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Uncovering novel cytogenetic and molecular etiologies for male infertility 

 

Abstract 

Infertility affects 10-15% of couples, making it one of the most frequent health disorders 

for reproductive aged individuals. Over 20% of cases are idiopathic, and it is commonly thought 

that many individuals have an underlying genetic etiology. Identifying genes involved in 

unexplained infertility provides information to support diagnosis, genetic counseling and potential 

therapeutic intervention. 

One approach to identifying genes involved in infertility is to examine the phenotype-

genotype correlation in subjects with a clinical phenotype accompanied by a balanced 

chromosomal aberration (BCA), as is the foundation of gene discovery in the Developmental 

Genome Anatomy Project (DGAP). Participant DGAP230 has severe oligospermia and 

46,XY,t(20;22)(q13.3;q11.2). While BCAs may reduce fertility by production of unbalanced 

gametes, a chromosomal rearrangement may also disrupt or dysregulate genes important in 

fertility. 

Using large-insert genome sequencing, chromosomal breakpoints were determined with 

nucleotide-level precision. Investigation of genes in the topologically associated domains at the 

sites of the rearrangement and subsequent use of the novel 3C-PCR technique revealed 

exclusive dysregulation of synaptonemal complex protein 2 (SYCP2) from the derivative 

chromosome 20 (der(20)) allele, which resides 1.5 Mb centromeric to the der(20) breakpoint. 4C-

seq from the SYCP2 promoter revealed interactions eight Mb downstream of the der(20) 

breakpoint in chromosome 22, supporting a model of enhancer adoption. 

SYCP2 encodes synaptonemal complex protein 2, a member of the synaptonemal 

complex involved in male meiosis I homologous chromosome synapsis. To assess its impact on 
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meiosis, we misexpressed RED1, the functional axial element homolog of SYCP2 in 

Saccharomyces cerevisiae. By performing Red1 immunolocalization on surface-spread meiotic 

nuclei, we discovered that excess Red1 forms polycomplexes, disrupting the structural integrity 

of the synaptonemal complex by preventing incorporation of the transverse filament Zip1. This 

model highlights aberrant meiosis as the defect in spermatogenesis leading to severe 

oligospermia. Finally, we reveal two novel frameshift mutations in SYCP2 identified in 

azoospermic men, which further support a mechanism of SYCP2-mediated infertility. 

This thesis provides the first evidence of SYCP2-mediated infertility in humans and 

illuminates that rearrangement breakpoints should be considered as an alternative etiology to that 

of segregation of unbalanced gametes in infertile men harboring BCAs. 
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INTRODUCTION 

 

1.1. Infertility: a common disorder with widespread consequences 

According to the American Society for Reproductive Medicine, infertility is a disorder 

“defined by the failure to achieve a successful pregnancy after 12 months or more of appropriate, 

timed, unprotected intercourse or therapeutic donor insemination.”1 It affects 10-15% of couples, 

making it one of the most common disorders for individuals between the ages of 20-45 years2.  

Infertility can cause substantial emotional, social, and financial stress on couples. The 

majority of young Americans view parenthood as a future desired state3. The inability to meet this 

expectation leads to a variety of reactions including negative identity, a sense of inadequacy, a 

feeling of lack of personal control, grief and sense of loss, anger and resentment, anxiety and 

stress, low life satisfaction, depression, isolation and shame4-7. 

 These negative consequences extend beyond the individual. Within a couple, infertility-

related stress can lead to marital distress and dissatisfaction8. Infertility in heterosexual couples 

affects each partner differently: more women have concerns about a loss of emotional intimacy 

in their relationship, while men more frequently experience a lack of sexual satisfaction due to 

pressure to perform for conception over pleasure9. Infertility may also cause challenges to the 

couple within the context of their society. In some pronatalist cultures including those from Israel, 

Pakistan, and southern Africa, adult status is obtained by bearing children6. Childlessness leads 

to ostracism from the community, including grounds for divorce in some Bangladeshi settlements6. 

There is also a tremendous financial burden to accessing fertility care and assisted 

reproductive technologies (ART), such as intrauterine insemination (IUI) and in vitro fertilization 

(IVF). In the United States, most patients pay out-of-pocket for treatments, as only six states 

mandate insurance coverage for infertility treatments10. The median out-of-pocket price for 

infertility treatments including couples receiving either non-cycle-based treatment, medication 

only, IUI, or IVF is $5,33811. The most expensive intervention is IVF, which has a median out-of-
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pocket expense of $19,234 for one cycle, representing about half of an individual’s annual 

disposable income11,12. In addition to treatment costs, time spent on office visits adds up to an 

average of two work weeks a year13. The problem worsens when considering that ART 

interventions may take a long time to be successful; at least six cycles with timed intercourse are 

necessary to cover the period in which 90% of conceptions will occur14. IUI and IVF are also used 

for couples with unexplained infertility, where the likelihood of achieving pregnancy is lower15. 

The high cost for treatment serves as a barrier for access to care. In the United States, 

couples earning a cumulative income of less than $100,000 are more likely to be dissuaded from 

choosing IVF intervention11. This leads to the ethical concern that the high out-of-pocket costs for 

infertility treatment discriminate against groups of lower socioeconomic status10. Moreover, 

disparities exist between the outcomes of infertility treatment; women of African American, Asian, 

and Hispanic backgrounds experience longer time to conception, lower implantation and clinical 

pregnancy rates, and higher miscarriage from ART than their Caucasian counterparts16-18. 

Men comprise the largest understudied group in infertility research and treatment, despite 

the fact that 40-50% of infertile couples have male factor infertility19,20. While intracytoplasmic 

sperm injection (ICSI) and IVF now provide a more direct role for men in infertility treatment, 

women’s bodies have been the focus of most medical interventions. The clinical file is sometimes 

linked with the woman’s medical record and not her partner’s, and men aren’t always a part of an 

infertility consultation20,21. The disproportionate focus of the role of the woman in fertility often 

results from a male dominant culture which blames women for fertility challenges as a way of 

deflecting a threat to male masculinity, potency and virility21-23. Like most women, the majority of 

men desire parenthood and expect to be fathers24,25. Facing an infertility diagnosis results in 

profound grief, loss of control, a sense of inadequacy, and isolation26. The exclusion of men from 

most scientific and psychosocial literature in the context of infertility means that less is known 

about the mechanisms underlying and consequences of male infertility20. This highlights an unmet 

need to understand male infertility. 
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1.2. An overview of the adult male reproductive system  

Male fertility relies on the successful production of healthy gametes called spermatozoa. 

The male reproductive system can be broken into three distinct modules responsible for sperm 

development: pre-testicular, testicular, and post-testicular2. Pre-testicular contributions to 

gametogenesis rely on a properly functioning hypothalamic-pituitary-gonadal (HPG) axis, which 

uses hormones to signal initiation of gametogenesis in the testes27. The HPG axis begins with the 

hypothalamic secretion of gonadotropin-releasing hormone (GnRH), which promotes production 

of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the anterior pituitary. LH 

stimulates Leydig cells in the testes to release testosterone, which together with FSH 

communicate with Sertoli cells in the testes to support sperm production28. Testosterone, along 

with inhibin B, facilitate negative feedback of the HPG axis by controlling activity from the 

hypothalamus and pituitary27-29. 

Spermatogenesis occurs in the seminiferous tubules of the testes (Figure 1.1). Germ cells 

develop in a spatially organized fashion from the basal membrane to the lumen30. 

Spermatogenesis involves the differentiation of primordial germs cells (spermatogonia) to mature 

sperm (spermatozoa) in a process that takes approximately 70 days28. Spermatogonia undergo 

several rounds of mitosis to renew the germ cell population while creating cells capable of 

differentiating. Some of these daughter cells develop into diploid primary spermatocytes, which 

become haploid secondary spermatocytes after the first meiotic division. Secondary 

spermatocytes differentiate into spermatids after a second meiotic division, which then mature 

into spermatozoa through a process called spermiogenesis30. Finally, mature sperm are released 

from the seminiferous epithelium through a process called spermiation31. 
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Figure 1.1. Anatomy of healthy adult seminiferous tubules 
a) Spermatogenesis takes place in the seminiferous tubules of adult testes. The magnification of 
a seminiferous tubule wedge highlights various cell types created in the differentiation of 
primordial germ cells to mature sperm (adapted from 32). b) Histology of a transverse section of a 
seminiferous tubule reveals spatial organization of sperm development (H & E X640, adapted 
from 30). 
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The post-testicular phase involves final processing of semen for export out of the body 

through ejaculation. First, sperm in the seminiferous tubules are transported to the epididymis to 

undergo functional development through a process called epididymal maturation31. Next, semen 

enters the vas deferens and travels to the ejaculatory ducts, where it is combined with secretory 

products of male accessory glands including the seminal vesicle and the prostate27. The final 

ejaculate, which is composed of 10% sperm by volume, exits through the urethra27,28. Sperm 

undergo a final maturation step called capacitation, which occurs in the female reproductive tract 

and enables sperm to develop a hyperactivated form of forward progressive motility, acrosome 

reaction, and the ability to penetrate and fertilize the egg31.   
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1.3. Diagnostic work-up for male infertility 

A systematic diagnostic work-up is necessary to identify the best treatment options for 

infertile couples with male factor infertility. The World Health Organization’s (WHO) current 

recommendation involves an initial evaluation including medical history, physical exam and 

semen analysis followed by referral to a urologist, an andrologist, or another male reproduction 

specialist in cases of abnormal findings (Figure 1.2)33. The medical history in the initial evaluation 

first collects information about the reproductive history such as coital frequency, previous fertility, 

information about the partner’s fertility, and sexual history including sexually transmitted 

infections33. Patients are then asked about lifestyle factors, including BMI, smoking, and exposure 

to heat, which have been shown to influence semen parameters although diagnosing infertility by 

these factors is still controversial33,34. An understanding of medications taken can also inform a 

diagnosis as different drugs can reduce fertility by cytotoxicity from radiation with chemotherapy 

or inhibition of the HPG axis through exogenous testosterone2. Finally, questions are asked 

relating to anatomical dysfunction including proximal trauma, surgeries including vasectomies, 

torsion, cryptorchidism, erectile and ejaculatory dysfunction, and genitourinary infections35.  
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Figure 1.2. Flowchart for diagnosing male infertility 
Current recommendations from the WHO suggest an initial evaluation before referral to a male 
infertility specialist. Initial diagnoses are made based upon information from medical history, 
physical examination, and semen analysis. Future hormonal tests, imaging and genetic assays 
may be warranted (adapted from 33). 
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After obtaining a medical history, signs of endocrine-related disorders, scrotal pathologies 

and penile pathologies are investigated by physical exam2. A look at secondary sexual 

characteristics including musculature, hair distribution, and breast tissue can suggest a pre-

testicular etiology including testosterone deficiency or hormonal imbalance35. A genital exam 

explores scrotal pathologies including varicoceles and small testicular size, which when atrophied 

below 12 ml may indicate primary testicular failure2,35. Palpation of other structures can indicate 

forms of post-testicular obstruction including absence of the vas deferens2,35,36. Finally, 

examination of the penis may reveal pathologies such as hypospadias that may indicate potential 

challenges with sperm placement into the vagina35. 

The final part of an initial evaluation is a semen analysis, as multiple semen parameters 

can be predictive of testicular production, function, and maturation33,37,38. The work-up includes a 

single collection of ejaculate after two to seven days of abstinence and assesses parameters 

including volume, pH, and sperm concentration, count, motility, morphology, and vitality39. A 

deviation from normal parameters can provide insight into a diagnosis (Table 1.1). 

Normozoospermia is described when the routine spermatozoa evaluation shows values above 

the lower reference value limits. Alternatively, results below the lower reference values for sperm 

volume, concentration, motility, and morphology describe hypospermia, oligozoospermia, 

asthenozoospermia, and teratozoospermia, respectively. Low sperm counts can further be 

delineated further based upon sperm concentrations less than five million/ml ejaculate (severe 

oligozoospermia), spermatozoa absent from fresh semen but visible in a pellet after centrifugation 

(cryptozoospermia), and the complete absence of sperm in the ejaculate (azoospermia)40. 

Parameters can also help explain the etiology of infertility. For example, after ruling out 

collection error, a low ejaculate volume may suggest potential retrograde ejaculation, ejaculatory 

duct obstruction, prostatitis, inflammation of the seminal vesicles, or androgen deficiency36,41,42. A 

high concentration of white blood cells and very basic pH measurements can indicate infections2. 

Alternatively, agglutination of motile spermatozoa and confirmation of anti-sperm antibodies by 
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mixed agglutination reaction (MAR) or immunobead testing support immunologic infertility40. 

Finally, low concentrations of seminal fluid markers including a-glucosidase, fructose, and zinc 

reflect potential obstruction in the epididymis, seminal vesicles, and prostate, respectively2. 

 If an abnormality in sperm count or concentration is detected by initial evaluation and 

confirmed by a second semen analysis, then hormone analysis may be warranted to pinpoint 

further the etiology33. The measurement of total testosterone concentration and serum FSH can 

help distinguish pre-testicular from testicular and post-testicular etiologies43,44. Low levels of 

testosterone (below 8-12 nmol/l) and associated low serum FSH levels (<1 mIU/ml) suggest 

hypogonadotropic hypogonadism, which can be treated with human chorionic gonadotropin 

(hCG) or FSH2,35,45. Testosterone can also be abnormally high in pre-testicular etiologies if the 

patient uses exogenous testosterone or illicit anabolic androgenic steroids, in which case 

cessation of use can sometimes restore sperm production36,45,46. Alternatively, high FSH (>7-7.6 

mIU/ml) often indicates primary testicular failure, with more severe defects including Sertoli cell-

only syndrome (SCOS) correlating with more elevated FSH2,36. However, FSH may also be 

normal with testicular pathologies that occur later in spermatogenesis such as meiotic arrest2,44. 

This may be hard to distinguish from post-testicular etiologies, which often show normal hormone 

levels2,36. To distinguish further the etiologies as a way of identifying proper treatments for a 

patient, a genetic work-up is then recommended44.   
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Table 1.1. Lower reference limits of semen parameters 
Semen parameter reference limits have been adapted from 2,39,40. 
 
Parameter Lower reference limit values 
Macroscopic appearance  

Semen volume ≥ 1.5 ml 
pH ≥ 7.2 

Routine spermatozoa evaluation  
Total sperm count ≥ 39 million/ejaculate 
Sperm concentration ≥ 15 million/ml 
Total motility ≥ 40% progressive and nonprogressive 
Progressive motility ≥ 32% fast and slow 
Sperm morphology ≥ 4% normal 

Follow-up testing  
White blood cells (used if round cells are 
found on initial microscopic evaluation) 

< 1 million/ml peroxidase-positive 
leukocytes 

Mixed agglutination reaction (MAR) test 
or immunobead test (used if 
agglutination is found on initial 
microscopic evaluation) 

< 50% 

Vitality (used if total motility is < 40%) ≥ 58% live spermatozoa 
Biochemical analysis of seminal fluids  

Zinc ≥ 2.4 μmol/ejaculate 
Fructose ≥ 13 μmol/ejaculate 
α-glucosidase  ≥ 20 mU/ejaculate 
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1.4. Diagnostic genetic testing for male infertility 

Currently, the most common genetic testing for male infertility involves sequencing of the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene, assessing Y chromosome 

microdeletions (YCMD), and karyotype analysis2,33,35,36,47-51. 

Variants in CFTR are found in 80-90% of cases of congenital bilateral absence of the vas 

deferens (CBAVD), a condition that occurs in 1-2% of infertile males and 25% of men with 

obstructive azoospermia (OA)47,52. While men harboring two variant CFTR alleles with severe 

functional defects have symptomatic cystic fibrosis, compound heterozygotes with less severe 

functional defects in CFTR or men with a single pathogenic allele may have only the CBAVD 

phenotype52. Absence of the vas deferens may be detected by physical exam, but a genetic 

understanding of the etiology is critical for proper treatment of a male with CFTR variants. While 

males with CBAVD resulting from CTFR pathogenic variants can have children with the 

assistance of ART such as testicular sperm extraction (TESE) followed by ICSI and IVF, genetic 

testing of CFTR is recommended for the biological mother. Carrier screening resulting in positive 

findings for the couple offers the subsequent option of preimplantation genetic diagnosis (PGD) 

to eliminate the risk of transmitting cystic fibrosis to offspring33,47,52. While ADGRG2 (encoding the 

epididymal- and efferent-ducts-specific adhesion G protein-coupled receptor G2) was recently 

identified as a second gene with variants causal for CBAVD when mutated, testing for this gene 

is not yet a routine part of diagnostic genetic testing for OA53. 

Males with nonobstructive azoospermia (NOA) or severe oligospermia should be tested 

for 0.8-7.7 Mb deletions in the azoospermia factor (AZF) region of the Y chromosome (or YCMD), 

which are found in 5-15% of these patients33,50,54. The AZF region resides in Yq11 and is 

subdivided into AZFa (0.8 Mb), AZFb (6.2 Mb) and AZFc (3.5 Mb)48,50,55. The AZF region is critical 

for fertility because several genes responsible for spermatogenesis map therein including DEAD 

box polypeptide 3 (DDX3Y) in AZFa, lysine-specific demethylase 5D (KDM5D) in AZFb, and 

deleted in azoospermia (DAZ) in AZFc56,57. These genes play a variety of roles in sperm 
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development including RNA metabolism in pre-meiotic germ cells, chromatin remodeling in 

meiosis, and translation regulation, respectively56,57. In order to identify which if any YCMDs are 

present, polymerase chain reaction (PCR) assays are performed for markers inside the region 

and flanking the borders of each AZF subregion50,58. The diagnosis is critical because treatment 

options vary based upon the deletion. No spermatozoa will be found from TESE performed on 

men with complete AZFa, AZFb, or AZFb/c microdeletions, so treatment alternatives including 

donor sperm and adoption might be considered33,50,59. Alternatively, males with complete AZFc 

deletions may have some residual spermatogenesis, with a 50% success rate from TESE47,60. 

