATED IN PCOS 

With more than 250 case-control studies of approximately 160 candidate genes (147), PCOS 

studies have revealed mechanisms of ovarian androgen biosynthesis, gonadotropin secretion and 

action, insulin resistance and body weight in PCOS pathogenesis (53-55).  Therefore, the AMH 

pathway, and its role in ovarian androgen biosynthesis, falls under only one of the several 

mechanisms associated with the development of PCOS.  Given that PCOS is a complex disorder 

with great heterogeneity among patients, it is likely that numerous genes and pathways 

contribute to PCOS phenotypes. 
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Several GWAS-identified loci (LHCGR, FSHR, FSHB, DENND1A, THADA and INSR) 

may predict additional pathways critical in PCOS etiology (147).  PCOS-associated 

abnormalities in LH secretion magnify the LHCGR gene as a highly plausible candidate for 

PCOS (152, 153).  Furthermore, observed defects in normal folliculogenesis also support the 

FSHR association with PCOS (154).  LHCGR and FSHR are both responsible for modulating 

gonadotropin action, while FSHB regulates FSH secretion.  DENND1A, similarly to AMH and 

FBN3, may regulate gonadal androgen production in theca cells, via augmentation of CYP17A1 

and CYP11A1 expression (155).  THADA and INSR are T2D susceptibility genes (156) and are 

candidates for the metabolic, insulin resistance phenotype of PCOS. 

 

1.16 EXTREME PHENOTYPES OF PCOS 

Rare variants identified in the insulin receptor (INSR) gene and in genes regulating adipogenesis, 

such as those encoding lamin A/C and peroxisome proliferating factor-γ, cause extreme 

phenotypes of PCOS: type A syndrome and familial partial lipodystrophies (FPL), respectively 

(157).  Women with these disorders also present with elevated androgens, irregular menses and 

PCOM. 

FPL is characterized by an abnormal distribution of subcutaneous adipose tissue and 

usually experienced in late childhood or early adulthood (158).  Individuals affected with this 

disorder typically have loss of adipose tissue in lower and upper extremities; however, may 

accumulate excess fat around the face and neck (158).  Lipoatrophy, however, is not the only 

concerning characteristic of FPL.  Serious metabolic abnormalities also commonly associated 

include, IR, T2D and hypertriglyceridemia.  Moreover, FPL patients may present with additional 
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PCOS-associated features such as hirsutism, polycystic ovaries and menstrual irregularities 

(159).   

There is also a substantial amount of heterogeneity in lipodystrophy disorders, thus 

identifying a causal mutation has remained challenging for certain subtypes.  However, through 

the use of family studies, researchers have been able to uncover mutations in genes that have 

elucidated impaired adipogenesis at the center of genetic lipodystrophy etiology (160).  

Specifically for FPL, variants have been most frequently found in lamin A/C (LMNA) or 

peroxisome proliferator-activated receptor-γ (PPARG) genes (160).  LMNA encodes multiple 

protein isoforms and partakes in nuclear stability, chromatin structure, RNA processing, gene 

expression and is directly involved in adipocyte development (161-165). 

Variants in the insulin receptor (INSR) gene are also involved in extreme PCOS 

phenotypes and are a cause of Mendelian disorders of insulin resistance, including type A 

syndrome, Donohue syndrome and Rabson-Mendenhall syndrome (166-170).  Mutations that 

affect the tyrosine kinase domain of the INSR cause severe hyperinsulinemia and insulin 

resistance (171-173).  In normal circumstances the insulin signaling pathway is activated by 

binding of insulin or other ligands to the INSR.  Downstream functions of this pathway include 

the regulation of insulin metabolism, glucose transport as well as several other vital processes 

(174-176).  Common SNPs mapping to the INSR gene have been found to be associated with 

PCOS in both individuals of Han Chinese and European ancestry (45, 177, 178).  Thus, PCOS 

GWAS results have also provided evidence for the role of the INSR in phenotypes of PCOS, 

namely associated with insulin resistance. 
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CHAPTER 2 

 

IDENTIFICATION OF RARE VARIATION IN POLYCYSTIC OVARY SYNDROME 

(PCOS) BY NEXT GENERATION SEQUENCING   
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2.1 OVERVIEW 

Polycystic ovary syndrome (PCOS), a common endocrine condition, is the leading cause of 

female factor infertility.  Given that common disease-susceptibility variants account for only a 

small percentage of the estimated PCOS heritability, we tested the hypothesis that rare variants 

contribute to this deficit in heritability.  Whole genome sequencing (WGS) of 80 PCOS cases 

and 24 reproductively normal control women identified potentially deleterious variants in AMH, 

the gene encoding anti-Müllerian hormone (AMH).  Targeted sequencing of AMH and 10 

additional PCOS-associated genes or candidate genes was conducted in 643 PCOS cases and 153 

controls.  Subject cohorts, sequencing analyses and general approach discussed in Chapter 2 are 

summarized in Figure 2.1A.  Subsequent Chapters 3 and 4 report on the methods outlined in 

Figure 2.1B and Figure 2.1C, respectively.  Herein, we report the rare genetic variation 

identified in PCOS cases and reproductively normal phenotyped controls, specifically focusing 

on select target genes: AMH, AMHR2, LMNA and INSR. 
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WGS (CGI) 
80 PCOS cases  
& 24 controls 

Targeted sequencing on Illumina 
HiSeq 2000 platform (CIDR)  

643 PCOS cases & 153 controls 

CGA Tools 

ANNOVAR 

High quality filter (CGA Tools), 
exonic/intronic location, MAF<0.01 

and mutation type 

CIDRSeqSuite 

ANNOVAR 

Quality>30, read depth≥30, call 
rate>99%, exonic/intronic location, 

MAF<0.01 and mutation type 

Rare nonsynonymous and splice 
site variants in AMH & AMHR2 

Validation by Sanger sequencing 

Plasmid construction of variant and 
reference AMH & AMHR2 

qRT-PCR to ensure AMH & AMHR2 
mRNA expression post transfection 

Functional test via DLR assay in 
COS7 cells 

Rare noncoding variants in  
AMH & AMHR2 

In silico deleteriousness prediction 
tools for AMH & AMHR2 variants 

(CADD and FATHMM-MKL) 

Plasmid construction of variant and 
reference noncoding regions 

Functional test via DLR assay in 
CHO-K1 or COS7 cells & AMHR2 
splicing defects evaluated by gel 

electrophoresis and RT-PCR 

Variant  
Calling 

Annotation 

Filtering 

A. 

B. C. 

Motif analysis for AMHR2 
noncoding variants 

Variant AMH effects on Cyp17a1 
mRNA expression in MA-10 cells 

Figure 2.1  Pipeline of sequencing data analyses and functional assessment of variants.  Figure denotes analytical 
steps applied to identify high quality rare (MAF<0.01) AMH and AMHR2 variants from WGS and targeted 
resequencing data (A) as well as the molecular approach used to determine effects of AMH and AMHR2 coding (B) 
and noncoding (C) variants on downstream signaling activity.  Dual luciferase reporter (DLR) assay included one of 
the methods to evaluate variant changes in signaling ability compared to reference.  Analogous analyses for targeted 
resequencing of LMNA, INSR and remaining 7 panel genes were also performed (not noted in figure). 
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2.2 STUDY PARTICIPANT CHARACTERISTICS 

Characteristics of subjects included in this study are listed in Table 2.1.  PCOS cases were 

significantly younger and heavier than controls.  T, uT, DHEAS, LH, and AMH levels were 

significantly elevated in PCOS cases. SHBG levels were significantly decreased in PCOS cases 

compared to controls.  These observations are consistent with the biochemical profile of PCOS 

(179).  The results of these comparisons using other assays methodologies were similar to those 

reported in the tables.  There were no significant differences in the clinical or biochemical 

features of the PCOS cases who underwent WGS compared to those who underwent targeted 

resequencing. 

 

2.3 RARE VARIATION IN AMH 

Analysis of WGS data in 80 PCOS cases and 24 controls (Figure 2.1A) identified three rare 

putative functional coding variants in AMH, the gene encoding AMH.  These variants were 

found in 5 PCOS cases (T143I n=3, P270S n=1, Exon2/3 splice site n=1) and were confirmed by 

Sanger sequencing.  No AMH coding variants were found in controls.  AMH was the most 

plausible PCOS candidate gene, thus AMH was carried forward for further analysis.   

We used a targeted resequencing approach to further evaluate genetic variation in AMH 

in a larger PCOS cohort (Figure 2.1A).  Resequencing PCOS cases (n=643) and controls 

(n=153), including 22 PCOS and 12 controls from the WGS cohort, identified 21 additional rare 

(MAF<0.01) coding variants (Table 2.2).  All subjects were heterozygous for variants and 

validated by Sanger sequencing.  Furthermore, where parental DNA was available for 

sequencing, variants were inherited rather than generated de novo.  The variants were dispersed 
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across all five exons of AMH, including one splice-site variant following the second exon 

(Figure 2.2).   

 

Twenty-one variants were located in the prodomain region and three variants were 

located in the mature domain of the AMH protein.  Eighteen of the variants were found only in 

PCOS cases (PCOS-specific variants).  Fifteen out of the 18 variants were singletons (found only 

in one subject), while three variants occurred in multiple PCOS cases (V12G occurred in 6; T99S 

in 2; P352S in 3).  One PCOS case had two missense variants, R194H and A385V mapping to 

the same copy of the gene (Figure 2.3A).  Four variants were found in both PCOS cases and 

controls; two variants were found only in controls.  One control woman was a compound 

heterozygote for variants D288E and V553L (Figure 2.3B).  Five AMH variants (V12G, P151S, 

splicing (ex2/3), R302Q, and H506Q) found in 10 PCOS cases have also been identified in 

PMDS (118).  None of the PMDS variants were found in controls.  

* 

V12G 
A24T 

P46A 

R91H 
T99S 

T143I 

P151S 
A156T 

Q185E R194H 

P270S 

P284S D288E 

R302Q 

Q325R 

P352S 

V553L A519V 

H506Q P362S 
P366L 

A372V 

A385V splicing 

Prodomain Mature domain 

AMH 
19p13.3 

5’ 3’ 

Figure 2.2  Rare coding and splice site variants identified in AMH.  Rare variants at a MAF<0.01.  
PCOS-specific variants indicated in orange (n=18).  Non-PCOS specific variants are shown in blue 
(n=4) and variants present in controls only in green (n=2).  
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Deleteriousness of AMH coding variants was evaluated using Combined Annotation 

Dependent Depletion (CADD) (180).  The CADD scores were broadly distributed, and did not 

correspond well with known loss of function in PMDS variants (Table 2.2).  Analogous analyses 

with Polyphen (181),  SIFT (182), and GERP (183) were also inconsistent. 

Noncoding variants also have the potential of altering protein activity through disruption 

of regulatory elements.  Therefore, rare noncoding variation in and near AMH was also 

investigated to assess whether regulatory region impairment played a role in PCOS.  We 

identified 12 variants specific to PCOS cases, 3 variants in cases and controls and 1 variant in a 

control subject (Table 2.3, Figure 2.4).  All subjects were heterozygous for noncoding AMH 

variants, except for one subject who was homozygous for variant rs374418184.  One of the 12 

Variant chromosome 2 V553L 

Variant chromosome 1 
D288E 

(A)  Double Variant Subject 
 
 
 
 
 
 
 
 
(B) Compound Heterozygote Control Subject 

Wild-type chromosome 

 5’UTR                  ex1                 ex2      ex3      ex4                                   ex5                                     3’UTR 

Variant chromosome R194H             A385V 

 5’UTR                  ex1                 ex2      ex3      ex4                                   ex5                                     3’UTR 

 5’UTR                   ex1                 ex2      ex3      ex4                                   ex5                                    3’UTR 

 5’UTR                   ex1                 ex2      ex3      ex4                                   ex5                                    3’UTR 

A. 

B. 

Figure 2.3  Two study subjects harbor multiple AMH variants.  A. Two AMH variants 
present in a single PCOS subject that were located on the same chromosome, leaving the 
other chromosome as wild-type AMH.  B. Two AMH variants present in a single control 
subject and located on different chromosomes.  
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PCOS-specific noncoding AMH variants had an insertion of 1 base, while all other variants 

found were single nucleotide substitutions (Table 2.3). 

 

 

2.4 RARE VARIATION IN AMHR2 

The genomic region plus 5 kb upstream and downstream of AMHR2 gene was sequenced in 643 

PCOS women and 153 reproductively normal controls.  We identified two missense variants in 

AMHR2 at a MAF<0.01; one PCOS-specific (P30S) and one non-PCOS specific variant found in 

a single case and a single control (R548Q) (Table 2.4, Figure 2.5).  All subjects were 

heterozygous for these missense variants.  

 

PCOS-specific 
(n=12) 

Non-PCOS specific 
(n=3) 

Controls only 
(n=1) AMH 

19p13.3 

5’ 
3’ 

Figure 2.4  Rare noncoding variants identified in AMH.  Rare variants at a MAF<0.01.  PCOS-specific 
variants indicated in orange (n=12).  Non-PCOS specific variants are shown in blue (n=3) and variants 
present in controls only in green (n=1).  Black rectangles indicate exons of AMH.  

AMHR2 
 12q13.13 

P30S R548Q 

Extracellular 
domain 

Transmembrane  
domain 

Intracellular  
domain 

5’ 3’ 

Figure 2.5  Rare coding variants identified in AMHR2.  Rare variants at a MAF<0.01.  PCOS-specific 
variants indicated in orange (n=1) and non-PCOS specific variants are shown in blue (n=1). 
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Additionally, 52 noncoding variants were identified upstream and within introns of 

AMHR2, while only 8 such variants were found in cases and controls (MAF<0.01, Table 2.5, 

Figure 2.6).  Of the 52 PCOS-specific noncoding variants, 2 variants included 3-4 base deletions 

and another 2 variants created 1 and 6 base insertions (Table 2.5).  Subjects presented with 

noncoding variants in the heterozygous state, except 3 PCOS cases were found to be 

homozygous for variant chr12:53820453 A>C.  No noncoding AMHR2 variants were identified 

solely in control subjects. 

 

 

2.5 RARE CODING VARIATION IN LMNA 

The genomic region of LMNA gene was also included for custom targeted sequencing of 604 

PCOS women and 125 reproductively normal controls.  We identified 7 nonsynonymous variants 

with a MAF<0.01.  Variants were found in a total of 9 PCOS subjects and 0 controls (Table 2.6). 

Combined Annotation Dependent Depletion (CADD) and Functional Analysis through Hidden 

Markov Models - Multiple Kernel Learning (FATHMM-MKL) analyses were completed to 

predict the deleteriousness of these variants (180, 184).  These in silico tools can be used for 

scoring deleteriousness of variants based on multiple annotations integrated into one metric, 

Controls only 
(n=0) 

AMHR2 
 12q13.13 

5’ 3’ 

PCOS-specific 
(n=52) 

Non-PCOS specific 
(n=8) 

Figure 2.6  Rare noncoding variants identified in AMHR2.  Rare variants at a MAF<0.01.  PCOS-specific 
variants indicated in orange (n=52).  Non-PCOS specific variants are shown in blue (n=8) and variants 
present in controls only in green (n=0).  Black rectangles indicate exons.  
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where a CADD score above 15 and a FATHMM-MKL P-value closer to 1 are generally 

considered deleterious.  All variants were considered damaging according to CADD and 

FATHMM-MKL with C-scores above 15 and P-values near 1, respectively.  All subjects were 

heterozygous for these variants.  Mutations in the LMNA gene can lead to several different 

diseases (185, 186): such as types of muscular dystrophy (187, 188), familial partial 

lipodystrophy (189), dilated cardiomyopathy (190), Charcot-Marie-Tooth disease (191), and 

Hutchinson-Gilford progeria syndrome (192, 193).  Three of the variants in our cohort have been 

previously associated with these disorders (Table 2.7).  This data provides supporting evidence 

that mutations in genes that cause Mendelian disorders with PCOS symptoms, account for a 

subgroup of PCOS patients. 

 

2.6 RARE CODING VARIATION IN INSR 

The INSR gene was also included in our custom targeted resequencing panel.  In our cohort of 

PCOS cases and reproductively normal controls we identified 11 nonsynonymous variants at a 

MAF<0.05 (Table 2.8).  Variants were found in a total of 23 subjects, and more specifically 22 

PCOS cases and 1 control subject.  Ten out of the 11 variants in INSR were specific to PCOS 

cases.  One variant was found in a case and control.  CADD and FATHMM-MKL analyses were 

conducted to predict the deleteriousness of these variants on protein function.  Nine out of 10 

PCOS-specific variants were deemed deleterious (C-score>15, Table 2.8).  One subject 

heterozygous for deleterious INSR variant, rs146588336, also harbored a predicted harmful 

variant in LMNA gene, rs777841827.  
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2.7 RARE VARIATION IN ADDITIONAL PCOS CANDIDATE GENES 

Eleven genes (AMH, AMHR2, LMNA, INSR, LHB, FSHB, CPEB2, EIF2AK4, ENTPD5, 

SLC22A1, AKAP17A) were included in our targeted custom sequencing array.  These genes were 

chosen based on previously published candidate genes as well as our whole genome sequencing 

screen of 80 PCOS cases and 24 controls by Complete Genomics (CGI).  Table 2.9 shows the 

frequency of subjects (cases or controls) with nonysynonymous variants in each sequenced gene 

with MAF<0.01 and 0.05.  For several of the genes sequenced, the number of variants was 

similar regardless of MAF<0.01 and 0.05.  Therefore, many variants found in our cohort are 

extremely rare.  We discovered a number of genes from our panel with an increased frequency of 

nonsynonymous variants in PCOS cases compared to controls.  Variants identified in FSHB are 

also of interest for future follow-up studies. 

