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Abstract
Nordqvist, S. 2014. Biological Markers of Fertility. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1048. 74 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-9085-0.

Infertility affects 15 % of couples, which corresponds to 60 - 80 million worldwide. The
microenvironments in which the oocyte, embryo and fetus mature are vital to the establishment
and development of a healthy pregnancy. Different biological systems, such as angiogenesis,
the immune system and apoptosis need to be adequately regulated for pregnancy to occur and
progress normally. The overall aim of this thesis was to investigate the impact of Histidine-
rich glycoprotein (HRG) and Src homology 2 domain-containing adapter protein B (SHB) on
human female fertility.

HRG is a plasma protein that regulates angiogenesis, the immune system, coagulation/
fibrinolysis and apoptosis, by building complexes with various ligands. The impact of HRG
on fertility is studied here for the first time. HRG is present in follicular fluid, the Fallopian
tube, endometrium, myometrium and placenta. HRG distribution within embryo nuclei depends
on developmental stage. Blastocysts express and secrete HRG. The HRG C633T single
nucleotide polymorphism (SNP) appears to affect the chance of pregnancy and, correspondingly,
parameters associated with pregnancy in IVF. Additionally, this HRG genotype may increase
the risk in IVF of only developing embryos unfit for transfer.

SHB is an adaptor protein involved in intracellular signaling complexes that regulate
angiogenesis, the immune system and cell proliferation/apoptosis. Shb knockout mice have
altered oocyte/follicle maturation and impaired embryogenesis. The impact of three SHB
polymorphisms (rs2025439, rs13298451 and rs7873102) on human fertility is studied for the
first time. The SNP prevalences did not differ between infertile and fertile women. BMI,
gonadotropin dosages, the percentage of immature oocytes, the number of fertilized oocytes,
the percentage of good-quality embryos and the day of embryo transfer seems to be affected
by SHB genotype.

In conclusion, HRG and SHB appear to influence female fertility. They are potential
biomarkers that might be used for predicting pregnancy chance in infertile women. Knowledge
of these genotypes may improve patient counseling and individualization of treatment.
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ERK  Extracellular regulated kinase 
ET Embryo transfer 
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hCG  Human chorionic gonadotropin 
HS   Heparan sulfate  
hMG  Human menopausal gonadotropin 
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ICSI  Intracytoplasmic sperm injection 
IGF  Insulin growth factor 
IVF  In vitro fertilization 
LD   Linkage disequilibrium 
LH   Luteinizing hormone 
MI  Immature oocyte, metaphase I 
MII  Mature oocyte 
OPU  Ovum pick-up 
PTB  Phosphotyrosine binding domain 
rFSH  Recombinant FSH  
SHB Src homology 2 domain-containing adapter 
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SNP   Single nucleotide polymorphism 
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Introduction 

Historical perspective on fertility 
Female fertility has intrigued mankind throughout time. Humans have 
sought to cure infertility through a rich variety of treatments. There are 
Egyptian documents from 1900 BC discussing the diagnosis and treatment 
of gynecological problems. However, it was not until the Renaissance that a 
scientific approach began to go beyond magical or religious explanations. 
DaVinci (Corporis Fabrica, 1543) and others began to study female anato-
my during this period. In 1677, sperm was discovered by van Leeuwenhock. 
It took more than a century for van Baer to discover the oocyte (1827, ‘De 
ovi mammalium et homonis genesi’) (1). 

The late 19th and early 20th century brought further insights when the pro-
cess of fertilization was described by Nelson in 1852. The connection be-
tween menstrual disorders and fertility was also revealed. In the 1920s hor-
mones, such as estrogen and progesterone, were discovered (2) and physi-
cians finally recognized the association between poor sperm counts and in-
fertility.  

The era of in vitro fertilization (IVF) began when Pincus conducted IVF 
experiments with rabbits in 1934 (3). Rock claimed to successfully fertilize 
human oocytes in vitro 10 years later (4), though it may have been partheno-
genic activity (5). Gemzell developed the usage of gonadotropins for ovula-
tion induction in the late 1950’s and early 1960’s (6). In 1975, Edwards and 
Steptoe (7) achieved the first verified IVF pregnancy but it resulted in an 
ectopic pregnancy. The first baby born through IVF was in 1978 (8). There-
after, this technique spread throughout the world, bringing further advances. 
Though the first mouse from a cryopreserved embryo came in 1972, the first 
human birth was in 1984 (9). Pre-implantation genetic screening (PGS) was 
developed in 1989 (10). In the early 1990s, intracytoplasmic sperm injection 
(ICSI) was discovered (11). A proud year for all involved in IVF occurred 
2010, when Robert Edwards was awarded the Nobel Prize in medicine. It is 
estimated that there are now five million children conceived by IVF world-
wide (12). 
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Current knowledge of fertility 
Dorland’s Medical Dictionary (13) defines fertility as “the capacity to con-
ceive or induce conception”. The chance of pregnancy the first month for a 
couple having unprotected intercourse at ovulation is about 20 % (14). Time 
to conception, the fertility rate, can be used to measure fertility. Sixty per-
cent of couples will conceive within six months, 80 – 90 % within  a year 
and 90 – 95 % within two years (15). Infertility is clinically defined as the 
failure to achieve a pregnancy after at least one year of regular unprotected 
sexual intercourse (16). Approximately 15 % of couples of a fertile age suf-
fer from infertility, which corresponds to 60 - 80 million couples worldwide 
(17). 

Pathophysiological aspects of female fertility  

The ovaries and oocyte maturation 
A woman undergoes approximately 400 - 500 ovulations during her lifetime. 
However, she will produce 6 - 7 million oogonia. At birth, there are 500 000 
- 2 million oocytes; at puberty, 300 000 - 500 000; and at menopause, 100 - 
1000. Thus, there is an immense loss of oogonia and oocytes, beginning in 
the early fetus and continuing until menopause. 

Oocytes develop from primordial germ cells that have migrated around 
the fourth embryonic week from the yolk sack to the gonadal ridge. The 
exact cell of origin and the factors initiating, sustaining or steering migration 
are unknown. However, molecules within the local microenvironment, such 
as kit-ligand, transforming growth factor-β1, and laminin are involved (18). 
The germ cells undergo mitosis repeatedly. Reaching the gonadal ridge, they 
become surrounded by supporting epithelial and mesenchymal cells and 
form colonies.  

Germ cells differentiate into oogonia, reaching a maximum at 16 - 20 
weeks and thereafter decline rapidly. Several known and unknown processes 
are needed for oogonia to enter the first meiosis and become oocytes. Genes, 
such as WNT4 and RSPO1, are important as well as retinoic acid for this 
development (19). Upon entering the first meiotic division, oocytes become 
arrested in the diplotene stage of prophase. 

Vascular channels and perivascular cells begin to appear in the ovarian 
cortex at 18 - 20 weeks. Perivascular cells then become pre-granulosa cells 
that surround the oocytes in a single layer, forming primordial follicles. The 
signal stimulating continued development of primordial follicles is not fully 
elucidated, though it is independent of follicle-stimulating hormone (FSH) 
(18). Activation of primordial follicle development is suppressed by anti-
Müllerian hormone (AMH), inhibin, tensin-homolog deleted on chromosome 
10 (PTEN) and is activated by the mammalian target of rapamycin 
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(mTORC) (20). The pool of primordial follicles may also regulate recruit-
ment, perhaps through paracrine regulation (20) or even the spatial arrange-
ment of  follicles (21). 

When the pre-granulosa cells become cuboidal, a primary follicle is 
formed. Next, granulosa cells form several layers around the oocyte and 
mesenchymal cells differentiate into a loosely packed theca cell layer, devel-
oping into pre-antral follicles. The layer of theca cells becomes more defined 
and contains blood vessels. A fluid-filled space forms and the follicle be-
comes an antral follicle. Primary follicles take approximately 85 days to 
mature. From the antral follicle stage forward, this process is dependent on 
gonadotropins. Granulosa cell proliferation is increased around the oocyte, 
protruding into the increasingly fluid-filled space, forming the cumulus oo-
phorous.  The theca cell layer matures and becomes more vascularized. 

The communication between granulosa cells and the oocyte is important 
for oocyte development. It occurs through gap junction and paracrine signal-
ing  (22). These processes allow for exchange of oxygen, nutrients, metabo-
lites and necessary signaling molecules. Oocyte maturation will cease if this 
communication is interrupted (23, 24).  

Nearing ovulation, the theca layer will become avascular. The mid-cycle 
surge of luteinizing hormone (LH) increases prostaglandins and proteases, 
such as plasmin. The proteolytic enzymes degrade the follicle wall, allowing 
for the expulsion of the cumulus oophorous. Prostaglandins activate the epi-
dermal growth factor-like signaling pathway (25). This pathway is involved 
in the expansion of the cumulus cells and initiates the resumption of meiosis. 
The oocyte completes the first division of meiosis and enters the second 
meiosis division, arresting at the second metaphase. Prior to ovulation, the 
gap junctions between granulosa cells and the oocyte become disrupted and 
the cumulus oophorous completely detaches from the follicle wall.  

After ovulation, the follicle becomes converted to a corpus luteum cyst, 
responsible for the production of progesterone. The granulosa cells enlarge, 
filling the cystic cavity and undergo luteinization.  The corpus luteum also 
becomes vascularized. 

The Fallopian tubes and oocyte fertilization 
After ovulation, the oocyte/cumulus complex adheres to the ovary until the 
Fallopian tube fimbria moves over the oocyte. Muscular contractions and 
movement of the cilia sweep the oocyte into the Fallopian tube. Molecules 
from follicular fluid, released at ovulation, may affect cilia movement and 
transportation of the oocyte (26). The Fallopian tube also contains non-cilia 
epithelium, which secretes different factors throughout the menstrual cycle. 
Growth factors or cytokines, seem important for transportation and fertiliza-
tion of the oocyte and, also, for transportation, development and implanta-
tion of the embryo when it enters the uterus (27).  
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The oocyte is fertilized at the isthmus-ampulla junction about 12 - 24 
hours after ovulation. Only several hundred sperm will reach this location. 
An unknown chemical substance attracts sperm to the oocyte (28). Factors 
secreted by luminal epithelium may be important for the competency of the 
sperm (29, 30). Normally, only one sperm will fertilize the oocyte. Upon 
fertilization, the oocyte completes the final stages of meiosis. Early cleavage 
is primarily dependent upon mRNA and proteins inside the oocyte. At the 4 - 
8 cell stage, the embryos will start to express its own genes (31) and produce 
substances needed for development. The embryo will remain in the Fallopian 
tube until the morula stage. 