Sperm cryopreservation is also warranted as sperm production decreases with age in men with 

AZFc deletions60. This knowledge is also important for genetic counseling, as any male offspring 

conceived from a male with an AZFc deletion will inherit the same Y chromosome. Thinking 

ahead, sperm cryopreservation in young adulthood for male offspring might be recommended in 

anticipation of decreasing spermatogenesis with age33. 

 Finally, karyotyping, which assesses the number and structure of chromosomes, is also 

recommended for all men with NOA or severe oligospermia, as 15% of men with NOA and 4% of 

men with moderate to severe oligospermia have chromosomal abnormalities33,43,50. The most 

common finding for men with NOA is Klinefelter syndrome (47,XXY and variants such as 48,XXXY 

and 46,XY/47,XXY), which is found in 14% of their karyotypes50,61,62. This diagnosis is helpful for 

predicting the prognosis of TESE, as sperm retrieval has been successful in 40-50% of men with 

Klinefelter syndrome63,64. Another sex chromosome abnormality that may be found is 46,XX 

testicular disorder of sex development (DSD), or de la Chapelle syndrome, which has a rarer 

frequency of 1 in 20,00050,65,66. In most cases, the male phenotype results from a paternal 

translocation of the gene SRY (sex-determining region on the Y chromosome) from the short arm 

of the Y chromosome to the short arm of the X chromosome65. 46,XX testicular DSD males lack 

germinal cells, so TESE is not advisable50,65,66. 

Balanced chromosomal aberrations (BCAs), which have an abnormal order of the 
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chromosomes without any cytologically detectable gain or loss of genetic material, are found five 

to ten times more frequently in infertile men than in the general population58,67. BCAs can be 

categorized into Robertsonian translocations, reciprocal translocations involving a sex 

chromosome, reciprocal translocations with autosomes, insertions, and inversions67. Of these 

types of BCAs, reciprocal translocations involving sex chromosomes often result in more severe 

phenotypes with a higher incidence in azoospermic men than in oligospermic men67. Y;autosome 

(Y;A) translocations identified in azoospermic men often involve a breakpoint in Yq11, which 

disrupts the AZF region critical for spermatogenesis67. X;autosome (X;A) translocations are 

thought to impact fertility severely because they may lead to X-reactivation during meiotic 

prophase, disrupting critical meiotic sex chromosome inactivation (MSCI)48,68,69.  

The mechanism is less clear for other classes of BCAs, which have extremely variable 

outcomes ranging from azoospermia to normal semen parameters47. There is a general 

assumption that individuals with BCAs produce unbalanced gametes as a product of meiosis, 

which are selected against during spermatogenesis resulting in a lower sperm count and 

subsequent infertility48,58. However, this isn’t the entire truth. While carriers of BCAs are more 

likely to have low sperm counts than karyotypically normal men, there is no significant relationship 

between fertility and sperm counts above 20 million/ml, so slight decreases in sperm count above 

that level don’t imply a decrease in fertility38. In one cohort from the Czech Republic, the average 

sperm count of men with reciprocal translocations was 66.5 million/ml compared to 72.7 million/ml 

in controls, and less than 3% of reciprocal translocation carriers had a sperm count of <5 

million/ml70. In a Japanese cohort that used a cutoff of <5 million/ml, there was no significant 

enrichment of BCA carriers in the NOA or severe oligospermia groups compared to controls71. It 

is also true that men with BCAs have more signs of spermatocyte apoptosis, such as externalized 

phosphatidylserine and DNA fragmentation72, but this isn’t necessarily due to selection against 

unbalanced gametes. In male BCA carriers, the distributions of meiotic segregation products at 

different spermatogenic stages show concordance, suggesting that there is no cellular selection 
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based on chromosomal imbalances from post-meiotic spermatocytes to mature spermatozoa73. 

Despite the misinterpretation that carriers of BCAs have reduced fertility due to 

unbalanced gametes decreasing sperm count, it is true that unbalanced gametes double the risk 

of miscarriages62,74. In 3-5% of couples with recurrent miscarriages, at least one partner is found 

by karyotype analysis to have a balanced reciprocal translocation74. In addition, unbalanced 

gametes can lead to congenital malformations in surviving offspring62. As a result, identification 

of a BCA can alter treatment options, as PGD with IVF provides identification of balanced or 

normal embryos prior to transfer33,50.  
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1.5. Unexplained infertility: challenges and opportunities 

While many factors contribute to infertility including anatomical defects, hormone 

dysregulation, environmental exposures, age and certain genetic syndromes, at least one in five 

cases of infertility are unexplained48. For male infertility, 40-72% of men lack a specific causal 

diagnosis beyond a descriptive category of male factor infertility19,47,51. Genetic defects may be 

responsible for many of these idiopathic cases. Indeed, mutations in over 200 genes have been 

shown to decrease fertility in animal models, and yet few genetic causes of infertility have been 

validated in humans75. This may result from the decreased reproductive fitness of infertile 

individuals that reduces the number of large families available for genetic analysis in humans as 

well as the genetic heterogeneity of the disorder51,76. 

Given that 30-50% of these cases are estimated to have genetic etiologies, identifying 

genes involved in unexplained infertility could be a rich area of study47,51. Uncovering these novel 

causes not only informs an understanding of mechanisms regulating fertility, but also provides 

clinical information to support diagnoses, genetic counseling, and therapeutic intervention. 

While not currently a routine diagnostic for male infertility, the application of array-based 

comparative genomic hybridization (aCGH) to investigate copy number variants (CNVs) in 

subjects with male infertility has revealed novel variants on both sex chromosomes and 

autosomes that are risk factors for or causative for spermatogenic failure77,78. In addition, with the 

development of large scale sequencing approaches through next-generation sequencing (NGS) 

and subsequent genome-wide approaches in both small case studies and large consortia 

including the Genetics of Male Infertility Initiative (GEMINI) and the International Male Infertility 

Genomics Consortium (IMIGC), some success has been made in identifying monogenic forms of 

male infertility (Table 1.2)50,51,58,76,79-83.  
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Table 1.2. Monogenic causes of non-syndromic male infertility in humans 
This list of genes has been self-curated for at least moderate evidence of gene-disease 
association according to the Clinical Genome Resource (ClinGen) framework84. OMIM numbers 
are written in parentheses next to the gene symbol. 
 
Nonobstructive azoospermia (NOA) or  
severe oligospermia 

Morphological and/or  
functional anomalies 

CCDC155 (618125)76 Acephalic spermatozoa 
DBY (400010)85 PMFBP1 (618085)86 
DNAH6 (603336)87 SUN5 (613942)88 
FANCM (609644)89  
HIWI (605571)90 Asthenozoospermia 
KLHL10 (608778)91 CATSPER1 (606389)92 
MCM8 (608187)93 SLC26A8 (608480)94 
MEIOB (617670)87  
NANOS2 (608228)76 Globozoospermia 
PLK4 (605031)95 DPY19L2 (613893)96,97 
SPINK2 (605753)98 SPATA16 (609856)99 
SPO11 (605114)76  
SYCE1 (611486)100 Macrozoospermia 
SYCP3 (604759)101 AURKC (603495)102 
TAF4B (601689)103  
TDRD7 (611258)104  
TDRD9 (617963)105 

Multiple morphological abnormalities of 
the sperm flagella (MMAF) 

TEX11 (300311)106,107  
TEX14 (605792)76,87 

ARMC2108 
CFAP43 (617558)109 

TEX15 (605795)110 CFAP44 (617559)109 
WNK3 (300358)76 CFAP69 (617949)111 
XRCC2 (600375)112,113 DNAH1 (603332)114,115 
ZMYND15 (614312)103  
 Oligoasthenoteratozoospermia (OAT) 
 CDC14A (603504)116 
 SEPT12 (611562)117,118 
  
 Oocyte activation failure 
 PLCZ1 (608075)119 
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While mostly confined to the research realm, these discoveries will hopefully be employed 

clinically as they may be informative for predicting therapeutic outcomes in patients47,120. For 

example, men with AURKC mutations have sperm that are often polyploid102. Due to the high risk 

of aneuploidies from even normal-appearing spermatozoa, ICSI is not recommended for these 

patients120. Alternatively, men with DPY19L2 or SPATA16 pathogenic variants have 

globozoospermia characterized by acrosome-deficient sperm96,99. Because of their inability to 

activate oocytes, artificial oocyte activation can improve outcomes for fertilization rate, embryo 

formation and clinical pregnancy with ICSI and IVF121,122. This is in contrast to men who have 

multiple morphological abnormalities of the sperm flagella (MMAF) with mutations from CFAP43, 

CFAP44, CFAP69, or DNAH1, where ICSI without any additional activation procedure is expected 

to have a high rate of success47,109,111,115. 

Given that only about 4% of causal genetic diagnoses have been established, there is 

great need to both identify additional genetic etiologies for male infertility and to improve 

recommendations for diagnostics in male infertility. Future use of aCGH, NGS, or gene panels 

may establish a definitive causal diagnosis, offer prognostic value for TESE and clinical 

pregnancy, and assess risks for potential offspring51.  
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1.6. Questions addressed in this thesis 

One approach to identifying genes involved in infertility is to examine the phenotype-

genotype correlation in subjects with unexplained infertility accompanied with de novo BCAs, as 

is outlined in the Developmental Genome Anatomy Project (DGAP). One participant in this study, 

designated DGAP230, has severe oligospermia and an abnormal karyotype, 

46,XY,t(20;22)(q13.3;q11.2). Based upon these observations, we hypothesize that the 

translocation breakpoints disrupt or dysregulate fertility genes near the breakpoints. The following 

questions are addressed in this thesis. First, can we identify a candidate gene disrupted or 

dysregulated by breakpoints of DGAP230’s chromosome rearrangement? Next, what is the 

mechanism by which the candidate gene is misexpressed? Finally, what is the impact of this 

candidate gene on severe oligospermia? 

Upon successful completion of this project, we will have identified a gene implicated in 

unexplained male infertility, which will both improve our understanding of mechanisms regulating 

fertility and demonstrate an additional mechanism for BCA-mediated infertility. 

 



 
 
 
 
 
 

CHAPTER 2 
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A BALANCED TRANSLOCATION IN DGAP230 RESULTS IN SYCP2 DYSREGULATION BY 

AN ENHANCER ADOPTION MECHANISM 

 

2.1. Background 

The Developmental Genome Anatomy Project (DGAP) is an NIH-funded research study 

that identifies genes disrupted or dysregulated by chromosomal rearrangements in subjects with 

a clinical finding presumed to have a genetic etiology. Genes disrupted or dysregulated by such 

rearrangements are a well-recognized paradigm in human genetics for underlying abnormal 

phenotypes (for example, Appendix A)123-132. By using the well-established DGAP infrastructure, 

this project aims to identify novel genes important for fertility and to explore another explanation 

for how BCAs reduce fertility in infertile patients (Figure 2.1). To identify infertile patients for this 

study who are most likely to have a disrupted or dysregulated fertility gene as a result of their 

BCA, eligibility criteria were developed to rule out patients with explained infertility or evidence 

that their infertility is solely caused by the production of unbalanced gametes (Table 2.1).  
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Figure 2.1. Developmental Genome Anatomy Project pipeline 
The Developmental Genome Anatomy Project (DGAP) enrolls participants with BCAs and 
congenital or distinct phenotypes. Genome sequencing (GS) on jumping libraries is performed on 
DNA collected from the participant to identify rearrangement breakpoints to 2-3 kilobase 
resolution. Sanger sequencing across the breakpoints then pinpoints the genomic locations to 
nucleotide resolution, which directs an investigation of candidate genes that may be disrupted or 
dysregulated by the breakpoints. From there, candidate genes are assessed for causality in order 
to implicate the gene in the participant’s phenotype. 
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Table 2.1. Eligibility criteria for recruiting infertile DGAP participants 
 
Inclusions Exclusions 
Participants must have: 
• Met the criteria for infertility according to 
the American Society for Reproductive 
Medicine. 

• A karyotype confirming a BCA, such as a 
translocation or an inversion. 

• In the case of an achieved pregnancy, 
no liveborn, as well as a confirmed 
euploid conceptus. 

Participants must not have: 
• Any live births. 
• Explained genetic or environmental 
etiology. 

• An inherited translocation, unless it is 
inherited from the participant's parent of 
the opposite sex. 

• A common heteromorphism as the sole 
BCA such as: 

o Robertsonian translocations  
o The following inversions: 

inv(9)(p12q13), inv(Y)(p11q11) 
o Variants interpreted to be 

clinically insignificant: 
§ Variants of constitutive 

heterochromatin 
length (1qh+, 9qh+, 
16qh+, Yqh+) 

§ Variants of short (p) arm 
length on chromosomes 
13, 14, 15, 21 and 
22 (13 ps+, 13pstk+, 
14ps+, 14pstk+, 15ps+, 
15pstk+, 21ps+, 
21pstk+, 22ps+, 
22pstk+) 
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2.2. Methods 

2.2.1.  DGAP participant recruitment 

DGAP enrolled participants DGAP230, with 46,XY,t(20;22)(q13.3;q11.2) and DGAP278-

02, a karyotypically normal age- and sex-matched control, by obtaining informed consent, medical 

records and blood samples under a protocol approved by the Partners HealthCare Systems 

Institutional Review Board. 

 

2.2.2.  Acquisition of lymphoblastoid cell lines (LCLs) 

Epstein-Barr virus-transformed LCLs were generated at the Genomics and Technology 

Core in the Center for Human Genetic Research at Massachusetts General Hospital (Boston, MA, 

USA). Confirmatory GTG-banded karyotyping was performed on the DGAP230 LCL at the 

Brigham and Women’s Hospital CytoGenomics Core Laboratory (Boston, MA, USA). Two 

additional karyotypically normal age- and sex-matched control LCLs, GM20184 and GM20188, 

were obtained from the National Institute of General Medical Sciences (NIGMS) Human Genetic 

Cell Repository at the Coriell Institute for Medical Research (Camden, NJ, USA). 

 

2.2.3.  Large-insert jumping library sequencing and analysis 

Large-insert (“jumping library”) GS and subsequent Sanger sequencing identified the 

precise breakpoints of the DGAP230 chromosomal rearrangement (using primers SS_58F-

SS_61R listed in Table 2.2)128,133,134. Chromatograms were analyzed in Geneious (Version 7.0, 

Biomatters) and described using next-generation cytogenetic nomenclature135.  



 25 

2.2.4.  Delineation of topologically associating domains (TADs) disrupted by DGAP230’s 

rearrangement breakpoints 

TADs disrupted by the breakpoints in DGAP230 were identified according to human 

embryonic stem cell Hi-C domains from the Hi-C project136. The University of California Santa 

Cruz (UCSC) Genome Browser was used to delineate genes residing in these regions137. 

 

2.2.5. Culturing of LCLs 

LCLs were grown at 37°C, 5% CO2, in R10 medium (Roswell Park Memorial Institute 

[RPMI] 1640 Medium without L-Glutamine supplemented with 10% heat-inactivated fetal bovine 

serum (FBS), 100 U/ml Penicillin-Streptomycin-Glutamine, and 2 mM L-glutamine [all Gibco]). 

Cells were fed fresh R10 every two or three days as needed. For clonal expansion of single 

lymphoblastoid cells in the CRISPR/Cas9-mediated genome editing experiment, 30% 0.45 μm-

filtered and irradiated conditioned R10 with 45% fresh R10 and 25% FBS was used and feeding 

only occurred to offset media evaporation. 

 

2.2.6. RNA extraction, cDNA synthesis, and quantitative real-time polymerase chain 

reaction (RT-PCR) of lymphoblastoid cells 

Forty to fifty million cells were collected for each RNA extraction. Cells were pelleted for 5 

minutes at 200 x g, washed in phosphate-buffered saline (PBS; Gibco), and resuspended in 1 ml 

TRIzol (Invitrogen). Cell lysis and phase separation with chloroform (Sigma) were performed as 

described from the TRIzol manufacturer protocol. Total RNA was isolated using the RNeasy Midi 

Kit (Qiagen) with in-column RNase-free DNase I (Qiagen) digestion. RNA was converted to cDNA 

using 4 μg of RNA per reaction, random hexamer primers, and the SuperScript III First-Strand 

Synthesis System (Invitrogen) according to manufacturer instructions. For quantitative RT-PCR, 

cDNA was amplified with primers SS_36F-SS_55R and SS_62F-SS_147R (exon-spanning when 

possible; sequences reported in Table 2.2) and SsoFast EvaGreen Supermix (Bio-Rad) using the 
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CFX Connect Real-Time PCR Detection System (Bio-Rad). Standard curves were employed 

routinely to quantify amplicons from each primer pair and assess expression of each respective 

gene in lymphoblastoid cells.  

 

2.2.7. Identification and evaluation of variable regions in SYCP2 and GAPDH 

SYCP2 and GAPDH exons were compared to the Database of Single Nucleotide 

Polymorphisms (dbSNP) to identify variable nucleotides138. To assess heterozygosity in 

DGAP230, genomic DNA of DGAP230 lymphoblastoid cells that had been pelleted and washed 

with PBS (Gibco) was extracted using the DNeasy Blood and Tissue Kit (Qiagen). PCR was 

performed with LongAmp Taq 2X Master Mix (New England Biolabs, NEB) using customized 

primers (Integrated DNA Technologies). After amplification confirmation with agarose gel 

electrophoresis, and purification with the QIAquick PCR Purification Kit (Qiagen), Sanger 

sequencing reactions of PCR products were carried out with an ABI3730xl DNA analyzer. 