 

2.8 MATERIALS AND METHODS 

Subjects 

This study was approved by the Institutional Review Boards of Northwestern University 

Feinberg School of Medicine, Pennsylvania State University College of Medicine and Brigham 

and Women’s Hospital.  Written informed consent was obtained from the study participants.  All 

subjects were self-reported Caucasians of European ancestry, ages 16-48 years old and in good 

general health.  The subjects had participated in our previous studies of PCOS (47, 54) and the 

details of the assessment of study subjects and their clinical and biochemical features at 

enrollment have been reported (54, 179, 194). 

In brief, women were not taking any medications known to alter reproductive or 

metabolic hormone levels for at least one month prior to study; contraceptive steroids were 
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discontinued three or more months prior to study.  All PCOS cases had the so-called “classic” or 

National Institutes of Health (NIH) phenotype of PCOS with elevated total testosterone (T) or 

non-sex hormone binding globulin bound T (uT) levels as well as chronic oligomenorrhea (eight 

or fewer menses per year) (195).  Control women had regular 27-35 day menstrual cycles and no 

history of reproductive disorders.  They had Ferriman and Gallwey hirsutism scores less than 

eight and circulating T, uT and dehydroepiandrosterone sulfate (DHEAS) levels within the 

normal range we previously established in healthy, non-hirsute, premenopausal women with 27-

35 day menstrual cycles (54, 179).  Disorders of the ovary, adrenal and pituitary that can present 

similarly to PCOS were excluded by appropriate tests (179).  Ovarian morphology was not 

assessed since this finding is not a criterion for the diagnosis of the NIH PCOS phenotype.  

AMH levels were measured in subjects for whom serum stored at -80°C was available (194). 

 

Hormone Assays 

T, uT, DHEAS, sex hormone-binding globulin (SHBG), luteinizing hormone (LH) and follicle-

stimulating hormone (FSH) levels were determined as previously reported (12, 194, 196).  

Thirty-one PCOS cases were diagnosed based on their medical records, including laboratory 

results, documenting elevated total or free/bioavailable T and/or DHEAS levels.  The assay 

methodology changed for DHEAS, SHBG, LH and FSH.  The results for 70 DHEAS, 104 

SHBG, 168 uT, 123 LH and 123 FSH measurements in PCOS and 75 DHEAS, 99 SHBG, 100 

uT, 94 LH and 94 FSH measurements in controls were not included in the end point analyses due 

to the difference in assay methods (Table 2.10).  Results were missing for technical reasons for 

uT in 4 PCOS; SHBG in 3 PCOS and 1 control; DHEAS in 4 PCOS; and LH and FSH in 28 
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PCOS cases and 12 controls.  AMH was measured by ELISA (Ansh Labs (194)) on 259 PCOS 

cases and 126 controls in whom serum was available. 

 

Next Generation Sequencing 

Whole genome sequencing was performed on DNA from 80 PCOS cases and 24 controls by 

Complete Genomics (CGI, Mountain View, CA, USA).  Targeted resequencing of AMH was 

performed in DNA from in 643 PCOS cases and 153 controls at the Center for Inherited Disease 

Research (CIDR, Johns Hopkins University, MD, USA).  Twenty-three PCOS cases and 12 

controls were sequenced on both platforms.  Genomic sequence data was thus available for 

analysis for a total of 700 PCOS cases and 165 controls.  For targeted resequencing, DNA 

capture kits (Agilent SureselectXT or NimbleGenSeqCap EZ Choice Library) were used to 

generate custom DNA libraries of targeted gene regions (based on GRCh37/hg19 genome build: 

AMH chr19:2244000-2258000; AMHR2 chr12:53813000-53831000; LMNA chr1:156047000-

156055000, chr1:156059000-156062000, chr1:156080000-156115000; INSR chr19:7107000-

7188000, chr19:7266000-7269000, chr19:7292000-7299000; LHB chr19:49514000-49525000; 

FSHB chr11:30247000-30261000; CPEB2 chr4:14999000-15020000, chr4:15033238-15078000; 

EIF2AK4 chr15:40221347-40333000; ENTPD5 chr14:74418000-744910000; SLC22A1 

chr6:160537863-160565500, chr6:160574800-160584000; AKAP17A chrX:1705486-1724196).  

Sequencing was carried out using Illumina HiSeq2000 platform.  

 

Bioinformatic Pipeline 

The whole genome sequence alignment and quality control were implemented using CGI’s 

proprietary software (Assembly Pipeline version 2.0 (197)).  Variant calling was accomplished 
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using CGA Tools workflow version 1.7.1 in conjunction with the Galaxy analysis platform for 

filtering of variants subsequently annotated using ANNOVAR (198) (Figure 2.1A).  For targeted 

resequencing, alignment to reference genome build 37 and variant calling were completed using 

the CIDRSeqSuite pipeline.  Annotation of called SNPs and indels was executed using 

ANNOVAR (198) and 1000Genomes (1000g2014sep_eur) MAF was included.  Annotated 

variants were filtered based on phred quality score >30, read depth ≥30, call rate >99%, 

exonic/intronic location, MAF<0.01 and mutation type (predicted missense, nonsense, 

frameshift, and splice site variants) (Figure 2.1A).  Population-based allele frequencies for each 

rare variant noted in table footnotes were obtained from one of the following databases: Genome 

Aggregation Database (gnomAD, Eurpean Non-Finnish cohort frequency when available) 

(http://gnomad.broadinstitute.org/), ExAc Aggregated Populations cohort 

(http://exac.broadinstitute.org), or 1000Genomes European ancestry cohorts 

(http://www.1000genomes.org).  Deleteriousness of each variant was assessed using CADD 

(180), FATHMM-MKL (184), PolyPhen-2 (181), SIFT (182), and GERP (183).  Further 

discussion of these variant scoring tools and results is addressed in subsequent chapters. 

 

Statistical Analysis 

Statistical tests were implemented using IBM SPSS statistics (SPSS Inc., Chicago, IL).  

Normality of hormonal and demographic endpoints were evaluated by the Kolmogorov-Smirnov 

test.  Alpha levels of less than 0.05 were considered statistically significant. Nonparametric tests 

(Mann-Whitney U tests) were used to compare groups with non-normally distribution traits.  

Analysis of covariance using age and BMI as covariates was applied for traits (FSH and AMH) 
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with significant evidence correlation with age and BMI (p<0.05).   All tests were two-tailed.  

Pearson’s Chi-Square test was used to evaluate significance of genetic associations. 

 

Variant Validation 

Annotated variants surviving the filters for AMH and AMHR2 were verified using PCR 

amplification of genomic DNA and Sanger sequencing.  Sanger sequencing results were 

analyzed with SeqMan Sequencing Software (DNAstar, Inc., Madison, WI).  Variant validation 

by Sanger sequencing is critical to eliminate the inclusion of sequencing errors in the functional 

analysis. 

 

2.9 CONCLUSIONS 

Custom targeted NGS has proven to be a reliable and accurate tool in evaluating the contribution 

of rare genetic variation, both coding and noncoding, in our PCOS/control patient cohort.  

Filtered variants were of high quality, and those resequenced by Sanger method all validated.  

We discovered multiple genes within our panel of PCOS candidates to harbor predicted 

deleterious variants (AMH, AMHR2, LMNA and INSR).  Additional analyses can be performed to 

investigate the association of variants within the other genes of our panel and PCOS.  Here, we 

have successfully identified rare (MAF<0.01) coding and splice site variants within AMH: 18 

variants specific to PCOS cases, 4 variants in cases and controls, and 2 variants solely in control 

subjects.  Furthermore, 2 rare variants were found in coding regions of AMHR2: 1 PCOS-specific 

and 1 in a case and control.  Seeing as a PCOS phenotype is often observed in cases of familial 

partial lipodystrophies and syndromes of insulin resistance, we also investigated whether rare 

variation in genes that cause these disorders account for a subgroup of our PCOS cohort.  
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Predicted pathogenic rare (MAF<0.01) coding variants were, in fact, identified in both LMNA 

and INSR.  Seven PCOS-specific variants were found in the LMNA gene and 11 variants in the 

INSR gene, 10 of which were specific to PCOS cases.  While association of LMNA variants with 

PCOS in our cohort of 604 PCOS women and 125 controls did not reach significance (χ = 3.429; 

p = 0.064; OR = 1.89), evidence for association between LMNA variants and PCOS was highly 

significant using a larger Genome Aggregation Database (gnomAD) control cohort (χ = 60; p < 

10-8; OR = 9.56).  Association of INSR variants with PCOS was neither significant with our 

control cohort (χ = 2.7; p = 0.1) nor a larger population-based control cohort (χ = 1.16; p = 

0.281). 

While coding variants are generally assumed to cause a greater impact on protein 

function, variants in noncoding regions can just as likely alter gene regulation and function by 

disrupting vital regulatory elements and other processes still unknown.  Given that roughly 98-

99% of the human genome is noncoding, we have only begun to scratch the surface of 

understanding the mechanisms that lie and interact within these regions.  Therefore, we also 

evaluated the extent of rare (MAF<0.01) noncoding variation in/near AMH and AMHR2 in our 

PCOS case/control cohort.  Filtering analyses for noncoding AMH regions yielded 12 PCOS-

specific variants, 3 variants in cases and controls, and 1 variant in a single control subject.  

Interestingly, a larger number of rare noncoding variants were found in AMHR2 with 52 variants 

specific to PCOS women and 8 variants in both cases and controls.  Technical advancements and 

cost effectiveness of next generation sequencing have enabled the first findings for the 

contribution of rare genetic variation in a common PCOS phenotype. 
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CHAPTER 3 

 

FUNCTIONAL CODING VARIANTS IN MEMBERS OF THE ANTI-MÜLLERIAN 

HORMONE (AMH) PATHWAY   
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3.1 OVERVIEW 

The overarching goal of the following studies was to differentiate between functional and 

therefore putatively causal variants versus rare polymorphisms.  Using NGS, we identified rare 

variants in members of the AMH pathway, AMH and AMHR2.  Dual luciferase reporter (DLR) 

assays measured the impact of the AMH and AMHR2 coding variants on AMH signaling (Figure 

2.1B).  We found 24 rare (MAF<0.01) AMH variants in PCOS cases and controls; 18 variants 

were specific to PCOS cases.  Seventeen of 18 (94%) PCOS-specific variants significantly 

reduced AMH signaling, while 0 out 6 AMH variants observed in controls showed significant 

defects in signaling.  Furthermore, 1 PCOS-specific rare nonsynonymous variant was found in 

AMHR2 and showed significant decrease in signaling compared to reference AMHR2.  Thus, in a 

subset of PCOS cases, we have identified rare AMH and AMHR2 coding variants that reduced 

AMH mediated signaling in vitro.  This study is the first to identify rare genetic variants that are 

associated with a common PCOS phenotype.  AMH has been previously shown to inhibit CYP17 

transcription in cells of the testis, a rate-limiting enzyme for androgen biosynthesis.  All 17 of the 

PCOS-specific functional AMH variants also failed to inhibit CYP17 expression in mouse Leydig 

MA-10 cells compared to reference AMH.  Our findings suggest a novel mechanism for the 

pathogenesis of PCOS, where decreased AMH signaling in the PCOS ovary is predicted to result 

in increased CYP17 transcription and testosterone production.  

 

3.2 PCOS-SPECIFIC AMH VARIANTS SIGNIFICANTLY REDUCE SIGNALING 

ACTIVITY 

Dual luciferase reporter assays demonstrated a significant reduction of AMH-mediated BRE 

induction in 17 of the 18 PCOS-specific variants (Figure 3.1A, Table 3.1) in COS7 cells 



	
   60 
cotransfected with AMHR2 and variant AMH constructs.  In contrast, none of the variants that 

were found in both PCOS cases and controls (n=4) or controls only (n=2) showed a significant 

reduction in signaling compared to reference AMH (Figure 3.1A, Table 3.1).  Quantitative real-

time PCR (qRT-PCR) of RNA isolated from COS7 cells transfected with AMH variants found in 

cases and controls demonstrated that all variant AMH transcripts were similarly expressed to 

reference AMH transcripts 48 hours after transfection (Figure 3.1B), thus the signaling 

impairment observed in the functional variants was not simply due to a defect in variant 

expression but is due to a reduction in signaling capacity. 

Sixteen of the 17 functional PCOS-specific variants were located in the prodomain region 

of AMH.  Upon proteolytic cleavage, the prodomain remains non-covalently associated with the 

mature domain and has been shown to influence mature domain activity (199, 200), thus variants 

in the prodomain are likely to have an effect on mature protein processing and/or bioactivity. 

Approximately 3% (24/700) of our European ancestry PCOS cohort had functional AMH 

protein coding variants.  The PCOS cases were younger and heavier than the controls, a common 

finding in studies of PCOS (54), accordingly the analyses were adjusted for age and BMI.  There 

were no significant phenotypic differences between PCOS cases with functional AMH variants 

and those with wild-type AMH genotypes.  The serum AMH levels in cases with mutations were 

within the range of AMH levels observed in PCOS (1) and significantly higher than those 

observed in controls (Table 3.2).  There were no significant differences in clinical and 

biochemical features between PCOS cases with AMH functional variants and PCOS cases 

without coding variants. 
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Figure 3.1  Effect of AMH variants on signaling ability.  A. Average induction of BRE-firefly 
luciferase normalized to Renilla reporter and empty vector control in COS7 cells transfected with 
reference (REF) or variant AMH constructs.  Results represent three independent experiments done in 
triplicate with SEM.  Asterisks indicate significantly reduced BRE induction.  The number of subjects 
(>1) is indicated above BRE induction bar.  B. Percentage of AMH mRNA expression for each variant 
following transfection relative to reference AMH.  Results represent three independent experiments 
with qRT-PCR run in duplicate with SEM.  
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As expected PCOS women with functional AMH variants have markedly elevated 

testosterone levels compared to control women, and while median testosterone levels in women 

with AMH mutations are nominally higher than what is observed in women without AMH 

variants this observation is not statistically significant.  Given that PCOS is a complex, 

multifactorial trait, it is our hypothesis that the underlying cause of hyperandrogenemia in PCOS 

is due to multiple distinct mechanisms.  In a subset of women with PCOS, hyperandrogenemia is 

due to mutations in AMH or other members of the AMH signaling pathway, while in other 

women with PCOS, as predicted by the GWAS findings, hyperandrogenemia is due to 

alternative pathways (53-55).  Further evaluation of these pathways will elucidate the relative 

impact of a given PCOS sub-phenotype in individual PCOS subjects. 

 

3.3 PCOS-SPECIFIC AMH VARIANTS SHOW DOMINANT-NEGATIVE EFFECT 

DLR assays of COS7 cells co-transfected with equal amounts of PCOS-specific variant and 

reference constructs (i.e. heterozygous state) displayed 25.05% (±3.45%) greater signaling 

capacity than PCOS-specific variant constructs alone (i.e. homozygous variant state), averaged 

across 3 example PCOS-specific variants (Figure 3.2).  If no impairment of activity was due to a 

dominant-negative interaction between wild type and variant peptides, then the expected 

signaling increase would be 50%-75%.  Splicing variant displayed a 46% signaling increase 

consistent with the notion that the splicing variant would not produce viable AMH protein and 

thus not have a dominant-negative effect (Figure 3.2).  Variant P284S, which was identified 

only in control women, showed wild-type signaling in homozygous and heterozygous states 

(Figure 3.2).  Figure 3.3 illustrates a dominant-negative assessment for all variants, which 

showed an average of 21.9% (±6.37%) signaling increase across the 16 functional AMH variants. 
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All of the subjects were heterozygous for these variants.  Given that AMH functions as a 

homodimer (200), AMH variants in the heterozygous state were hypothesized to have a 

phenotypic impact via a dominant-negative interaction between a wild-type and variant AMH 

peptide (200).  Specifically, wild-type AMH dimers would only account for a quarter of total 

AMH in individuals heterozygous for AMH variants (Figure 1.10).  In support of a dominant-

negative interaction model, COS7 cells expressing AMH variants in the heterozygous state 

generated ~25% greater signaling capacity than AMH variants in the homozygous variant state 

exactly as predicted under a completely dominant-negative model.  These results suggest that 

only the 25% of wild-type AMH dimers were able to achieve signaling capability in vitro. 