The uterus and implantation 
After entering the uterine cavity, the morula will develop into a blastocyst, 
hatch and shed its zona pellucida. In vitro, this is achieved by the blastocyst 
expanding and contracting. However, in vivo, hatching is probably caused by 
lyses from substances contained within the uterine fluid or excreted from the 
blastocyst (32). 

The embryo and the endometrium have an intricate cross-communication. 
There is a vast array of signaling molecules involved in this communication, 
which is essential for successful implantation. The embryo is believed to 
produce a factor that stimulates the ovaries to produce early pregnancy factor 
(EPF) within 1 – 2 days after fertilization. Additionally, the embryo produc-
es human chorionic gonadotropin (hCG) before implantation. The endome-
trium has a window of receptivity around day 7 - 9 after ovulation. During 
this period, pinopods appear on the endometrium surface and remove fluid in 
the uterine cavity, thus improving contact with the blastocyst. They also 
remove mucin, an anti-adhesion molecule. Several adhesion molecules, such 
as integrins, selectins and trophinin, are involved in implantation. Following 
adhesion, metalloproteinases degrade the extracellular matrix (ECM), allow-
ing trophoblasts to invade. There is a local increase in cytokine-producing 
lymphocytes and macrophages. Cytokines such as CSF-1, LIF and IL-1 are 
necessary for implantation (33). Also, hormones, growth factors and angio-
genic factors are important substances in this process (34). 
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Causes of Infertility 
Causes and frequencies of infertility are shown in Figure 1. 

 
Figure 1. Causes of infertility (35). 

Ovulation disturbances 
About 17 % of infertility is caused by ovulation disturbances (35). Polycys-
tic ovary syndrome is the most common cause, with a prevalence of 87 % 
among women with oligomenorrhea (36). Excessive exercise, stress or 
weight loss/gain, thyroid disease, hyperprolactinemia, Cushing’s, Addison’s 
disease, brain lesions and congenital adrenal hyperplasia can also cause 
hormonal imbalances leading to oligomenorrhea.  

Tubal factors 
Tubal factors account for about 14 % of all female infertility (37). Women 
with previous pelvic inflammatory disease, endometritis, endometriosis, 
ectopic pregnancy, ruptured appendix, previous abdominal surgery or in-
flammatory bowel disease have an increased risk of tubal impairment. Other 
causes of dysfunction can be due to other abnormalities such as tubal dys-
genesis or cystic fibrosis. Damage may be due to complete or partial obstruc-
tions or to poor motility. This prevents oocyte capture at ovulation or oo-
cyte/embryo transportation.  

Uterine factors 
There is an increased prevalence of submucosa uterine fibroids; intrauterine 
synechiae, caused by previous surgery or infections; and endometrial polyps 
in infertile women (38). 

Endometriosis 
Endometriosis is when endometrial epithelial or stromal cells develop out-
side the uterus. This can cause ovarian cysts, peritoneal bleeding and infertil-
ity by affecting ovarian, tubal and/or uterine function. The pathogenesis is 
unclear. However, it is an inflammatory condition with alterations in im-
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mune function with cytokine production contributing. Additionally, there 
may be impaired apoptosis (39).  

Endometriosis accounts for 15 % of female infertility and its prevalence is 
10 % within the general population. Monthly fecundity is 2 – 10 % in wom-
en with endometriosis. Spontaneous conception within three years are lower 
in women with endometriosis (36 %) compared with those with unexplained 
infertility (54 %) (40).  

Male factor 
Approximately 26 % of infertility is due to a male factor. The World Health 
Organization has recommended reference levels for sperm tests, though 
these are controversial (41). Age, smoking, obesity, medications, recreation-
al drugs, toxic substances, surgery, trauma, infections, systemic diseases and 
genetic abnormalities can reduce male fertility either by affecting sperm 
quality and/or male potency (42). Sexual dysfunction is the primary cause of 
infertility for five percent of couples seeking treatment (43). 

Unexplained infertility  
The diagnosis “unexplained” is applied when the screening has not found 
any cause of infertility. It is dependent upon the tests performed and the in-
terpretation of the findings. Thus, this diagnostic group may have couples 
with undiscovered causes such as endometriosis, premature ovarian aging, 
etc. (44). Additionally, couples with unexplained infertility may represent 
those with a normal fertility who are at the lower end of a normal distribu-
tion because many  will conceive spontaneously (45). However, 18.5 % will 
not achieve an ongoing pregnancy even after undergoing infertility treatment 
(45). Thus, unexplained infertility may represent a population for which 
current diagnostic tools are inadequate. Unknown angiogenic, immunologi-
cal, genetic or endometrial defects could be the cause, affecting gametogene-
sis, fertilization, implantation or pregnancy.  

Also noteworthy is the large number of patients with multiple causes of 
infertility (13.9 %) (35). Unknown defects might also exist in couples with 
an infertility diagnosis.  

Clinical diagnostics  
Diagnostic tests 
Ovulation can be tested in several ways. Regular menstrual cycles indicate 
probable ovulation. The LH surge prior to ovulation can be indicated in urine 
samples. Vaginal ultrasound can detect a dominant follicle. One week after 
ovulation, progesterone levels reach a peak, indicating a well-functioning 
corpus luteum and that ovulation has occurred. The most common blood 
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tests for anovulation are thyroid tests and prolactin, as well as basal FSH 
(bFSH) and LH taken cycle day 3 - 5 (46). 

Ovarian reserve is the amount of remaining oocytes within the ovaries 
(20). Aging decreases the number of oocytes. Fertility begins declining ap-
proximately 20 years before menopause and a loss of fertility occurs about 
10 years before menopause (47). A low initial reserve or an accelerated de-
pletion will shorten the number of fertile years (48). Ovarian reserve testing 
can be accomplished by several methods (49) including bFSH and AMH 
levels, and ultrasound measurements of ovarian volume and/or the number 
of antral follicles (AFC). AFC and AMH are emerging as the best tests of 
ovarian reserve (50, 51). However, none of these measurements are precise 
(49) and it is debated whether or not they can predict the possibility of live 
birth.  

Oocyte quality is difficult to assess, even in an IVF laboratory. Certainly, 
all healthy children originate from a good-quality oocyte. Indirect measures 
that predict chance of pregnancy probably also, predict the chance of obtain-
ing a good-quality oocyte. Morphological assessment of oocytes has been 
attempted but is controversial because most studies are small and results are 
conflicting (52). 

 Tubal factors can be suspected based on medical history and tools for in-
vestigation include laparoscopy, hysterosalpingography and hysterosalpin-
gosonography. Uterine causes of infertility can be discovered by vaginal 
ultrasound, hysterosalpingography, hysterosonography or hysteroscopy. 

IVF 
Controlled ovarian hyper-stimulation induces the ovaries to produce several 
mature oocytes. Typically, this is achieved by daily gonadotropin injections 
for approximately two weeks. Dosages are often prescribed individually 
based on anticipated ovarian response. Ultrasound monitoring usually begins 
stimulation day 6 – 10 and is repeated as necessary until a certain number of 
follicles reach a specific size.  

There are two methods to prevent spontaneous ovulation: 
 Gonadotropin releasing hormone (GnRH) agonist. This is often giv-

en as a spray begun two weeks prior to gonadotropin initiation and 
usually continued until ovulation induction.  

 GnRH antagonists. The gonadotropin injections are begun in the be-
ginning of menstruation. The antagonist, given as daily injections, is 
begun either on a fixed day, usually about day 5 - 6, or when the 
leading follicle reaches a size of 14 mm.  

When the leading follicles reach a mature size, ovulation is induced, 
commonly with an hCG injection, which mimics the LH trigger. Ovum pick-
up (OPU) is timed 35 - 38 hours after the hCG injection. The oocytes and 
follicle fluid are aspirated from each follicle using a needle attached to the 
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vaginal ultrasound probe. The oocytes are placed in culture medium and 
transferred to an incubator.  

There are two different techniques for fertilization of the oocyte. In stand-
ard IVF, prepared sperm in a fixed concentration are added to the culture 
medium containing oocytes. ICSI is often used with low sperm counts or 
previously low fertilization rates. For ICSI, the cumulus cells are removed 
from the oocyte and maturity is assessed before a single sperm is injected 
into each oocyte.  

The day after OPU, fertilization is assessed. Additionally, oocyte maturity 
is determined in standard IVF oocytes. Embryos are cultured 2 - 6 days. 
Embryos are assessed in accordance with standard clinical morphological 
scoring protocol (53) and a good-quality embryo is chosen for embryo trans-
fer (ET). The remaining good-quality embryos are cryopreserved. Approxi-
mately 74 % of fresh embryo transfers are single ET and 26 % double ET in 
Sweden (2012, http://www.ucr.uu.se/qivf/index.php/ behandlingsresultat, 
140721). Luteal phase support is given by vaginal progesterone administra-
tion. Pregnancy testing is done 14 - 21 days after ET. 

IVF has a higher chance for pregnancy compared with treatment alterna-
tives such as ovulation stimulation or insemination, which have pregnancy 
rates between 5 - 20 % (54). Clinical pregnancy results after IVF in Sweden 
are presented in Figure 2. Nationally, standard IVF and ICSI usage is about 
equal. Approximately 87 % of fresh embryo transfers are performed on day 
2 - 3 (www.ucr.uu.se/qivf/index.php/behandlings-resultat, 20140721). More 
than 60 % of couples in Sweden have a child after undergoing up to three 
IVF treatments (55). 