Chromatograms were aligned and multiple single nucleotide variants were called using Geneious 

(Version 7.0, Biomatters). The target exonic regions were selected based upon presence of 

multiple single nucleotide variants (amplified and Sanger sequenced by primers SS_174F-

SS_175R and SS_192F-SS_193R given in Table 2.2). DGAP230 lymphoblastoid cell cDNA was 

acquired as described above (Section 2.2.6) and assessed by the same method as the genomic 

DNA (amplified and Sanger sequenced with primers SS_175R-SS_193R as reported in Table 

2.2). 

 

2.2.8. 3C-PCR 

3C-PCR was performed as described in Chapter 3139. In brief, standard chromosome 

conformation capture (3C) libraries were generated140-144 and subjected to rearrangement-

spanning nested PCR and subsequent Sanger sequencing using primers SS_216R-SS_227R 

(listed in Table 2.2). 
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2.2.9. Circular chromatin conformation capture sequencing (4C-seq) and analysis 

4C-seq was adapted from previously described protocols with the following 

specifications141-143. Ten million cell aliquots of lymphoblastoid cells were crosslinked by adding 

formaldehyde (MilliporeSigma) to a final concentration of 2% for 10 minutes before the reaction 

was quenched with glycine (Promega) at a final concentration of 125 mM. After lysis, chromatin 

was further released by douncing with a 21.5-gauge needle and digested using 1500 U HindIII 

(NEB) per reaction at 37°C overnight. After enzyme inactivation, ligation, reverse crosslinking, 

DNA isolation, and purification, DNA was subjected to a second digestion by 50 U Csp6I 

(ThermoFisher Scientific) per reaction at 37°C overnight. Enzyme inactivation, ligation, DNA 

isolation and purification were next performed to create the 4C libraries. Each library was 

amplified by inverse PCR with primers containing multiplexed overhangs (SS_198F-SS_212R as 

reported in Table 2.2) using 50 ng of 4C template per reaction and purified by Qiaquick PCR 

purification kit (Qiagen). Samples were submitted to The Biopolymers Facility in the Department 

of Genetics at Harvard Medical School (Boston, MA, USA) for quality control on an Agilent 2200 

TapeStation D1000 HS ScreenTape and by SYBR qPCR assay. Samples were spiked with 30% 

PhiX prior to sequencing on an Illumina HiSeq 2500 sequencer using the HiSeq Single-Read 

Rapid Cluster Kit v2 (Illumina) for 100 cycles. At least 14 million pass-filter reads were acquired 

per sample. 

4C-seq datasets were imported into the Galaxy-BioTeam Appliance (https://gbsc-

galaxy.stanford.edu) and demultiplexed using Barcode Splitter (Galaxy Version 1.0.0)145. Reads 

were aligned to GRCh37/hg19 and a custom-made derivative chromosome 20 (der(20)) hg19 

reference genome using Bowtie2 (Galaxy Version 0.2). The der(20) was made using a Perl script 

that parsed through chromosomes 20 and 22 and concatenated parts of the chromosomes at the 

resolved breakpoints (Section 2.2.11). Bam files were then analyzed using FourCSeq (Version 

1.16.0) with normal parameters established by the FourCSeq protocol with the exception of using 
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the der(20) chromosome for some analyses146. Interactions between fragments were then 

mapped to a circular plot using Circos (Version circos-0.69-6), by applying the relative coordinates 

of each fragment within the respective chromosome147. P-adjusted significance values were used 

to superimpose a colored heatmap onto the plot. These were then transformed into linear plots 

using Photoshop (Version CC 2015) by converting the image from Rectangular mode to Polar 

mode. 

 

2.2.10. CRISPR/Cas9-mediated genome editing in lymphoblastoid cells 

CRISPR/Cas9-mediated deletion of chromosome 22 (chr22) putative enhancers in the 

DGAP230 LCL was performed as previously described with the following parameters148. A Cas9-

expressing stable DGAP230 cell line was developed by transduction with lentiCas9-Blast 

lentivirus, selection in blasticidin S HCl (Gibco), and validation by Western blot with primary 

antibodies anti-Cas9 (Abcam, catalog number 7A9-3A3) and anti-GAPDH (Cell Signaling 

Technology, catalog number 5174) and secondary antibodies IRDye 680RD Donkey anti-Mouse 

IgG and IRDye 800CW Donkey anti-Rabbit IgG (both LI-COR). This cell line was transduced with 

lentivirus derived from lentiviral vectors containing custom-made dual targeting sgRNAs that flank 

the putative enhancer region as well as a lentiGuide-Puro empty vector control. The dual targeting 

sgRNA vector was constructed and validated with primers SS_278F-SS_289F (given in Table 

2.2) and the previously described H1 bridge dsDNA block148. Selection of infected cells in 

puromycin (Gibco) yielded heterogeneous cultures, which were then either grown for one to four 

months or sorted into single cells in 96-well cell culture plates (Corning) using a MoFlo Astrios EQ 

cell sorter with a 100 µm nozzle at the Harvard Medical School Division of Immunology Flow 

Cytometry Core (Boston, MA, USA). Single cell clones were PCR-validated for homozygous 

deletions after genomic DNA extraction with the DNeasy Blood and Tissue Kit (Qiagen) by using 

LongAmp Taq 2X Master Mix (NEB) and primers SS_304F-SS_309R (given in Table 2.2). To 

determine the relative amount of putative enhancer deletion in heterogeneous cultures derived 
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from the dual targeting sgRNA lentivirus transduction and grown for different lengths of time, 

quantitative RT-PCR of 12 ng genomic DNA was performed with primers SS_308F-SS_309R and 

SS_52F-SS_53R (sequences reported in Table 2.2) and SsoFast EvaGreen Supermix (Bio-Rad) 

using the CFX Connect Real-Time PCR Detection System (Bio-Rad). Standard curves were 

employed routinely to quantify amplicons from each primer pair. 

 

2.2.11. Code availability 

The GetDerivative.pl script used to create the der(20) and der(22) can be found at 

https://github.com/mnnshreya/Morton-DGAP230. 

 

2.2.12. Statistical analyses 

For quantitative RT-PCR experiments, cDNA for three DGAP230 LCL replicates and three 

distinct age- and sex-matched control LCLs were each assessed in technical duplicates, 

normalized to GAPDH expression, and evaluated using an unpaired two-tailed t-test (Excel). 

Statistical significance for RNA analyses were determined by a p-value of p<0.05 and figure error 

bars show standard error of the mean. For identifying and assessing variable regions in DGAP230 

lymphoblastoid cells, Sanger sequencing was performed on at least three different preparations 

of gDNA and/or cDNA. 3C-PCR and 4C-seq were each performed in triplicate, creating both 3C 

and 4C libraries from three independent cultures for the DGAP230 LCL and three different control 

LCLs. For differential analysis of 4C-seq datasets using FourCSeq (Version 1.16.0)146, read-

counts were variance-stabilized and fit with a monotonic decay that was used to calculate z-

scores. Z-scores were converted to p-values using a normal cumulative distribution curve and 

adjusted for multiple testing by the Benjamini-Hochberg method. A differential analysis was then 

conducted and significant interactions were detected by a p-adjusted value of padj<0.01. For 

quantitative RT-PCR of the putative enhancer deletion, genomic DNA for two biological replicates 

of DGAP230 LCLs transduced with the dual targeting sgRNA lentivirus and grown for one month, 
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15 biological replicates of DGAP230 LCLs transduced with the dual sgRNA lentivirus and each 

grown for four months, and two biological replicates of DGAP230 LCLs transduced with the 

lentiGuide-Puro empty vector control were each assessed in technical triplicates, normalized to 

an intronic region of genomic DNA, and evaluated using a heteroscedastic one-tailed t-test for 

one versus four months and homoscedastic one-tailed t-test for dual targeting sgRNA lentivirus 

versus empty vector control (Excel). Statistical significance for quantitative RT-PCR analyses on 

genomic DNA were determined by a p-value of p<0.05 and figure error bars show standard error 

of the mean. 
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Table 2.2. Primers used in chapter 2 
 
Name Sequence 5'-3' Target region Description 
SS_36F TTCACCACCATGGAGA

AGGC 
GAPDH cDNA, 
human 

For qPCR control with 
SS_37R; amplicon = 112 bp 

SS_37R TCTCATGGTTCACACCC
ATGAC 

GAPDH cDNA, 
human 

For qPCR control with 
SS_36F; amplicon = 112 bp 

SS_40F TTGGAAAAGGGACAGC
CAAG 

SYCP2 cDNA, 
human 

For qPCR with SS_41R; 
amplicon = 108 bp 

SS_41R GGTTGCTTTTCGTGGA
AGTCTG 

SYCP2 cDNA, 
human 

For qPCR with SS_40F; 
amplicon = 108 bp 

SS_52F CAGACTCCTGTGGTCA
AGCA 

ATP2B1, human 
 

For qPCR with SS_53R; 
amplicon = 147 bp 
(control primer pair 
published in 149) 

SS_53R 
 

TTCGTCAGTCAACCCCT
TTC 
 

ATP2B1, human For qPCR with SS_52F; 
amplicon = 147 bp 
(control primer pair 
published in 149) 

SS_54F TGACCACGTTTTCAGCT
GTG 

CDH4 cDNA, human For qPCR with SS_55R; 
amplicon = 103 bp 

SS_55R TTGGTGGCATTGATGT
GCAG 

CDH4 cDNA, human For qPCR with SS_54F; 
amplicon = 103 bp 

SS_58F GTTCGTGTCTCAGGTT
CAGCCAG 

upstream of 
DGAP230 
rearrangement 
breakpoint on chr20 

For amplification with 
SS_59R of der(20) 
breakpoint; amplicon = 976 
bp (also used for subsequent 
Sanger sequencing) 

SS_59R GCACAGTTTTGATCCTG
TCTTGTGG 

downstream of 
DGAP230 
rearrangement 
breakpoint on chr22 

For amplification with 
SS_58F of der(20) 
breakpoint; amplicon = 976 
bp (also used for subsequent 
Sanger sequencing) 

SS_60F GATAAGCCAATAACCA
CGACCTGAG 

upstream of 
DGAP230 
rearrangement 
breakpoint on chr22 

For amplification with 
SS_61R of der(22) 
breakpoint; amplicon = 832 
bp (also used for subsequent 
Sanger sequencing) 

SS_61R GGATTAGGACAGGCAG
GAGCAAG 

downstream of 
DGAP230 
rearrangement 
breakpoint on chr20 

For amplification with 
SS_60F of der(22) 
breakpoint; amplicon = 832 
bp (also used for subsequent 
Sanger sequencing) 

SS_62F TGCCACAATGCACAGA
CAAC 

CDH26 cDNA, 
human 

For qPCR with SS_63R; 
amplicon = 93 bp 

SS_63R TCTTCCAGCACATTGG
CAAC 

CDH26 cDNA, 
human 

For qPCR with SS_62F; 
amplicon = 93 bp 

SS_70F CCACCCAAACCTTAGA
AAGCTG 

SNAP29 cDNA, 
human 

For qPCR with SS_71R; 
amplicon = 100 bp 
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SS_71R TCGAAGGTGTGGGTTC
TTTG 

SNAP29 cDNA, 
human 

For qPCR with SS_70F; 
amplicon = 100 bp 

SS_76F ACCAGCAACAGTATCG
GGAAG 

SLC7A4 cDNA, 
human 

For qPCR with SS_77R; 
amplicon = 85 bp 

SS_77R AGGCAGATGTTGAGGA
CGATG 

SLC7A4 cDNA, 
human 

For qPCR with SS_76F; 
amplicon = 85 bp 

SS_92F ACAGGTCAAGGTGTTC
AACG 

PPP1R3D, human For qPCR with SS_93R; 
amplicon = 123 bp 

SS_93R AGGCAATGCAGGGTGA
ACTC 

PPP1R3D, human For qPCR with SS_92F; 
amplicon = 123 bp 

SS_94F AGCACTACAGGAAAGA
CAGTCC 

FAM217B cDNA, 
human 

For qPCR with SS_95R; 
amplicon = 120 bp 

SS_95R TGGGCCAGCATTCATA
TTGC 

FAM217B cDNA, 
human 

For qPCR with SS_94F; 
amplicon = 120 bp 

SS_98F TTGTGAAATCGCGTGG
ACTG 

C20orf197 cDNA, 
human 

For qPCR with SS_99R; 
amplicon = 72 bp 

SS_99R TACCAACAGCTGCTCA
GTGG 

C20orf197 cDNA, 
human 

For qPCR with SS_98F; 
amplicon = 72 bp 

SS_102F AACATGATGCTGCCCA
ACTG 

USP41 cDNA, 
human 

For qPCR with SS_103R; 
amplicon = 138 bp 

SS_103R TGGCACAGTCAAGGCA
AATC 

USP41 cDNA, 
human 

For qPCR with SS_102F; 
amplicon = 138 bp 

SS_106F ATGGAGCATGCAGAGG
GAAG 

ZNF74 cDNA, human For qPCR with SS_107R; 
amplicon = 87 bp 

SS_107R TTGCAAATGCCCTGCT
GTTG 

ZNF74 cDNA, human For qPCR with SS_106F; 
amplicon = 87 bp 

SS_110F GCATGCCTGTAACCAT
GTCAC 

SCARF2 cDNA, 
human 

For qPCR with SS_111R; 
amplicon = 89 bp 

SS_111R TGCCATTGCTACACTTG
GTC 

SCARF2 cDNA, 
human 

For qPCR with SS_110F; 
amplicon = 89 bp 

SS_114F AACAACGATGCCGGAT
ACAG 

KLHL22 cDNA, 
human 

For qPCR with SS_115R; 
amplicon = 130 bp 

SS_115R TGTTGTCCAGCACAGC
AATG 

KLHL22 cDNA, 
human 

For qPCR with SS_114F; 
amplicon = 130 bp 

SS_118F AGCCATGTTTTCCTGAA
GGC 

MED15 cDNA, 
human 

For qPCR with SS_119R; 
amplicon = 137 bp 

SS_119R AGGCTCTGGAGTGCAT
TCATAG 

MED15 cDNA, 
human 

For qPCR with SS_118F; 
amplicon = 137 bp 

SS_122F AAGCGCCACTTCTCAG
AAAC 

SERPIND1 cDNA, 
human 

For qPCR with SS_123R; 
amplicon = 149 bp 

SS_123R TGAGCAGTTTCCCCTC
CTTTC 

SERPIND1 cDNA, 
human 

For qPCR with SS_122F; 
amplicon = 149 bp 

SS_126F CAGGTTTTGCATGTCCT
CTTGG 

PI4KA cDNA, human For qPCR with SS_127R; 
amplicon = 122 bp 

SS_127R TTGCTGTAACGCCCAA
ATGC 

PI4KA cDNA, human For qPCR with SS_126F; 
amplicon = 122 bp 

SS_130F AACCGCCGTTTTAAGAT
CGG 

CRKL cDNA, human For qPCR with SS_131R; 
amplicon = 128 bp 
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SS_131R ATTGGTGGGCTTGGAT
ACCTG 

CRKL cDNA, human For qPCR with SS_130F; 
amplicon = 128 bp 

SS_134F TGAGGCCCAAGGAGTT
TTTC 

AIFM3 cDNA, human For qPCR with SS_135R; 
amplicon = 108 bp 

SS_135R TGAAGCCATCCTTGAA
CACG 

AIFM3 cDNA, human For qPCR with SS_134F; 
amplicon = 108 bp 

SS_138F AAGTTTGCAACTGGCC
AGTG 

LZTR1 cDNA, human For qPCR with SS_139R; 
amplicon = 109 bp 

SS_139R CAGCAAAGATCCACAG
CTTGTC 

LZTR1 cDNA, human For qPCR with SS_138F; 
amplicon = 109 bp 

SS_142F AAAGGACACAGTTACC
CACCTG 

THAP7 cDNA, 
human 

For qPCR with SS_143R; 
amplicon = 104 bp 

SS_143R GGTGGAGAAAATGGAG
TTGTGG 

THAP7 cDNA, 
human 

For qPCR with SS_142F; 
amplicon = 104 bp 

SS_146F TGACCAACTTCCTTGTG
ACG 

P2RX6 cDNA, 
human 

For qPCR with SS_147R; 
amplicon = 134 bp 

SS_147R TTTTACACCGTGGCTGT
GTG 

P2RX6 cDNA, 
human 

For qPCR with SS_146F; 
amplicon = 134 bp 

SS_174F TTGTGGACTCAACCCTT
AGTCA 

SYCP2, human For PCR with SS_175R; 
amplicon = 2945 bp 

SS_175R GGACTTCCTCCCCCTT
GTAA 

SYCP2, human For PCR with SS_174F; 
amplicon = 2945 bp (also 
used for subsequent Sanger 
sequencing) 

SS_185F GCTTGTGCGGATAGGT
CAAT 

SYCP2 cDNA, 
human 

For PCR with SS_186R; 
amplicon = 2404 bp 

SS_186R TGTTTCCAACAGTGTGC
TGA 

SYCP2 cDNA, 
human 

For PCR with SS_185F; 
amplicon = 2404 bp 

SS_192F TGAGCAGTCCGGTGTC
ACTA 

GAPDH, human For PCR with SS_193R; 
amplicon = 619 bp for cDNA 
and 859 bp for gDNA (also 
used for subsequent Sanger 
sequencing) 