23% 24% 
29% 

46% 

Figure 3.2  Dominant-negative effect of PCOS-specific AMH variants on signaling.  
Average BRE-firefly luciferase induction normalized to Renilla reporter and empty 
vector control in COS7 cells transfected with reference (REF) and/or variant AMH 
constructs.  PCOS-specific AMH variants are shown in orange, and AMH variant 
present only in controls is shown in green.  Solid colors indicate homozygous state, 
while diagonal line pattern indicates heterozygous state.  Results represent three 
independent experiments done in triplicate with SEM.  
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3.4 SIGNIFICANT ASSOCIATION OF FUNCTIONAL AMH VARIANTS WITH PCOS 

We tested for association between functional AMH variants and PCOS using two independent 

control groups:  the 165 reproductively normal control women who were sequenced in this study 

Figure 3.3  Dominant-negative effect across all AMH variants.  Average BRE-firefly luciferase induction 
normalized to Renilla reporter and empty vector control in COS7 cells transfected with reference (REF) 
and/or variant AMH constructs.  PCOS-specific AMH variants are shown in orange, and AMH variant 
present only in controls is shown in green.  Solid colors indicate homozygous state, while diagonal line 
pattern indicates heterozygous state.  Results represent three independent experiments done in triplicate 
with SEM.  
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and population-based controls (men and women) from the ExAc Aggregated Populations cohort 

(n >100,000; http://exac.broadinstitute.org) or 1000Genomes European ancestry (n = 1006; 

http://www.1000genomes.org) cohorts, when no data was available in ExAc Aggregated 

Populations. The functional AMH variants were significantly associated with PCOS in our cohort 

of 700 women with PCOS and 165 controls (χ = 10.55; p = 0.0012).  Furthermore, evidence for 

association between functional AMH variants and PCOS was highly significant with the 

population-based control cohort (χ = 154; p < 10-8).  Age, BMI, T, uT, DHEAS, SHBG, FSH, 

and LH levels did not differ significantly between PCOS cases with functional AMH variants 

compared to PCOS cases without AMH coding variants (Table 3.2).  The functional AMH 

variants were significantly associated with PCOS relative to reproductively normal women (i.e. 

our phenotyped controls; n=165) and highly significant relative to a much larger population-

based control cohort (in ExAc Aggregated Populations; n~120,000). 

 

3.5 FREQUENCY OF PERSISTENT MÜLLERIAN DUCT SYNDROME (PMDS) 

MUTATIONS IN PCOS AND THE GENERAL POPULATION 

Five of the AMH variants identified in our cohort of PCOS cases (V12G, P151S, splicing 

(ex2/3), R302Q, and H506Q) have also been identified in PMDS males (118).  Of the women 

harboring PCOS associated AMH variants that reduced signaling, 42% (10/24) are PMDS 

associated AMH variants with documented loss of AMH activity in PMDS (118).  The 

phenotypic features of females in PMDS families with AMH variants have not been reported, but 

based on our findings, one would predict that female carriers of AMH variants have PCOS.  

Males with PMDS and AMH variants have circulating AMH levels ranging from undetectable to 

normal (118).  These findings are consistent with our observation that circulating AMH levels 
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are not correlated with AMH signaling capacity and suggest that AMH levels may not be an 

accurate measure of AMH signaling activity in PCOS. 

The prevalence of PMDS within the population is unknown.  To address this question, we 

used the population frequency of PMDS variants to calculate the frequency of PMDS cases 

(homozygote and compound heterozygote carriers of AMH and/or AMHR2 PMDS mutations) 

and the frequency of heterozygous carriers of these mutations from the allele frequency of 

known PMDS variants (model of PCOS).  We assembled a comprehensive list of PMDS 

mutations identified in AMH and AMHR2 from the literature (120, 123, 201-230) and mapped 

those variants onto known genetic variants in dbSNP, a central public repository of genetic 

variation consisting of 324+ million human variants (https://www.ncbi.nlm.nih.gov/SNP/).  

Expected frequencies of homozygotes and compound heterozygotes (model of PMDS) and of 

heterozygote carriers (model of PCOS) of AMH and/or AMHR2 functional variants were 

calculated from allele frequencies of PMDS mutations in dbSNP.  We identified 133 PMDS 

mutations (69 AMH; 64 AMHR2) in 217 PMDS cases (108 AMH, 109 AMHR2) and were able to 

assign dbSNP identifiers to 57 of these mutations (26 AMH; 30 AMHR2) accounting for 57% of 

PMDS cases.  Population based allele frequencies from the 57 informative PMDS variants 

predict a homozygote/compound heterozygote frequency, in AMH and/or AMHR2 (PMDS 

model), of 1.63x10-5 or 5,312 individuals (2,656 males) in the U.S. (estimated 2017 population = 

325,719,178).  The frequency of heterozygote carriers (PCOS model) of PMDS variants was 

much higher (frequency =0.0101; 1,255,169 women in the U.S.) illustrating how causal variants 

of even very rare recessive disorders can be very prevalent in the heterozygous state.  These 

estimates are likely to be 2-4 fold underestimates of the true frequency of PMDS since 1) we 

only surveyed published PMDS mutations and therefore did not count undiagnosed and/or 
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uncharacterized cases of PMDS, 2) we were not able to find dbSNP identifiers for approximately 

50% of PMDS mutations, and 3) we do not account for the ~15% of PMDS cases without AMH 

or AMHR2 variants.  Using population frequencies of known PMDS mutations, we estimate the 

incidence of PMDS in the U.S. to be 2,600-10,000 and for AMH/AMHR2 mutations to impact 1-

4% of women in the U.S. 

 

3.6 PATHOGENIC PCOS-SPECIFIC AMH VARIANTS CAUSE LOSS OF CYP17 

INHIBITION 

Inhibitory action of AMH on Cyp17 expression in cAMP-stimulated MA-10 mouse Leydig cells 

has been previously observed (231).  Using qRT-PCR, we assessed the downstream inhibitory 

effects of variant AMH on Cyp17a1 expression in cAMP-treated MA-10 cells in comparison to 

wild-type AMH.  Reference sequence AMH inhibited Cyp17a1 expression by an average of 80% 

relative to cAMP-treated vector only control (Figure 3.4).  Inhibition levels of Cyp17a1 

expression with previously found AMH mutants with wild-type function (T143I, P284S, D288E, 

Q325R, A372V, A519V and V553L) were not significantly different from reference AMH 

(Figure 3.4).  However, the 17 AMH variants that previously reduced AMH signaling in the dual 

luciferase reporter assay, including the 5 known PMDS variants, showed an average of only 

21.3% (±15.9%) decrease in Cyp17a1 expression normalized to housekeeping gene, Gapdh, and 

relative to vector control (Figure 3.4).  Variant AMH expression levels were not significantly 

different from reference AMH.  These results provide further evidence that previously identified 

functional AMH signaling variants also display a loss of inhibition on Cyp17a1 expression 

compared to reference AMH, in vitro. 
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A plausible mechanism by which reduced AMH signaling could contribute to the 

pathogenesis of PCOS would be by decreased inhibition of ovarian testosterone production.  

Accordingly, AMH mutations with reduced bioactivity are predicted to increase theca cell 

androgen production due to loss of CYP17 inhibition by AMH in the PCOS ovary (Figure 3.5). 

In support of this hypothesis, Nelson and colleagues (232) observed an increase in CYP17 

mRNA in theca interna cells of women with PCOS compared to that in reproductively normal 

control women. 

 

Exon 1 2 3 4 5 

Figure 3.4  AMH variants cause loss of Cyp17a1 expression in vitro.  Application of qRT-PCR shows mutant 
AMH impact on Cyp17a1 mRNA expression in cAMP-stimulated MA-10 cells relative to reference AMH. 
Asterisks indicate significantly reduced Cyp17a1 inhibition compared to REF.  Results represent three 
independent experiments with SEM.  
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3.7 PCOS-SPECIFIC AMHR2 VARIANT SIGNIFICANTLY REDUCES SIGNALING 

ACTIVITY 

To determine whether missense variants found in AMHR2 affected downstream signaling, we 

employed the same signaling assay used for AMH variant studies.  AMHR2 mutant constructs 

were created and tested for signaling ability.  AMHR2 variant P30S found in 1 PCOS case 

showed significant impaired AMH signaling, while R548Q retained wild-type signaling (Figure 

3.6A).  Functional results were consistent with CADD and FATHMM-MKL prediction tools, 

where only AMHR2 sequence variant c.C88T (p.P30S) was deemed deleterious (Table 2.4). 
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Figure 3.5  Model of AMH role in gonadal steroidogenesis.  A. AMH inhibition of testosterone synthesis in normal male testis 
via downregulation of CYP17 transcription observed in rodent Leydig cells.  B. Model of AMH inhibition of testosterone 
production in normal female ovarian theca cells via inhibition of CYP17 transcription.  C. Impact of AMH inactivating 
mutation on testosterone production in PCOS theca cells. Gorsic et al, J Clin Endocrinol Metab 2017. 
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Quantitative RT-PCR confirmed that AMHR2 mRNA expression levels were consistent between 

variants and reference control (Figure 3.6B).  The first 3 exons of AMHR2 comprise the 

extracellular domain of the receptor protein (233).  Missense mutation P30S is located in exon 2 

and, thus, likely affects ligand binding.  

 

* 

A. 

B. 

Figure 3.6  Effect of AMHR2 variants on signaling.  A. Average induction of BRE-
firefly luciferase normalized to Renilla reporter and empty vector control in COS7 
cells transfected with reference (REF) or variant AMHR2 constructs. Asterisks 
indicate significantly reduced BRE induction.  Results represent three independent 
experiments done in triplicate with SEM.  Asterisks indicate significantly reduced 
BRE induction.  B. Percentage of AMHR2 mRNA expression for each variant 
following transfection relative to reference AMHR2.  Results represent three 
independent experiments with SEM.  
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Given that AMHR2 requires dimerization for proper signaling, we also tested whether 

variant P30S had a dominant-negative interaction with wild-type AMHR2.  In transfection of 

reference AMHR2 alongside variant P30S AMHR2, we observed an average increase of 45% 

signaling ability compared to P30S homozygous state (Figure 3.7).  Therefore, our findings do 

not indicate a dominant-negative interaction between AMHR2 P30S mutant and wild-type 

AMHR2 in vitro. 

 

45% 

Figure 3.7  AMHR2 P30S variant does not support a dominant-negative interaction with 
wild-type in vitro.  Average BRE-firefly luciferase induction normalized to Renilla reporter 
and empty vector control in COS7 cells transfected with reference (REF) and/or variant 
AMHR2 constructs. PCOS-specific AMHR2 variants are shown in orange.  Solid colors 
indicate homozygous state, while diagonal line pattern indicates heterozygous state.  Results 
represent three independent experiments done in triplicate with SEM.  
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3.8 MATERIALS AND METHODS 

Cell Culture 

COS7 (African green monkey kidney fibroblast-like cell line, ATCC) cells were maintained in 

DMEM, high glucose + GlutaMAX (Thermo Fisher Scientific, Waltham, MA) containing 10% 

fetal bovine serum (Hyclone, Logan, UT) and stored in a 37°C incubator with 5% CO2.  MA-10 

Leydig mouse cell line was maintained in DMEM:F12, 20 mM HEPES and 15% horse serum 

(Thermo Fisher Scientific Inc.).  Plasticware used for culturing was coated with 0.1% gelatin 

(Attachment Factor Protein, Thermo Fisher Scientific) and incubated for 30 min in a 37°C 

incubator.  Excess gelatin solution was aspirated prior to seeding cells. 

 

AMH Plasmid Constructs 

AMH coding region was PCR amplified from carriers of AMH variants using AmpliTaq Gold 

360 Master Mix (Thermo Fisher Scientific Inc.) and forward and reverse primers, 5’-

CACCATGCGGGACCTGCCTCT-3’ and 5’-GTCACCGGCAGCCACACT-3’ (Integrated 

DNA Technologies, Inc., Coralville, IA) respectively.  PCR products were subcloned into 

pcDNA 3.1.  The reference AMH (build GRCh37/hg19) construct (Figure 3.8A) was generated 

in parallel to variant constructs.  Vector phRL-CMV (Figure 3.8B) was purchased and used as a 

co-transfected Renilla control vector (Promega Corporation, Milwaukee, WI).  Each variant 

construct was verified using Sanger sequencing (Figure 3.9). 
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AMHR2 Plasmid Site-Directed Mutagenesis 

To assess the functional impact of AMHR2 coding variants, we used a human AMHR2 cDNA 

expression construct (Sino Biological, Beijing, China).  Reference sequence AMHR2 cDNA 

construct was utilized in creating AMHR2 variants P30S and R548Q.  Q5 Site-Directed 

Mutagenesis (New England BioLabs, Ipswich, MA) was performed according to the 

manufacturer’s protocol.  Briefly, mutagenesis primers were designed using the NEBaseChanger 

v.1.2.7 (https://nebasechanger.neb.com/).  Reverse primers and mutation containing forward 

primers were used in PCR amplification of mutated plasmid DNA.  Using the Kinase, Ligase & 

DpnI (KLD) treatment mixture, the template (non-mutated) DNA was degraded, while mutated 

plasmid DNA was ligated and subsequently transformed into competent cells.  Sequence of both 

AMHR2 variant constructs was verified using Sanger sequencing (Figure 3.9). 

TOPO 930..934

P CMV 232..819

TOPO 3564..3568

SV40 pA 5814..5944

Neomycin 4842..5636

SV40 ori 4458..4767

Ampicillin 7143..8003

pcDNA3.1D:V5-His-TOPO AMH

8139 bp

AMH 939..3563

pUC ori 6325..6998

Figure 3.8  Plasmids used in dual luciferase reporter assays.  A. Reference and variant AMH 
sequences were subcloned into pcDNA3.1D:V5-His-TOPO vector.  B. Promega phRL-CMV 
co-transfected Renilla control vector.  Promega Corporation (www.promega.com). 

A. B. 

Figure 3.8  Plasmids used in dual luciferase reporter assay for coding variants.  A. Reference and variant 
AMH sequences from subject genomic DNA were subcloned into pcDNA3.1D:V5-His-TOPO vector.   
B. Promega phRL-CMV co-transfected Renilla control vector.  Promega Corporation (www.promega.com). 
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Figure 3.9  Sanger sequencing verification of AMH and AMHR2 coding variant plasmids. Gene, 
mRNA and amino acid change are listed with each sequencing chromatogram. Variant location 
highlighted in blue. For mRNA base position, Nm_000479.3 was used for AMH and Nm_020547 for 
AMHR2 transcript.  See Tables 2.3 and 2.5 for additional variant information. 
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COS7 Cell Transfection and Dual Reporter Assay (Figure 3.10) 

To quantify the signaling potential of AMH and AMHR2 variants in their homozygous variant 

and heterozygous states relative to homozygous reference, we employed a dual luciferase 

reporter assay where binding to AMHR2 activates a firefly luciferase reporter (142).  To test 

signaling potential of variants in a homozygous state, COS7 cells were transfected with each 

AMH/AMHR2 variant or AMH/AMHR2 reference sequence.  To test variants in a heterozygous 

state for the possibility of a dominant-negative interaction, COS7 cells were transfected with 

equal concentration of reference and variant AMH/AMHR2 constructs.   COS7 cells were plated 

and transfected with AMH construct plus the rat MISRII cDNA expression construct (or human 

AMHR2 cDNA expression construct), bone morphogenetic protein (BMP)-responsive element 

(BRE) firefly luciferase reporter and control Renilla luciferase reporter (phRL-CMV) (142).  

Cells were incubated for 48 h.  Firefly and Renilla luciferase readings were obtained using the 

Dual-Luciferase Reporter Assay System (Promega Corporation, Milwaukee, WI) according to 

manufacturer’s instructions and luminescence was measured with the Synergy 2 plate reader 

(BioTek, Winooski, VT).  BRE induction of reference and variant AMH/AMHR2 was calculated 

with emissions of firefly luciferase divided by Renilla luminescence and normalized to empty 

vector control.  Two-tailed t-test was used on raw data to determine degree of significance 

between variant and reference activity.  P-values<0.05 were noted as significant.  Applied 

Biosystem TaqMan primers were used to quantify mRNA expression of AMH (Hs01006984_g1), 

AMHR2 (Hs00179718_m1) and housekeeping gene GAPDH (Hs02758991_g1) to ensure the 

constructs were expressing variants comparable to reference. 
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MA-10 Cell Transfection and Expression Analysis 

AMH variants were also tested for their impact on Cyp17a1 mRNA expression in the mouse 

Leydig cell line MA-10.  Cells were plated at 200,000 cells per well in 12-well plates coated 

with 0.1% gelatin (Attachment Factor Protein, Thermo Fisher Scientific Inc.) and transfected 24 

hours later with the vector only control, reference or variant AMH plasmids (constructs used in 

previous signaling studies).  Transfection reagent Lipofectamine 2000 was used (Thermo Fisher 

Scientific Inc.). Cells were also stimulated with 50 µM cAMP (Sigma-Aldrich) at the time of 

transfection.  48 hours post transfection cells were collected, RNA isolated and reverse 

transcribed.  RNA was extracted using the RNeasy Plus Mini kit (Qiagen) following the 

manufacturer’s protocol.  mRNA was then reverse transcribed to cDNA yielding final 

concentrations of 100 ng/µL using the High Capacity Reverse Transcription kit (Applied 

Biosystems).  The cDNA was used to perform qRT-PCR using Taqman Fast Advanced Master 

Mix (Thermo Fisher Scientific Inc.) to measure Cyp17a1 expression relative to AMH and 
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Figure 3.10  Procedure to test impact of AMH and AMHR2 variants on signaling. (modified from http://
photobiology.info/Ohmiya.html) 
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housekeeping gene Gapdh.  Applied Biosystem TaqMan primers were used to quantify mRNA 

expression of Cyp17a1 (Mm00484040_m1), AMH (Hs01006984_g1) and Gapdh 

(Mm99999915_g1). 

 

Association Testing 

To evaluate the significance of functional AMH variants in PCOS, we used a gene based burden 

test approach (234) and combined all functional AMH variants into one statistical test. We tested 

for association between functional AMH variants and PCOS using two independent control 

groups:  the 165 control women that were sequenced in this study and population-based controls.  