 
Figure 2. Clinical pregnancy rate per IVF treatment with fresh embryo transfer in 
Sweden 2012. Adapted from www.ucr.uu.se/qivf/index.php/behandlings-resultat, 
20140721. 

Factors that predict the chance of pregnancy during IVF/ICSI 
Models using prognostic variables have been developed to predict pregnancy 
in IVF (56), although they are not always universally applicable because 
clinical routines and laboratory practices differ (56). Demographic variables 
(for example, age, infertility duration, smoking, number of previous preg-
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nancies or births, menstrual cycle length and body mass index (BMI)), clini-
cal/diagnostic variables (for example, bFSH, AMH, AFC, infertility diagno-
sis, number of previously unsuccessful attempts and gonadotropin dosage) 
and also laboratory parameters (for example, fertilization method, number of 
oocytes, embryo quality, day of transfer, number of embryos transferred and 
number of good-quality embryos) have been associated with pregnancy out-
come after IVF (56-63). 

Laws, regulations and accessibility 
Healthcare structure, regulations/laws and costs affect access to fertility 
treatment and indirectly an individual’s chance of conceiving (64). Com-
pared with other countries, access to reproductive treatment in Sweden is 
good (46). IVF is publicly funded for most couples without children. Cur-
rently, the number of treatments allowed and eligibility criteria for publicly 
financed treatment vary between regional healthcare authorities. Couples are 
required to live in a stable relationship (Law 2006:351, Chap. 7 3§). Also, 
double embryo transfer is allowed only if the risk for twins is deemed mini-
mal. Transfer of more than two embryos is never allowed (SOSFS 2005:17). 
Embryo donation, surrogacy or treatment of single adults is not yet allowed 
(46). 

Genetic and biochemical markers of fertility 
The whole human genome was sequenced between 1990 - 2003 (http://web. 
ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml, 140824), 
just 50 years after Watson and Crick’s article on DNA was published (65). 
Computer technology advancements have enabled complex analysis within 
fields such as bioinformatics and statistics. This is revolutionizing our under-
standing of genetics and microbiology. Internet accessibility has also facili-
tated the sharing of information about genes through public databases.  

Many current studies are examining variations in genomics, transcriptom-
ics, proteomics, secretomics and metabolomics to discover more about re-
productive pathophysiology, diseases, diagnostic tools and innovative new 
treatments. One expanding field within genomics is the study of single nu-
cleotide polymorphisms (SNP). These are common genetic variations within 
a population. 

Genetic variations associated with infertility  
Polymorphisms of genes have been associated with infertility. IVF gonado-
tropin requirements (66), poor or high responders (67, 68), the number of 
mature oocytes, fertilization rates, good-quality embryos and pregnancy (69) 
have been linked to various polymorphisms such as the FSH receptor (69), 
estrogen receptor (70-72) and folate-metabolizing pathway genes (73). Pro-
gesterone levels and pregnancy differences have been connected with the 
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Scavenger receptor class B type 1 gene polymorphisms (74). SNPs in angio-
genic factors, such as vascular endothelial growth factor (VEGF), are associ-
ated with recurrent IVF failure (75). Even genetic variations, such as in the 
hCG Beta gene (76), appear to prevent miscarriage. Thus, it has been sug-
gested that individualizing treatment to patients’ genotypes could improve 
outcome (77). 

Histidine-rich glycoprotein (HRG) 
Histidine-rich glycoprotein (HRG) is an abundant multi-domain plasma gly-
coprotein produced mainly in liver parenchymal cells (78). HRG is trans-
ported both as a free protein in serum and in platelet granules (79).  The pro-
tein is present in plasma in relatively high concentrations (100 - 150 µg/ml) 
(80). Newborns have 20 % of adult levels and levels increase with age (81). 
Families with congenital HRG deficiencies have approximately 20 - 35 % of 
normal plasma HRG level. Members of these families have no abnormal 
hemostatic or immunological function so it has been proposed that 20 % of 
normal levels are enough for adequate physiological functioning (82). HRG 
may be a negative acute phase reactant because HRG levels decrease with 
increasing CRP levels (83).  

HRG regulates tumor growth (84-86). HRG plasma levels in breast cancer 
patients are elevated (87). In ovarian cancer patients, the levels decrease with 
increasing stage (88). HRG protein expression is down-regulated in serum 
from endometrial hyperplasia and carcinoma patients (89). 

Molecular structure 
HRG consists of a 525 amino acid polypeptide (sometimes described as 507 
if the 18 amino acid signal peptide is not included) with three main domains 
as shown in Figure 3 (90). Two cystatin-like regions (N1 and N2) are posi-
tioned at the N-terminal. These domains are followed by a histidine-rich 
region (HRR), flanked by two proline-rich regions (PRR) and a C-terminal 
domain (80). The protein contains at least six disulphide bonds (80, 91). 
HRG has several glycosylation sites (80, 90, 92) and a recent study suggests 
that HRG might be phosphorylated (93). HRG is usually negatively charged 
in normal physiological conditions, but becomes positively charged in mild-
ly acidic conditions or through binding to Zn2+ (80). If positively charged, 
this causes a conformational change in molecular structure through a change 
in the disulphide bond (Cys 407 - Cys 185) between the N- and C- terminal 
domains (90, 94). 
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Figure 3. Schematic structure of HRG. Dotted & dashed lines represent disulphide 
bonds, circles with enclosed G represents glycosylation positions. The dotted line 
(disulphide bond) is located near the HRG C633T SNP. The shaded circle  is the 
glycosylation at position 202 that is present in the HRG isoform with a serine at 
position 204. N = N-terminal; HRR = histidine-rich region, PRR = proline-rich re-
gions; C = C-terminal. Figure adapted from Kassaar et al., 2014. 

Gene 
The HRG gene is located on chromosome 3 at position 3q28 - q29 and con-
tains seven exons and six introns (91). The N1 and N2 domains are encoded 
by three exons. The HRR, PRR and the C-terminal domains are coded by 
one exon apiece (80). There are ten HRG SNPs identified (www.uniprot.org 
/uniprot/P04196,2012). 

A common SNP in HRG is HRG C633T, which has been assigned the Na-
tional Center for Biotechnology Information (NCBI) reference SNP identifi-
cation tag rs9898. The HRG gene contains either a cytosine (C633) or thy-
mine (633T) at nucleotide position 633. The allele frequency is 0.68 for cy-
tosine and 0.32 for thymine in a European population (www.ncbi.nlm.nih. 
gov/SNP/snp_ref.cgi?type=rs&rs=9898,20140819). A cytosine (C) at nucle-
otide position 633 allows for coding of a proline at amino acid position 204 
(denoted 186 if the 18 amino acid signal peptide has been omitted) in the 
HRG protein. A thymine (T) at this position allows for coding of a serine 
instead. Individuals can be homozygous for the HRG C633 SNP (C/C) and 
produce only the HRG protein with proline (Pro/Pro) at amino acid position 
204; heterozygous for the HRG C633T and produce both HRG with proline 
and HRG with serine (Pro/Ser); or homozygous for the HRG 633T SNP 
(T/T) and produce only the HRG protein with serine (Ser/Ser). 

The HRG protein containing serine at position 204 has a glycosylation 
site at position 202. The absence or presence of this glycosylation explains 
the difference in the molecular weight between the proline (75 kDa) and 
serine (77 kDa) containing isoforms. The predominant HRG isoform in hu-
mans contains a proline. This variant is probably unique to mankind as other 
species, including primates, only have the isoform containing a serine (www. 
uniprot.org/uniprot/?query=histidine-rich+glycoprotein&sort=score, 
20130826).  
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Functions 
HRG has been proposed to be an adaptor molecule that interacts with many 
ligands (Table 1) (95). It also has been described as a protein that regulates 
various biological systems such as angiogenesis, the immune system, coagu-
lation and fibrinolysis and cell survival (apoptosis), (96). A recent study of 
HRG confirms that HRG functions as an adaptor molecule involved in multi-
protein complexes (93). 

Table 1. Ligands that interact or bind with HRG  

Domain Ligands  
N-
terminal 

IgG 
FcγR 
C1Q 
Heparin 
Heparan sulfate 

ATP synthase 
Necrotic cells 
Plasminogen 
Plasmin 
Thrombospondin  

   
HRR Cations such as Zn2+ 

Heparin 
Heparan sulfate 

Tropomyosin 
Microbes  
Heme 

   
C-
terminal  

Plasminogen 
Plasmin 

Thrombospondin  

   
Unknown Phospholipids 

Heparanase 
Fibrinogen 

DNA 
Complement compounds 

Angiogenesis 

Angiogenesis means formation of new blood vessels from pre-existing ones. 
Through interactions with different ligands, HRG has been suggested to be 
both pro- and anti-angiogenic (95). The known effects are as follows: 

Pro-angiogenic  

 Blocks thrombospondin’s (TSP) anti-angiogenic effect. TSP binds 
competitively to the CD36 receptor, blocking fibroblast growth fac-
tor-2’s (FGF-2) pro-angiogenic effect. However, the TSP binding 
area in HRG, located at amino acid region 155-213, is homologous 
to CD36 and binds with high affinity to TSP, thereby preventing 
TSP from blocking FGF-2 (97, 98).  

 Blocks vasculostatin’s anti-angiogenesis effect in a similar manner 
(86). 

 Modulates the activity of plasminogen and plasmin, which are in-
volved in the remodeling of the ECM. This remodeling is essential 
for vessel sprouting during angiogenesis (99). 
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Anti-angiogenic  

 Inhibits endothelial cell proliferation and reduces vascularization 
(84).  

 Induces endothelial cell apoptosis. The HRR region of HRG inter-
acts with tropomyosin on FGF-2 stimulated endothelial cells and in-
duces  cell apoptosis (100).  

 Affects signal transduction targeting focal adhesions or disruption of 
the structure of the cytoskeleton, thereby interrupting VEGF induced 
endothelial cell motility (101).  