SS_193R TGACTCCGACCTTCAC
CTTC 

GAPDH, human For PCR with SS_192F; 
amplicon = 619 bp for cDNA 
and 859 bp for gDNA 

SS_198F AATGATACGGCGACCA
CCGAACACTCTTTCCCT
ACACGACGCTCTTCCG
ATCTTAAGGCGAGGGG
TGCTGAGCTGGGTAC 

SYCP2 promoter, 
human 

For 4C-seq inverse PCR with 
SS_212R; multiplexed for 
library "DGAP230_A2" using 
the barcode TAAGGCGA 

SS_199F AATGATACGGCGACCA
CCGAACACTCTTTCCCT
ACACGACGCTCTTCCG
ATCTCGTACTAGGGGG
TGCTGAGCTGGGTAC 

SYCP2 promoter, 
human 

For 4C-seq inverse PCR with 
SS_212R; multiplexed for 
library "GM20184_B2" using 
the barcode CGTACTAG 
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SS_200F AATGATACGGCGACCA
CCGAACACTCTTTCCCT
ACACGACGCTCTTCCG
ATCTAGGCAGAAGGGG
TGCTGAGCTGGGTAC 

SYCP2 promoter, 
human 

For 4C-seq inverse PCR with 
SS_212R; multiplexed for 
library "DGAP230_B1" using 
the barcode AGGCAGAA 

SS_201F AATGATACGGCGACCA
CCGAACACTCTTTCCCT
ACACGACGCTCTTCCG
ATCTTCCTGAGCGGGG
TGCTGAGCTGGGTAC 

SYCP2 promoter, 
human 

For 4C-seq inverse PCR with 
SS_212R; multiplexed for 
library "DGAP230_D3" using 
the barcode TCCTGAGC 

SS_202F AATGATACGGCGACCA
CCGAACACTCTTTCCCT
ACACGACGCTCTTCCG
ATCTGGACTCCTGGGG
TGCTGAGCTGGGTAC 

SYCP2 promoter, 
human 

For 4C-seq, inverse PCR 
with SS_212R; multiplexed 
for library "GM20188_A1" 
using the barcode 
GGACTCCT 

SS_203F AATGATACGGCGACCA
CCGAACACTCTTTCCCT
ACACGACGCTCTTCCG
ATCTTAGGCATGGGGG
TGCTGAGCTGGGTAC 

SYCP2 promoter, 
human 

For 4C-seq inverse PCR with 
SS_212R; multiplexed for 
library "DGAP278-02_A" 
using the barcode 
TAGGCATG 

SS_212R CAAGCAGAAGACGGCA
TACGACTTGGCCTTTCA
AGCCGGC 

SYCP2 promoter, 
human 

For 4C-seq inverse PCR with 
SS_198F-SS_203F  

SS_216R GAAGAGGAGCTTCTTA
ATGTACGC 

SYCP2, human For 3C-PCR second 
amplification with SS_220F; 
amplicon = 511 bp 

SS_220F ATTGCTTGAACCAGGA
GGTG 

chr22, proximal to 
rearrangement 
breakpoint 

For 3C-PCR second 
amplification with SS_216R; 
amplicon = 511 bp (also 
used for subsequent Sanger 
sequencing) 

SS_225F TTTCTCTCCTGTTCCCA
AGG 

chr22, proximal to 
rearrangement 
breakpoint 

For 3C-PCR first 
amplification with SS_227R; 
amplicon = 1843 bp  

SS_227R AGGTTGATCCTTGTTGA
AATTGTT 

SYCP2, human For 3C-PCR first 
amplification with SS_225F; 
amplicon = 1843 bp 

SS_278F AAAGGACGAAACACCG
CAGATACGAACAAAGA
ATCGGTTTTAGAGCTAG
AAATAGCAAG 

Plasmid lentiGuide-
Puro and H1 bridge 
dsDNA block 
(underlined 
sequences); chr22 
putative enhancer 
target region 

For cloning of dual targeting 
sgRNAs into plasmid 
lentiGuide-Puro (Addgene 
plasmid #52963), used with 
SS_287R 

SS_287R TTCTAGCTCTAAAACCA
TTGTGGATCTGAGTGG

Plasmid lentiGuide-
Puro and H1 bridge 

For cloning of dual targeting 
sgRNAs into plasmid 
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GAGGATCCAAGGTGTC
TCATAC 

dsDNA block 
(underlined 
sequences); chr22 
putative enhancer 
target region 

lentiGuide-Puro (Addgene 
plasmid #52963), used with 
SS_278F 

SS_289F GAGGGCCTATTTCCCA
TGATT 

Plasmid lentiGuide-
Puro 

For Sanger sequencing of 
sgRNAs inserted into 
plasmid lentiGuide-Puro 
(Addgene plasmid #52963) 

SS_304F CCTTTATCCCTAGGCA
GCGT 

chr22, 5' flanking 
region for chr22 
putative enhancer 
deletion 

For PCR with SS_305R; 
amplicon = 342 bp in cells 
with at least one intact chr22 
putative enhancer 

SS_305R CAATCGCTTCAACTCCA
CCC 

chr22, 5' flanking 
region for chr22 
putative enhancer 
deletion 

For PCR with SS_304F; 
amplicon = 342 bp in cells 
with at least one intact chr22 
putative enhancer 

SS_306F TCTTCTCCCTGGGCAT
GAAC 

chr22, 3' flanking 
region for chr22 
putative enhancer 
deletion 

For PCR with SS_307R; 
amplicon = 236 bp in cells 
with at least one intact chr22 
putative enhancer 

SS_307R AGAGCCAGGATAAGAC
TTGAGT 

chr22, 3' flanking 
region for chr22 
putative enhancer 
deletion 

For PCR with SS_306F; 
amplicon = 236 bp in cells 
with at least one intact chr22 
putative enhancer 

SS_308F TCCTTTATCCCTAGGCA
GCG 

chr22, across chr22 
putative enhancer 
deletion 

For PCR and qPCR with 
SS_309R; amplicon = 233 
bp in cells with at least one 
deletion of the chr22 putative 
enhancer 

SS_309R TGACGATTCAGAGATTT
GTGACT 

chr22, across chr22 
putative enhancer 
deletion 

For PCR and qPCR with 
SS_308F; amplicon = 233 bp 
in cells with at least one 
deletion of the chr22 putative 
enhancer 
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2.3. Results 

2.3.1. Clinical report for DGAP230 

This study focuses on identifying the genetic etiology of infertility for one male research 

participant, designated DGAP230, who presented with a two-year history of infertility at age 28. 

His evaluation showed severe oligospermia (<2 million/ml) with normal semen volume. 

Karyotyping revealed the reciprocal translocation 46,XY,t(20;22)(q13.3;q11.2) (Figure 2.2a). This 

was considered balanced, as aCGH identified no cytologically detectable gains or losses of 

genomic material at either breakpoint. Genetic testing for YCMD and CFTR mutations were 

negative. DGAP230 has no dysmorphic features and has normal serum levels of FSH, LH and 

testosterone. Given DGAP230’s normal hormonal levels, normal semen volume and absence of 

CFTR mutations, we predicted that the etiology of his severe oligospermia likely originates in the 

testes35. Based on these initial observations, we hypothesized that the t(20;22) breakpoints 

disrupt or dysregulate genes, which may be important in fertility, perhaps by influencing 

gametogenesis.  
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Figure 2.2. DGAP230 breakpoint characterization 
a) DGAP230 composite partial karyotype of normal (left) and derivative (right) GTG-banded 
chromosomes 20 and 22. b) The DGAP230 ideogram indicates a simple long arm (q-q) 
translocation between chromosomes 20 (nl20) and 22 (nl22). Chromatograms from Sanger 
sequencing show rearrangement breakpoints at nucleotide level resolution. c) Next-Generation 
Cytogenetic Nomenclature is provided for DGAP230135. The following software was used to 
develop this figure: http://www.geneious.com, http://www.cydas.org/OnlineAnalysis/, 
http://boston.bwh.harvard.edu/. 
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2.3.2. Identification of candidate genes for DGAP230’s severe oligospermia 

To identify genes disrupted or potentially dysregulated by the t(20;22) breakpoints, 

DGAP230’s translocation was elucidated, directing an investigation of candidate genes. We 

refined DGAP230’s chromosomal breakpoints to nucleotide resolution using large-insert 

(“jumping library”) sequencing and subsequent Sanger sequencing (Figure 2.2b,c).  

DGAP230’s breakpoint locations were then used to identify candidate genes that may 

cause his severe oligospermia. Genetic regions specifically disrupted by the t(20;22) could be 

impacted in two ways. If the breakpoint occurs within the open reading frame of any gene, the 

gene is considered disrupted. Alternatively, positional effects on genes near breakpoints could 

occur due to loss or gain of regulatory elements in the genetic neighborhood. We defined the 

extent of these effects by the breakpoint-residing topologically associating domains (TADs), 

compartments of chromatin with high interactions in three-dimensional space, because TAD 

disruption by structural rearrangements has been shown to rewire gene expression and induce 

pathogenicity136,150,151 (Figure 2.3). As a result, our list of candidate genes includes all genes that 

are disrupted or potentially dysregulated by residing within the breakpoint-containing TADs.  



 39 

      

Figure 2.3. Topologically associating domains are biologically relevant delineations of 
regulatory regions 
a) Topologically associating domains (TADs) are naturally occurring compartments of chromatin 
ranging in size from hundreds of kilobases to a few megabases136. These compartments 
(triangles) closely interact with themselves in three-dimensional space but not neighboring 
regions and are separated by boundaries (green ovals), which restrict regulatory elements from 
interacting with genes residing outside the boundary152 (image adapted from 153). b) Structural 
rearrangements can rewire gene expression by changing the position of regulatory elements 
relative to gene promoters154. For example, a translocation between two chromosomes 
(mahogany and pink) may either remove a regulatory region from a TAD on the derivative 
chromosome leading to decreased gene expression (left), or introduce a new regulatory element 
resulting in ectopic expression of the gene (right).  
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We computationally assessed predicted TADs by using stem cell Hi-C domains from the 

Hi-C project (chromosome.dsc.edu/) and converting them to hg19 for comparison to the 

breakpoints136. We identified six genes in the chromosome 20 (chr20) breakpoint-containing TAD 

and 14 genes in the chromosome 22 (chr22) breakpoint-containing TAD (Figure 2.4a). While one 

gene, CDH4, was directly disrupted by the breakpoint on chr20, it is not a strong candidate for 

severe oligospermia. CDH4 encodes cadherin-4 or R-cadherin, which has predominant 

expression in the brain and plays a role in retinal axon outgrowth and visual system 

development155-157. The disruption is likely not pathogenic because it has a high haploinsufficiency 

score (%HI = 37)158, suggesting that disruption of only one copy of CDH4 is insufficient to induce 

pathogenicity. In addition, paternally-inherited CDH4 deletions are reported in DECIPHER, which 

would be incompatible with a phenotype of male infertility159. 

To determine if DGAP230’s translocation dysregulates candidate genes, we sought to 

assess their gene expression. Determining positional effects on genes near the breakpoints is not 

trivial, as we do not have reproductive tissues from DGAP230, such as testis, where the candidate 

genes are most likely to be expressed. However, Epstein-Barr virus-transformed LCLs are often 

useful in making important observations about the effects of structural rearrangements in DGAP 

subjects160,161. Although not all DGAP230’s candidate genes are normally expressed in LCLs, we 

hypothesized that we would be able to detect genes that exhibit constitutive misexpression or 

overexpression compared to age- and sex-matched controls157,158. By assessing expression of 

every candidate gene by qPCR, we identified one gene on chr20, SYCP2, that is expressed about 

20-fold in DGAP230 LCLs relative to age- and sex-matched controls, a result that was confirmed 

to be statistically significant by an unpaired two-tailed t-test (p<0.02). No other significant 

differences were noted in expression between DGAP230 and control LCLs (Figure 2.4b). 
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Figure 2.4. Topologically associating domains disrupted by DGAP230’s t(20;22) define 
candidate genes 
a) Vertical lines indicate positions of rearrangement breakpoints across ideograms of normal and 
derivative chromosomes 20 (mahogany) and 22 (pink). Genes residing in breakpoint-containing 
topologically associating domains (TADs) are listed below each TAD (triangle) defined by 
boundary regions (green ovals). b) qPCR of candidate genes in DGAP230 lymphoblastoid cells 
relative to age- and sex-matched control LCLs. Statistical significance was determined by an 
unpaired two-tailed t-test (N=3; p<0.02) and all results display mean ± standard error. # = genes 
deemed not expressed in LCLs by qPCR standard curve; * = p<0.05. 
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2.3.3. Determination of the cytogenetic etiology of SYCP2 dysregulation 

To determine if SYCP2 misexpression is caused by DGAP230’s t(20;22), we next 

characterized the mechanism by which SYCP2 is dysregulated. Given that SYCP2 is not 

expressed in karyotypically normal LCLs, we hypothesized that only the der(20)-residing allele 

would be expressed if the t(20;22) were responsible. To test the hypothesis that only one allele 

of SYCP2 is expressed, we identified an exonic polymorphic region in SYCP2 from DGAP230 

genomic DNA and assessed expression of both allelic variants in DGAP230 LCL cDNA162. 

Sequence traces detected only one SYCP2 haplotype in DGAP230 LCL cDNA, suggesting 

expression from a single allele in DGAP230 LCLs (Figure 2.5a). 

To determine if the expressed SYCP2 allele resides in cis with the der(20) translocation 

breakpoint, we sought to amplify selectively the der(20) allele using primers that span the 

translocation junction for subsequent Sanger sequencing. To overcome a technical challenge of 

the 1.5 Mb distance, we applied 3C-PCR (Chapter 3)139, which capitalizes on principles underlying 

3C to bring fragments containing the translocation junction and der(20)-residing SYCP2 allele 

closer together, thus enabling PCR across the junction of a ligation product including the cis allele 

(Figure 2.5b)144,163. This resulted in production of amplicons in DGAP230 but not in karyotypically 

normal LCLs, demonstrating specificity for the t(20;22) (Figure 2.5b). Sanger sequencing of this 

amplicon revealed the expressed allele (Figure 2.5c), suggesting that SYCP2 expression is 

detected exclusively from the der(20) allele in the DGAP230 LCL. 
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Figure 2.5. SYCP2 is overexpressed exclusively from the der(20) allele 
a) Comparison of DNA and RNA from polymorphic regions in SYCP2 and GAPDH exons. 
Sequence traces are shown for genomic DNA (top) and cDNA (bottom) from DGAP230 
lymphoblastoid cells. The SYCP2 DNA trace shows heterozygosity at SNPs rs568645874 and 
rs199662252 while the SYCP2 cDNA trace only detects one haplotype. In contrast, the GAPDH 
control shows heterogeneity in both DNA and cDNA (SNPs rs45568532, rs551180067 and 
rs11549332). W = A/T; R = A/G ; M = A/C ; S = C/G ; Y = C/T. b) Overview of 3C-PCR, a protocol 
that couples proximity ligation with breakpoint-spanning PCR to capture cis sequences distant 
from the chromosomal rearrangement139. Gel electrophoresis of PCR products from the first PCR 
across the breakpoint (left) and the second nested PCR using amplification products from the first 
PCR as a substrate (right) is shown. M = marker; C = control. c) Sanger sequencing traces for 
the der(20) allele, compared to the DNA and cDNA Sanger sequencing traces in Figure 2.5a 
(N=3).  
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With knowledge that the misexpression of SYCP2 derives from the der(20), we 

hypothesized that this dysregulation is mediated by an “enhancer adoption” mechanism, a long-

range cis-regulatory mutation that results in a gain of regulatory elements and subsequent 

promiscuous gene expression154,164. To explore this mechanism, we performed 4C-seq using the 

SYCP2 promoter as bait in DGAP230 and age- and sex-matched control LCLs, and FourCSeq 

analysis for both nl20 and der(20) chromosomes146. A single statistically significant fragment was 

identified with 210-fold increased interaction in the DGAP230 LCL (N=3; padj control = 0.0053), 

which maps to a genomic region on chr22, 8 Mb downstream of the SYCP2 promoter (Figure 

2.6a). A closer look at this region revealed many signatures of enhancer activity including a high 

ratio of H3K4me1 to H3K4me3, H3K27ac, and two regions that demonstrate DNaseI 

hypersensitivity in fetal testis tissue (Figure 2.6b)165,166. Taken together, our findings support an 

enhancer adoption model, where an active enhancer residing in the segment of chr22 

translocated to the der(20) may enter a newly formed chromatin contact encompassing the cis-

residing SYCP2 allele, resulting in illegitimate overexpression.   
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Figure 2.6. Investigation of chromatin contacts with the SYCP2 promoter  
4C-seq was performed on three biological replicates of the DGAP230 LCL and control LCLs from 
three different karyotypically normal age- and sex-matched controls. a) FourCSeq analysis for 
chr20 (top) and der(20) (bottom) reveals differential interactions of DNA fragments with the 
SYCP2 promoter (purple arrow)146. Plots were made in Circos and linearized using Adobe 
Photoshop. Lines represent each DNA fragment found to interact with the SYCP2 promoter. A 
single statistically significant fragment (yellow arrow) with DGAP230 enrichment appears in the 
der(20) analysis (210-fold enrichment, padj control = 0.0053). Cen = centromere. b) The significant 
DNA fragment and flanking enriched regions were consolidated to define a 29 kb putative 
interacting region. Tracks indicating enhancer activity from seven different cell lines are displayed 
in the UCSC genome browser and green bars highlight two regions of DNaseI hypersensitivity in 
fetal testis tissue according to ENCODE165-167.  
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In order to implicate the genomic region identified by 4C-seq as the adopted enhancer for 

SYCP2 dysregulation, we sought to determine causality by deleting the putative enhancer region 

using CRISPR/Cas9 and assessing the subsequent impact on SYCP2 expression (Figure 

2.7a)148. We established Cas9-expressing stable DGAP230 lymphoblastoid cells (Figure 2.7b) 

which were subsequently transduced with lentivirus derived from lentiviral vectors either 

containing dual targeting sgRNAs that flank the putative enhancer region or an empty vector 

control. Selection of dual targeting sgRNA-infected cells yielded a heterogeneous culture that 

demonstrates successful deletion of the target region (Figure 2.7c). Isogenic clones grown from 

single cell sorting revealed that only cells with biallelic intact enhancer regions survive (Figure 

2.7d). To test whether the putative enhancer region is important for cell viability, dual targeting 

sgRNA-infected heterogeneous cultures were grown for variable lengths of time and quantitative 

RT-PCR of extracted genomic DNA was assessed for relative amounts of the targeted deletion. 