Population-based allele frequencies for each rare variant were obtained from one of the 

following databases: Genome Aggregation Database (gnomAD, Eurpean Non-Finnish 

population frequency when available) (http://gnomad.broadinstitute.org/), ExAc Aggregated 

Populations cohort (http://exac.broadinstitute.org), or 1000Genomes European ancestry cohorts 

(http://www.1000genomes.org) as noted in each table.  Evidence for genetic association was 

evaluated using Chi-Square statistic. 

 

3.9 CONCLUSIONS 

In summary, we identified 17 coding and splice site variants in AMH and 1 coding variant in 

AMHR2 with reduced signaling potential in 25 women with PCOS.  No such variants were 

observed in unaffected control women. Thus, rare genetic variants do contribute to the 

pathogenesis of PCOS and account for some of the heritability not explained by the common 

PCOS susceptibility variants identified in GWAS.  Furthermore, no evidence for association with 

PCOS in the AMH genomic region was detected in GWAS studies of PCOS (53, 54) 
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underscoring the need of rare variant screens in parallel with GWAS to detect the full spectrum 

of PCOS associated genetic variation.  It is our hypothesis that these AMH and AMHR2 

mutations lead to the PCOS phenotype by abrogating AMH’s transcriptional inhibition of 

CYP17 role in androgen biosynthesis, resulting in hyperandrogenemia (Figure 3.5).  In support 

of this, we found that 17 AMH variants were unable to inhibit Cyp17a1 expression to the extent 

of reference AMH in an in vitro cell model.  Our findings provide a novel mechanism for the 

characteristic increase in circulating AMH levels in PCOS, decreased bioactivity of the 

molecule.  Further, they implicate the AMH signaling pathway in the pathogenesis of PCOS. 
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CHAPTER 4 

 

FUNCTIONAL NONCODING VARIANTS IN MEMBERS OF THE ANTI-MÜLLERIAN 

HORMONE (AMH) PATHWAY   
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4.1 OVERVIEW 

Genetic variants in AMH and AMHR2 regulatory elements that decrease gene transcription are 

predicted to have a similar phenotypic effect as AMH and AMHR2 coding variants that reduce 

AMH bioactivity.  Here, we tested this hypothesis (Figure 2.1C) by filtering sequence data for 

quality, rare (MAF<0.01) noncoding variation in AMH and AMHR2.  In silico methods, such as 

CADD, FATHMM-MKL and transcription factor motif analyses, where used to rank and 

prioritize variants for functional follow-up.  For noncoding variants in or near AMH, variants in 

the proximal promoter region were of greatest interest based on deleteriousness scoring metrics.  

High priority noncoding variants in or near AMHR2 were also upstream and in the proximal 

promoter region as well as the first intron.  Five AMHR2 high priority variants in these regions 

also caused a gain or loss of transcription factor binding motif.  Intronic variants of AMHR2 were 

also evaluated for alternative splicing.  All 3 of the tested AMH noncoding PCOS-specific 

variants as well as 16 out of the 20 tested AMHR2 noncoding PCOS-specific variants showed a 

significant reduction in signal compared to reference, measured by dual luciferase reporter 

assays.  We have found that noncoding variation in members of the AMH pathway may also 

negatively impact AMH signaling by disrupting regulatory elements or canonical splicing. 

 

4.2 FUNCTIONAL PCOS-SPECIFIC NONCODING VARIANTS UPSTREAM OF AMH 

We performed CADD and FATHMM-MKL analyses to computationally predict the functional 

impact of AMH noncoding variants.  Given that FATHMM-MKL has been reported to be more 

effective for predicting the functional consequences of noncoding variants compared to CADD 

C-scores (184), we decided to rank variants based on FATHMM-MKL P-values.  The top ranked 

variants were PCOS-specific variants located in the proximal promoter of AMH (Table 4.1).  
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The top 3 variants (chr19:2249171 C>G, rs746807694, rs777832730) were chosen for functional 

follow-up as well as a non-PCOS specific variant (rs186422293) as a positive control.  The 3 

selected PCOS-specific variants were found in 1 case each and subjects were heterozygous for 

these variants.  Non-PCOS specific variant rs186422293 was found in 7 PCOS cases and 2 

controls and ranked less damaging in both FATHMM-MKL P-value and CADD C-scores (Table 

4.1).  The 3 tested PCOS-specific AMH noncoding variants all significantly reduced Firefly 

luciferase signal in ovary CHO-K1 cells compared to reference sequence control (chr19:2249171 

C>G, P=2.44x10-10; rs746807694, P=2.04x10-10; rs777832730, P=2.42x10-10), while the non-

PCOS specific variant (rs186422293, P=0.34) showed no change (Figure 4.1). 

 

Figure 4.1  Decreased activity of PCOS-specific regulatory variants upstream of 
AMH.  Measured luciferase activity of reference and variant constructs relative to 
Renilla control using dual luciferase reporter assay in CHO-K1 cells. Asterisks 
indicate significantly reduced activity.  The number of subjects (>1) is indicated 
above bar.  Results represent three independent experiments done in triplicate with 
SEM.  
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5’ 
3’ 

* * * 

9 
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Reference and variant AMH constructs were also transfected into COS7 (African green 

monkey kidney fibroblast-like) cells during optimization stages.  However, very low signal was 

seen with the use of this cell line even for reference AMH.  Therefore, it is important to note that 

regulatory element activity is likely tissue specific and requires the presence of relevant 

transcription factors and machinery.  CHO-K1 cells are ovarian derived and may have more of 

the relevant transcriptional machinery. 

TFs that bind to the AMH promoter to influence activity in male Sertoli cells include SF-

1, SOX9 and GATA4 (235, 236).  Interactions of SF-1 and SOX8, SOX9, Wilms’ tumor 1 

(WT1), DAX-1, GATA4, and NF-κB in regulating the transcription of AMH in Sertoli cells 

during fetal development, has been relatively well-described (237-242).  AMH has also been 

identified as a target gene of SF-1 in human granulosa cells (243).  Additionally, transcriptional 

regulation of AMH by SF-1 involves the crucial role of FOXL2 as an essential factor (243).  

While variants that we identified in the proximal promoter of AMH did not directly impact 

known TF binding sites, they still demonstrated a significant functional impairment.  

 

4.3 DELETERIOUS NONCODING AMHHR2 VARIANTS DISRUPT TRANSCRIPTION 

FACTOR BINDING MOTIFS 

CADD and FATHMM-MKL analyses were also performed to predict the functional 

consequences of AMHR2 noncoding variants.  In parallel, we computationally predicted the 

regulatory impact of AMHR2 noncoding variants by measuring differences in transcription factor 

(TF) binding affinities between alleles.  Position weight matrices (PWMs) derived from 

ENCODE ChIP-Seq experiments (244, 245) were used to ascertain the statistical significance of 

single base changes on TF binding affinities, which thus suggested the relative regulatory impact 
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of each noncoding variant.  TFs with known expression in ovarian tissues were utilized in the 

analyses.  Congruently, noncoding variants were ranked by FATHMM-MKL P-values (184) and 

were comparable with their impact on TF binding motifs.  The top 4 ranking FATHMM-MKL 

variants (Table 4.2) also disrupted TF binding motifs (Figure 4.2).  PCOS-specific variant 

rs784894, located in intron 1 of AMHR2, resulted in the gain of CCDC6 binding motif (Figure 

4.2A) and ranked as the most deleterious noncoding variant with FATHMM-MKL prediction (P-

value=0.953, Table 4.2).  Rs784894 was identified in 3 PCOS-affected cases.  PCOS-specific 

variant rs777964297, mapping upstream of the AMHR2 transcription start site, created a MYC 

binding site (Figure 4.2B) and was found in 1 PCOS subject (Table 4.2).  Non-PCOS specific 

variant rs148189358, also upstream of AMHR2, caused the loss of SP1 binding site (Figure 

4.2C).  This particular variant was found in 7 PCOS cases and 3 control subjects (Table 4.2).  

Additionally, PCOS-specific variant rs777265708 was found to disrupt a c-MAF binding motif 

(Figure 4.2D) in intron 1 of AMHR2 in a single PCOS case (Table 4.2). 

Using UCSC genome browser (https://genome.ucsc.edu/), regions of AMHR2 were also 

evaluated for chemical modifications and DNase hypersensitivity clusters that signify important 

areas of gene regulation and TF binding.  A region upstream of the AMHR2 transcription start 

site indicated marks of mono-methylation of lysine 4 of the H3 histone protein as well as a peak 

for acetylation of lysine 27 of the H3 histone protein (Figure 4.3).  These marks have been 

associated with enhancer and insulator regions of gene regulation.  Of the AMHR2 noncoding 

variants identified in our cohort, 3 PCOS-specific variants and 1 non-PCOS specific variant 

mapped to this region (Figure 4.3).  Furthermore, PCOS-specific variant rs866630130 resulted 

in the loss of an EBF1 binding site, which was also identified in the TF motif analyses (Figure 

4.4). 
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Figure 4.2  Transcription factor binding motifs affected by AMHR2 variants.  Deleterious AMHR2 
variants cause gain of CCDC6 (A), gain of MYC (B), loss of SP1 (C), and loss of c-MAF (D). 
Visualization of PWMs was conducted using atSNP (Zuo et al, Bioinformatics 2015) in RStudio 
version 3.3.3. 
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Figure 4.3  Variants in regions of chemical modifications upstream of AMHR2.  Four PCOS-specific 
variants shown in orange (from left to right; chr12:53814515, chr12:53815129, rs866630130) and one non-
PCOS specific variant shown in teal (rs181566505). UCSC Genome Browser (https://genome.ucsc.edu/). 
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4.4 FUNCTIONAL PCOS-SPECIFIC NONCODING VARIANTS OF AMHR2 

The 6 top scoring variants by FATHMM-MKL were chosen for functional assessment via dual 

luciferase reporter assay.  Additionally, given that the region upstream of AMHR2 (Figure 4.3) 

may contain insulator and/or weak promoter regulation for AMHR2 expression, we decided to 

also determine the functional impact of these variants despite having low priority FATHMM-

MKL and CADD scores (Table 4.2).  Therefore, we decided to functionally evaluate a total of 

10 variants (8 PCOS-specific and 2 non-PCOS specific) based on predictive in silico tools and 

regions observed to be associated with chemical modifications. 

 Each regulatory region (of AMHR2 reference and variant-containing sequence) was 

subcloned into a vector backbone containing a minimal promoter and Firefly luciferase gene.  

Constructs were transfected into mouse ovarian cells (CHO-K1).  Firefly luciferase readings 

determined the relative activity of variant AMHR2 region compared to reference AMHR2 

normalized to Renilla control.  Three PCOS-specific variants upstream of AMHR2, that were 

located in regions of higher methylation and acetylation activity, showed a significant reduction 

in luminescence emissions compared to reference (chr12:53814515 A>T, P=1.32x10-7; 

chr12:53815129 A>T, P=1.45x10-7; rs866630130, P=1.56x10-7), while non-PCOS specific 

variant, rs181566505, showed no significant change compared to reference (Figure 4.5).  Three 

variants in the proximal promoter region of AMHR2 were also tested for functional impact.  

PCOS-specific variant (chr12:53817187 A>G) was the only variant in this region to have 

significantly reduced signal (P=1.13x10-7, Figure 4.6).  Lastly, the 3 PCOS-specific AMHR2 

variants in intron 1 also significantly reduced signal compared to reference AMHR2 (rs784894, 

P=3.31x10-5; chr12:53817971 G>A, P=2.63x10-2; rs777265708, P=3.06x10-5, Figure 4.7).  
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Figure 4.5  Decreased activity of PCOS-specific regulatory variants upstream 
of AMHR2.  Measured luciferase activity of reference and variant constructs 
relative to Renilla control using dual luciferase reporter assay in CHO-K1 
cells. Asterisks indicate significantly reduced activity.  The number of subjects 
(>1) is indicated above bar. Results represent three independent experiments 
done in triplicate with SEM.  
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Figure 4.6  Activity of PCOS-specific regulatory variants near proximal 
promoter of AMHR2.  Measured luciferase activity of reference and variant 
constructs relative to Renilla control using dual luciferase reporter assay in 
CHO-K1 cells. Asterisks indicate significantly reduced activity.  The number 
of subjects (>1) is indicated above bar.  Results represent three independent 
experiments done in triplicate with SEM.  
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Intriguingly, not all variants that showed a functional defect had a deleterious score from 

CADD and/or FATHMM-MKL analyses (chr12:53814515 A>T, chr12:53817971 G>A).  

Studies in clinical diagnostics have emphasized that pathogenicity ratings based on statistical 

online protein prediction programs must be used with caution in the absence of functional studies 

(246, 247).  Even with extensive data on sequence conservation, protein structure, amino acid 

properties, etc. it remains a challenge to accurately predict whether coding and noncoding 

variants result in functional changes or if they are unremarkable polymorphisms (247).  On the 
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Figure 4.7  Decreased activity of PCOS-specific regulatory variants in intron 1 
of AMHR2.  Measured luciferase activity of reference and variant constructs 
relative to Renilla control using dual luciferase reporter assay in CHO-K1 
cells. Asterisks indicate significantly reduced activity.  The number of subjects 
(>1) is indicated above bar.  Results represent three independent experiments 
done in triplicate with SEM.  



	
   90 
flip side, not all variants with CADD C-scores>15 and FATHMM-MKL P-values>0.5 resulted 

in a functional impact (chr12:53815561 T>G, rs777964297, rs148189358), at least under tested 

conditions.  It is possible that these variants may still have deleterious effects by means unable to 

be detected in our experimental system.  Yet, it is also possible that although variants ranked as 

highly damaging they may, in fact, be benign.  These varied results support what we previously 

observed with coding AMH variants, where even known PMDS-associated variants had low 

CADD and FATHMM-MKL scores.  Prediction tools for variant deleteriousness are certainly 

beneficial in directing follow-up studies; however, our results also indicate that variants should 

be studied with molecular tests.  Consequently, the accumulation of functional data for variants 

may help in refining algorithms and increase confidence levels in prediction tools. 

 Similarly, variants that result in TF binding motif changes may not necessarily have an 

impact on expression.  For example, 5 of the 10 AMHR2 variants tested were found to change 

specific TF binding sequences.  No significant changes in signal were seen with the gain in TF 

MYC site (rs777964297) and loss of an SP1 site (rs148189358).  MYC is a proto-oncogene and 

its encoded nuclear phosphoprotein is important in cell cycle progression, apoptosis and cellular 

transformation (248).  Abnormal MYC expression is often seen in numerous human cancers 

(249).  We observed a slight trend in increased activity compared to reference, however not 

enough to be significant.  SP1 encodes a zinc finger TF and is present in all mammalian cell 

types (250, 251).  The loss of SP1 TF site had no affect on the activity of the promoter region of 

AMHR2 in our assay, and thus may not be necessary for AMHR2 gene regulation.  Transcription 

factors shown to bind regions of the AMHR2 promoter have thus far included SF-1 (252) and 

Wilms' tumor protein Wt1 (253).  The absence of extensive AMHR2 transcriptional regulation 
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studies in female cells has caused mechanisms and TFs of AMHR2 regulation to remain poorly 

understood. 

 On the other hand, 3 PCOS-specific variants that caused a loss of EBF1 TF motif 

(rs866630130), gain of CCDC6 TF binding site (rs784894) and loss of c-MAF TF motif 

(rs777265708), showed significant reductions in luciferase expression in CHO-K1 cells.  EBF1 

activity plays an important role in the epigenetic and transcriptional events during B-cell 

programming (254), however little is known regarding additional regulatory functions of EBF1 

within the ovary.  CCDC6 encodes a coiled-coil domain-containing protein, which functions as a 

tumor suppressor (255).  The c-MAF protein is a DNA-binding, leucine zipper-containing TF 

(256) and has been implicated, with MAFB, in mouse gonadal morphogenesis (257).  While 

specific functions of these TFs still remain unclear especially in cells of the ovary, their role or 

lack there of may be associated with altered AMHR2 expression in PCOS women. 

 

4.5 INTRONIC VARIANTS IN AMHR2 SHOW SPLICING DEFECTS 

Given the evidence of multiple AMHR2 mRNA transcripts and possible alternative splicing of 

exons 9 and 10 (258), we evaluated 12 PCOS-specific rare noncoding variants in introns 8, 9 and 

10 for potential effect on canonical splicing patterns and AMH signaling (Table 4.3).  Generated 

AMHR2 constructs, with reference and variant sequence, were utilized in performing the 

previously described dual luciferase reporter (DLR) assay measuring BRE induction (Figure 

3.10).  We observed significantly decreased AMH signaling with 9 out of the 12 AMHR2 

variants (Figure 4.8, Table 4.3).  Certain variants showed more drastic reduction than others, 

namely rs745713994, rs200284824, rs186948808, rs190814349 and chr12:53824544 G>T 

(Figure 4.8, Table 4.3).   
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 We further wanted to 

assess whether the observed 

reduction in signaling 

activity was due to AMHR2 

splicing abnormalities.  

Following RNA isolation and 

reverse transcription, we 

performed RT-PCR to 

measure AMHR2 expression.  

Primers that spanned various 

exon junctions of interest 

were used to determine 

defects in transcript splicing 

(Figure 4.9A).  We found 4 

variants (rs200284824, rs186948808, rs190814349 and chr12:53824544 G>T) to have no 

expression of AMHR2 when using primers that spanned exons 8/9, 9/10 and 10/11 (Figure 

4.9A).  In parallel, cDNA was amplified by PCR using primers that spanned from AMHR2 exon 

7 to exon 11 to determine any changes in transcript size (Figure 4.9B).  We found altered PCR 

amplicon size with the same 4 AMHR2 variants (rs200284824, rs186948808, rs190814349 and 

chr12:53824544 G>T) compared to AMHR2 reference (Figure 4.9C).  These variants showed 

alternative splicing of AMHR2 resulting in the deletion of exons 9 and 10 (Figure 4.9B,C).  