 Interrupts tube formation during blood vessel sprouting (101).  
 Reduces FGF’s angiogenic effect by competing with FGF for hepa-

ran sulfate (HS) binding to endothelial cells (102).  
 Prevents the release of angiogenic growth factors bound to HS in the 

ECM by blocking the cleavage site on HS or binding to heparanase 
preventing cleavage of HS (102). 

Immune system 

HRG affects the immune system by: 
 Prevents the formation of immune complexes and enhances immune 

complex solubility and clearance by binding to IgG (103, 104). 
 Regulates the expression and function of FcγR (105, 106). The FcγR 

is a receptor found on immune cells such as natural killer cells, mac-
rophages, neutrophils and mast cells. 

 Removes late apoptotic cells through regulation of the FcγR, or by 
binding directly with the cell’s exposed DNA, intercellular phospho-
lipids or cell surface HS (95). 

 Exhibits antimicrobial characteristics in acidic conditions or by 
binding with heparin or Zn2+ (107). Hrg knockout mice are more 
susceptible to bacterial infections (108). HRG is effective against 
gram positive and gram negative bacteria (109) and has antifungal 
capacities (110). 

 Increases or decreases cell adhesion plus interrupts communication 
and migration to areas of inflammation by immune cells (95). 

Coagulation/fibrinolysis system 

HRG seems to be involved in both coagulation and fibrinolysis probably as a 
regulator of these systems. The known effects are as follows: 

Decreases coagulation 

 Interacts with fibrinogen and reduces conversion rate to fibrin (111). 
 Increases pro-thrombin and  bleeding time in Hrg +/+ mice (112).
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Increases coagulation 
 Binds to heparin and decreases deactivation of other coagulation fac-

tors (113). 

Decreases fibrinolysis 

 Interferes with the interaction between plasminogen and fibrin in 
clots (114). 

 Decreases fibrinolysis in Hrg +/+ mice (112). 

Increases fibrinolysis 

 Tethers plasminogen to cell surface and increases plasminogen acti-
vation (99). 

Cell survival and removal of necrotic cells 

HRG is involved in cell proliferation, apoptosis and removal of necrotic cells 
as follows:  

 Increases smooth muscle cell proliferation (115).  
 Diminishes T-cell (116) and fibroblast proliferation (117).  
 Increases apoptosis and proliferation of tumor cells (84, 118).  
 Interrupts the cell membrane in yeast, causing cell death (110).  
 Facilitates necrotic cell removal (103).  
 Acts as an intermediate between naked DNA and macrophages (119) 

and monocytes (104).  
 Binds to exposed cytoplasmic ligands in necrotic cells with permea-

blized cell membranes (104). However, a recent study of HRG puri-
fied with a new method, suggests that removal of necrotic cells, may 
not be through HRG/ligand interactions, but instead due to the activ-
ity and/or presence of co-purified molecules in the HRG-complex 
(93). 

Reproduction 

Little is known about the function of HRG within the female reproductive 
tract. Knockout Hrg mice are viable and fertile but have a coagulation defect 
(112). However, studies of animal reproduction may not apply to humans 
(120). Mice do not have the HRG isoform that is predominant in humans. 

Estrogen is believed to lower the serum concentration of HRG because 
levels are significantly lower in oral contraceptive users compared to con-
trols (121). The plasma level of HRG has been reported to drop to about     
50 % of normal levels during the last trimester of pregnancy (122). Interest-
ingly, HRG levels in post-menopausal women given estrogen did not change 
compared with controls (121). 

Lindgren and co-workers (123)  have found an association with the HRG 
C633T SNP polymorphism and healthy nulliparous women with recurrent 
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pregnancy losses with an increased proportion of those homozygous for the 
HRG 633T SNP. Additionally, another HRG SNP (HRG A1042G), known to 
exert HRG’s anti-angiogenic effect via the HRR region, has been connected 
with recurrent miscarriage (124). 

In women with early-onset preeclampsia, there is an imbalance between 
placental HRG and fibrinogen, which might contribute to the hypercoagula-
bility and the angiogenic imbalance in the placenta (125). HRG levels are 
also lower in women who developed preeclampsia (126). 

Src Homology 2 Domain-Containing Adapter Protein B (SHB) 
Src homology 2 domain-containing adapter protein B (SHB) is an intra-
cellular protein involved in signaling complexes that response to receptor 
activation. Adaptor proteins lack intrinsic signaling capacity but affect sig-
naling through recruitment of other proteins into complexes. SHB was ini-
tially discovered in an insulinoma cell line but later found to be expressed 
universally (127).  

Molecular structure 
The SHB molecule consists of a proline-rich N-terminal domain, a phos-
photyrosine binding domain (PTB), four potential tyrosine phosphorylation 
sites and a Src homology 2 region (SH2) in the C-terminal domain (Figure 4) 
(128).  

 
 
Figure 4. Schematic structure of SHB. PTB = phosphotyrosine binding domain,      
P = phosphorylation sites, and SH2 = Src homology 2 region. 

The proline-rich domain allows for SHB to interact with proteins with Src 
homology 3 domains. There are two known isoforms of the SHB molecule: 
64 kDa and 56 kDa.  The difference in size is due to five or three proline-
rich regions in the N-terminal domain. The PTB and SH2 domains interact 
with phosphorylated tyrosine in other proteins. The tyrosine phosphorylation 
sites in SHB allow for interactions with PTB or SH2 domains in other pro-
teins. The ligands or receptors SHB is known to interact with are found in 
Table 2 (128). 
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Table 2. SHB ligands and function  

Domain Ligand/receptor Function 
Proline-rich  SRC Angiogenesis 
 GRAP, GADS, PLC-γ, JAK 1/3 T-cell signaling 
 GRB2 

 
T-cell signaling 
β cell proliferation and survival 

 c-ABL Apoptosis in oxidative stress 
 EPS8 Cytoskeletal dysfunctions 
 
PTB  LAT, VAV-1 T-cell signaling 
 FAK Neurite outgrowth regulation 
 
Tyrosine-P RAS-GAP Angiogenesis, apoptosis, 
 SH2 Angiogenesis, neuritogenesis, 
 SLP76 T-cell signaling 
 CRK Neurite out-growth regulation 
 
SH2 FGFR,  VEGFR-2 Angiogenesis 
 IL-2 receptor Apoptosis 
 PDGFR Cytoskeleton in fibroblasts 
 
Unknown  SHP-2 Angiogenesis, apoptosis, 
 IRS-2 Beta cell proliferation 

This table exemplifies the many ligands, receptors and biological systems affected. 
PTB = Phosphotyrosine binding domain; Tyrosine-P = Tyrosine phosphorylation;  
GRAP = GRB2 (growth factor receptor-binding protein)-related adapter protein; 
GADS = GRB2-related adapter downstream of SHC; PLC-γ = Phospholipase; JAK 
= Janus kinase; GRB = Growth factor receptor-binding protein; c-Abl = Abelson 
murine leukemia viral oncogene homolog 1; EPS8 = Epidermal growth factor recep-
tor kinase substrate 8; LAT = Linker for activation of T cells; FAK = Focal adhesion 
kinase; RAS-GAP = Rat sarcoma-GTPase; SH2 = SRC homology 2; SLP-76 = SH2 
domain containing leukocyte phosphoprotein of 76 kDa; CRK = CT10 regulator of 
kinase; FGFR = Fibroblast growth factor receptor; VEGFR = Vascular endothelial 
growth factor receptor; IL = Interleukin; PDGF = Platelet derived growth factor; 
SHP-2 = SH2-containing tyrosine phosphatase; IRS = Insulin receptor substrate. 

Gene  
The SHB gene is located on chromosome 9 at locus p12 - p11 (http://www-
ncbi-nlm-nih-gov.ezproxy.its.uu.se/gene/6461). It is 150 000 base pairs long 
and includes six exons. Exon 1 codes for the proline-rich and PTB regions. 
Four potential tyrosine phosphorylation sites are found within exons 2 and 3 
and exons 5 and 6 code for the SH2 region (128). 

Functions 
SHB is involved in many biological systems such as angiogenesis, the im-
mune system and apoptosis. SHB has pleiotropic effects and the stimulatory 
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factor and the cell type involved will determine its effect (Table 2) (129).  
Through its close interaction with FRK/RAK, it may be important in tumor 
suppression. The known effects are as follows: 

Angiogenesis 

• Enhances the effect of angiogenesis inhibitors through increased en-
dothelial cell apoptosis (130). 

• Decreases tube cell formation (131). 
• Affects the cell cytoskeleton of endothelial cells (131). 
• Relays signals from activated FGFR-1 (132) and from activated 

VEGR-2 (133) in endothelial cells. 
• Influences the migration of endothelial cell stimulation by FGF-2 

(134).  
• Regulates focal adhesions and cell migration of endothelial cells ac-

tivated by VEGF through the VEGFR-2 (133).  
• Impacts tumor cells angiogenesis (135). 

Immune system 

• Associates with the CD3 complex in T-cell receptor signaling and is 
important for Il-2 secretion (136, 137).  

• Interacts with the IL-2 receptor signaling in T-cells and natural killer 
cells (NK) (137).  

• Influences hematopoietic differentiation in embryotic stem cells 
(138).  

• Affects how CD3 and CD28 stimulate T lymphoid cells (139). 

Apoptosis 

• Overexpression of SHB  increases apoptosis in fibroblasts (140), en-
dothelial cells (130, 131, 134), beta cells (141) and prostate cancer 
cell (142). 

Reproduction 

Knowledge of SHB’s effect on reproduction has been gained through Shb 
knockout mice studies (143). The Shb gene knockout mice are viable and 
fertile but no Shb -/- pups have been obtained when mating Shb null mice 
with heterozygous mice (143). 

The Shb +/- mice ovulate Shb - oocytes more often (143), though no ex-
planation has been given. Shb knockout mice have accelerated oocyte devel-
opment until one week post-natally. However, in the adult, the ratio of pri-
mary or antral follicles to primordial follicle ratio is lower for the knockout 
mice. The completion of meiosis I is also less synchronized compared with 
wild-type mice. Some oocytes display accelerated meiosis and others, re-
tarded meiosis (144).  
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Shb knockout mice have impaired early embryo development in the -/- 
embryos (144). Fewer Shb -/- embryos reached the morula stage and those 
reaching blastocyst stage were less mature or had inner cell mass and 
trophectoderm abnormalities. Even embryonic stem cell studies have altered 
differentiation patterns in mesodermal and endodermal cell lines between 
those lines deficient in SHB and normal cell lines (145). Thus, SHB seems to 
affect early embryonic development. 