While the targeted deletion is enriched in dual targeting sgRNA-infected heterogeneous cells 

cultured for one month relative to the background signal from empty vector control-infected 

cultures, cells with the targeted deletion are selected out of the dual targeting sgRNA-infected 

heterogeneous population by four months (Figure 2.7e). These findings suggest that the putative 

enhancer region targeted by CRISPR/Cas9 is important for cell growth or viability. Due to the 

hypothesized biological significance of this region, we were unable to generate DGAP230 LCLs 

with a deleted putative enhancer region in order to study further its role in SYCP2 overexpression.  
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Figure 2.7. CRISPR/Cas9-mediated deletion of putative adopted enhancers 
a) The targeted deletion (black solid line) is mapped to the significant DNA fragment identified by 
4C-seq. Tracks indicating enhancer activity from seven different cell lines are displayed in the 
UCSC genome browser and green bars highlight two regions of DNaseI hypersensitivity in fetal 
testis tissue according to ENCODE165-167. The dotted line and black arrows below the targeted 
deletion represent the predicted amplicon size by PCR of a deleted substrate. Orange and purple 
arrows represent the predicted PCR amplicon size of the 5’ and 3’ flanking regions, respectively. 
b) A Cas9-expressing stable LCL was established for DGAP230, as indicated by Cas9 protein 
expression in a Western blot. M = marker; -Cas9 = uninfected DGAP230 LCL; +Cas9 = Cas9-
expressing stable DGAP230 LCL.  
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Figure 2.7. (Continued) 
c) PCR amplification across the deletion in genomic DNA from the dual targeting sgRNA-infected 
culture reveals some CRISPR/Cas9-deleted target regions in the heterogeneous lymphoblastoid 
cell population. M = 1 kb plus DNA ladder; gRNA = deletion assessment in the heterogeneous 
culture infected with the dual targeting sgRNA lentivirus; ctrl = deletion assessment in the culture 
infected by the empty vector control lentivirus. d) Example of PCR analysis for an isogenic LCL 
grown from a single cell after dual targeting sgRNA-infection of Cas9-expressing stable DGAP230 
lymphoblastoid cells. The presence of amplicons for the 5’ and 3’ flanking regions and absence 
of an amplicon across the deletion are interpreted as no deletion of the targeted enhancer region. 
M = 1 kb plus DNA ladder; 5’ = 5’ flanking region; 3’ = 3’ flanking region; del = deletion targeted 
by the dual targeting sgRNA lentivirus. e) Quantitative RT-PCR of the putative enhancer deletion 
in DGAP230 LCLs transduced with the dual targeting sgRNA lentivirus and grown for one month 
compared to four months show a loss of modified cells over time. Two biological replicates for the 
one-month and control conditions and 15 biological replicates for the four-month condition were 
each tested in triplicate and grouped for graphing and statistical analyses. Results are normalized 
to the empty vector control value and graphed as mean ± standard error. Results were found to 
be statistically significant between the one-month and four-month groups by a heteroscedastic 
one-tailed t-test (p<0.02) and between the one-month and control conditions by a homoscedastic 
one-tailed t-test (p<0.01). * = p<0.05; ** = p<0.01.  
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2.4. Contributions 

 DGAP230 was enrolled through DGAP with principal investigators Drs. Cynthia Morton, 

Bradley Quade, James Gusella, and Richard Maas. Clinical information was obtained through the 

Coordinating and Administrative Core (CAC) from Dr. Cynthia Morton’s lab, including assistance 

from coordinators Shahrin Ahsan, Tammy Kammin and Ellen Wilch. Large-insert jumping library 

sequencing analysis was performed in Dr. James Gusella’s lab by Dr. Michael Talkowski and 

Carrie Hanscom. The GTG-banded karyotype was prepared by Dr. Shumei Wang and interpreted 

by Dr. Cynthia Morton. Samantha Schilit delineated TADs disrupted by DGAP230’s breakpoints, 

performed RNA extraction, cDNA synthesis, and qRT-PCR of lymphoblastoid cells, identified and 

evaluated variable regions in SYCP2 and GAPDH, and performed 3C-PCR to phase SYCP2 

alleles. Samantha Schilit also optimized the protocol for and made all 4C-seq libraries, which were 

then sequenced by the Biopolymers Facility in the Department of Genetics at Harvard Medical 

School and analyzed by Shreya Menon. The CRISPR/Cas9-mediated genome editing in 

lymphoblastoid cells protocol was developed by Sizun Jiang, who also provided guidance for 

designing guide RNAs and troubleshooting as well as materials including 293FT cells and the H1 

bridge dsDNA block. Samantha Schilit performed the genome editing protocol with assistance 

from Shreya Menon, including establishment and validation of Cas9-expressing stable LCLs, 

cloning dual targeting sgRNAs into lentiviral vectors, transducing dual targeting sgRNA lentivirus 

into LCLs, and validating genomic deletions of single cell clones. 

  



 
 
 
 
 
 

CHAPTER 3 
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3C-PCR IS A NOVEL PROXIMITY LIGATION-BASED APPROACH TO PHASE 

CHROMOSOMAL REARRANGEMENT BREAKPOINTS WITH DISTAL ALLELIC VARIANTS 

 

3.1.  Preface 

3C-PCR is an inexpensive and efficient proximity ligation-based method for phasing 

chromosomal rearrangement breakpoints with distal allelic variants, which was developed to 

phase the chr20 and der(20) SYCP2 alleles in DGAP230 lymphoblastoid cells (Chapter 2). In this 

chapter, we describe details of the technique including its potential application for clinical 

diagnostic laboratories. This work has been published in Human Genetics139.  
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3.2.  Background 

In the past two decades, efforts to annotate the human genome have revealed a significant 

functional role for noncoding sequences. Genomic structural variation, such as copy-number 

variants and genomic rearrangements, have been shown to lead to genomic disorders168. Many 

of these variants result in an abnormal phenotype by altering long-range control of gene 

expression169. This is mediated by the disruption of TADs and subsequent promiscuous enhancer-

promoter interactions that lead to pathogenic misexpression128,150,164. Given the clinical 

significance of long-range cis regulatory mutations, recent research has focused on predicting 

clinical outcomes for subjects with structural chromosomal rearrangements by considering 

dysregulation of genes that reside in the disrupted TADs151,170. 

If a dysregulated gene is associated with an autosomal recessive disease phenotype and 

subsequent sequencing of the gene reveals a second pathogenic variant, phasing is critical for 

clinical interpretation. While variants in cis may not manifest in the disease phenotype, variants 

that reside in trans result in a compound heterozygote171. The vast difference in clinical 

interpretation highlights a critical need for a method capable of deciphering large haplotypes 

across derivative chromosomes. There is great interest in applying this technology to de novo 

BCAs, because long-range position effects explain clinical phenotypes in a substantial proportion 

of subjects with BCAs128. 

While computational and experimental phasing has been used to identify haplotypes since 

the 1980s, current methods are insufficient to resolve a haplotype that spans megabase distances 

on derivative chromosomes, as requisite for a TAD-disrupting chromosomal rearrangement172. 

Computational haplotype phasing, which relies on genotype data from unrelated individuals using 

statistical approaches or from families using identity by descent (IBD), cannot be applied to 

nonrecurring genomic rearrangements because they are not common in the population or may 

not be inherited172. While experimental techniques such as long-range PCR, Drop-Phase, and 

targeted locus amplification (TLA) do not require population or family genotyping data, they are 
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limited by genomic distance, losing efficacy beyond 30, 200, and 400 kb, respectively173-175. Other 

technologies that physically separate chromosomes before genotyping, such as by 

microdissection using a computer-directed laser beam or by dispersion using a microfluidic 

device, may span large enough distances176,177; however, these techniques require specialized 

equipment and are labor intensive making them difficult to apply broadly. Even experimental 

techniques with straightforward protocols that can easily be translated to other labs, like 

HaploSeq, are still limiting in that they are expensive and require substantial computational 

expertise due to the cost and subsequent analysis of NGS163. 

In this chapter, we describe 3C-PCR, an inexpensive and efficient proximity ligation-based 

approach to phase chromosomal rearrangement breakpoints with distal allelic variants. Our 

method adapts the use of canonical 3C libraries by employing a novel nested PCR strategy with 

primers anchored across the rearrangement breakpoints and subsequent Sanger sequencing144. 

3C has become a widely used method that can be performed in a matter of days using standard 

molecular biology equipment and the routine methods of PCR and Sanger sequencing in 

diagnostic laboratories140. By combining these simple and accessible methods, 3C-PCR makes 

possible phasing variants at a distance of over a megabase from a chromosomal rearrangement 

without the expense of specialized equipment, NGS or extensive computational analysis.  
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3.3. Methods 

3.3.1. Acquisition of LCLs 

Participants DGAP230, with 46,XY,t(20;22)(q13.3;q11.2), and DGAP278-02, a 

karyotypically normal age- and sex-matched control, were enrolled through DGAP. DGAP 

obtained informed consent, medical records and blood samples under a protocol approved by the 

Partners HealthCare Systems Institutional Review Board. Epstein-Barr virus transformed LCLs 

were generated at the Genomics and Technology Core in the Center for Human Genetic 

Research at Massachusetts General Hospital (Boston, MA, USA). Jumping library GS and 

subsequent Sanger sequencing identified the precise breakpoints of the DGAP230 chromosomal 

rearrangement as previously described and reported128,133,134. Two additional karyotypically 

normal age- and sex-matched control LCLs, GM20184 and GM20188, were obtained from the 

NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research (Camden, 

NJ, USA). 

 

3.3.2. Identification of a variable region on chr20 

TADs disrupted by the breakpoints in DGAP230 were identified according to human 

embryonic stem cell Hi-C domains from the Hi-C project136. The University of California Santa 

Cruz Genome Browser was used to delineate regions located over a megabase away from the 

t(20;22) breakpoints within the same TAD137. These sequences were compared against dbSNP 

to identify highly variable regions in the distal TAD-residing sequences138. 

To assess heterozygosity of these candidate regions in DGAP230 and control LCLs, 

genomic DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen). PCR was 

performed using LongAmp Taq 2X Master Mix (NEB) and customized primers (Integrated DNA 

Technologies) designed to amplify potential variable regions. After amplification confirmation with 

agarose gel electrophoresis, Sanger sequencing reactions of PCR products were carried out with 

an ABI3730xl DNA analyzer. Chromatograms were aligned and multiple single nucleotide variants 



 55 

were called using Geneious (Version 7.0, Biomatters). A target region was selected based upon 

the presence of several single nucleotide variants in the chromatograms for all experimental and 

control samples. 

 

3.3.3. Generation of 3C libraries 

3C libraries were generated as previously described140-144. In brief, 10 million cell aliquots 

of LCLs were crosslinked with 2% formaldehyde (Sigma-Aldrich) and lysed. Chromatin was 

digested with HindIII-HF (NEB), ligated with T4 DNA ligase (NEB), and reverse crosslinked by 

incubation with Proteinase K (NEB) and RNase A (EMD Millipore). DNA libraries were purified by 

phenol/chloroform/IAA extraction (Sigma-Aldrich), MaXtract High Density Tubes (Qiagen), and 

subsequent ammonium acetate precipitation (Sigma-Aldrich). 3C libraries were generated in 

triplicate, with three independent cultures for the DGAP230 LCL and three different control LCLs. 

 

3.3.4. Design of primers for nested PCR approach 

Primer design was adapted from 3C protocols, but with adjustments to accommodate 

target regions further than 80-150 bp from the restriction enzyme digestion site and PCR 

amplicons longer than 160-300 bp, as previously described140. Sequences were obtained for two 

predicted HindIII-digested fragments: one of the target region on chr20, and a second containing 

the sequence on chr22 most proximal to the der(20) breakpoint. A synthetic sequence of a 

potential ligation product from these two fragments was designed in SeqBuilder (Version 

14.1.0.118, DNASTAR) by concatenating the two sequences at their respective HindIII restriction 

sites. Primers spanning both fragments and the target variable region were designed in 

Primer3Plus and assessed for sequence specificity using BLAST-like alignment tool (BLAT)178,179. 

Nested primer pairs were designed such that one primer pair flanked the entire substrate 

recognized by the second primer pair (Table 3.1).
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Table 3.1. Primers used in chapter 3 

Name Sequence (5’-3’) Description 
SS_232F GAGGGCACACCTGGTTTTTA For amplification of genomic target region 

with SS_233R; amplicon = 3044 bp  
SS_233R AATCCCCAAGAAGAGGAGGA For amplification of genomic target region 

with SS_232F; amplicon = 3044 bp 
SS_254F AAGGCTGTCACCACAGGAAG For first amplification with SS_258R; 

amplicon = 2843 bp 
SS_258R GTGAGACCCCATCCCAATTA For first amplification with SS_254F; 

amplicon = 2843 bp  
SS_256F GACAGACTCAGCGGTTCAGA For nested PCR with SS_257R; amplicon = 

2655 bp  
SS_257R ATATGGCGAAACCCAGTGTC For nested PCR with SS_256F; amplicon = 

2655 bp  
SS_230F CTCTTTGCTAGGGTGCCAAG For Sanger sequencing 
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3.3.5. Rearrangement-specific amplification and sequencing 

Nested PCRs of breakpoint-spanning fragments were performed using LongAmp Taq 2X 

Master Mix (NEB). The first PCR reaction amplified ~300 ng 3C libraries for all experimental and 

control samples using the outer primer pair (SS_254F and SS_258R listed in Table 3.1) and 

generous thermocycling conditions including a long extension time and low annealing 

temperature (3 minutes at 94ºC, 35 cycles X [30 seconds at 94ºC, 30 seconds at 56ºC, 2.5 

minutes at 65ºC], 10 minutes at 65ºC, hold 4ºC). Amplicons were purified using a QIAquick PCR 

purification kit (Qiagen). After quantification, ~100 ng purified amplicons were used as substrates 

for a second PCR reaction using the inner primer pair (SS_256F and SS_257R listed in Table 

3.1) and more stringent conditions with a shorter extension time and higher annealing temperature 

(3 minutes at 94ºC, 45 cycles X [30 seconds at 94ºC, 2 minutes at 65ºC], 10 minutes at 65ºC, 

hold 4ºC). Nested PCR amplicon specificity was evaluated using agarose gel electrophoresis. 

Amplicons were purified using a QIAquick PCR purification kit (Qiagen) and Sanger sequenced 

with an ABI3730xl DNA analyzer using primer SS_230F (Table 3.1). 3C-PCR chromatograms 

were aligned to genomic DNA chromatograms for comparison and nucleotide variants were called 

using Geneious (Version 7.0, Biomatters).  
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3.4. Results 

To develop an assay capable of phasing allelic variants over a megabase away from a 

breakpoint of a chromosomal rearrangement within the same TAD, we searched for an LCL that 

has a BCA with at least one breakpoint located over a megabase away from a TAD boundary. 

Through DGAP, we selected the DGAP230 LCL, with 46,XY,t(20;22)(q13.3;q11.2) and a distance 

of more than 1.4 Mb between the chr20 breakpoint and the upstream boundary of the TAD in 

which it resides (Figure 3.1a)128. To ensure assay specificity, we also selected three karyotypically 

normal age- and sex-matched control LCLs: DGAP278-02, GM20184 and GM20188. As a source 

for allelic variation, we identified a highly variable region 1.3 Mb upstream of the chr20 breakpoint. 

Sanger sequencing of this target region showed heterozygosity at several bases in DGAP230 as 

well as all control cell lines (Figure 3.1b). 
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Figure 3.1. Experimental system for 3C-PCR 
a) The LCL, designated DGAP230, has a balanced translocation between the long (q) arms of 
chromosomes 20 (mahogany color) and 22 (light pink color; top). Translocation breakpoints reside 
near the boundaries (green ovals) of predicted TADs (triangular shapes), enabling assessment 
of a distal region with multiple single nucleotide variants (yellow box) within the same chromatin 
loop (bottom). b) Chromatograms from Sanger sequencing of the target region reveal a highly 
variable region in DGAP230 and control cell lines. Single nucleotide variants are indicated by a 
small orange box below the corresponding nucleotide. R= A/G; Y= C/T. c) In 3C-PCR, coupling 
proximity ligation with breakpoint-spanning PCR can capture cis sequences distant from the 
chromosomal rearrangement. Chromatin conformation capture libraries are generated by 
covalent crosslinking of chromatin, enzymatic digestion, and ligation of proximal genomic 
fragments to bring high frequency three-dimensional interactions into two-dimensional linear 
space. Reverse-crosslinked ligation products are then subjected to two rounds of nested PCR to 
select for specific amplicons that cross the breakpoint junction and include the cis target region 
for subsequent Sanger sequencing. 
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We next set out to develop a method capable of determining the haplotype of the target 

variable region on the der(20). If the target region and chr20 breakpoint were located only a few 

kilobases apart, phasing could be accomplished by selectively amplifying the der(20) allele using 

primers that span the translocation junction to produce an amplicon containing the target region 

in cis, which could be resolved by Sanger sequencing. However, the 1.3 Mb distance between 

the breakpoint and the target region render this strategy unsuccessful because PCR performs at 

distances three orders of magnitude smaller. 