Similar splicing defects that cause Amhr2Δ9/10 in mice have also been shown to significantly 

reduce AMH signaling and, further, have demonstrated a dominant-negative impact on wild-type 
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Figure 4.8  Effect of intronic AMHR2 variants on signaling ability.  Average induction 
of BRE-firefly luciferase normalized to Renilla reporter and empty vector control in 
COS7 cells transfected with reference (REF) or variant AMHR2 constructs.  Results 
represent three independent experiments done in triplicate with SEM.  Asterisks 
indicate significantly reduced BRE induction.  The number of subjects (>1) is indicated 
above BRE induction bar. 
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AMHR2 (258).  Additionally, 

variant rs200284824 suggested 

splicing inefficiencies resulting in 

intron retention seen by the PCR 

amplicon band at ~2.5 kb (Figure 

4.9C).  The variant that did not 

display abnormalities in AMHR2 

splicing but substantially reduced 

AMH signaling in the DLR assay 

(rs745713994) likely affects 

AMHR2 activity by other 

mechanisms that cause transcript 

instability.  While DLR assay 

results for variants rs577266252, 

rs758971843, rs784889 and 

rs139224064 reached statistical 

significance with p-values below 

0.05 (Table 4.3), their bioactivity 

is relatively similar to wild-type. 
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Figure 4.9  Intronic AMHR2 variants affect canonical splicing patterns.  A. Real-
time PCR fold change expression (2^-ΔΔCt) of AMHR2 variant expression 
compared to reference (reference=1). Taqman primers with 4 different AMHR2 
exon junctions were used to measure expression.  Measurement of AMHR2 exon 
junction 6/7 shown in orange, exon junction 8/9 in green, exon junction 9/10 in 
blue and exon junction 10/11 in purple.  Diagram of exons not drawn to scale. 
Results show experiments run in duplicate with SEM.  B. Graphic of transcript 
AMHR2 exons showing number of base pairs (bp) plus forward and reverse 
primers for PCR amplification illustrated in C panel. Genomic DNA and transcript 
amplicon sizes indicated for normal AMHR2 and alternatively spliced AMHR2.  C. 
Gel electrophoresis of PCR amplicons from reference AMHR2 (REF) and variant 
AMHR2 (variants indicated above each lane).  Negative no template control (ntc) 
is shown in first lane. Blue arrow indicates normal amplicon size of 840 bp.  Red 
arrow indicates alternative spliced amplicon of 555 bp with exon 9 and 10 
deletion.  Marker (M) sizes are given in kilobases (kb) and base pairs (bp). 

Exons 1-6 9 10 11 8 7 
forward primer reverse primer 

Exons 1-6 11 8 7 

(115 bp) (174 bp) (149 bp) (138 bp) (297 bp) 

(transcript amplicon: 555 bp) forward primer reverse primer 

(transcript amplicon: 840 bp) 

(genomic DNA amplicon: 2548 bp) 

Exons 1-5 9 10 8 7 

RT-PCR AMHR2 primers 

11 6 

Ex6/7 Ex8/9 Ex9/10 Ex10/11 

AMHR2 
transcript 



	
   94 
4.6 MATERIALS AND METHODS 

Prediction and Prioritization of Variant Deleteriousness 

Combined Annotation Dependent Depletion (CADD) (180) and Functional Analysis through 

Hidden Markov Models - Multiple Kernel Learning (FATHMM-MKL) (184) analyses are 

quantitative in silico prediction tools that can be used for scoring deleteriousness of variants 

based on multiple annotations/features integrated into one metric.  A CADD C-score>15 and a 

FATHMM-MKL P-value >0.5 are generally considered deleterious.  These analyses were 

performed for rare variants identified in our cohort of PCOS cases and reproductively normal 

controls.  Both scores from CADD and FATHMM-MKL were considered in prioritizing 

variants, however we ranked and weighed FATHMM-MKL scores more heavily, since they have 

been suggested as more reliable for noncoding variant predictions (184).   

 

Motif Analyses 

For each AMHR2 noncoding variant, we calculated TF predicted binding affinities for each 

subsequence overlapping the single nucleotide polymorphism (SNP) position in either strand 

within a ±20bp window.  Binding affinity scores were computed from the ENCODE PWMs, 

which consist of the nucleotide frequencies observed at each position in different TF binding 

sites.  Each binding affinity score equals the sum of the logged frequencies for a given sequence 

across a motif PWM.  Each binding p-value was defined as the probability that a sequence 

sampled from a genomic background distribution has an affinity score ≥ largest affinity score 

produced from one of the tested subsequences.  Genomic background sequences were generated 

using a first order Markov model (259).  We also determined the significance of changes in 

binding affinity scores between reference and SNP alleles by assessing whether the differences 
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in binding affinity scores or relative rank between the two alleles was significantly different than 

what would be expected by chance (260, 261).  P-values were adjusted to account for multiple 

testing using the Benjamini-Hochberg (BH) procedure (262). 

Once binding affinities were calculated for each TF at each noncoding variant, additional 

filtering identified the most likely candidates for TF binding site disruption or generation.  Only 

instances in which the predicted TF binding affinity score was ≥60% of the maximum affinity 

score for the given TF motif was considered (263). Variants in which both the reference and SNP 

alleles were predicted to bind a particular TF with statistical significance were removed from 

consideration.  Furthermore, we only considered TFs that are expressed in the ovary with tissue-

specific gene expression determined using GTEx data (264) (Reads Per Kilobase of transcript 

per Million mapped reads (RPKM) ≥0.1).  In addition to enabling quantitative analyses, PWMs 

were used to visualize regulatory SNP affects using atSNP (261) in RStudio version 3.3.3 

(Figures 4.2 and 4.4, http://www.rstudio.com/). 

 

Cell culture 

CHO-K1 cells (ovarian Chinese hamster (Cricetulus griseus) epithelial-like cell line, ATCC) 

were maintained in F-12K (Thermo Fisher Scientific Inc.) containing 10% fetal bovine serum 

(Hyclone, Logan, UT) and stored in a 37°C incubator with 5% CO2.  COS7 (African green 

monkey kidney fibroblast-like cell line, ATCC) cells were maintained in DMEM, high glucose + 

GlutaMAX (Thermo Fisher Scientific, Waltham, MA) containing 10% fetal bovine serum 

(Hyclone, Logan, UT) and stored in a 37°C incubator with 5% CO2. 
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Noncoding AMH and AMHR2 Plasmids and Site-Directed Mutagenesis 

To determine the functional impact of noncoding variants, noncoding sequences were 

synthesized and subcloned into a vector containing a minimal promoter.  Custom gene synthesis 

was preformed by Biomatik (Cambridge, ON, Canada) for proximal promoter AMH 

(chr19:2249100-chr19:2249331), upstream AMHR2 (chr12:53814453-chr12:53816008), 

proximal promoter AMHR2 (chr12:53817150-chr12:53817599) and intron 1 of AMHR2 

(chr12:53817900-chr12:53818054).  Positions based on GRCh37/hg19 genome build.  Biomatik 

custom sequences were provided in a pBluescript II SK(+) cloning vector.  5’ SacI and 3’ 

EcoRV or XhoI restriction sites were incorporated into sequences for subcloning into 

pGL4.24[luc2P/minP] vector (Promega Corporation, Figure 4.10A).  Reference sequence 

pGL4.24 constructs underwent mutagenesis to achieve genetic variants. 

Q5 Site-Directed Mutagenesis (New England BioLabs, Ipswich, MA) was performed 

according to the manufacturer’s protocol.  Mutagenesis primers for each variant were designed 

using the NEBaseChanger v.1.2.7 (https://nebasechanger.neb.com/).  Reverse primers and 

mutation containing forward primers were used in PCR amplification of mutated plasmid DNA.  

Using the Kinase, Ligase & DpnI (KLD) treatment mixture, the template (non-mutated) DNA 

was degraded, while mutated plasmid DNA was ligated and subsequently transformed into 

competent cells.  Single colonies were picked and grown for DNA purification using PureLink 

Quick Plasmid Miniprep Kit (Invitrogen) and Plasmid Midi Kit (Qiagen).  Correct sequence of 

variant constructs was verified using Sanger sequencing. 
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Dual Luciferase Reporter Assay for Regulatory Signal 

To quantify the signaling potential of noncoding AMH and AMHR2 variants, we employed a dual 

luciferase reporter assay.  CHO-K1 cells were plated at 5,000 cells/well and transfected 24 hours 

later with a Firefly luciferase expressing pGL4.24 vector containing AMH or AMHR2 reference 

or variant sequence regions as well as control Renilla luciferase reporter (pRL-TK, Promega 

Corporation, Figure 4.10B).  Cells were incubated for 48 h.  Firefly and Renilla luciferase 

readings were obtained using the Dual-Luciferase Reporter Assay System (Promega 

Corporation) according to manufacturer’s instructions and luminescence was measured with the 

Synergy 2 plate reader (BioTek).  Procedure for dual luciferase reporter assay testing regulatory 

variants is illustrated in Figure 4.11.  Activity of reference and variant AMH and AMHR2 were 

calculated with emissions of firefly luciferase divided by Renilla luminescence and normalized 

to empty vector control.  Two-tailed t-test was used to determine degree of significance between 

variant and reference signal. 

A. B. 

Figure 4.10  Maps of vectors used in functional studies of noncoding variants.  A. Regulatory region 
subcloned into Promega pGL4.24 vector upstream of minimal promoter and luciferase gene.  B. Control 
Renilla vector used in transfections for normalization of luciferase output.  Promega Corporation 
(www.promega.com). 

pGL4.24[luc2P/minP] Vector Features List and Maps:
Multiple cloning region 1–70
Minimal promoter 78–108
luc2P reporter gene 141–1916
SV40 late poly(A) region 1956–2177
Reporter Vector primer 4 (RVprimer4) binding region 2245–2264
ColE1-derived plasmid replication origin 2502
Synthetic β-lactamase (Ampr) coding region 3293–4153
Synthetic poly(A) signal/transcriptional pause region 4258–4411
Reporter Vector primer 3 (RVprimer3) binding region 4360–4379

Figure 1. pGL4.24[luc2P/minP] Vector map.

Figure 2. Multiple cloning region of the pGL4.24[luc2P/minP] Vector.

Sequence information, vector maps and restriction enzyme tables for the pGL4 Vectors
are available online at: www.promega.com/vectors
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5´...ACAAAACAAACTAGCAAAATAGGCTGTCCCCAGTGCAAGTGCAGGTGCCAGAACATTTCTCT

GGCCTAACTGGCCGGTACCTGAGCTCGCTAGCCTCGAGGATATCAAGATCT

Synthetic poly(A) signal/transcriptional pause site
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BglI BglIINheI XhoI EcoRV
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BglI HindIII

GGCCTCGGCGGCCAAGCTTGGCAATCCGGTACTGTTGGTAAAGCCACCATGG...3´

minP

AGACACTAGAGGGTATATAATGGAAGCTCGACTTCCAGCTT
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Dual Luciferase Reporter Assay for Potential AMHR2 Splicing Variants  

A modified AMHR2 construct was created by Biomatik (Cambridge, ON, Canada) containing 

AMHR2 cDNA sequence from start site to exon 7 and genomic sequence from exon 7 to the end 

of exon 11 (Figure 4.12).  Q5 site-directed mutagenesis (as previously described) was conducted 

to achieve AMHR2 intronic variants.  Sanger sequencing confirmed each variant construct.  To 

quantify the signaling potential of AMHR2 intronic variants we performed a dual luciferase 

reporter assay where AMH binding to AMHR2 activates a firefly luciferase reporter (142, 265).  

COS7 cells were plated with 5,000 cells/well and transfected 24 h later with AMHR2 variant or 

reference construct plus the AMH reference construct (265), bone morphogenetic protein (BMP)-

responsive element (BRE) firefly luciferase reporter and control Renilla luciferase reporter 

(phRL-CMV) (142).  Cells were incubated for 48 h.  Firefly and Renilla luciferase readings were 

measured using the Dual-Luciferase Reporter Assay System (Promega Corporation, Milwaukee, 

WI) according to manufacturer’s protocol and luminescence was measured using the Synergy 2 

Regulatory Element 
AMH or AMHR2 

Firefly  
Luciferase gene 

HSV TK 
Promoter 

Renilla 
Luciferase 

gene 

Transfection 

CHO-K1 cells 

Dual-Luciferase Reporter Assay 

Cell extracts 

Firefly luciferin Renilla luciferin 

Firefly luciferase Renilla luciferase 

pGL4.24 
(Promega) 

pRL-TK 
(Promega) 

FuGENE 6 

Figure 4.11  Method to test regulatory variants using a dual-luciferase reporter assay. (modified from 
http://photobiology.info/Ohmiya.html) 
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plate reader (BioTek, Winooski, VT).  

BRE induction of reference and variant 

AMHR2 was calculated with emissions of 

firefly luciferase divided by Renilla 

luminescence and normalized to empty 

vector control.  Two-tailed t-test was used 

to determine degree of significance 

between variant and reference activity.  

Similar to procedure previously 

summarized in Figure 3.10. 

 

Evaluating AMHR2 Splicing Patterns 

COS7 cell pellets were collected and RNA was isolated using the RNeasy Plus Mini kit 

(Qiagen).  Resulting mRNA underwent DNase treatment to ensure minimal genomic DNA 

contamination.  Reverse transcription was carried out using the High Capacity Reverse 

Transcription kit (Applied Biosystems) yielding final concentrations of 100 ng/µL.  RT-PCR 

determined expression of AMHR2 variant transcripts compared to reference.  Applied Biosystem 

TaqMan primers measured AMHR2 exon junctions 6/7 (Hs00179718_m1), 8/9 

(Hs01086650_g1), 9/10 (Hs01086651_g1), and 10/11 (Hs01086644_m1), as well as 

housekeeping gene GAPDH (Hs02758991_g1).  Complementary DNA samples were PCR-

amplified targeting AMHR2 exon regions 7 to 11 using forward (5’-

CCCTGTGCCACTACTTGACC-3’) and reverse (5’-GCTGAGGATTCCTGGAACAA-3’) 

 

 Biomatik 
Tel:  (519) 489-7195, (800) 836-8089 
Fax: (519) 231-0140, (877) 221-3515 
Email: info@biomatik.com 
http://www.biomatik.com 

Gene Synthesis QA Report 
 

Biomatik - Your One Stop for Bio-Reagents, ELISA Kits, Custom Gene, Peptide, Protein and Antibody Services 2 

 

Quality Assurance Certificate 
QC Items Specifications Results 
Sequencing Alignment Sequencing data is consistent with the target sequence [ X ] Pass 

Vector Sequence The flanking sequences of the cloning site are correct [ X ] Pass 

Reading Frame [    ] Not requested 
[ X ] Correct and consistent with client's requirement 

[ X ] Pass 

Restriction Digestion The size of inserted fragment is correct and no contaminated bands [ X ] Pass 

PCR Amplification Correct and no contaminated bands [ X ] Pass 

DNA Quality Mini plasmid preparation, OD260/280=1.8~2.0 
No contamination 

[ X ] Pass 

Appearance Clear, no foreign particles [ X ] Pass 

 
 
Construct Map:  Restriction Digestion: 

 

 

 
 
Gene name:AMHR2mod   
Clone ID#:T9347-2  
RES: EcoRI/HindIII  
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 4.12  Plasmid map with modified AMHR2 sequence. 
Image provided by Biomatik. 

PUC57-AMHR2mod 
6651 bp 
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primers.  PCR samples were run on a 2% agarose gel to visualize changes in transcript size with 

1 kb and 100 bp ladders (New England BioLabs Inc.). 

 

4.7 CONCLUSIONS 

Given that noncoding variants can affect regulatory elements and gene expression, we 

investigated noncoding variation in AMH and AMHR2.  Our findings support the hypothesis that 

noncoding variation in members of the AMH pathway may have a functional impact on gene 

expression and signaling, similar to previously discussed coding variants.  Specifically, we 

identified 3 PCOS-specific noncoding variants upstream of AMH that reduced signal in a dual 

luciferase reporter assay.  Further, we evaluated 3 regions of AMHR2, which included an 

upstream region that contained acetylation and methylation marks, the proximal promoter region, 

and intron 1.  Collectively, 7 of the 8 variants found in PCOS cases significantly decreased signal 

compared to reference.  None of the variants identified in cases and controls showed a significant 

change in signal compared to reference (AMH: 0/1 and AMHR2: 0/2).  Scores of deleteriousness, 

derived via CADD and FATHMM-MKL prediction tools, were advantageous in prioritization of 

variants/regions for functional studies; however, scores were not always consistent with outcome 

in in vitro assays.   