The Shb - allele is associated with malformation and resorption of pups. 
Many of the early losses of Shb -/- embryos occurred before the stage of 
resorption, thus, at or before early implantation. Due to the wide range of 
birth defects, it has been suggested that SHB affects all stages of fetal devel-
opment (143). Knockout mice have impaired angiogenesis (135), glucose 
homeostasis (146) and beta cell response to stress (147) so these may be the 
pathophysiological mechanisms affecting fetal development.  

There are no previous fertility studies of SHB in humans nor are there any 
studies of the effect of different SHB SNPs on fertility. 
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Aims 

The main aim of this thesis was to investigate the impact of HRG and SHB 
on human female fertility by achieving the following specific research objec-
tives: 
 
I: To investigate the presence, distribution and expression of HRG in the 
human female reproductive tract, placenta and embryos. 
 
II: To investigate if the single nucleotide polymorphism HRG C633T is as-
sociated with pregnancy results in IVF. 
 
III: To investigate if the HRG C633T SNP is associated with ovarian re-
sponse and embryo quality in IVF. 
 
IV: To investigate the association between different single nucleotide poly-
morphisms of the SHB gene and prognostic markers associated with preg-
nancy outcome for women undergoing IVF. 
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Material and methods 

Paper I and II 

Study participants 

Infertile women 
Women (n = 24), undergoing IVF at the Reproduction Center, Uppsala Uni-
versity Hospital, were recruited (Paper I and II, cohort 1, Table 3). Inclusion 
criteria were: age < 40 years, BMI < 35 kg/m2, bFSH (day 2 – 5) ≤ 10 IU/l 
and not more than two previous IVF treatments. Median age was 32.0 years, 
median BMI was 23.9 kg/m2 and 23.8 % were smokers.  

To validate the results from cohort 1 (Paper II), a second cohort (cohort 2, 
Table 3) was included. This group consisted of women diagnosed with un-
explained infertility (n = 34) undergoing a first or second IVF at the Fertility 
Unit, Karolinska Hospital Huddinge, Stockholm. All participants were < 39 
years old, had a BMI ≤ 32 kg/m2 and bFSH serum concentration ≤ 13 IU/l.  

Table 3. Summary of participant groups 

Paper I, II 
Cohort 1 

II 
Cohort 2 

III 
Cohort 3 

IV 
Cohort 3 

IV 
Control 

Sample  
 

Infertile 
women 

Infertile 
women 

Infertile 
women 

Same as 
Paper III 

Pregnant 
women 

      
Participants 
Recruited (n) 

24 36 155 Same as 
Paper III 

100 

      
Subgroup 
 

Western 
Blot 

successful 

SNP 
analysis 

successful 

SNP 
analysis 

successful 

SNP 
analysis 

successful 

SNP 
analysis 

successful 
      
Analyzed 
Subgroup 
Diagnosis 

Various 
infertility 

causes 

Unexplained 
infertility 

Unexplained  
infertility 

 

Various
infertility 

causes 

Healthy, 
normal 

pregnancy 
      
Analyzed 
Subgroup (n) 

24 36 67 140 98 
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Methods 

Western blot on follicular fluid and plasma 
Plasma and follicular fluids were collected at OPU (cohort 1). Western blot 
was performed using an anti-HRG antibody directed towards the His/Pro-
rich domain of HRG (HRG-0119). Immunoreactive sites were detected by 
the fluorescently labeled anti-rabbit IRDye800 antibody. 

ELISA on culture medium 
Enzyme-linked immunosorbent assay (ELISA) was used to analyze HRG 
levels in medium used for human blastocyst culture. Plates coated with a 
HRG capture antibody (H00003273-B01P, AbNova, Germany) were used. 
The affinity-purified rabbit anti-HRG antibody (HRG-0119) and a biotinyl-
ated anti-rabbit immunnoglobulun G antibody (BA-1000, Vector Laborato-
ries, USA) were used for detection.  

Immunohistochemical staining of embryos 
Donated human embryos of quality not fit for transfer or cryopreservation 
were used for immunohistochemical staining. This was performed in accord-
ance with standard procedures with affinity-purified rabbit anti-HRG anti-
body (HRG-0119) as the primary antibody and Alexa 568 conjugated goat 
anti-rabbit (A11079) as the secondary antibody. DAPI (4’,6-diamidino-2-
phenylindole) was used to detect the locations of nuclei. 

Immunohistochemical staining of tissue 
Fallopian tube and endometrial biopsies were obtained from a separate group 
of healthy, fertile women undergoing sterilization. Tube biopsies were from 
all phases of the menstrual cycle. Endometrium samples were taken six days 
post-ovulation. Placenta and uterine myometrium biopsies were collected at 
Caesarean section from a new group of women with normal pregnancies. 

The biopsies were embedded in paraffin wax in accordance with routine 
procedures. Sections of Fallopian tube, endometrium, placenta or myometri-
um were incubated with the HRG-0119 antibody and a biotinylated anti-
rabbit antibody. Each section was counterstained with Mayer´s hematoxylin. 

Real-time PCR (RT-PCR) on tissues and embryos 
After preparation of RNA from endometrium, Fallopian tube, placenta, my-
ometrium biopsies and blastocysts (n = 8), cDNA was synthesized and RT-
PCR reactions were performed in accordance with standard protocol. As an 
endogenous control, the target genes were normalized to glycerylaldehyde-3-
phosphate dehydrogenase (GAPDH). 
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Preparation of DNA and HRG C633T SNP analysis  
DNA was extracted from blood samples using QIAamp DNA Blood Maxi 
kits (Qiagen, Venlo, The Netherlands). Each DNA sample was genotyped 
for the rs9898 C/T (HRG C633T) SNP in HRG exon 5, using the TaqMan 
SNP Genotyping Assay (Applied Biosystems, Foster City, CA, USA). Re-
sults were correlated to pregnancy test results. 

Paper III and IV 

Study participants 
Infertile women 
A new group of women (cohort 3, n = 155, Table 3) with diverse causes of 
infertility undergoing IVF were recruited at Fertilitetscentrum Stockholm 
between March 2010 and February 2012. All had been screened for infertili-
ty cause. The infertility causes were: anovulation (13.2 %); tubal (11.1 %); 
male factor (25.7 %); unexplained (47.9 %); endometriosis (6.3 %); and 
other (3.5 %). Women with multiple causes of infertility are included above 
(7.6 %). Median age was 34.0 years, median BMI was 23.0 kg/m2, percent-
age smokers was 11.9 %, median menstrual cycle length was 28.9 days and 
median duration of infertility was 2.5 years. Data was obtained from medical 
records. IVF treatment type and doses were determined individually based 
on anticipated response and previous treatment results. 

Fertile, pregnant women  
A control group of 100 women with normal fertility was recruited at Uppsala 
University Hospital at a screening ultrasound in the 16 - 20th week of preg-
nancy (Paper IV, Table 3). The median age was 31.0, median BMI (first 
trimester) was 23.9 kg/m2, 2.0 % were smokers, median menstrual cycle 
length was 28.0 days, median number of previous pregnancies was two and 
median parity at recruitment was one. Data was obtained from medical rec-
ords. Participants had no history of infertility, medical or pregnancy prob-
lems. Women who developed complications were excluded (n = 2). 

Methods 
Venous blood samples from infertile (cohort 3) and fertile women were col-
lected. DNA was extracted from buffy coat and genotyped for the HRG 
C633T SNP as described previously (Paper II). DNA samples were also sent 
to KBioscience (Hoddesdon, UK) for SHB SNP genotyping (Paper IV). The 
following SHB SNPs were analyzed: rs2025439; rs13298451 and rs7873102. 
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Women were grouped for each SHB SNP as homozygous for the major allele 
(1/1), heterozygous (1/2) or homozygous for the minor allele (2/2). 

Results were analyzed together with IVF parameters obtained by exami-
nation of medical records. Genotype was determined after pregnancy result 
and thus blinded for treating physician and embryologist. Embryos were 
assessed in accordance with standard clinical morphological scoring (53). 

Nomenclature of HRG polymorphism 
The same HRG SNP has been studied: rs9898 C/T (Paper II) and HRG 
C633T (Paper III). For simplicity in Paper II, groups were named according 
to the protein isoform(s) produced. Those homozygous for the major allele 
(HRG C633) have been classified in Paper II according to protein isoform 
(Pro/Pro) and in Paper III according to the SNP nucleotide (C/C). Heterozy-
gous (HRG C633T) have been classified in Paper II as Pro/Ser and in Paper 
III as C/T. Those homozygous for the minor allele (HRG 633T) have been 
classified in Paper II as Ser/Ser and in Paper III as T/T. 

Statistical analysis 
Statistical analysis was performed using the Statistical Package for Social 
Sciences, versions 15.0 and 20.0 (SPSS, IBM Corp., USA). Differences in 
categorical data proportions were analyzed using a Pearson’s chi-squared 
test. For expected frequencies less than five or if any frequency was less than 
one, a Fischer’s exact test was used (Papers II, III and IV). Odds ratios (OR) 
with 95 % confidence interval (CI) were obtained using bivariate logistic 
regression (Paper II). Medians with interquartile range were used for ordinal 
or continuous data with a limited sample size. A Mann-Whitney U test was 
used for comparison of genotypes (Papers III and IV). Graphical analysis 
and Pearson’s correlation coefficient were used in sub-group analysis to 
study correlation between continuous variables (Paper IV).  

Haploview software (www.broad.mit.edu/mpg/haploview) was utilized to 
investigate departures from Hardy-Weinberg equilibrium (HWE) and to 
assess linkage disequilibrium (LD). This software was also used for haplo-
type reconstruction from the genotype data (Paper IV). 