To overcome this technical challenge, we developed a strategy called 3C-PCR. This 

method capitalizes on principles underlying 3C technologies developed by Dekker and Kleckner 

in 2002, which show that when crosslinked DNA is enzymatically digested into genomic fragments 

and then ligated to other fragments in close physical proximity, sequences in cis have a higher 

interaction frequency than those in trans144,180. We hypothesized that we could use 3C to bring 

fragments containing the translocation junction and der(20) target region closer together, thus 

enabling PCR across the junction of a ligation product including the cis target region. Given the 

strong possibility of amplifying nonspecific sequences from a complex 3C library with diverse 

ligation products, we pursued a nested PCR step to improve specificity (Figure 3.1c)181. 

Using the predicted ligation product as a substrate, we designed nested primers that would 

span the target region on chr20, the enzymatic digestion and ligation site, and the chr22 genomic 

fragment near the breakpoint (Figure 3.2a,b). As expected, the first amplification resulted in 

several nonspecific PCR products for all DGAP230 and control LCL 3C libraries (Figure 3.2c). 

However, after performing nested PCR on products purified from the first amplification, we 

produced DNA fragments of predicted size from all the DGAP230 samples but from none of the 

controls, suggesting that nested PCR recognized the predicted proximity ligation product from the 

cis-interacting der(20) chromosome only present in the DGAP230 samples (Figure 3.2c). 

As evidence that the predicted proximity ligation product is the substrate for amplification, 

nested PCR on negative control genomic libraries without crosslinking, digestion or ligation 
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yielded no PCR-amplified products (Figure 3.3a). Additionally, HindIII digestion and subsequent 

agarose gel electrophoresis of the amplicon from the DGAP230 3C library-nested PCR confirmed 

derivation from the predicted ligation product (Figure 3.3b,c). Sequencing of all three amplicons 

revealed no heterogeneity and identical sequences, providing evidence that this is the haplotype 

of the target region on the der(20) (Figure 3.2d).   
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Figure 3.2. 3C-PCR assay validation 
a) The goal of the assay in the DGAP230 experimental system is to differentiate the target region 
(yellow box) on the der(20) chromosome (top) from the target region on the normal chr20 (bottom). 
The small green bar represents the 3C genomic fragment that contains the target region and the 
small blue bar represents the digested genomic fragment containing a breakpoint-proximal region 
from the segment of chr22 translocated to the der(20). Rough gray edges reflect enzymatic 
digestion at flanking HindIII restriction sites. b) Schematic of nested PCR amplifications for the 
predicted ligation product with the target region (green bar above mahogany map) and the chr22 
fragment (blue bar above light pink map). c) Gel electrophoresis displays products from the first 
PCR across the breakpoint for experimental and control 3C libraries (left), and the second nested 
PCR (right; N=3). Key DNA fragment sizes of the markers (M) are indicated on the left. d) Sanger 
sequencing traces of the target variable region from the nested PCR amplicon (top) and genomic 
DNA from the same cell line (bottom; N=3). 
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Figure 3.3. 3C-PCR control experiments  
a) Gel electrophoresis displays products from the first PCR across the breakpoint for negative 
control genomic libraries without crosslinking, digestion or ligation (left), and the corresponding 
second nested PCR (right; N=3). Key DNA fragment sizes of the markers (M) are indicated on 
the left. b) Gel electrophoresis of the amplicon from the DGAP230 3C nested PCR before (left) 
and after (right) HindIII digestion. Asterisks are colored to identify each band. Purple = entire 
amplicon after nested PCR; mahogany = fragment of ligation product derived from chr20; light 
pink = fragment of ligation product derived from chr22. Key DNA fragment sizes of the markers 
(M) are indicated to the left of the gel. c) Schematic of nested PCR amplifications for the predicted 
ligation product and predicted amplicon fragments after HindIII digestion. The thin green bar 
above the mahogany bar represents the 3C genomic fragment that contains the target region and 
the thin blue bar above the light pink bar represents the digested genomic fragment containing a 
breakpoint-proximal region from the segment of chr22 translocated to the der(20). Rough gray 
edges mark HindIII restriction sites. 
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3.5.  Analysis 

3C-PCR is an inexpensive and efficient proximity ligation-based approach to phase 

chromosomal rearrangement breakpoints with distal allelic variants. We anticipate that the 

simplicity of this approach will expedite its adoption in future clinical practice to determine 

compound heterozygosity in cases where a gene dysregulated by a disrupted TAD harbors a 

second pathogenic variant. 

3C-PCR serves as a novel application to the widely used 3C method and differentiates 

itself from other adaptions of 3C in its ease, technical capabilities and versatility144. 3C-PCR 

targets the allele of a variable locus in cis with a chromosomal rearrangement on a derivative 

chromosome by a simple nested PCR strategy on 3C libraries, eliminating the need for costly and 

time consuming NGS and computational analysis used in other proximity ligation-based phasing 

methods163,173. In addition, these other phasing methods are also technically inferior to 3C-PCR 

in that HaploSeq has a sparse ascertainment density resulting in less than a 25% chance of 

detecting the distal allelic variant of interest as opposed to 100% for 3C-PCR, and TLA can only 

haplotype distances of up to 300 kb, less than a third of the capabilities of 3C-PCR182. 

In our system, nonspecific amplification of 3C libraries is ameliorated by a two-step nested 

PCR. This differs from standard PCR of 3C libraries to determine semi-quantitative interaction 

frequencies, because primers can be designed to flank closely the restriction enzyme digestion 

sites of the two genomic fragments in question, allowing for short PCR extension times that select 

for a small 160-300 bp amplicon140. In our assay, resulting amplicons must include the target 

region residing anywhere in the enzymatically digested genomic fragments (e.g., 2 kb when 

considering that restriction endonucleases with six base pair recognition sequences produce 

genomic fragments about 4 kb in size). Our optimized nested PCR strategy compensates for the 

nonspecific amplicons produced from longer extension times. The first PCR amplifies all possible 

products, with generous conditions including a long extension time and low annealing 

temperature. To prevent a biased overamplification of certain products, the number of cycles 
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allows for amplification within the linear range. The subsequent nested PCR applies stricter 

conditions with a shorter extension time and a much higher annealing temperature to select for 

the specific amplicon of interest. More cycles are used to compensate for the less efficient PCR. 

 Of note, this technique relies on the assumption that sequences in cis will have higher 

interaction frequencies than those in trans. While ligation products containing the trans target 

region and the breakpoint-proximal fragment would be much less common, they may still be 

present. To alleviate these concerns, PCR products detected in the DGAP230 cell line with the 

t(20;22) substrate are expected more frequently than in karyotypically normal cells. Indeed, our 

results identified an amplicon of the predicted size from the nested PCR in three independent 3C 

libraries performed on the experimental cell line and no products in three different 3C libraries 

derived from karyotypically normal LCLs (Figure 3.2c). Sanger sequencing of the same haplotype 

in all three replicates provides evidence of detection of the higher frequency cis interaction event 

(Figure 3.2d). 

Our novel method does have some limitations. 3C-PCR targets a specific region, so 

customized primers must be designed and synthesized to probe the region of interest. The 

breakpoint of interest must also be resolved to near-nucleotide resolution (on the order of a couple 

kilobases), as is done by mate-pair or large-insert jumping libraries, to identify a genomic region 

known to reside on the derivative chromosome close to the breakpoint. If breakpoint information 

is only available at the resolution level of a karyotype, we predict that 3C-PCR will be successful 

if (1) there is a genomic region known with certainty to reside in cis with the breakpoint, and (2) if 

this region is less than 30 Mb away from the allelic variant, as a higher interaction frequency for 

cis sequences compared to trans sequences persists for genomic distances of up to 30 Mb in 

proximity ligation assays (only ~0.6% for trans interactions but increasingly to 2% at larger 

distances)163. This strong bias for cis interactions also provides versatility in 3C-PCR, as indels, 

that may alter genomic distances on the order of 1-10,000 bp between the breakpoint and the 

allelic variant, would not significantly influence interaction frequencies183. Similarly, due to this 
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long-spanning cis-interaction bias relative to the 880 kb median size of TADs, the variant of 

interest does not need to reside in the same TAD as the rearrangement breakpoint136. 

Due to dependence of this technology on discriminating cis versus trans by proximity 

ligation, 3C-PCR will inherently work better for balanced translocations than for balanced 

inversions, in which both sides of the breakpoint derive from the same chromosome. Efficacy will 

depend on the difference in interaction frequency of the breakpoint-proximal genomic region and 

the variant of interest on the inverted and normal chromosomes, which will be affected by many 

factors including linear distance and the presence of TADs, enhancer-promoter interactions and 

insulator elements180. 

Due to the requirement to make proximity ligation libraries, another limitation is that 3C-

PCR requires intact chromatin from tissue or cultured cells. Finally, the assay is also dependent 

upon successful PCR, which may be impacted by the specific ligation product’s GC or AT content, 

predicted secondary structure, or length. However, these limitations are less prohibitive than other 

technologies capable of phasing at distances over a megabase, including targeted haplotyping 

by dilution, single-chromosome sequencing, and HaploSeq, all of which require costly NGS and 

intensive labor163,176,182,184. 3C-PCR can phase distal variants with low cost and limited labor, using 

standard molecular biology reagents and equipment. As clinical diagnostic laboratories enter the 

era of “next-gen cytogenetics,” determining allelic nucleotide variant(s) of the sequence of a gene 

dysregulated by a structural chromosomal rearrangement will become essential. In these cases, 

3C-PCR will be integral to clinical interpretation and prediction of disease phenotypes. 
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3.6. Contributions 

 All experiments were designed, performed, and analyzed by Samantha Schilit. The 

manuscript was written by Samantha Schilit with guidance from Dr. Cynthia Morton, who served 

as the corresponding author on the paper.  

 

  



 
 
 
 
 
 

CHAPTER 4 
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SYCP2 ABERRATIONS CAUSE MALE INFERTILITY BY INTERFERING WITH MEIOSIS 

 

4.1. Background 

In this chapter, we investigate how SYCP2 dysregulation can explain DGAP230’s 

phenotype of severe oligospermia. SYCP2 encodes synaptonemal complex protein 2, an axial 

element in the proteinaceous synaptonemal complex185. SYCP2 nonspecifically interacts with the 

minor groove of DNA and serves as a scaffold for recruiting SYCP3 through its coiled-coil domain, 

thus facilitating formation of the synaptonemal complex186-188. Synaptonemal complex assembly 

is a meiosis-specific process that plays a role in pairing, recombination and segregation of 

homologous chromosomes during meiosis I (Figure 4.1)188,189. SYCP2 is important for 

spermatogenesis, as mice homozygous for coiled-coil domain-deficient Sycp2 show male-specific 

infertility by compromising homologous chromosome synapsis, leading to spermatocyte 

apoptosis186. 
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Figure 4.1. The synaptonemal complex in prophase I of meiosis 
Meiosis is a type of cell division in gametogenesis that reduces the number of chromosomes to 
generate haploid cells. The accurate segregation of homologous chromosomes requires their 
pairing, which occurs during prophase I of meiosis through chromosome synapsis and 
recombination (top; adapted from 190). This is facilitated by the synaptonemal complex (bottom), 
a zipper-like structure with axial elements (red), transverse filaments (green) and a central 
element (orange) that interacts with homologous chromosomes (blue).   
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4.2. Methods 
 
4.2.1. Western blot analysis 

Twenty-five million lymphoblastoid cells were collected for each protein extraction. Cells 

were pelleted for 5 minutes at 200 x g, washed in PBS (Gibco), and resuspended in 200 μl 

Radioimmunoprecipitation assay buffer (RIPA; Sigma-Aldrich) with cOmplete protease inhibitors 

(Roche). After trituration and agitation for 30 minutes at 4°C, cellular debris was pelleted for 20 

minutes at 17,000 x g and 6X Laemmli buffer (375 mM Tris-HCl, 9% SDS, 50% glycerol, 9% ß-

mercaptoethanol, and 0.03% bromophenol blue [all Sigma]) was added to the supernatant to a 

final concentration of 1X. Samples were passed through a 27-gauge syringe 10 times and boiled 

at 95°C for 10 minutes. Samples and a positive control of human testis tissue lysate (Abcam, 

catalog number ab30257) were loaded into NuPAGE 4-12% Bis-Tris Protein gels (Novex) and 

run with NuPAGE MOPS SDS Running Buffer (Novex) in an XCell SureLock Mini-Cell 

Electrophoresis System (Novex) according to manufacturer instructions. Gels were transferred to 

0.2 μm nitrocellulose membranes (Bio-Rad) using NuPAGE Transfer Buffer and an XCell II Blot 

Module (Invitrogen) overnight at 100 mA. Membranes were probed with primary antibodies anti-

SYCP2 (EMD-Millipore, catalog number ABE2622) and anti-GAPDH (Cell Signaling Technology, 

catalog number 5174) and secondary antibody IRDye 800CW Donkey anti-Rabbit IgG (LI-COR). 

Membranes were visualized using the Odyssey Fc Imaging System (LI-COR) and signal 

intensities were quantified in ImageJ (Version 1.46). 

 

4.2.2.  Construction of yeast strains 

All strains used in this study (Table 4.1) are isogenic to BR1919-8B191. Strains were 

created by standard genetic crosses and transformation procedures. For the development of 

strains AM3762 and AM4282, a TRP1:PGAL1 promoter cassette was amplified from pFA6a-TRP1-

PGAL1192 using Velocity polymerase (Bioline) and primers AJM1741-AJM1742 (Table 4.2). 
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4.2.3. Cytological analysis and imaging 

Induction, sporulation, chromosome spreading, immunostaining, imaging and analysis 

were performed on diploid strains as previously described193,194 using the following parameters. 

Overnight cultures of YAM2592 (wild type) and AM3762 (PGAL1-RED1) were resuspended in 2% 

potassium acetate and split into two cultures per strain. Immediately after resuspension, one 

culture per strain was induced with 2 µm β-estradiol (Sigma E2257, prepared in DMSO) and the 

second received the corresponding volume of DMSO as an uninduced control. Cells were 

collected at 26 hours post sporulation and induction for chromosome spreading. The following 

primary antibodies were used for immunostaining at a 1:100 dilution: rabbit anti-Red1 (kind gift of 

G.S. Roeder195) and affinity-purified rabbit anti-Zip1 (raised at YenZym Antibodies, LLC, against 

a C-terminal fragment of Zip1196). The secondary antibody, donkey anti-rabbit conjugated to Alexa 

Fluor 488 (Abcam), was used at a 1:200 dilution. Imaging was carried out for eight different 

chromosome spreads derived from two distinct cultures per condition using a Deltavision RT 

imaging system (Applied Precision) adapted to an Olympus (IX71) microscope. Zip1 lengths were 

measured using the Softworx Measure Distance Tool. 

 

4.2.4.  RNA extraction, cDNA synthesis, and quantitative RT-PCR of S. cerevisiae 

Induction and sporulation were performed on diploid strains as previously described193,194. 

Overnight cultures of YAM2592 (wild type), AM4063 (wild type), AM3762 (PGAL1-RED1), AM4282 

(PGAL1-RED1), AM4283 (Δzip1), AM4284 (Δred1) and AM4286 (Δred1) were resuspended in 2% 

potassium acetate and split into two cultures per strain. Immediately after resuspension, one 

culture per strain was induced with 2 µm β-estradiol (Sigma E2257, prepared in DMSO) and the 

second received the corresponding volume of DMSO as an uninduced control. Cells from 5 ml 

cultures were collected at 0, 6, and 26 hours post sporulation and induction and saved in 500 µl 

TRIzol (Invitrogen). RNA extraction, cDNA synthesis, and quantitative RT-PCR in S. cerevisiae 

were performed as described in the corresponding materials and methods section for LCLs 
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(Section 2.2.6) with the following differences. Cells were disrupted by vortex with 0.5 mm glass 

beads (BioSpec Products) for 30 minutes at 4°C before phase separation by MaXtract High 

Density Tubes (Qiagen). Total RNA was isolated using the RNeasy Mini Kit (Qiagen) and RNA 

was converted to cDNA using 60 ng of RNA per reaction, oligo(dT) primers, and the SuperScript 

III First-Strand Synthesis System (Invitrogen). For quantitative RT-PCR, cDNA was amplified with 

primers SS_326F-SS_341R (given in Table 4.2). Standard curves were routinely employed to 

quantify amplicons from each primer pair and assess expression of each respective gene in S. 

cerevisiae cells. 

 

4.2.5. IMIGC participant recruitment 

Patients attended the Centre of Reproductive Medicine and Andrology (CeRA) of the 

University Hospital Münster (UKM) for infertility treatment and were diagnosed using WHO 

reference ranges for semen parameters39. After routine clinical diagnostics, patients with 

explained infertility including malignant disease, exposure to chemotherapy or radiation, structural 

and numerical chromosomal aberrations, and YCMD were excluded from the study. All 

participants gave written informed consent for evaluation of their clinical data and genetic analysis 

of their DNA samples, according to protocols approved by the Ethics Committee of the State 

Medical Board and the Medical Faculty in Münster (Kennzeichen 2010-578-f-S). 