 Due to evidence of AMHR2 alternative splicing between exons 8 and 11, we also tested 

12 variants in this region that were specific to PCOS subjects.  Reference and variant AMHR2 

were examined for signaling impact, transcript expression and changes in transcript size.  Nine of 

the 12 AMHR2 variants were found to significantly reduce AMH signaling and 4 of these 

variants also resulted in altered splicing patterns.  Our findings indicate that not only do 

noncoding variants impact regulatory elements and/or transcription factor binding motifs, but are 
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also capable of affecting canonical splicing patterns of AMHR2.  Altered splicing of exons 9 and 

10 impact the intracellular domain of the AMH receptor hindering type I receptor activation and 

downstream signaling.  Defective AMHR2 protein is predicted to have similar effects on 

testosterone production as AMH variants, since AMH signaling is impaired.  It is also possible 

that PCOS women with AMHR2 impairment have elevated AMH levels due to insufficient 

signaling ability through its receptor.  These results indicate that rare variants causing AMHR2 

alternative splicing and subsequently decrease signaling capability contribute to PCOS. 

Collectively, we found a total of 37 functional variants in/near AMH and AMHR2 in 45 

women affected with PCOS, equating to approximately 6.4% (45/700) of our PCOS cohort 

having pathogenic variants in two members of the AMH pathway (Table 4.4).  We also tested 

for association between all functional AMH/AMHR2 variants and PCOS using two independent 

control groups:  the 165 reproductively normal control women sequenced in this study and 

population-based controls from the gnomAD Genome Aggregation Database 

(http://gnomad.broadinstitute.org/) (Table 4.4).  Functional variants were significantly associated 

with PCOS in our cohort of 700 women with PCOS and 165 controls (χ = 22.046; p = 2.00x10-5; 

OR = 12.7).  Furthermore, evidence for association between functional AMH/AMHR2 variants 

and PCOS was highly significant relative to a larger non-Finnish Europeans (gnomAD) 

population-based control cohort (χ = 71.5; p < 10-8; OR = 3.36).  Notably, across our variant 

findings in AMH and AMHR2, variants found in controls often had higher MAF than variants 

identified in cases and are thus more likely to be polymorphisms with little if any impact on 

function as was observed in signaling assays.  Our results support the hypothesis that rare genetic 

variation contributes to the missing heritability of PCOS and implicates the AMH pathway in its 

pathogenesis in a subgroup of affected women. 
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One pathway by which impaired AMH may contribute to PCOS phenotypes is through 

the loss of target gene CYP17 inhibition, resulting in elevated levels of CYP17 and subsequent 

increased levels of testosterone.  Interestingly, a recent study by de Medeiros et al. found 

increased levels of 17-hydroxypregnenolone (17-OHPE) in women with hyperandrogenemic 

PCOS compared to normoandrogenemic PCOS (266).  17-OHPE is the precursor to 

dehydroepiandrosterone (DHEA) directly regulated by CYP17 (Figure 1.5).  Nevertheless, 

CYP17 is not the sole target gene of AMH and, thus, other mechanisms must be considered for 

their role in PCOS.  AMH regulation has also been demonstrated for several other genes 

(CYP11A, CYP19A1, 3BHSD) (267-271) with likely additional targets that remain yet 

undiscovered.  Specifically, AMH has also been shown to inhibit CYP11A and 3BHSD, however 

not to the same extent as CYP17.  Nonetheless, we would predict a similar effect of impaired 

AMH on levels of CYP11A and 3BHSD as with CYP17, resulting in elevated testosterone 

production.  However, AMH has also been shown to inhibit CYP19A1 expression, which 

encodes cytochrome P450 aromatase an enzyme responsible for the conversion of androgens to 

estrogens (106).  Therefore, if AMH signaling were reduced in PCOS women we could also 

predict to see increased levels of CYP19 expression.  In circumstances of elevated aromatase 

levels, we would further expect women with PCOS to have higher estradiol levels given the 

availability of excess androgens for estrogen conversion.  However, other factors may also act on 

CYP19 expression that could substitute the inhibitory role of AMH.  For example, researchers 

have found the promoter region of CYP19 to be hypermethylated in women with PCOS 

compared to controls, thus causing reduced expression (272).  Additionally, PPARγ has also 

been suggested to influence CYP19 expression in granulosa cells treated with eicosapentaenoic 
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acid (273).  While AMH has exhibited regulation of CYP19, there seem to be other complex 

mechanisms that also influence CYP19 expression in various cell types (274-280).   

AMH has also been shown to inhibit follicular transition from the primary to secondary 

stages (281), therefore suggesting another pathway in the development of PCOS.  Specifically, 

decreased AMH signaling would result in an increased number of early stage follicles and 

PCOM, which are key characteristics of PCOS (282, 283).  Our studies have provided evidence 

for one pathway by which compromised AMH could lead to PCOS via loss of CYP17 inhibition; 

yet, questions still remain as to if and how other targets and pathways of AMH action contribute 

to PCOS pathogenesis. 

Overall, this research has significantly contributed to the fields of PCOS and reproductive 

biology.  Our findings were first to report pathogenic rare variants contributing to a common 

PCOS phenotype.  Identifying these mutations in AMH and AMHR2 has shed a new light into 

one of the pathways causing PCOS.  For years, scientists and clinicians have followed the notion 

that elevated AMH levels in PCOS women meant greater hormone activity, which worsened the 

disease.  However, our studies introduce a novel mechanism for the pathological underpinnings 

of PCOS in a subset of women: decreased AMH bioactivity.  Furthermore, targeted resequencing 

of the genes encoding the insulin receptor and lamin a/c identified an extensive number of likely-

to-be deleterious missense variants in PCOS subjects.  The presence of LMNA and INSR variants 

in our PCOS cohort supports the hypothesis that genetic variants in genes associated with 

Mendelian forms of extreme insulin resistance also contribute to the etiology of common forms 

of insulin resistance.  Our approach has provided the most comprehensive screen of genetic 

variation in these genes in women affected with PCOS and highlights important pathways in the 

pathogenesis of PCOS. 
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CHAPTER 5 

 

FUTURE DIRECTIONS   
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5.1 OVERVIEW 

Our results were the first to show rare variants associated with a common PCOS phenotype and 

illuminate a previously unrecognized pathway for PCOS: decreased AMH signaling.  We have 

identified rare deleterious variants associated with PCOS in members of the AMH signaling 

cascade (AMH and AMHR2) as well as in additional genes that cause extreme phenotypes of 

PCOS (INSR and LMNA).  We have also determined that PCOS-specific variants in AMH and 

AMHR2 have damaging effects on signaling and downstream target gene expression of CYP17 in 

vitro.  However, it remains unclear how these variants in AMH are disrupting the normal protein 

product, secretion and/or receptor binding processes.  Given that our results have brought light to 

the importance of this pathway in PCOS, it is of interest to sequence other genes involved in this 

pathway.  Additionally, functional investigation of INSR and LMNA variants would solidify the 

prediction that a subgroup of PCOS patients harbor mutations in genes that cause Mendelian 

disorders with PCOS symptoms. 

Our cohort of PCOS cases was also of European ancestry and fulfilled the NIH criteria 

for PCOS of hyperandrogenism and chronic anovulation; ovarian morphology was not assessed 

(54, 179).  Further studies are needed to assess the contribution of AMH mutations to the other 

Rotterdam PCOS phenotypes, hyperandrogenism and PCOM without anovulation and chronic 

anovulation and PCOM without hyperandrogenism (10) as well as to PCOS in other racial/ethnic 

groups.   

 

5.2 IMPACT OF AMH VARIANTS ON PROTEIN FUNCTION AND PROCESSING 

We have found 17 PCOS-specific AMH variants to reduce signaling capability in a cell line 

model (265) and also observed their loss of target gene Cyp17 inhibition.  However, we have yet 
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to determine how exactly these variants impact AMH protein activity.  It, thus, remains unknown 

whether AMH variants affect protein synthesis, expression, processing, secretion and/or receptor 

binding ability.  We would predict to see defects in various functions depending on the variant 

amino acid change and location within AMH.  AMH protein levels can be assessed by ELISA 

and Western blot analysis using antibodies specific to the C-terminal mature domain as well as 

the N-terminal prodomain of AMH.  Western blots testing cell lysates and media samples, can be 

used to determine changes in protein expression and/or secretion activity.  Given that AMH 

requires proper processing in order to carry out functional signal, the Western blot approach can 

also be an informative tool to assess AMH cleavage into its prodomain and active mature domain 

of variant AMH compared to reference AMH.  Completion of these experiments and evaluation 

of variants in certain locations within AMH would also offer insight into the specific domain 

characteristics of AMH itself. 

 

5.3 MUTANT AMH ACTIVITY IN A MICROFLUIDIC SYSTEM THAT SUPPORTS 

FOLLICLE MATURATION 

Now that our studies have shown PCOS-specific AMH variants to be pathogenic in an in vitro 

environment, it would be of interest to test their effects using a more applicable model system.  

In vitro models of ovarian follicle development have a bioengineered (hydrogel) 

microenvironment that have allowed the advancement and possibility to support follicle growth 

and maturation, hormone production, and oocyte maturation (284).  A section of quarter mouse 

ovary and developing follicles are seen through microscope at day 6 of culturing in the 

microfluidic system (Figure 5.1).  Utilizing a microenvironment suitable for follicle maturation 

would be particularly beneficial in further AMH studies, since this hormone has autocrine and 
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paracrine functions in follicular 

granulosa and theca cells of the 

ovary.  The microfluidic platform 

enables a 28-day follicle cycle with 

a follicular phase, ovulation phase, 

and full luteal phase.  This in vitro 

microfluidic system is able to 

recapitulate or “humanize” the 5-

day ovarian cycle of the mouse to a 

28-day cycle of the human by 

controlling gonadotropins, growth factors, and steroid hormone inputs (284).  Therefore, this 

system can provide a controlled environment, where wild-type AMH and variant AMH can be 

tested for biological function in a high throughput manner.  Downstream steroid enzymes can 

also be evaluated for changes in expression based on AMH treatment (285) (Figure 5.2).   

  

 

A. 

Figure 5.2  Steroid hormone production by cultured follicles. Hormones measured by liquid chromatography 
tandem mass spectrometry (LC-MS/MS), with 72-105 individual follicles at day 2, 4 and 6 of culture, and 
normalized to 100 follicles. Data are expressed as mean ± SD.  A. Steroidogenic pathway and the murine 
steroidogenic enzymes involved in conversions; grey shaded boxes indicate significant upregulation of mRNA 
expression on day 6 of follicular development.  B. Endogenous steroid production in the isolated follicle at day 
number indicated.  Lebbe et al, Endocrinology 2017. 

B. 

Figure 5.1  Follicular maturation in mouse ovary 
using the microfluidic system.  Follicle at day 6 of 
culturing a quarter size ovary of mouse. 
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A number of approaches can be used to further understand the biological roles of AMH 

within the ovary using the microfluidic system.  Ovarian murine sections can be treated with 

purified recombinant human AMH to determine the impact of excess AMH on peptide and 

steroid hormone production as well as follicular recruitment/growth/survival.  Samples of media 

can be collected every 24 hours to evaluate estradiol, progesterone and testosterone levels.  

Histological staining can also be performed after the intended culturing period to determine 

follicle counts and health.  Results from AMH treated ovarian sections can be compared to non-

treated sections that only express murine endogenous AMH.  Additionally, ovarian mouse 

sections cultured in the microfluidic system can also be treated with specific antibodies to inhibit 

endogenous mouse AMH activity.  This treatment would mimic knockdown conditions of AMH 

signaling and exemplify the loss-of-function variants identified in our PCOS cohort.  Finally, 

ovarian follicles in the microfluidic system can be treated with AMH variant proteins using 

conditions optimized by the bioactive AMH recombinant protein.  Changes in follicular 

development and steroid production can then be assessed for each of the mutant AMH proteins.  

These studies would, furthermore, promote the use of the microfluidic platform for future studies 

of ovarian biology. 

 

5.4 EXPANDED SEQUENCING SCREEN OF ADDITIONAL GENES ENCODING 

MEMBERS OF THE AMH SIGNALING PATHWAY 

The pathogenic variants that we have identified in AMH and AMHR2 highlight the importance of 

this pathway in PCOS etiology.  Therefore, our findings suggest that mutations in other members 

of the AMH signaling pathway could also contribute to PCOS.  Using next generation 

sequencing, a comprehensive catalog of rare coding and noncoding genetic variation can be 
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determined in additional genes that encode products involved in the AMH signaling cascade.  

Additional genes to perform sequencing on include those of which their products directly 

transduce the AMH signal (ACVR1A, BMP15, BMPR1A, SMAD1, SMAD5, SMAD8) (138), 

genes that regulate AMH 

expression (SF1, GATA4, 

SMAD1) (240, 286) and 

genes that are regulated by 

AMH (CYP11A, CYP17, 

CYP19A1, 3BHSD) (267-

271).  Therefore, it is likely 

that we have only 

discovered the tip of the 

iceberg, since AMH and 

AMHR2 represent only two 

gene members of this 

pathway and an additional 

23 known genes may harbor 

harmful variants leading to 

PCOS (Figure 5.3).  A 

comprehensive study of 

genetic variation in other members of the AMH signaling cascade would determine the extent of 

AMH pathway impairment in PCOS etiology. 

  

AMH 
AMHR2 

ACVR1A 
BMP15 

BMPR1A 
CYP11A 

CYP17A1 
CYP19A1 

GATA4 
GDF9 

HSD17B1 
HSD17B3 
HSD17B4 
HSD17B6 
HSD17B11 
HSD17B12 
HSD17B13 
HSD17B14 

HSD3B1 
HSD3B2 
NR5A1 
SMAD1 
SMAD5 
SMAD8 
STAR 

Genes that may 
harbor rare PCOS 
genetic variants 

Genes of the AMH Pathway 

Genes harboring 
rare pathogenic 
variants in PCOS 

Figure 5.3  Identifying the tip of the iceberg: genes associated 
with the AMH pathway proposed for next generation 
sequencing in a PCOS case/control cohort. Iceberg image ID 
49258005 © Oceloti, Dreamstime.com 
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5.5 FUNCTIONAL STUDIES OF LMNA AND INSR RARE VARIANTS 

Given the complex, multifactorial nature of PCOS we would expect that other pathways also 

contribute to PCOS etiology.  Rare, likely deleterious variants were identified in LMNA and 

INSR genes in women with PCOS.  Studies showing the impact of these variants would verify 

their functional contribution to the PCOS phenotype and support the hypothesis that genes 

causing Mendelian disorders account for a subgroup of PCOS-affected women.  As seen in our 

functional studies of AMH and AMHR2, not every nonsynonymous mutation has a functional 

impact on protein production and downstream signaling.  Therefore, it is important to further 

investigate variant findings with functional tests.  However, the LMNA and INSR genes are large 

and complex both producing multiple transcripts that ultimately lead to multiple protein products 

with various functions.  It is, therefore, not surprising that different mutations can result in 

various phenotypes, ranging from mild to severe disorders (185, 186, 287, 288).   

To determine the functional impact of LMNA variants, previous studies have used 

reference LMNA cDNA GFP-tagged constructs to generate mutant LMNA constructs (289).  

These constructs can be utilized in functional experiments using applicable in vitro models.  For 

example, a recent study infected neonatal rat ventricular myocytes (NRVMs) to investigate the 

impact of LMNA mutations on cardiomyocytes and their role in the development of 

cardiomyopathies (289).  Using GFP-tagged constructs, nuclear circularity, nuclear area and 

localization can be visualized and compared to wild-type LMNA using confocal 

immunofluorescence microscopy.  Functional studies confirming abnormal protein action of 

LMNA variants found in our cohort would further provide strong evidence that LMNA mutations 

cause a PCOS phenotype in a subgroup of women.  
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To test deleterious INSR variants, cDNA constructs containing reference INSR sequence 

can undergo mutagenesis to achieve mutant INSR.  Constructs can be transfected into cell line 

model systems for functional study.  For instance, cells that have been transfected with reference 

and variant INSR, as well as stimulated with insulin, can be collected to assess differences in 

INSR protein expression and downstream protein expression of target genes.  Using Western blot 

analysis, indicators of INSR-mediated signaling from the PI3K/Akt/mTOR and RAS pathways 

can be tested using specific antibodies.  Targets for analysis could include Akt, P-Akt, Erk1/2 

and P-Erk1/2, which are members of the insulin signaling pathway (176). 

Performing functional analysis of variants would provide further insight into the 

processes involved in PCOS pathogenesis.  While PCOS, generally speaking, is a common 

condition, it is possible that PCOS is a culmination of rare variation in multiple pathways 

causing similar, yet diverse, phenotypes.  Thus, providing one possible explanation for the 

heterogeneous presentation of symptoms in PCOS women.  
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TABLES 

 

Table 2.1 Clinical features and reproductive hormone levels of study participants. 

 

  

  PCOS Cases Controls P-Value 
(n = 700) (n = 165) * 

N 
Median  

N 
Median  

(1st-3rd quartile) (1st-3rd quartile) 
Age (yrs.) 700 28 (24-32) 165 29 (24-34) 0.016 
BMI (kg/m2) 700 35.4 (28.7-41.5) 165 27.6 (22.4-34.1) <0.0001 
T (ng/dL) 669 71 (59-90) 165 26 (19-35)� <0.0001 
uT (ng/dL) 497 23 (17-29) 65 4 (3-7) <0.0001 
SHBG (nM) 498 53 (34-78) 65 107 (72-156)  <0.0001 
DHEAS (ng/mL) 595 2065 (1446-2886) 90 1349 (1059-1729)� <0.0001 
LH (mIU/mL) 518 11 (7-17) 59 3 (3-7) <0.0001 
FSH (mIU/mL) 518 9 (8-11) 59 10 (7-12) 0.74� 
AMH (ng/mL) 259 9.3 (5.3-17.5) 126 2.3 (1.2-4.0) <0.0001� 
!! !! !! !! !! !!
* All analyses were with Mann-Whitney U test except for those denoted by an asterisk which 
used ANCOVA adjusted for Age and BMI 

To convert values for T from ng/dL to nmol/L, multiply by 0.03467; to convert the values for 
uT from ng/dL to nmol/L, multiply by 0.03467; to convert the values for DHEAS from ng/mL 
to µM/L, multiply by 0.00271; to convert values for AMH from ng/mL to pmol/L, multiply by 
7.1429. 
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Table 2.2  Rare AMH variants identified in PCOS cases and controls. 