Statistical tests were two-sided and p ≤ 0.05 was considered significant. 

Ethical Approval 
All studies were approved by the Regional Ethics Committee in Stockholm 
and/or Uppsala. Informed consent was obtained from all participatants. 
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Results 

Paper I 
The presence and expression of HRG in the female reproductive tract and 
embryos were studied. 

HRG in follicular fluid 
Western blot analysis of samples of follicular fluid (n = 24) and plasma       
(n = 24) demonstrated that HRG migrates as two bands of different molecu-
lar weights (75 and 77 kDa) corresponding to the two HRG isoforms. All 
participating women were found to have the same HRG isoform(s) in follicle 
fluid as in plasma.  

HRG in culture medium and embryos 
ELISA was performed on medium from blastocyst culture to analyze if HRG 
is secreted by human embryos. HRG was detected in all samples. Control 
medium did not contain a detectable level of HRG.  

To study the presence, localization, and intensity of HRG in embryos, 
immunohistochemical staining was performed. HRG was found at all stages 
of development. HRG was detected in cytoplasm of all cells regardless of 
developmental stage. However, there were more blastocyst with HRG found 
in nuclei (n = 17/18, 94 %) than cleavage stage embryos (n = 4/16, 25 %;     
p < 0.001). None of the embryos exhibited HRG in all cell nuclei. RT-PCR 
analysis was performed to investigate if HRG was expressed by the embryos. 
The mean CT value for HRG was 35.85 ± 1.89 and for GAPDH 26.26 ± 
0.76, which is close to the detection limit for HRG mRNA. 

HRG in the female reproductive tract  
Immunohistochemical staining was used to detect the presence of HRG in 
the female reproductive tract. HRG was found in most cell types. HRG was 
observed in human endometrium, Fallopian tube and in myometrium. Addi-
tionally, in the placental tissue, HRG was found in endothelial, stromal, and 
trophoblast cells. No mRNA expression of HRG in tissues from Fallopian 
tube, endometrium, placenta or myometrium was detected using RT-PCR. 
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Paper II  
The effect of the HRG C633T SNP on pregnancy results in IVF was studied 
in this paper. 

Pregnancy results related to HRG protein isoform or genotype 
Individual pregnancy results (cohort 1) were analyzed in relation to Western 
blot results (Table 4). The majority of those who became pregnant were 
Pro/Pro. None of the Ser/Ser women became pregnant. The results of the 
HRG C633T SNP analysis (cohort 2) were similar to the Western blot results 
(Table 4). The results from combining the cohorts (cohorts 1 and 2) found 
that 26 women became pregnant, of which 21 (n = 21/26, 80.8 %) were 
Pro/Pro. The remaining five (5/26, 19.2 %) who became pregnant were het-
erozygous.  

Table 4. Pregnancy results in relation to HRG protein isoform or SNP 

Method Genotype 
 

Pregnant Not 
Pregnant 

Total Ratio 
pregnant 

Western blot Pro/Pro 8 (88.9) 6 (40.0) 14 (58.3) 0.571 
 Pro/Ser 1 (11.1) 5 (33.3) 6 (25.0) 0.167 
 Ser/Ser 0 (0) 4 (26.7) 4 (16.7) 0 
 Total 9 15 24 0.375 
SNP analysis Pro/Pro 13 (76.5) 5 (29.4) 18 (52.9) 0.722 
 Pro/Ser 4 (23.5) 10 (58.8) 14 (41.2) 0.286 
 Ser/Ser 0 (0) 2 (11.8) 2 (5.9) 0 
 Total 17 17 34 0.500 
Combined cohorts Pro/Pro 21 (80.8) 11 (34.4) 32 (55.2) 0.656 
 Pro/Ser 5 (19.2) 15 (46.9) 20 (34.5) 0.25 
 Ser/Ser 0 (0) 6 (18.8) 6 (10.3) 0 
 Total 26 32 58 0.448 
  
 Allele frequency
Combined cohortsa Pro 47 37 84 0.560 
 Ser 5 27 32 0.156 

Values are n (%). 
ap < 0.05 when testing the null hypothesis that allele frequencies are equally distrib-
uted in the two groups. Pro/Pro = homozygous for the HRG C633 SNP;          
Pro/Ser = heterozygous for the HRG C633T SNP; Ser/Ser = homozygous for the 
HRG 633T SNP. 
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Paper III 
The association between the HRG C633T SNP and demographic, treatment 
and laboratory variables in IVF were studied in this paper. The criteria for 
exclusion were limited in order to enable investigation of a broad patient 
group, but also to facilitate sub-group analysis. Investigations could then 
determine if there were differences in predominate genotypes compared with 
other groups or if a genotype within a sub-group affected IVF variables. The 
HRG C633T SNP was strongly associated with unexplained infertility and 
therefore, the analysis was focused on this sub-group of 67 women whose 
DNA was successfully analyzed. 

Demographic variables  
The distribution of the HRG C633T genotype in this paper (homozygous for 
the HRG C633 SNP (C/C): 58.2 %; heterozygous for the HRG C633T SNP 
(C/T): 34.3 %; homozygous for the HRG 633T SNP (T/T): 7.4 %; p > 0.05) 
was similar to that previously described in a European population (C/C: 47.2 
%; C/T: 41.7 %; T/T: 11.1 %) (www.ensembl.org/Homo_sapiens/Variation 
/Population?db=core;r=3:186390127186391127;v=rs9898;vdb=variation;vf=
31250, 140307). No differences were found between genotype groups 
regarding age, BMI, percentage of current smokers, menstrual cycle length, 
bFSH, AMH or AFC. Similar to the results in Paper II, there was a tendency 
for the T/T group to have a lower percent of women who had a previous 
pregnancy or child compared with those in the C/C or the C/T group (Table 
5). 

Table 5. Previous pregnancy stratified by HRG C633T SNP 

HRG C633T SNP C/C C/T T/T
n (%) 39 (58.2) 23 (34.3) 5 (7.5) 
Pregnancya 13 (33.3) 12 (52.2) 1 (20.0) 
Miscarriagea 7 (17.9) 7 (30.4) 1 (20.0) 
Childa 4 (10.2) 0 (0) 0 (0) 

anon-significance.  

Treatment background/parameters  
There were no differences between the SNP groups regarding the treatment 
number, method used (IVF, ICSI or combined), treatment protocol type 
(agonist or antagonist), type of FSH (rFSH or hMG) or OPU day. 
Significantly lower total dosages of FSH were administered to women in the 
C/C group than the other groups combined (p < 0.05) (Table 6). 
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Laboratory parameters  
The median number of oocytes obtained was lower for the T/T group than 
the other groups. The T/T group also received fewer mature oocytes. Moreo-
ver, the number of fertilized oocytes was lowest in the T/T group (Table 6) 
and there was a tendency for this group to have a lower fertilization rate. The 
T/T group had the highest percent (40 %) (C/T: 17.4 %; C/C: 5.1 %) of 
women whose embryos were entirely unfit for transfer although this differ-
ence was not significant (p = 0.06).  

Table 6. IVF variables stratified by HRG C633T SNP 

  C/C 
39 (58.2) 

C/T 
23 (34.3) 

T/T 
5 (7.5) 

 

FSH/hMG (IU/L)  1875 
(1350 – 2250)a 

1650 
(1250 – 3000)a 

3150 
(1363 – 6038)a 

 

Oocytes  8 
(6.0 – 13.0)b 

8 
(6.0 – 11.0)b 

5 
(3.0 – 6.5)b 

 

Mature oocytes 8 
(5.0 – 12.0)b 

7 
(5.0 – 9.0)b 

4 
(2.0 – 5.5)b 

 

Fertilized oocytes 6 
(3.0 – 9.0)c 

5 
(3.0 – 7.0)c 

2 
(2.0 – 4.0)c 

 

Fertilization rate (%) 64.3 
(50.0 – 87.5)d 

64.3 
(42.9 – 77.8)d 

33.3 
(12.5 – 65.7)d 

 

No ET n (%) 2 (5.1)e 4 (17.4)e 2 (40.0)e  

Data are median (interquartile range) unless otherwise stated. No ET = proportion of 
women who had exclusively poor-quality embryos unfit for transfer. 
 ap < 0.05 when comparing C/C with the other groups combined, bp < 0.05 when 
comparing C/C to T/T, C/T to T/T and T/T with the other groups combined,            
cp < 0.05 when comparing C/C with T/T and comparing T/T with other groups com-
bined, dNon-significant, p = 0.08 when comparing T/T with other groups combined; 
ep = 0.06 when comparing C/C to T/T. 

Paper IV 
The association between three SHB SNPs and demographic, treatment and 
laboratory variables in IVF were studied in this paper. 

Allele frequencies, haplotypes and linkage disequilibrium  
The following SHB SNPs were successfully analyzed: rs2025439 (n = 140 
IVF; n = 97 controls), rs13298451 (n = 140 IVF; n = 98 controls) and 
rs7873102 (n = 139 IVF; n = 98 controls). For all SHB SNP groups, the ma-
jor allele had a guanine at the SNP position. The minor allele had either an 
adenine (rs2025439, rs13298451) or thymine (rs7873102) at their respective 
SNP position. The SHB SNP allele frequencies are presented in Table 7. The 
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frequencies are similar to those previously described in a European popula-
tion (http://www-ncbi-nlm-nih-gov.ezproxy.its.uu.se/projects/SNP/snp_ref. 
cgi, 140524). All SNPs were in Hardy-Weinberg equilibrium (rs2025439, p 
= 0.72; rs13298451, p = 0.85; rs7873102, p = 0.52). 

Table 7. SHB allele association for different SNPs 

 Infertile Fertile 

SNP Major:Minor 
allele (n) 

Major (%) Major:Minor 
allele (n) 

Major (%) 

rs2025439a 227:53 81.1 152:42 78.4 
rs13298451a 235:43 84.5 157:39 80.1 
rs7873102a 161:117 57.9 104:92 53.1 

aNon-significant difference for each SNP group when comparing  infertile and fertile 
groups. 