 

4.2.6. Exome sequencing and analysis 

Exome sequencing (ES) was performed in 520 patients with diverse infertility phenotypes 

to identify possible deleterious sequence variants which might be causal for male infertility. 

Genomic DNA was isolated using standard procedures as previously described197. Samples were 

prepared, enriched, and indexed for ES according to the manufacturer’s protocol for 

SureSelectQXT Target Enrichment for Illumina Multiplexed Sequencing Featuring Transposase-

Based Library Prep Technology (Agilent). For multiplexed sequencing, libraries were index-
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tagged using appropriate pairs of index primers. To capture libraries, SureSelectXT Human All 

Exon Kits (v4, v5 and v6) were used. Quantity and quality of the libraries were determined with 

an Agilent TapeStation 2200 and the final concentration was adjusted to 1.6 pM. Sequencing was 

performed on the Illumina HiScan®SQ System, the Illumina NextSeq®500 System or the Illumina 

HiSeqX® System using the TruSeq SBS Kit v3 - HS (200 cycles), the NextSeq 500 V2 High-

Output Kit (300 cycles) or the HiSeq Rapid SBS Kit V2 (300 cycles) respectively. 

Reads were trimmed with Cutadapt v1.15198 and aligned to GRCh37.p13 using BWA-

MEM v0.7.17199. Base quality recalibration and variant calling were performed using the GATK 

toolkit v3.8200 with haplotype caller according to their best practice recommendations. Resulting 

variants were annotated with Ensembl Variant Effect Predictor201. 

Before evaluation of variants in SYCP2, participants with likely pathogenic or pathogenic 

variants in TEX11, NR5A1, and DMRT1 were excluded from the study107,197,202. Rare variants in 

SYCP2 were selected by a minor allele frequency (MAF) < 1% in the Genome Aggregation 

Database (gnomAD) browser (http://gnomad.broadinstitute.org)205 and assessed for functional 

consequences at the protein level.  

 

4.2.7. Sanger sequencing  

Identified variants in SYCP2 were verified by Sanger sequencing according to standard 

procedures using primers SS_369F-SS_372R (given in Table 4.2) and a 3730 DNA Analyzer 

(Applied Biosystems)197. When parental DNA was available, segregation was analyzed within the 

family using Sanger sequencing. Sequence analysis and visualization of the chromatograms was 

performed with CodonCode Aligner software (Version 8.0.1). 

 

4.2.8.  Testicular biopsy histopathology 

Testicular biopsies were fixed overnight in Bouin’s solution, washed with 70% ethanol, and 

embedded in paraffin. Subsequently, 5 µm sections were stained with Periodic acid-Schiff (PAS) 
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and hematoxylin according to previously published protocols203. Slides were evaluated and 

documented using an Axioskop microscope (Zeiss, Oberkochen, Germany). 

 

4.2.9. Statistical analyses 

For Western blot analysis, signal intensities of SYCP2 relative to GAPDH for three 

DGAP230 LCL replicates and three distinct age- and sex-matched control LCLs were assessed 

and evaluated using an unpaired one-tailed t-test (Excel). Statistical significance for protein 

analyses were determined by a p-value of p<0.05 and figure error bars show standard error of 

the mean. For yeast cytology, at least 50 surface-spread meiotic nuclei were assessed per 

condition using eight different chromosome spreads derived from two distinct cultures. Graphpad 

Prism7 software was used for scatterplot generation of Zip1 filament length (with error bars 

indicating standard error of the mean) and statistical significance was determined by a Mann-

Whitney U test, using VassarStats Concepts and Applications of Inferential Statistics 

(http://vassarstats.net/utest.html). Yeast qPCR experiments were performed in triplicate in two 

different strain backgrounds (N=6), normalized to ACT1 expression, and evaluated using an 

unpaired one-tailed t-test for RED1 and an unpaired two-tailed t-test for ZIP1 (Excel). Statistical 

significance for RNA analyses were determined by a p-value of p<0.05 and figure error bars show 

standard error of the mean.  
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Table 4.1. Yeast strains used in chapter 4 
 

Strain 
Name 

Alias Genotype Source Notes 

YAM1252 wild type 
background 

lys2ΔNhe     his4-260,519 Amy 
MacQueen 

BR1919 
background 
from191 

lys2ΔNhe     his4-260,519 
  
leu2-3,112      MATα     trp1-289 
leu2-3,112      MATa     trp1-289 
 
ura3-1      thr1-4      ade2-1 
ura3-1      thr1-4      ade2-1 
 

YAM2592 
and 
AM4063 

Ecm11-
epitope tag 
heterozygote 

YAM1252 
 
ECM11  

Amy 
MacQueen 

For cytology and 
qPCR; at least 
one parent is 
different 
between the two 
strains (although 
identical in strain 
background and 
genotype) 
 

ECM11-13MYC::kanMX4  
 
ndt80Δ::LEU2 
ndt80Δ::LEU2 
 

AM3762 
and 
AM4282 

PGAL1-RED1 AM4063      TRP1-PGAL1-RED1  This study For cytology and 
qPCR; at least 
one parent is 
different 
between the two 
strains (although 
identical in strain 
background and 
genotype) 
 

                   RED1  
                                               
ura3::PGPD1-GAL4(848).ER::URA3 
URA3 

AM4283 Δzip1 AM4063      zip1Δ::URA3 Amy 
MacQueen 

For qPCR 
negative control                    zip1Δ::URA3 

 
AM4284 
and 
AM4286 

Δred1 AM4063      red1Δ::HYG Amy 
MacQueen 

For qPCR 
negative control; 
at least one 
parent is 
different 
between the two 
strains (although 
identical in strain 
background and 
genotype) 
 

                   red1Δ::HYG 
 
ura3::PGPD1-GAL4(848).ER::URA3 
URA3 
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Table 4.2. Primers used in chapter 4 
 
Name Sequence 5'-3' Target region Description 
SS_326F TTGAGACTGGCATCGC

AATG 
RED1, S. cerevisiae For qPCR with SS_327R; 

amplicon = 89 bp 
SS_327R TTTGGATTGAGGGACA

CTGC 
RED1, S. cerevisiae For qPCR with SS_326F; 

amplicon = 89 bp 
SS_332F AACAAAAAGGAGGCGG

ATGC 
ZIP1, S. cerevisiae For qPCR with SS_333R; 

amplicon = 96 bp 
SS_333R TTCGCTCAACTGACCT

GAAC 
ZIP1, S. cerevisiae For qPCR with SS_332F; 

amplicon = 96 bp 
SS_340F TGGATTCTGAGGTTGC

TGCTTTG 
ACT1 cDNA, S. 
cerevisiae 

For qPCR with SS_341R; 
amplicon = 103 bp 

SS_341R ACGATAGATGGGAAGA
CAGCAC 

ACT1 cDNA, S. 
cerevisiae 

For qPCR with SS_340F; 
amplicon = 103 bp 

AJM1741 ATTTTTTAATCAGTGAG
GACCACAAAGGGACAG
CAAATACGGTGATAAG
AGAATTCGAGCTCGTTT
AAAC 

pFA6a-TRP1-PGAL1 
(underlined 
sequence) and RED1 
promoter, S. 
cerevisiae 

Forward primer to amplify 
TRP1-PGAL1 and place it 
upstream of RED1. Used 
with AJM1742 

AJM1742 AAGTCATTTTTCAGGCA
AACACCAAAAATCTTTT
TCTTCAAACCTTCCATT
TTGAGATCCGGGTTTT 

pFA6a-TRP1-PGAL1 
(underlined 
sequence) and RED1 
promoter, S. 
cerevisiae 

Reverse primer to amplify 
TRP1-PGAL1 and place it 
upstream of RED1. Used 
with AJM1741 

AJM1743 ACGATTTCGCAGCAGG
ATCAGATGG 

RED1 promoter, S. 
cerevisiae 

For genotyping of TRP1-
PGAL1-RED1 

SS_369F TGGGCCATGAGTAGAC
AAGTG 

SYCP2, human For PCR with SS_370R to 
amplify variant 
c.2793_2797del in exon 31; 
amplicon = 703 bp (also 
used for Sanger sequencing) 

SS_370R ACCTCTCTGGAAATAAG
TTGTTTTGA 
 

SYCP2, human For PCR with SS_369F to 
amplify variant 
c.2793_2797del in exon 31; 
amplicon = 703 bp (also 
used for Sanger sequencing) 

SS_371F TCACTAGATTCAGACAT
CTGTTTTG 
 

SYCP2, human For PCR with SS_372R to 
amplify variant 
c.3067_3071del in exon 33; 
amplicon = 564 bp (also 
used for Sanger sequencing) 

SS_372R GATGATAACTGGAATG
GGAAGAT 
 

SYCP2, human For PCR with SS_371F to 
amplify variant 
c.3067_3071del in exon 33; 
amplicon = 564 bp (also 
used for Sanger sequencing) 
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4.3. Results 

4.3.1. Analysis of the impact of SYCP2 misexpression on severe oligospermia 

In response to the intriguing role that SYCP2 plays in meiosis and spermatogenesis, we 

pursued identification of SYCP2 overexpression at the protein level. Using Western blot, we found 

that DGAP230 lymphoblastoid cells express over five-times more SYCP2 than age- and sex-

matched controls, which achieved statistical significance by an unpaired one-tailed t-test 

(p<0.0032) (Figure 4.2).   
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Figure 4.2. Western blot of SYCP2 in DGAP230 and age- and sex-matched control LCLs 
a) The SYCP2 band, which has been confirmed by a human testis tissue lysate positive control, 
shows more abundant levels of expression in three biological replicates of DGAP230 
lymphoblastoid cells compared to control LCLs from three different karyotypically normal fathers. 
b) Three technical replicates of each biological replicate were quantified in ImageJ (Version 1.46) 
and averaged. Biological replicates were then grouped into DGAP230 and control LCLs for 
graphing and statistical analysis. Results were found to be statistically significant by an unpaired 
one-tailed t-test (N=3; p<0.0032) and are graphed as mean ± standard error. * = p<0.05.   
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Based upon DGAP230’s phenotype, overexpression of SYCP2 at the RNA and protein 

levels in the LCL, and current literature on SYCP2, we hypothesized that SYCP2 misexpression 

may lead to defects in meiosis, resulting in problems with spermatogenesis, thus leading to 

DGAP230’s phenotype of severe oligospermia. 

SYCP2 misexpression may inhibit proper meiosis in DGAP230 because of its role in 

facilitating homologous chromosome synapsis in meiosis I. It could influence meiosis in two 

opposing ways. First, it is possible that accumulation of SYCP2 leads to excess synaptonemal 

complex formation, gluing together synapsed chromosomes and preventing proper separation of 

homologs in anaphase I. Alternatively, excess SYCP2 may outcompete binding of other axial 

element proteins such as synaptonemal complex protein 3 (SYCP3), preventing proper 

stoichiometry and causing poor integrity of the synaptonemal complex with resulting asynapsis. 

Because meiosis is evolutionarily conserved, the unicellular eukaryote Saccharomyces 

cerevisiae serves as an excellent model organism to study the molecular mechanisms of 

meiosis204. We positioned the yeast functional homolog of SYCP2, RED1, under control of the 

inducible promoter PGAL1187 in a strain background that contains GAL4-ER, which induces 

constitutive and overexpression from PGAL1 promoters in the presence of β-estradiol (Figure 

4.3a,b). 
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Figure 4.3. Control qPCR experiments for RED1 and ZIP1 transcription in sporulating S. 
cerevisiae 
a) Measurement of RED1 and ZIP1 transcript levels in wild type sporulating cells at various time 
points reveals gene induction between 6 and 26 hours after placement into sporulation medium. 
b) RED1 is both constitutively expressed and overexpressed in the induced pGAL1-RED1 strain 
background compared to uninduced pGAL1-RED1. These are statistically significant according 
to an unpaired one-tailed t-test (p<0.0201 and p<0.026, respectively), when tested in triplicate in 
two different strain backgrounds (N=6). * = p<0.05. c) ZIP1 levels are not altered significantly with 
the induction by β-estradiol in either wild type or pGAL1-RED1 strains; differences were deemed 
not statistically significant according to an unpaired two-tailed t-test when tested in triplicate in 
two different strain backgrounds. All results display mean ± standard error.  
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To learn how induction of excess Red1 impacts its function as an axial element protein, 

we used immunolocalization to label Red1 on surface-spread meiotic nuclei. Excess Red1 shows 

an aggregation of signal, which we interpret to be a polycomplex structure (Figure 4.4a). We 

hypothesized that mislocalization of Red1 may influence its ability to serve as a scaffold for the 

synaptonemal complex. To determine how this impacts structural integrity of the synaptonemal 

complex, we used immunostaining of surface-spread meiotic nuclei to visualize Zip1, a transverse 

filament in the yeast synaptonemal complex that forms linear structures at the interface of each 

synapsed chromosome pair (Figure 4.4b,c). We discovered that excess Red1 inhibits Zip1 

formation, a result that was found to be statistically significant after quantifying the cumulative 

length of Zip1 per nucleus in a population of 50 cells (Figure 4.4d). This inhibition was confirmed 

to be transcription-independent, ensuring that loss of Zip1 on meiotic chromosomes results from 

mislocalization of Red1 as opposed to a decrease in total levels of Zip1 (Figure 4.3c). 

These results support the latter model, where excess axial element protein disrupts the 

integrity of the synaptonemal complex, leading to asynapsis, or the inability of homologous 

chromosomes to pair.   



 83 

 
 
Figure 4.4. Consequences of synaptonemal complex axial element misexpression on 
meiosis in S. cerevisiae 
a) Anti-Red1 immuno- and DAPI-staining of surface-spread pachytene chromosomes reveal 
constitutive RED1 induction during sporulation leads to Red1 polycomplex formation (scale bar 
represents one micron in length). b) Anti-Zip1 immuno- and DAPI-staining of surface-spread 
pachytene chromosomes show constitutive RED1 induction during sporulation obliterates Zip1 
formation at the interface of homologous chromosomes (scale bar represents one micron in 
length). c) The synaptonemal complex is evolutionary conserved between mammals and budding 
yeast. SYCP2 and Red1 are axial element functional homologs and SYCP1 and Zip1 are 
transverse filament homologs in the mammalian and S. cerevisiae synaptonemal complex, 
respectively. d) Quantification of the cumulative length of synaptonemal complex Zip1 in surface-
spread meiotic nuclei demonstrates a statistically significant decrease upon induction of RED1, 
as analyzed by Mann-Whitney U test (N = 50). Error bars represent mean ± standard error. *** = 
p<0.0001.  
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4.3.2. Identification of additional male infertility cases with SYCP2 pathogenic variants 

Current evidence from our work and the literature suggests that proper SYCP2 dosage is 

important for its function. In this project, we have found that misexpression of SYCP2 leads to a 

loss of function by stoichiometric imbalance. On the other hand, Sycp2 knockout mice also have 

an infertility phenotype186. Ultimately, it appears that either too much or too little SYCP2 results in 

a loss of function leading to infertility. 

 Under the assumption that genetic variants causing infertility would be eliminated from the 

general population by natural selection, we analyzed allele frequencies of SYCP2 variants from 

over 140,000 genomes in the Genome Aggregation Database (gnomAD) browser205. We found 

that SYCP2 is severely depleted for loss of function mutations including stop-gained and essential 

splice sites variants, as demonstrated by a pLI (probability of loss-of-function intolerance) of 

1.00205. This extreme intolerance to loss of function could be explained by the inability to 

segregate these mutations due to a phenotype of infertility, which would further support SYCP2 

pathogenicity in humans. While we have found that SYCP2 is significantly depleted for loss-of-

function variants, these aggregation datasets lack phenotypic information that would be 

necessary to assess whether pathogenic variants lead to infertility. To test the model that 

pathogenic SYCP2 variants are more prevalent in infertile men than in fertile men, we searched 

for SYCP2 variants in the male infertility cohort from the International Male Infertility Genomics 

Consortium (IMIGC). 

 Patient 1 from the IMIGC presented with a 2.5-year history of infertility at age 27. He was 

diagnosed with cryptozoospermia (sperm concentration <0.1 million/ml) according to the current 

WHO reference ranges for semen parameters39. Patient 1 has no dysmorphic features and has 

normal serum levels of FSH, LH and testosterone. Genetic testing for structural and numerical 

chromosomal aberrations, YCMD, TEX11, NR5A1, and DMRT1 were negative. ES and 

subsequent validation by Sanger sequencing revealed a heterozygous deletion in exon 31 of 

SYCP2: c.2793_2797del causing p.Lys932SerfsTer3 (Figure 4.5a). This variant is absent in both 
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gnomAD and Trans-Omics for Precision Medicine (TOPMed; https://bravo.sph.umich.edu) 

databases205. Segregation was assessed in all available family members, which revealed that the 

deletion is inherited from the mother while the father is wild type at this position (Figure 4.5a).  