 

  

Base Change 
AA Change SNP ID 

Population 
based 
MAF  

Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM-
MKL         
P-value 

(mRNA) 
(Nm_000479.3) 

T254G V12G rs149082963 7.40E-04 6 0 10.82 0.867 
G289A A24T rs775579158 6.60E-05 1 0 4.271 0.133 
C355G P46A rs148294311 8.30E-05 1 0 12.69 0.777 
G491A R91H rs534377664 1.70E-05 1 0 7.833 0.110 
A514T T99S rs200226465 8.50E-05 2 0 15.72 0.867 
C647T T143I rs139265145 4.10E-03 11 4 8.98 0.257 
C670T P151S rs370532523 3.30E-05 1 0 15.94 0.933 
G685A A156T rs374588581 2.30E-04 1 0 6.573 0.309 
C772G Q185E rs200523942 7.90E-05 1 0 18.95 0.789 

GT splicing (ex2/3) rs774430982 1.00E-05 1 0 17.46 0.716 
G800A R194H rs376035065 2.10E-05 1 0 9.266 0.300 
C1027T P270S rs757506343 1.40E-04 1 0 15.06 0.358 
C1069T P284S rs769350289 9.00E-06 0 1 14.35 0.806 
C1083G D288E rs199831511 1.70E-04 3 1 19.64 0.907 
G1124A R302Q rs536688211 9.9E-04 ‡  1 0 19.25 0.805 
A1193G Q325R rs140765565 4.40E-03 3 4 16.95 0.843 
C1273T P352S rs764049634 1.10E-04 3 0 8.455 0.196 
C1304T P362S rs765380360 6.50E-05 1 0 7.773 0.194 

C1317T P366L chr19:2251370-22
51370* - 1 0 

9.35 0.175 
C1334T A372V rs541377806 3.50E-04 1 0 10.22 0.276 

C1373T A385V chr19:2251427-22
51427* - 1 0 

12.28 0.564 
C1737G H506Q rs138571039 4.20E-05 1 0 22.3 0.939 
C1775T A519V rs200031151 1.40E-03 0 1 13.34 0.228 
G1876T V553L rs770189890 9.00E-05 1 1 22.2 0.940 

!! !! !! !! !! !! !! !!
�Build GRCh37/hg1�
  MAF based on ExAc Aggregated Populations (http://exac.broadinstitute.org)�
‡  MAF based on 1000Genomes European ancestry (http://www.1000genomes.org) 



	
   140 
Table 2.3  Rare noncoding AMH variants identified in PCOS cases and controls. 

 

  

General 
AMH 

Location 
Chr Position* SNP ID Population 

based MAF  REF ALT Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM-
MKL         
P-value 

Upstream 19 2249171 NA NA C G 1 0 14.45 0.907 
Upstream 19 2249215 rs186422293 6.29E-03 G A 7 2 5.74 0.141 
Upstream 19 2249263 rs746807694 2.67E-04 C G 1 0 14.48 0.750 
Upstream 19 2249272 rs777832730 6.68E-05 C T 1 0 9.69 0.307 
5' UTR 19 2249330 rs773283377 2.32E-04 C T 1 0 6.98 0.128 
Intron 1 19 2249774 rs370996450 1.94E-04 C T 1 0 6.75 0.160 
Intron 1 19 2249796 rs149600185 1.47E-03 C T 2 2 1.95 0.129 
Intron 1 19 2250012 rs749466277 2.01E-03 C T 1 0 1.54 0.147 
Intron 1 19 2250061 rs116060400 2.01E-04 C T 0 1 8.29 0.232 
Intron 1 19 2250175 rs546498783 6.62E-03 C T 10 0 0.00 0.069 
Intron 1 19 2250185 rs991519014 3.00E-05 ‡ C A 1 0 7.57 0.232 
Intron 1 19 2250231 rs780396199 3.34E-04 T C 1 0 6.47 0.209 
Intron 1 19 2250302 rs374418184 3.04E-03 A G 4 0 9.81 0.164 
Intron 1 19 2250312 rs183367973 4.17E-04 C T 2 1 8.69 0.175 
Intron 2 19 2250483 NA NA C CA 1 0 13.35 NA 
Intron 3 19 2250828 NA NA C T 1 0 8.11 0.231 

!! !! !! !! !! !! !! !! !! !! !!
�Build GRCh37/hg19�
  MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)�
‡ TOPMed Program 
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Table 2.4  Rare AMHR2 variants identified in PCOS cases and controls. 

 

  

Base Change 
AA 

Change SNP ID 
Population 

based 
MAF  

Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM-
MKL         
P-value 

% 
Decrease 
Activity 

P-value** (mRNA) 
(Nm_020547) 

C88T P30S chr12:53818110* NA 1 0 25.80 0.98 87.30 1.76E-03 
G1643A R548Q rs144262887 2.31E-04 1 1 11.54 0.29 -2.20 8.61E-01 

!! !! !! !! !! !! !! !! !! !!
�Build GRCh37/hg19�
  MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)�
�� Two-tailed t-test�
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Table 2.5  Rare noncoding AMHR2 variants in PCOS cases and controls. 

 

 
 
(Continued on following page)  

General 
AMHR2 
Location 

Chr Position* SNP ID 
Population 

based 
MAF� 

REF ALT Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM-
MKL         
P-value 

Upstream 12 53814515 NA NA A T 1 0 4.289 0.239 
Upstream 12 53815129 NA NA A T 1 0 0.076 0.028 
Upstream 12 53815218 rs866630130 6.66E-05 G C 1 0 9.924 0.135 
Upstream 12 53815561 rs181566505 1.90E-03 T G 5 1 7.775 0.868 
Upstream 12 53815671 rs150004525 4.20E-04 T C 1 0 2.231 0.125 
Upstream 12 53815819 NA NA C A 1 0 0.239 0.031 
Upstream 12 53816595 NA NA C T 1 0 1.881 0.072 
Upstream 12 53816627 NA NA TAATA T 2 0 12.63 NA 
Upstream 12 53816766 NA NA GTGT G 1 0 8.159 NA 
Upstream 12 53817031 rs547441128 1.26E-03 G C 1 0 0.853 0.065 
Upstream 12 53817053 NA NA G A 1 0 4.957 0.070 
Upstream 12 53817187 NA NA A G 1 0 15.57 0.851 
Upstream 12 53817402 rs576777893 2.26E-04 T G 1 0 12.1 0.126 
Upstream 12 53817516 rs777964297 9.69E-05 T G 1 0 18.72 0.947 
Upstream 12 53817577 rs148189358 5.49E-03 G T 7 3 16.53 0.936 
Intron 1 12 53817956 rs784894 1.40E-03 C A 3 0 15.76 0.953 
Intron 1 12 53817971 NA NA G A 1 0 1.528 0.143 
Intron 1 12 53818016 rs777265708 8.01E-04 T G 1 0 13.65 0.914 
Intron 2 12 53818287 rs784893 4.75E-02 A G 3 0 6.278 0.206 
Intron 2 12 53818404 NA NA G A 1 0 9.413 0.219 
Intron 3 12 53818868 NA NA A T 1 0 12.89 0.119 
Intron 3 12 53818920 rs2071557 4.73E-02 C T 26 3 8.65 0.103 
Intron 5 12 53819433 rs770641486 1.64E-05 A G 1 0 1.409 0.160 
Intron 6 12 53819825 NA NA T C 1 0 2.77 0.147 
Intron 6 12 53819857 NA NA G A 1 0 3.495 0.085 
Intron 6 12 53820089 NA NA G A 1 0 4.534 0.086 
Intron 6 12 53820101 NA NA G A 1 0 5.393 0.109 
Intron 6 12 53820136 rs760484587 2.91E-04 G A 1 0 6.143 0.117 
Intron 6 12 53820139 rs184772202 2.23E-03 G T 7 1 3.606 0.130 
Intron 6 12 53820453 NA NA A C 23 2 7.996 0.142 
Intron 6 12 53820620 rs34932524 1.35E-03 C T 4 0 3.679 0.090 
Intron 6 12 53820903 rs555694902 1.29E-04 C T 1 0 3.548 0.111 
Intron 6 12 53821113 rs540050356 1.36E-03 T C 2 1 3.314 0.143 
Intron 6 12 53821177 NA NA T TTTTTA 2 0 1.33 NA 
Intron 6 12 53821196 rs551935854 3.23E-05 T C 2 0 1.508 0.066 
Intron 6 12 53821359 NA NA G A 1 0 6.3 0.098 
Intron 6 12 53822143 rs142890072 3.23E-05 C G 1 0 1.502 0.181 
Intron 6 12 53822144 rs370723376 1.33E-04 G A 1 0 2.232 0.134 
Intron 6 12 53822176 NA NA A G 1 0 8.916 0.384 
Intron 6 12 53822226 rs181813382 3.23E-05 T C 1 0 10.81 0.212 
Intron 6 12 53822277 rs539086433 5.49E-04 T A 2 1 7.663 0.302 
Intron 6 12 53822288 NA NA G A 1 0 7.675 0.236 
Intron 6 12 53822505 rs777352969 1.62E-04 C T 2 1 4.243 0.177 
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Table 2.5 cont.  Rare noncoding AMHR2 variants in PCOS cases and controls. 

  

General 
AMHR2 
Location 

Chr Position* SNP ID 
Population 

based 
MAF  

REF ALT Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM
-MKL         
P-value 

Intron 7 12 53822816 rs775478211 5.51E-05 A G 1 0 6.516 0.198 
Intron 7 12 53822884 rs784892 8.01E-04 G A 3 0 7.818 0.176 
Intron 7 12 53822898 rs558842297 3.24E-05 C T 1 0 1.959 0.134 
Intron 7 12 53822904 NA NA C T 2 0 2.43 0.142 
Intron 8 12 53823548 rs527341740 2.26E-04 A G 1 0 10.84 0.156 
Intron 8 12 53823609 rs745713994 4.07E-06 C T 1 0 7.146 0.232 
Intron 9 12 53823773 rs200284824 4.19E-04 G A 1 0 1.08 0.128 
Intron 9 12 53823797 NA NA T TC 1 0 1.035 NA 
Intron 9 12 53823828 rs760804136 6.47E-05 C T 1 0 4.543 0.237 
Intron 9 12 53823851 rs577266252 1.62E-04 G T 2 0 2.173 0.173 
Intron 10 12 53824177 rs758971843 NA A G 1 0 7.594 0.150 
Intron 10 12 53824408 rs784889 1.40E-03 C T 3 0 5.793 0.145 
Intron 10 12 53824508 rs784888 1.13E-03 G C 3 0 13.44 0.238 
Intron 10 12 53824538 rs186948808 4.52E-04 G A 1 0 11.52 0.112 
Intron 10 12 53824543 rs190814349 1.94E-04 A G 2 0 8.254 0.130 
Intron 10 12 53824544 NA NA G T 1 0 7.519 0.132 
Intron 10 12 53824871 rs139224064 9.37E-04 A C 1 0 1.883 0.141 

!! !! !! !! !! !! !! !! !! !! !!
�Build GRCh37/hg19�
  MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)�
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Table 2.6  Rare nonsynonymous LMNA variants in PCOS cases and controls. 

 

  

Table 2.6  Rare nonsynonymous LMNA variants in PCOS cases and controls. 

Base Change 
AA Change SNP ID Population 

based MAF  
Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM-
MKL         
P-value (mRNA) 

(Nm_170707) 
C1201T R401C rs61094188 8.70E-05 1 0 18.61 0.959 
G1445A R482Q rs11575937 8.20E-06 2 0 19.66 0.891 
C1453G P485A chr1:156106784* NA 1 0 18.37 0.913 
G1634A R545H rs142191737 1.40E-04 2 0 19.37 0.960 
C1711A R571S rs80338938 5.50E-05 1 0 21.90 0.916 
C1879T R627C rs777841827 1.60E-05 1 0 19.73 0.934 
G1931A R644H rs368386019 1.20E-04 1 0 18.70 0.796 

!! !! !! !! !! !! !! !!
�Build GRCh37/hg1�
  MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)�
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Table 2.7  Identified LMNA variants in disease. 

 

  

AA Change SNP ID Disease Association† 
R401C rs61094188 
R482Q rs11575937 Familial partial lipodystrophy 2 
P485A chr1:156106784* 
R545H rs142191737 Dilated cardiomyopathy 1S 
R571S rs80338938 Dilated cardiomyopathy 1A 
R627C rs777841827 
R644H rs368386019 

!! !! !!
�Build GRCh37/hg1�
† Likely pathogenic or pathogenic rating in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) 
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Table 2.8  Rare nonsynonymous INSR variants in PCOS cases and controls. 

 

  

Table 2.8  Rare nonsynonymous INSR variants in PCOS cases and controls. 

Base Change 
AA Change SNP ID Population 

based MAF  
Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM-
MKL         
P-value (mRNA) 

(Nm_001079817) 
T41C L14P rs745857330 5.30E-04 1 1 15.14 0.816 

C356T A119V chr19:7267652* 2.70E-05 1 0 29.60 0.987 
C959T T320M rs138528064 1.60E-05 1 0 25.00 0.758 

C2243T ‡  S748L rs143523271 1.53E-03 1 0 18.63 0.665 
C2539T H847Y rs149536206 1.58E-05 1 0 14.10 0.777 
C2802G D946E rs146588336 2.70E-03 4 0 19.30 0.964 
G2998A V1012M rs1799816 8.10E-03 9 0 32.00 0.906 
A3047C E1028A rs765562038 0.00 1 0 25.10 0.978 
G3122A R1053H rs748109926 6.27E-05 1 0 23.30 0.884 
C3157G L1065V rs56395521 5.80E-04 1 0 21.90 0.959 
C3310T R1116C rs749951195 0.00 1 0 35.00 0.987 

!! !! !! !! !! !! !! !!
‡ mRNA: NM_000208 
�Build GRCh37/hg1�
  MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)�
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Table 2.9  Frequency of rare nonsynonymous variants in genes of custom targeted next 

generation sequencing cohort. 

 

  

Gene 

Cases  Controls  
MAF <0.05 MAF <0.01 MAF <0.05 MAF <0.01 

Count Freq Count Freq Count Freq Count Freq 
AMH 39 0.0308 31 0.0244 12 0.0392 8 0.0261 
AMHR2 2 0.0016 2 0.0016 1 0.0033 1 0.0033 
LMNA 10 0.0079 10 0.0079 1 0.0033 1 0.0033 
INSR 23 0.0174 22 0.0174 1 0.0033 1 0.0033 
LHB 127 0.1002 127 0.1002 39 0.1275 39 0.1275 
FSHB 9 0.0071 9 0.0071 1 0.0033 1 0.0033 
CPEB2 122 0.0962 92 0.0726 30 0.098 20 0.0654 
EIF2AK4 17 0.0134 17 0.0134 3 0.0098 3 0.0098 
ENTPD5 5 0.0039 5 0.0039 0 0 0 0 
SLC22A1 140 0.1104 42 0.0331 32 0.1046 9 0.0294 
AKAP17A 24 0.0189 24 0.0189 7 0.0229 7 0.0229 

Note: MAF filters based on 1000Genomes (1000g2014sep_eur) 
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Table 2.10  Biochemical assays. 

 

  

Hormone Assay methodology Kit Name* 
Manufacturer Units 

!! !!
SHBG IRMA DSL-7400 DSLa nM 
SHBG IRMA DSL-7400** DSLa nM 
SHBG IRMA RKSH-1 Siemensb nM 
SHBG Immulite LKSH-1 DPCc nM 
T RIA Coat-A-Count® TKTT1, 2, 5 DPCc ng/dL 
LH Double antibody RIA KLHD1,2 DPCc mIU/mL 
LH IRMA DSL-4600 DSLa mIU/mL 
LH ELISA 11-LUTHU ALPCOd mIU/mL 
LH Immulite LKLH-1 DPCc mIU/mL 
FSH Double antibody RIA KFSD1,2 DPCc mIU/mL 
FSH IRMA DSL-4700 DSLa mIU/mL 
FSH ELISA 11-FSHHU-E01 ALPCOd mIU/mL 
FSH Immulite LKFS-1 DPCc mIU/mL 
DHEAS RIA Coat-A-Count® DHEA-SO4; TKDS1, 2 DPCc ng/mL 
DHEAS RIA LKDS-1 DPCc ng/mL 

*Kit used as per the manufacturer's instructions. 
**The SHBG standard was changed to the WHO 1st International Standard #95/560 and the kit recalibrated in 
2005.  Accordingly, these SHBG values were coded as a different assay methodology in the analyses.   
a Diagnostic Systems Laboratories, Inc. (DSL) (Webster, TX, USA) [Note: In October 2005, DSL was acquired 
by Beckman Coulter (Brea, CA, USA)] 
b Siemens Medical Solutions USA, Inc. (Malvern, PA, USA) 
c Diagnostic Products Corporation (DPC) (Los Angeles, CA, USA) [Note: In April 2006, DPC was acquired by 
Siemens Medical Solutions USA, Inc. (Malvern, PA, USA)] 
d American Laboratory Products Company (ALPCO) (Salem, NH, USA) 
References: 
M. G. Hayes et al., Genome-wide association of polycystic ovary syndrome implicates alterations in 
gonadotropin secretion in European ancestry populations. Nat Commun 6, 7502 (2015). 
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Table 3.1  Impact of rare AMH variants on signaling activity and Cyp17a1 expression. 