The predicted inheritance patterns of haplotypes are presented in descending 
order in Table 8. There was no difference between the infertile and fertile 
groups regarding allele frequencies (Table 7) or the most commonly inherit-
ed SHB haplotypes (Table 8). The interactions between all three SNP pairs 
have been determined to have a strong LD (rs2025439 and rs13298451,    
LD = 92 %; rs13298451 and rs7873102, LD = 90 %; and rs2025439 and 
rs7873102, LD = 81 %).  

Table 8. The most common SHB haplotypes for the SNPs studied 

Haplotype Total (%)  Infertile (%) Fertile (%) 

111a 53.3  55.5 50.1 

112a 25.8  25.5 26.4 

221a 15.7  14.7 17.2 

211a 1.8  2.1 1.4 

212a 1.5  1.1 2.1 

1 = major allele; 2 = minor allele. Within the haplotype block, the first number cor-
responds to rs2025439, the second number to rs13298451 and the third number to 
rs7873102. 
 aNon-significant difference for each haplotype when comparing infertile with fertile 
groups. 

Demographic variables 
Infertile women 
Age, percentage of smokers, menstrual cycle or infertility length, bFSH, 
AMH and AFC were similarly distributed between for genotypes within 
each SNP group (Paper IV, Supplementary Table 1). A higher median BMI 
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(23.4 kg/m2) was found for the 1/2 group (rs7873102) compared with the 
other groups (1/1: 22.7 kg/m2; 2/2: 22.0 kg/m2).  

Fertile women 
A difference in BMI was found for rs13298451 group. The highest median 
BMI was in the 2/2 group (27.8 kg/m2) compared with the 1/1 group (23.4 
kg/m2) and the 1/2 group (24.3 kg/m2, p < 0.05 when 2/2 was compared with 
1/2). 

Treatment parameters 
No differences between genotypes were found for the infertile women within 
each SNP group regarding the proportion of IVF, ICSI or combined (IVF 
and ICSI) treatments, the proportion of agonist or antagonist treatments or 
the median OPU day (Paper IV, Supplementary Table 2). The current treat-
ment number was lower for the rs13298451 1/2 group compared with the 1/1 
group or with both of the other groups combined. For the rs13298451 group, 
rFSH was given more often to the 1/1 and hMG more often to the 2/2 group 
(Paper IV, Supplementary Table 2). Within the rs13298451 group, the high-
est median amount of total gonadotropins was given to the heterozygous 
group. For the rs7873102 group, the 1/1 genotype group received the highest 
total gonadotropin dosages (Table 9). 

Laboratory parameters 
Oocyte number, maturity and fertilization 
The 2/2 group had fewer fertilized oocytes (rs2025439 and rs13298451, 
Table 9) due to fewer oocytes obtained and not because of a difference in 
fertilization rate (Paper IV, Supplementary Tables 3A-C). Contrastingly, for 
rs7873102 the number of oocytes was similar among different genotypes 
(Paper IV, Supplementary Table 3 A-C). However, for this SNP (rs7873102) 
the 1/2 group had a higher percentage of immature oocytes obtained per 
woman (Table 9).  

The 1/2 group (rs7873102) was associated with both a higher BMI and a 
higher percentage of immature oocytes. To test if the difference in the per-
centage of immature oocyte was dependent on the differences in BMI, the 
results were graphed and a correlation coefficient was calculated. No signifi-
cant correlation was found between these two variables (p = 0.90), which 
indicates that this SNP affected BMI and the percentage of immature oocytes 
independently. 
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Embryo quality and day of transfer 
The 2/2 group had fewer good-quality embryos (rs13298451,Table 9). The 
1/2 group and the 2/2 group underwent ET more often on day 2 - 3 and the 
1/1 underwent ET more often on day 4 – 5 (rs7873102, Table 9). This was 
seen as a tendency in the other SNP groups (Paper IV, Supplementary Tables 
3 A-C). 
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Discussion 

Methodological considerations 
Human fertility is difficult to study. Studying fertile couples can be poten-
tially impractical, subject to recall bias and/or unethical. Often infertile cou-
ples are studied instead. These couples represent a heterogeneous group with 
various underlying causes of infertility, some of which may not be detected. 
Also, this group includes fertile patients. Longitudinal studies of infertile 
couples are time consuming and complicated by patients switching treatment 
types or having differing time periods between treatments.  

Biomolecular aspects of reproduction can be studied in the laboratory by 
animal or in vitro experiments. However, when animal models have been 
used, there are often problems extrapolating the results to human conditions, 
even when working with primates (120), because implantation, placentation, 
pregnancy length and embryo development differ between species. For the 
same reasons, in vitro models, such as cell cultures, cannot fully mimic the 
complexity of human biology.  

The studies within this thesis are mainly performed with a translational 
approach, which is a strength and quite unique. The study designs chosen 
have been cross sectional and are of a pilot-study nature. HRG is studied 
from a variety of perspectives, such as its presence or expression in 
embyos/tissues (Paper I) and its effect on IVF variables (Paper II and III). 
The study of SHB (Paper IV) is a continuation of a pre-clinical study of 
knockout mice. A strength of the study is that all fertile women included had 
proven and not assumed fertility (Paper I, IV). It is both a strength and a 
weakness that there were few exclusion criteria for participation within the 
infertile cohorts (Paper II, III and IV). This means that the patients included 
probably represent those met in a clinical setting, not just a selected group. 
However, comparisons become more difficult because of the heterogeneity 
of participants. Ethnicity is not always easy or ethical to assess (148). There-
fore this thesis has not examined ethnical differences (Paper II, III and IV). 
The inclusion frequency was high and the population studied in Paper III and 
IV is well defined. It is a strength that the results are similar (Paper II and 
III) despite cohorts from three different clinics, each having different treat-
ment and laboratory routines.  

Paper I has been limited to sub-optimal quality embryos because it would 
have been unethical to use embryos desired for potential pregnancies. How-
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ever, knowledge gained from these embryos may help understanding about 
variations in embryo quality. Assessment of embryo quality has been limited 
to morphological evaluation (Paper III and IV) as this is the most precise 
tool currently in use in Sweden. Morphological assessment is dependent 
upon the knowledge and experience of the embryologist, although guideline 
have improved standardization (53). A strength of these studies is that em-
bryo assessment has been performed by different embryologists thereby 
decreasing inter-individual differences. 

A limitation is that the whole female reproductive tract has not been stud-
ied. However, it is a strength that we have studied all areas where the oocyte 
develops, is fertilized and later implants and develops. A further strength is 
that both the presence and expression of HRG have been studied (Paper I). 

Potential limitations, such as errors in self-reported data (149, 150), recall 
bias or regional differences in routines or laboratory analysis methods fol-
lowed to diagnose infertility are spread evenly among genotypes (Paper II, 
III and IV). Genotype was blinded for personnel and participants, which is a 
strength, because prior knowledge of genotype did not affect any of the vari-
ables studied (Paper II, III and IV).  

HRG and female fertility 

Ovaries and oocytes 
The results, showing that the HRG C633T SNP is associated with the dosag-
es of gonadotropin given, the number of oocytes retrieved and the number 
fertilized during IVF, is interesting. In a clinical setting, it is difficult to get 
an actual count of the number of oocytes remaining and therefore, indirect 
variables are used, such as bFSH, AMH or AFC (49). Because the age, 
bFSH, AMH and AFC did not differ; the HRG C633T SNP probably does 
not affect the number of remaining oocytes. However, it might affect oocyte 
quality. One would have expected that the HRG C633T SNP should affect 
the ovarian reserve because HRG is involved in angiogenesis and apoptosis, 
both systems involved in the development and maintenance of the oocyte 
pool (20, 151). However, all of the above measures comprise of indirect 
indications of the oocyte pool and further studies using ovarian biopsies 
could elucidate this discrepancy.  

FSH threshold levels for the recruitment of follicles are individual due to 
factors such as age, polymorphisms in the FSH receptor (77), FSH metabolic 
clearance and ovarian sensitivity (152-154). Women with high threshold 
levels have poorer pregnancy chance (155). However, even within this 
group, the chance of pregnancy can vary. Other factors associated with preg-
nancy chance are the number of oocytes retrieved and the number of ferti-



 42 

lized oocytes (156-158). The studied HRG genotype affects the number of 
fertilized oocytes. Women given lower gonadotropins dosages obtained the 
most fertilized oocytes, indicating that the HRG C633 group’s ovaries are 
more sensitive to gonadotropins than the HRG 633T group. Because not all 
follicles contain oocytes, it would have been interesting to investigate if the 
number of mature follicles differed between genotype groups. The number 
of immature oocytes and the percentage of immature oocytes did not differ 
based on HRG genotype. This implies that the HRG C633T SNP does not 
appear to affect oocyte maturity. 

Oocytes communicate with cumulus cells via paracrine and gap-
junctional signaling (22) and will not develop if this communication is inter-
rupted (23, 24). An association between gene expression and chromosome 
abnormalities in oocytes has been reported (159). A study of cumulus cells 
gene expression found differences in the expression of genes linked with 
embryo development for genes involved in angiogenesis, apoptosis, various 
growth factors signaling (including FGF), general vesicle transport and 
chemokine/cytokine signaling (160). A gene expression study of human 
cumulus cells from MI respectively MII oocytes did not report any differ-
ence in HRG expression (161) However, it might be possible that HRG 
could influence oocyte/cumulus communication through altered expression 
of HRG ligands. 