Patient 2 presented with a 17-year history of infertility at age 39. He was diagnosed with 

azoospermia and histopathological analysis from TESE revealed a phenotype of meiotic arrest at 

the pachytene spermatocyte stage (Figure 4.5b). Patient 2 has borderline testicular atrophy (right: 

12 ml, left: 11 ml [reference range 12-15 ml]), elevated serum levels of FSH (44.9 IU/l [reference 

range 1-7 IU/l]) and LH (12.4 IU/l [reference range 2-10 IU/l]), and low serum levels of testosterone 

(8.2 nmol/l [reference range >12 nmol/l]). Genetic testing for structural and numerical 

chromosomal aberrations, YCMD, TEX11, NR5A1, and DMRT1 were negative. ES and 

subsequent validation by Sanger sequencing revealed a heterozygous deletion in exon 33 of 

SYCP2: c.3067_3071del causing p.Lys1023LeufsTer2 (Figure 4.5c). This variant is absent in both 

gnomAD and TOPMed databases205. 

In order to predict the impact of the early termination of SYCP2 resulting from these 

variants, we compared them to the coiled-coil domain region identified to be responsible for fertility 

in the Sycp2 knockout mouse186. By searching for homology to the mouse Sycp2 coiled-coil 

domain using a basic local alignment search tool (BLAST; https://blast.ncbi.nlm.nih.gov/), we 

identified the putative coiled-coil domain of human SYCP2186,206. The domain resides in exons 41-

44, encoding residues 1408-1505. We discovered that both termination events reside upstream 

of the coiled-coil domain, suggesting that these alleles would encode nonfunctional truncated 

peptides.   



 86 

 
 
Figure 4.5. Identification of heterozygous five base pair deletion frameshift mutations in 
SYCP2 from IMIGC participants  
a) Patient 1 with cryptozoospermia carries a heterozygous deletion in SYCP2 (c.2793_2797del, 
p.Lys932SerfsTer3) which was inherited from his mother while his father is wild type in this 
position. b) Histological PAS staining of a testis biopsy from Patient 2 shows a phenotype of 
meiotic arrest at the pachytene spermatocyte stage leading to nonobstructive azoospermia. The 
majority of the tubules in an overview section (top) are degenerated to the phenotype of tubular 
ghosts with a few tubular cross sections that present with spermatocytes. A closer look at the 
boxed section (magnified in the bottom image) shows disorganized seminiferous epithelium with 
a single pachytene spermatocyte (black arrow). c) Patient 2 carries a heterozygous deletion in 
SYCP2 (c.3067_3071del, p.Lys1023LeufsTer2). 
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4.4. Contributions 

 Samantha Schilit performed the Western blot analysis. All yeast experiments were 

performed in the laboratory of Dr. Amy MacQueen at Wesleyan University. Dr. Amy MacQueen 

constructed the yeast strains and designed the cytological analysis and imaging experiments. 

Samantha Schilit performed the cytological analysis and imaging experiments, and designed, 

optimized and performed all additional yeast experiments including RNA extraction, cDNA 

synthesis, and qRT-PCR. Samantha Schilit initiated the collaboration with Drs. Frank Tüttelmann, 

Corinna Friedrich, and Sabine Kliesch from University Hospital Münster (UKM), who contributed 

the two patients from the IMIGC to this study. 
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DISCUSSION 

 

5.1.  Conclusion 

Male infertility is a common disorder among reproductive-aged couples and the majority 

of patients lack a specific etiologic diagnosis51. Understanding the precise causes of male 

infertility may directly inform therapies for infertile couples. For example, different 

recommendations will be offered to azoospermic males with the varied etiologies of AZFa 

deletions, Klinefelter syndrome, and mutations in CFTR47,52,63. 

Identifying genetic etiologies for human male infertility has been hindered by smaller 

pedigrees inherent to decreased reproductive fitness and genetic heterogeneity of the disorder. 

In addition, genetic evidence of a disorder may not be investigated thoroughly. For example, 

balanced reciprocal translocations identified by karyotype analysis in infertile men are rarely 

followed up beyond reporting a risk for segregation of unbalanced gametes. As a result, a deep 

investigation into single case studies can be illuminating for uncovering novel genetic etiologies 

for male infertility. 

In this study, we identified a balanced reciprocal translocation in a severe oligospermic 

male designated DGAP230. While it is generally presumed that balanced reciprocal 

translocations reduce fertility due to production of unbalanced gametes74 or meiotic silencing of 

unsynapsed chromatin79, this does not account for the specific phenotype of severe oligospermia 

or azoospermia because the majority of men with balanced reciprocal translocations have normal 

sperm counts70. In addition, most men with low sperm counts and a balanced reciprocal 

translocation have rearrangement breakpoints that cluster in distinct genomic regions, suggesting 

that as opposed to a nonspecific mechanism of meiotic segregation, there may be something 

intrinsic to these genomic regions that is important for fertility207,208. 

In the case of DGAP230, a structural rearrangement leads to dysregulation of a 

synaptonemal complex gene SYCP2, which resides distal to one of the rearrangement 
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breakpoints. This impact of a chromosomal structural rearrangement on gene expression 

supports the finding that translocation breakpoints can influence gene expression by 

dysregulating genes residing within the same TAD154. 

While it is known that many different synaptonemal complex proteins have the intrinsic 

ability to self-assemble into polycomplexes when overexpressed, mutated, or expressed in mitotic 

cells209-213, this study demonstrates the first observation of Red1 overexpression leading to 

polycomplex formation. We predict that aggregation may be mediated by misexpression before 

formation of meiotic chromosomes and expression of other axial element proteins as well as the 

presence of a coiled-coil domain, which facilitates protein complex interactions. The resulting 

asynapsis phenocopies red1 mutants in S. cerevisiae as well as coiled-coil domain-deficient 

Sycp2 mice186,214. We believe that our finding of asynapsis resulting from axial element 

misexpression is directly related to DGAP230’s phenotype of severe oligospermia; asynapsis 

triggers checkpoint-mediated apoptosis of spermatocytes during spermatogenesis68,215,216, which 

reduces sperm count and has been shown to lead to male-specific infertility186. Therefore, 

DGAP230’s phenotype of severe oligospermia and infertility is likely due to asynapsis-triggered 

cell death in spermatocytes (Figure 5.1). 

The identification of two novel frameshift mutations in SYCP2 from men with 

cryptozoospermia and meiotic arrest through the IMIGC further supports the role of SYCP2 in 

human male fertility. Both variants are extremely rare consistent with the inability to segregate 

these mutations in the general population due to a phenotype of infertility. This is also supported 

by the maternal inheritance of the variant in Patient 1, as SYCP2-mediated pathogenicity has 

been shown to cause male infertility but not female infertility in a mouse model186.  

Stop codons resulting from both frameshift mutations reside upstream of the coiled-coil 

domain, which is critical for functionality of the protein186. It is important to note, however, that 

both cases represent heterozygous mutations which would support an autosomal dominant 

disease model. This is discordant with the SYCP2 knockout mouse model that only demonstrates 
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a male infertility phenotype in homozygotes186. However, haploinsufficiency discordance has 

been observed between human and mouse for the male infertility gene SYCP3, the other 

mammalian axial element in the synaptonemal complex as well as numerous other mouse 

models101,217. SYCP2’s high pLI also supports a haploinsufficient model, as extreme intolerance 

to loss-of-function according to constraint analysis is strongly correlated with haploinsufficiency205. 

While less common than autosomal recessive forms of male infertility, autosomal dominant forms 

have been identified for mutations in HIWI90, KLHL1091, PLK495, SYCP3101, and SPINK298. 

Another potential concern is that the phenotypes of cryptozoospermia and meiotic arrest 

are distinctive from each other. One explanation is that the subject with meiotic arrest may have 

an unidentified pathogenic variant on the other SYCP2 allele, leading to a more severe 

phenotype. This phenotype gradation has been observed for mutations in SPINK2, which has a 

phenotype of azoospermia in homozygotes and oligospermia in heterozygotes98. It is also 

possible that the differences merely reflect variable expressivity, as has been observed in the 

male infertility genes DBY (Sertoli cell-only syndrome and severe hypospermatogenesis), 

KLHL10 (severe oligospermia and oligospermia), TAF4B (azoospermia and oligosperma), 

TDRD9 (azoospermia and cryptozoospermia), and TEX11 (complete meiotic arrest and mixed 

testicular atrophy)85,91,103,105-107. 

It is well known that homologous chromosome synapsis is critical for spermatogenesis. 

Indeed, several genes implicated in human male infertility are members of the synaptonemal 

complex (SYCP3 and SYCE1) or are otherwise required for synapsis (SPO11, MEIOB, TEX11, 

and TEX15)76,87,100,101,106,107,110. Before this study, SYCP2 was considered a strong candidate gene 

for human male infertility because it encodes a protein that interacts directly with SYCP3 and 

TEX11, serves as an axial element in the synaptonemal complex, and is required for male fertility 

in the mouse186,187,218. DGAP230 and the two participants from the IMIGC represent the first 

human cases of putative SYCP2-mediated male infertility.  
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Figure 5.1. Overall summary of cytogenetic and molecular etiology for DGAP230’s severe 
oligospermia 
DGAP230 has a balanced translocation that, through a mechanism of enhancer adoption, leads 
to SYCP2 overexpression. Excess axial elements aggregate into polycomplexes, preventing 
synaptonemal complex formation and leading to asynapsis and subsequent meiotic arrest that 
results in DGAP230’s phenotype of severe oligospermia.  
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5.2.  Future directions 

The future directions for this project address limitations of the dissertation research and 

advance our understanding of the role of SYCP2 in human male infertility.  

First, the impact of axial element overexpression in the yeast model cannot directly 

demonstrate the downstream consequences of asynapsis. To test if SYCP2 misexpression-

mediated meiotic defects lead to impaired spermatogenesis, we are creating a transgenic mouse 

that models the dysregulation (Figure 5.2). In collaboration with Dr. Channabasavaiah 

Gurumurthy, Director of the University of Nebraska Medical Center (UNMC) Mouse Genome 

Engineering Core Facility, we are using his well-established pronuclear injection-based targeted 

transgenesis (PITT) technique (Appendix B) to make a transgenic Sycp2 overexpression (Sycp2 

cTg+/+) mouse with inducible, ubiquitous and stable expression of Sycp2. While traditional 

transgenic techniques using pronuclear injection suffer from random integration, which leads to 

variation in copy number, varied expression state of the integration site, and potential endogenous 

gene disruption, PITT ameliorates these problems by performing pronuclear injection in embryos 

from a C57BL/6 seed mouse that has a “landing pad” at a predetermined genomic locus, 

facilitating targeted integration219,220. The landing pad includes an attP site, which enables efficient 

ϕC31 integrase-mediated recombination when a donor DNA template with the transgene 

construct and an attB site is introduced221. This landing pad resides in the ROSA26 locus, 

providing stable and ubiquitous expression of the integrated transgene219.  

As of this writing, I have created a transgene construct that was used by Dr. Gurumurthy 

and his collaborator, Dr. Masato Ohtsuka from Tokai University in Japan, for microinjection and 

genotyping of offspring to identify transgenic founders. 
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Figure 5.2. Sycp2 overexpression transgene construct 
a) Schematic of the transgene, which contains a genetically inducible system. LoxP sites flank a 
stop codon upstream of the Sycp2 cDNA sequence. Cre recombinase is used to induce 
translation of Sycp2 transcripts by excising the upstream stop codon. b-d) The Sycp2 
overexpression construct was transfected into 239T cells without (uninduced) or with (induced) a 
Cre-expressing construct. Assessments of GFP expression (b), Sycp2 protein levels (c), and 
excision of the DNA flanked by LoxP sites in the transgene (d) were used to validate the construct. 
GFP = green fluorescent protein; DIC = differential interference contrast.   
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Upon receiving transgenic founders from our collaborators, we will assay male sterility and 

functional and structural defects in the testes in house as has been outlined in our approved  

Institutional Animal Care and Use Committee (IACUC) protocol (BWH Protocol #2016N000430: 

Study of a Mouse Model for a Novel Human Infertility Gene, SYCP2) (Figure 5.3). To test for male 

sterility, we will mate induced male Sycp2 Tg+/-; CMV-Cre+/- mice with wild type C57BL/6 females 

and determine the viability of offspring relative to the same cross with uninduced males (Sycp2 

cTg+/-). If we see reduced fertility from the Sycp2 Tg+/-; CMV-Cre+/- mice, we will determine if this 

results from severe oligospermia by comparing sperm concentrations in induced and uninduced 

males. We will also look for testicular structural defects by harvesting testis tissue from induced 

(Sycp2 Tg+/-; CMV-Cre+/-) and uninduced (Sycp2 cTg+/-) male mice and performing histology as 

well as staining of surface-spread spermatocyte nuclei. This work will more directly implicate 

SYCP2 misexpression in DGAP230’s phenotype of severe oligospermia. 
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Figure 5.3. Flowchart for animal experimental protocol 
This schematic demonstrates the proposed plan in the Harvard Medical Area Standing Committee 
on Animals protocol “Study of a Mouse Model for a Novel Human Infertility Gene, SYCP2” (BWH 
Protocol #2016N000430).   
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While we have identified SYCP2 misexpression in DGAP230 and heterozygous SYCP2 

frameshift mutations in two infertile men from the IMIGC, the scope of this dissertation is still 

limited in understanding the prevalence of SYCP2-mediated infertility in the general population. 

To date, we have established collaborations with five male infertility cohorts to continue to test 

the model that pathogenic SYCP2 variants are more prevalent in infertile men than in fertile men 

(Table 5.1). 

In addition to identifying pathogenic SYCP2 variants in men with unexplained infertility, we 

also expect to identify variants of uncertain significance (VUS). To determine the pathogenicity of 

interesting but uncertain SYCP2 variants identified in infertile men, we are developing a functional 

assay that analyzes the impact of the VUS on synaptonemal complex initiation. This will focus on 

variants identified in the coiled-coil domain, which is critical for interaction of SYCP2 and 

SYCP3186,205. The coiled-coil domain encodes an α-helical structural motif that contains heptad 

repeats (designated a, b, c, d, e, f, and g), where the first and fourth residues (a and d) of the 

heptad are hydrophobic and the fifth and seventh residues (e and g) are hydrophilic. This creates 

a nonpolar face in three dimensional space that enables “knobs-into-holes” packing with other 

coiled-coil domains222. Variants will be prioritized for altering a residue at the a, d, e or g positions, 

especially if it changes the polarity of the residue, because these may be most damaging to coiled-

coil domain interactions and could work in a dominant fashion. For example, one SYCP2 VUS 

identified in an infertile man from GEMINI is T1481A (rs374889210). In addition to having a very 

low allele frequency in gnomAD of 4.0156E-5, this amino acid resides in the conserved g position 

with a residue change from polar to nonpolar205. To test the impact of this VUS and others on 

recruitment of SYCP3, the functional assay tests the binding affinity of SYCP3 to SYCP2 with the 

coiled-coil domain encompassing the variant in question (Figure 5.4). Our collaborations with 

male infertility cohorts and our development of functional assays to determine pathogenicity of 

prioritized variants of uncertain significance extended our findings beyond DGAP230 to suggest 

more generally that SYCP2 pathogenicity may cause infertility in men. 
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Table 5.1. Male infertility cohorts 

Cohort Sequencing method Research contact 
International Male Infertility 
Genomics Consortium (IMIGC) 

Exome sequencing Dr. Frank Tüttelmann 

Genetics of Male Infertility Initiative 
(GEMINI) 

Exome sequencing Dr. Don Conrad 

Women’s Hospital, Zhejiang 
University School of Medicine, 
Hangzhou, China 

Exome sequencing Dr. Dan Zhang 

Centre for Cellular and Molecular 
Biology, Hyderabad, India 

Sanger sequencing of 
coiled-coil domain 

Drs. Digumarthi V.S. 
Sudhakar and 
Kumarasamy Thangaraj 

Instituto de Ciencias en 
Reproduccion Humana (Vida), León, 
Guanajuato, Mexico 

Sanger sequencing of 
coiled-coil domain 

Dr. Raul Piña-Aguilar 
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Figure 5.4. Functional assay for SYCP2 variants of uncertain significance 
This assay uses co-immunoprecipitation to determine how variants in the SYCP2 coiled-coil 
domain influence recruitment of SYCP3. Plasmids containing SYCP3 and an HA-tagged SYCP2 
with the variant in question will be co-transfected into 293T cells. The positive control is the normal 
full length SYCP2, while the negative control is a construct with only the HA sequence. Each 
experimental construct includes a VUS in the coiled-coil domain (indicated by a yellow star). 
Protein lysates will be collected and immunoprecipitated for the HA tag. These lysates will then 
be assessed by Western blot for the presence of SYCP3 (orange box). Detection of SYCP3 
indicates successful recruitment by SYCP2. 
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5.3.  Significance of thesis findings 

This dissertation offers many contributions to the field of clinical genetics. First, the impact 

of the specific der(20) breakpoint on male infertility in the DGAP230 case suggests that in men 

with balanced chromosomal rearrangements and a phenotype of infertility, pathogenesis by 

specific breakpoints should be considered as an alternative etiology to that of segregation of 

unbalanced gametes. Second, the discovery of SYCP2 dysregulation resulting from the balanced 

translocation represents the first DGAP case to have an overexpressed candidate gene, which 

has inspired future considerations of a potential enhancer adoption mechanism in subsequent 

DGAP cases (Chapter 2). Our study of overexpressed RED1 in S. cerevisiae, in conjunction with 

previous literature on the loss of RED1 in budding yeast and of Sycp2 in mouse186,214, suggests 

that the synaptonemal complex formation is sensitive to dosage of axial elements (Chapter 4). 

Additionally, we developed a new technique called 3C-PCR, which differentiates alleles between 

normal and derivative chromosomes and has potential application for assessing compound 

heterozygosity in cytogenetic diagnostic labs (Chapter 3)139. Finally, the DGAP230 case and 

participants identified through the IMIGC provide the first evidence for SYCP2-mediated male 

infertility in humans.
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