 

  

AMH               
AA Change SNP ID Count 

Cases 
Count 

Controls 

 % Decrease 
Activity in 

DLR assay† 

DLR           
P-value** 

% Increase in 
Cyp17a1 

expression† 

Cyp17a1    
P-value** 

V12G rs149082963 6 0 46 3.00E-04 65 1.45E-03 
A24T rs775579158 1 0 65 1.80E-05 57 2.68E-03 
P46A rs148294311 1 0 43 5.70E-05 51 1.08E-02 
R91H rs534377664 1 0 45 6.00E-04 87 3.11E-03 
T99S rs200226465 2 0 56 1.50E-05 88 5.69E-03 
T143I rs139265145 11 4 12 1.00E-01 17 6.75E-02 
P151S rs370532523 1 0 85 5.70E-09 85 9.11E-05 
A156T rs374588581 1 0 76 1.40E-07 82 5.77E-04 
Q185E rs200523942 1 0 86 3.00E-08 82 7.28E-04 

splicing (ex2/3) rs774430982 1 0 83 1.80E-07 97 9.20E-03 
R194H rs376035065 1 0 66 3.60E-06 71 2.00E-03 
P270S rs757506343 1 0 80 3.50E-06 82 3.22E-04 
P284S rs769350289 0 1 -8 8.00E-01 0 9.50E-01 
D288E rs199831511 3 1 15 4.00E-01 18 3.39E-02 
R302Q rs536688211 1 0 46 2.40E-05 70 1.04E-04 
Q325R rs140765565 3 4 14 7.00E-02 2 8.89E-01 
P352S rs764049634 3 0 82 2.00E-06 76 2.99E-04 
P362S rs765380360 1 0 65 3.80E-06 89 4.30E-03 

P366L chr19:2251370-22
51370* 1 0 69 4.60E-06 

58 1.15E-03 
A372V rs541377806 1 0 1 8.00E-01 6 6.80E-01 

A385V chr19:2251427-22
51427* 1 0 66 3.60E-06 

71 2.00E-03 
H506Q rs138571039 1 0 68 2.10E-06 75 3.18E-03 
A519V rs200031151 0 1 12 1.00E-01 13 2.02E-01 
V553L rs770189890 1 1 8 5.00E-01 14 2.19E-01 

!! !! !! !! !! !! !! !!
�Build GRCh37/hg19�
† Percentages relative to reference AMH 
�� Two-tailed t-test�
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Table 3.2  Clinical features and reproductive hormone levels of PCOS probands with AMH 

functional variants (n=24) and without AMH variants (n=658). 

 

  

  PCOS with AMH variants PCOS without AMH variants P-Value 
(n = 24) (n = 666) 

  N Median (1st-3rd 
quartile) N Median (1st-3rd 

quartile) * 

Age (yrs.) 24 27 (24-33) 658 28 (24-32) 0.627 
BMI (kg/m2) 24 39.7 (29.2-43.5) 658 35.3 (28.7-41.2) 0.188 
T (ng/dL) 23 75 (68-84) 629 71 (59-90) 0.292 
uT (ng/dL) 19 22 (18-27) 467 22 (17-29) 0.957 
SHBG (nM) 19 54 (33-88) 468 54 (35-78) 0.882 
DHEAS (ng/
mL) 21 2277 (1927-2739) 559 2074 (1444-2902) 0.398 

LH (mIU/mL) 16 12 (10-22) 487 11 (7-17) 0.129 

FSH (mIU/mL) 16 9 (8-10) 487 9 (7-11) 0.679* 

AMH (ng/mL) 12 7.1 (4.8-7.7) 243 9.9 (5.4-17.6) 0.116* 

* Mann-Whitney U test except for those denoted by an asterisk which used ANCOVA adjusted for Age and BMI 
To convert values for T from ng/dL to nmol/L, multiply by 0.03467. To convert the values for uT from ng/dL to 
nmol/L, multiply by 0.03467. To convert the values for SHBG to nmol/L, multiply by 1. To convert the values 
for DHEAS from ng/mL to micromole/L, multiply by 0.00271. To convert the values for LH and FSH from 
mIU/mL to IU/L, multiply by 1. To convert values for AMH from ng/mL to pmol/L, multiply by 7.1429. 
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Table 4.1  Deleteriousness ranking of rare AMH noncoding variants. 

 

  

General 
AMH 

Location 
Chr Position* SNP ID Population 

based MAF  REF ALT Count 
Cases 

Count 
Controls 

CADD      
C-score 

FATHMM-
MKL         
P-value 

Upstream 19 2249171 NA NA C G 1 0 14.45 0.907 
Upstream 19 2249263 rs746807694 2.67E-04 C G 1 0 14.48 0.750 
Upstream 19 2249272 rs777832730 6.68E-05 C T 1 0 9.69 0.307 

Intron 1 19 2250185 rs991519014 3.00E-05 ‡ C A 1 0 7.57 0.232 
Intron 1 19 2250061 rs116060400 2.01E-04 C T 0 1 8.29 0.232 
Intron 3 19 2250828 NA NA C T 1 0 8.11 0.231 
Intron 1 19 2250231 rs780396199 3.34E-04 T C 1 0 6.47 0.209 
Intron 1 19 2250312 rs183367973 4.17E-04 C T 2 1 8.69 0.175 
Intron 1 19 2250302 rs374418184 3.04E-03 A G 4 0 9.81 0.164 
Intron 1 19 2249774 rs370996450 1.94E-04 C T 1 0 6.75 0.160 
Intron 1 19 2250012 rs749466277 2.01E-03 C T 1 0 1.54 0.147 

Upstream 19 2249215 rs186422293 6.29E-03 G A 7 2 5.74 0.141 
Intron 1 19 2249796 rs149600185 1.47E-03 C T 2 2 1.95 0.129 
5' UTR 19 2249330 rs773283377 2.32E-04 C T 1 0 6.98 0.128 
Intron 1 19 2250175 rs546498783 6.62E-03 C T 10 0 0.00 0.069 
Intron 2 19 2250483 NA NA C CA 1 0 13.35 NA 

!! !! !! !! !! !! !! !! !! !! !!
Note: Variants chosen for functional follow-up are in bold type 

�Build GRCh37/hg19�
  MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)�
‡ TOPMed Program 
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Table 4.2  Deleteriousness ranking of rare AMHR2 noncoding variants. 

 

 
 
(Continued on following page)  

Intron 1 12 53817956 rs784894 1.40E-03 C A 3 0 15.76 0.953
Upstream 12 53817516 rs777964297 9.69E-05 T G 1 0 18.72 0.947
Upstream 12 53817577 rs148189358 5.49E-03 G T 7 3 16.53 0.936
Intron 1 12 53818016 rs777265708 8.01E-04 T G 1 0 13.65 0.914

Upstream 12 53815561 rs181566505 1.90E-03 T G 5 1 7.775 0.868
Upstream 12 53817187 NA NA A G 1 0 15.57 0.851

Intron 6 12 53822176 NA NA A G 1 0 8.916 0.384
Intron 6 12 53822277 rs539086433 5.49E-04 T A 2 1 7.663 0.302

Upstream 12 53814515 NA NA A T 1 0 4.289 0.239
Intron 10 12 53824508 rs784888 1.13E-03 G C 3 0 13.44 0.238
Intron 9 12 53823828 rs760804136 6.47E-05 C T 1 0 4.543 0.237
Intron 6 12 53822288 NA NA G A 1 0 7.675 0.236
Intron 8 12 53823609 rs745713994 4.07E-06 C T 1 0 7.146 0.232
Intron 2 12 53818404 NA NA G A 1 0 9.413 0.219
Intron 6 12 53822226 rs181813382 3.23E-05 T C 1 0 10.81 0.212
Intron 2 12 53818287 rs784893 4.75E-02 A G 3 0 6.278 0.206
Intron 7 12 53822816 rs775478211 5.51E-05 A G 1 0 6.516 0.198
Intron 6 12 53822143 rs142890072 3.23E-05 C G 1 0 1.502 0.181
Intron 6 12 53822505 rs777352969 1.62E-04 C T 2 1 4.243 0.177
Intron 7 12 53822884 rs784892 8.01E-04 G A 3 0 7.818 0.176
Intron 9 12 53823851 rs577266252 1.62E-04 G T 2 0 2.173 0.173
Intron 5 12 53819433 rs770641486 1.64E-05 A G 1 0 1.409 0.160
Intron 8 12 53823548 rs527341740 2.26E-04 A G 1 0 10.84 0.156
Intron 10 12 53824177 rs758971843 NA A G 1 0 7.594 0.150
Intron 6 12 53819825 NA NA T C 1 0 2.77 0.147
Intron 10 12 53824408 rs784889 1.40E-03 C T 3 0 5.793 0.145
Intron 6 12 53821113 rs540050356 1.36E-03 T C 2 1 3.314 0.143
Intron 1 12 53817971 NA NA G A 1 0 1.528 0.143
Intron 6 12 53820453 NA NA A C 23 2 7.996 0.142
Intron 7 12 53822904 NA NA C T 2 0 2.43 0.142
Intron 10 12 53824871 rs139224064 9.37E-04 A C 1 0 1.883 0.141

Upstream 12 53815218 rs866630130 6.66E-05 G C 1 0 9.924 0.135

REF
General 
AMHR2 
Location

Chr Position* SNP ID
Population 

based 
MAF�

ALT Count 
Cases

Count 
Controls

CADD      
C-score

FATHMM-
MKL         
P-value
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Table 4.2 cont.  Deleteriousness ranking of rare AMHR2 noncoding variants. 

 

  

Intron 6 12 53822144 rs370723376 1.33E-04 G A 1 0 2.232 0.134
Intron 7 12 53822898 rs558842297 3.24E-05 C T 1 0 1.959 0.134
Intron 10 12 53824544 NA NA G T 1 0 7.519 0.132
Intron 6 12 53820139 rs184772202 2.23E-03 G T 7 1 3.606 0.130
Intron 10 12 53824543 rs190814349 1.94E-04 A G 2 0 8.254 0.130
Intron 9 12 53823773 rs200284824 4.19E-04 G A 1 0 1.08 0.128

Upstream 12 53817402 rs576777893 2.26E-04 T G 1 0 12.1 0.126
Upstream 12 53815671 rs150004525 4.20E-04 T C 1 0 2.231 0.125
Intron 3 12 53818868 NA NA A T 1 0 12.89 0.119
Intron 6 12 53820136 rs760484587 2.91E-04 G A 1 0 6.143 0.117
Intron 10 12 53824538 rs186948808 4.52E-04 G A 1 0 11.52 0.112
Intron 6 12 53820903 rs555694902 1.29E-04 C T 1 0 3.548 0.111
Intron 6 12 53820101 NA NA G A 1 0 5.393 0.109
Intron 3 12 53818920 rs2071557 4.73E-02 C T 26 3 8.65 0.103
Intron 6 12 53821359 NA NA G A 1 0 6.3 0.098
Intron 6 12 53820620 rs34932524 1.35E-03 C T 4 0 3.679 0.090
Intron 6 12 53820089 NA NA G A 1 0 4.534 0.086
Intron 6 12 53819857 NA NA G A 1 0 3.495 0.085

Upstream 12 53816595 NA NA C T 1 0 1.881 0.072
Upstream 12 53817053 NA NA G A 1 0 4.957 0.070
Intron 6 12 53821196 rs551935854 3.23E-05 T C 2 0 1.508 0.066

Upstream 12 53817031 rs547441128 1.26E-03 G C 1 0 0.853 0.065
Upstream 12 53815819 NA NA C A 1 0 0.239 0.031
Upstream 12 53815129 NA NA A T 1 0 0.076 0.028
Upstream 12 53816627 NA NA TAATA T 2 0 12.63 NA
Upstream 12 53816766 NA NA GTGT G 1 0 8.159 NA
Intron 6 12 53821177 NA NA T TTTTTA 2 0 1.33 NA
Intron 9 12 53823797 NA NA T TC 1 0 1.035 NA

Note: Variants chosen for functional follow-up are in bold type
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Table 4.3  AMHR2 intronic PCOS-specific variants and impact on signaling activity. 

 

  

General 
AMHR2 
Location 

Chr Position* SNP ID 
Population 

based 
MAF  

REF ALT Count 
Cases 

CADD      
C-score 

FATHMM-
MKL         
P-value 

% 
Decrease 
Activity‡ 

P-value** 

Intron 8 12 53823548 rs527341740 2.26E-04 A G 1 10.84 0.156 -10 3.39E-01 
Intron 8 12 53823609 rs745713994 9.01E-06 C T 1 7.146 0.232 70 1.45E-08 
Intron 9 12 53823773 rs200284824 4.19E-04 G A 1 1.08 0.128 74 1.97E-09 
Intron 9 12 53823828 rs760804136 6.68E-05 C T 1 4.543 0.237 -13 8.29E-02 
Intron 9 12 53823851 rs577266252 3.34E-04 G T 2 2.173 0.173 20 6.34E-03 

Intron 10 12 53824177 rs758971843 NA A G 1 7.594 0.150 32 4.34E-04 
Intron 10 12 53824408 rs784889 1.40E-03 C T 3 5.793 0.145 26 3.85E-03 
Intron 10 12 53824508 rs784888 1.13E-03 G C 3 13.44 0.238 9 2.25E-01 
Intron 10 12 53824538 rs186948808 4.00E-04 G A 1 11.52 0.112 65 8.68E-08 
Intron 10 12 53824543 rs190814349 2.00E-04 A G 2 8.254 0.130 69 2.69E-08 
Intron 10 12 53824544 NA NA G T 1 7.519 0.132 75 1.17E-08 
Intron 10 12 53824871 rs139224064 1.67E-03 A C 1 1.883 0.141 26 1.43E-03 

Note: None of the listed variants were found in control subjects. !! !! !! !! !! !! !!
�Build GRCh37/hg19�
  MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)�
‡ Percentages relative to reference AMHR2 
�� Two-tailed t-test�
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Table 4.4 Functionally validated variants identified in AMH and AMHR2. 

 

 
  

AMHR2 NA 12 53814515 NA NA A T 1 0
AMHR2 NA 12 53815129 NA NA A T 1 0
AMHR2 NA 12 53815218 rs866630130 6.66E-05 G C 1 0
AMHR2 NA 12 53817187 NA NA A G 1 0
AMHR2 NA 12 53817956 rs784894 1.40E-03 C A 3 0
AMHR2 NA 12 53817971 NA NA G A 1 0
AMHR2 NA 12 53818016 rs777265708 8.01E-04 T G 1 0
AMHR2 P30S 12 53818110 NA NA C T 1 0
AMHR2 NA 12 53823609 rs745713994 9.01E-06 C T 1 0
AMHR2 NA 12 53823773 rs200284824 4.19E-04 G A 1 0
AMHR2 NA 12 53823851 rs577266252 3.34E-04 G T 2 0
AMHR2 NA 12 53824177 rs758971843 NA A G 1 0
AMHR2 NA 12 53824408 rs784889 1.40E-03 C T 3 0
AMHR2 NA 12 53824538 rs186948808 4.00E-04 G A 1 0
AMHR2 NA 12 53824543 rs190814349 2.00E-04 A G 2 0
AMHR2 NA 12 53824544 NA NA G T 1 0
AMHR2 NA 12 53824871 rs139224064 1.67E-03 A C 1 0

AMH NA 19 2249171 NA NA C G 1 0
AMH NA 19 2249263 rs746807694 2.67E-04 C G 1 0
AMH NA 19 2249272 rs777832730 6.68E-05 C T 1 0
AMH V12G 19 2249366 rs149082963 2.69E-03 T G 6 0
AMH A24T 19 2249401 rs775579158 1.02E-04 G A 1 0
AMH P46A 19 2249467 rs148294311 2.25E-04 C G 1 0
AMH R91H 19 2249603 rs534377664 1.70E-05 G A 1 0
AMH T99S 19 2249626 rs200226465 4.44E-04 A T 2 0
AMH P151S 19 2250374 rs370532523 8.36E-05 C T 1 0
AMH A156T 19 2250389 rs374588581 8.96E-05 G A 1 0
AMH Q185E 19 2250476 rs200523942 1.69E-04 C G 1 0
AMH splicing (ex2/3) 19 2250480 rs774430982 3.95E-05 G T 1 0
AMH R194H 19 2250676 rs376035065 2.10E-05 G A 1 0
AMH P270S 19 2250991 rs757506343 5.42E-05 C T 1 0
AMH R302Q 19 2251178 rs536688211 1.46E-04 G A 1 0
AMH P352S 19 2251327 rs764049634 9.91E-04 C T 3 0
AMH P362S 19 2251357 rs765380360 6.94E-05 C T 1 0
AMH P366L 19 2251370 NA 6.77E-05 C T 1 0
AMH A385V 19 2251427 NA NA C T 1 0
AMH H506Q 19 2251791 rs138571039 7.84E-05 C G 1 0

�Build GRCh37/hg19
� MAF based on Genome Aggregation Database (gnomAD)  (http://gnomad.broadinstitute.org/)
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