Follicular fluid 
The finding that HRG exists in follicular fluid has later been confirmed 
(162). The HRG found in follicular fluid may reflect an ongoing angiogenic 
process in the development of the follicle and the oocyte. Heparin-binding 
angiogenic factors, such as FGF and VEGF, are produced by the pre-
ovulatory follicle and regulate the angiogenic balance in the follicle (163-
165). HRG interacts directly and indirectly with angiogenic, antiangiogenic 
factors and heparin (79) and might be important for follicle development. 
High VEGF levels in follicular fluid are associated with poor oocyte quality 
(166), poor fertilization (167) and poor-quality embryos (168). A study of 
the correlation between follicular fluid content and the fertilization or non-
fertilization of the corresponding oocyte revealed differences in expression 
of the heparan sulfate proteoglycan perlecan gene (169). HRG’s interaction 
with HS is known to be of relevance in angiogenesis (170). Another mecha-
nism might be through microvesicle in follicular fluid. These contain biolog-
ically active material and are involved in oocyte/cumulus communication. A 
study (171) found a HRG-like protein in microvesicles in mares. If HRG in 
follicular fluid regulates angiogenic factors or functions via microvesicles, it 
may also be of importance for the development of the oocyte. 
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Fertilization 
The difference in the number of fertilized oocytes probably reflects the total 
number of oocytes obtained. However, there was a tendency for the group 
with fewer oocytes to have a lower fertilization rate. There are no studies of 
HRG and fertilization. A study of Hrg knockout mice (112) found that 
mating of heterozygous adults yielded an approximate average of nine pups 
per mating, although the proportions of homozygous and heterozygous pups 
obtained (Hrg +/+ 30.6 %; Hrg +/- 34.7 %; and Hrg -/- 34.7 %) differed 
from the expected ratios (+/+ 25 %; +/- 50 %; -/- 25 %).  

Embryo development and implantation/placentation 
The number of good-quality embryos is associated with chance of live birth 
(156, 157, 172). Therefore, it is not surprising that the genotype group that 
had the lowest pregnancy chance also had the highest proportion of women 
having only embryos unfit for transfer. All embryos were in the cleavage 
stage, suggesting that the poor embryo quality might be due to oocyte 
quality. Cleavage at this stage is not dependent upon the embryo’s own 
genome, which is activated after the 4 - 8 cell stage (31). The quality of 
oocytes is difficult to assess morphologically (52). Instead, the number of 
good- quality embryos might be suggested as a proxy for oocyte quality.  

HRG is located in the blastocyst nucleus, in medium from blastocyst 
culture and in mRNA in the blastocyst, which suggests that the embryo 
produces HRG. The results presented in this thesis are the first indicating 
that blastocysts produce HRG. However, due to ethical considerations, sub-
optimal embryos were used. Taking into account the association with HRG 
and apoptosis, it cannot be excluded that the HRG produced by the embryo 
is due of apoptosis. Further studies on good-quality embryos such as those 
donated for research are needed.  

The HRG produced by blastocysts might be of importance in the various 
steps regulating implantation and placentation. A number of other 
angiogenic factors have also been shown to be involved in this process 
(120). It has been suggested that angiogenic factors secreted by the embryo 
signal to the endometrium to prepare for implantation (173). Embryo 
secretion of HRG by might be involved in this intricate communication. 
Also, those homozygous for the minor allele, HRG 633T have an increased 
risk for recurrent miscarriage (123). Additionally, HRG is associated with 
early-onset preeclampsia (125, 126), which is thought to be caused by 
inadequate placentation. 
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Proposed mechanisms of HRG function in female reproduction 

HRG, molecular structure and plasma levels  
The HRG C633T polymorphism has not been detected in other species than 
humans. The HRG minor allele (HRG 633T) in humans is the predominant 
HRG genotype in other species and allows for a glycosylation in the protein 
(90, 92, 174). This glycosylation is located near a disulphide bond between 
the N2 domain and the proteolytic HRR/PRR fragment (Cys 185 – Cys 407) 
of the HRG protein (Figure 3). Thus, it might be speculated that the 
glycosylation directly affects the stability of the disulphide bond (174) and 
could potentially affect the release of the HRR/PRR fragment. Considering 
that this fragment is associated with HRG’s anti-angiogenic function (101, 
175), the HRG C633T genotype might influence how HRG regulates 
angiogenesis in fertility. 

Other mechanisms how HRG affects pregnancy and IVF parameters 
include variations in plasma levels, degradation and/or three dimensional 
structure differences. HRG levels are positively correlated to age (81) and 
negatively correlated with estrogen levels (121). Differences in glycosylation 
could possibly affect protein stability and/or degradation rates and thereby 
affect concentration. A recent study indicates that HRG may be 
phosphorylated (93). Age-related variations of plasma proteins levels have 
been proposed to be correlated to phosphorylation levels (176, 177). It would 
be interesting to study if HRG genotype also exhibits differences in 
phosphorylation and if this has an impact on protein stability, degradation or 
three-dimensional molecular structure. Glycosylation, phosphorylation 
and/or three dimension structure might affect ligand interactions. 

HRG and ligand binding affecting implantation and placentation 
A proposed mechanism of how HRG affects implantation might be through 
building a complex with plasminogen and/or TSP. This would aid ECM 
degradation and angiogenesis during implantation/placentation (Figure 5). 
The glycosylation of the HRG molecule might alter the formation of this 
complex. The HRG secreted by the blastocyst could locally bind to cell 
surface-bound HS on the endometrium (178) and then tether plasminogen 
(99) at the site of implantation. This would make plasminogen conversion to 
plasmin more efficient, thereby increasing ECM degradation and allowing 
for cell migration. Additionally, blastocysts express urokinase-type 
plasminogen activator (179) and have increased surface tissue plasminogen 
activator (180), both of which increase conversion to plasmin. Mouse 
embryos with reduced levels of plasminogen activator do not implant (181). 

Additionally, TSP, plasminogen and HRG can form a tri-molecular 
functioning complex (182). TSP’s anti-angiogenic activity is mediated via a 
structural domain known as the TSP type I repeat that binds to the CD36 
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receptor. The region where the HRG C633T SNP is located is homologous to 
the region in CD36 and binds to TSP with high affinity. This modulates the 
anti-angiogenic effect mediated by TSP/CD36 (97). The interaction between 
HRG and TSP/CD36 might regulate both hypercoagulability and angiogenic 
balance, processes that need to be well regulated for proper implantation and 
placentation. 

 

Figure 5. Proposed mechanism of HRG and implantation. HS = heparan sulfate; 
uPA = urokinase-type plasminogen activator; tPA = tissue plasminogen activator; 
ECM = extracellular matrix; TSP = thrombospondin. Dashed lines represent newly 
formed blood vessels. The blastocyst (oval with shaded area) secretes HRG. The 
HRG/plasminogen complex plus tPA and uPA on or secreted by the blastocyst 
increases conversion to plasmin, thereby, increasing degradation of the ECM. TSP 
also interacts with the HRG complex increasing angiogenesis at the site of 
implantation. 

SHB and female fertility 
This is the first study of SHB and human reproduction. The main focus was 
on three different SNPs in SHB (rs2025439, rs13298451 and rs7873102). To 
our knowledge, there is only one previous study on any of these SNPs, 
which was a genome wide study finding a link between rs7873102 and brain 
structure abnormalities in Alzheimer patients (183). No differences were 
found in the prevalence of these SNPs between normally fertile and infertile 
women. BMI, gonadotropin dosages administered, the percentage of 
immature oocytes, the number of fertilized oocytes, the percentage of good-
quality embryos and the day of embryo transfer in IVF seem to be associated 
with SHB genotype.   

The rs2025439 SNP is located in an intron in a different gene, the 
SLC25A51 gene. This gene is a member of the mitochondrial carrier family, 
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which consists of a vast array of proteins involved in cell metabolism and 
intercellular transportation (184). It may be that this intron regulates SHB 
gene expression. Approximately nine percent of genes overlap and regulato-
ry elements of gene expression can be located in the introns of adjacent 
genes (185).  

The 111 haplotype was predicted to be the most common. Due to the lim-
ited size of the population, it was not possible to compare haplotype groups 
so the effect of genotype within each SNP was investigated separately. It 
was hypothesized that being homozygous for the minor allele (2/2) would be 
least advantageous for all SNPs studied. There were tendencies supporting 
this hypothesis as this group had fewer fertilized oocytes, a lower percent of 
good-quality embryos and none underwent ET day 4 – 5.  

BMI differed between genotype groups both for the IVF group 
(rs7873102) and also for the control group (rs13298451). This is the first 
study linking BMI in humans to SHB. Over-expression of SHB in beta cells 
of transgenic mice has been associated with improved glucose homeostasis. 
However, the beta cells respond to cytokines with increased cell-death (186, 
187). Shb knockout mice have impaired glucose homeostasis with elevated 
basal glucose concentrations (146) and impaired insulin secretion. Also, 
knockout mice have a higher birth weight (144).  

Ovaries and oocytes 
There were no differences related to SHB genotype and levels of AMH, 
bFSH or AFC. Although this study has not investigated the actual number of 
follicles remaining in the ovaries, these markers are indirectly associated 
with the pool of oocytes from primary follicles to mature follicles (188). 
Thus, the genotype did not seem to affect the pool of oocytes at a stage that 
would be sensitive to gonadotropins. In contrast, a study of Shb knockout 
mice found that (144) wild-type mice had more follicles at these stage com-
pared with knockout mice. However, knockout studies only examine differ-
ences in whether the existence of the protein affects an outcome whereas in 
this thesis, all participants produce SHB but differences might be due to 
concentration levels and/or function.  

The gonadotropin dosages given and the number of fertilized oocytes dif-
fered between SHB genotypes. This could be due to an altered maturation of 
the oocyte/follicles as a difference in the percentage of immature oocytes 
also was found. Because not all follicles contain oocytes, it would have been 
interesting to investigate if the number of mature follicles differed between 
genotype groups. Separation of the cumulus oorphorous from the follicle is 
part of the maturation process. It has been suggested that the cumulus oor-
phorous are not released in women with empty follicle syndrome (189).  
Similarity between the number of mature follicles and oocytes obtained is 
furthermore associated with pregnancy outcome (190).  
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Comparable to the findings in this thesis that SHB genotype affects the 
percentage of immature oocytes, Shb knockout mice have retarded follicle 
maturation and a wider time span of the initiation of meiosis I. Additionally, 
they have an increased number of immature oocytes (144). Contrastingly, a 
study of gene expression in cumulus cells from MI compared with MII oo-
cytes (161) did not find a difference in SHB. However, they did not include 
germinal vesicle (GV) oocytes as in this thesis. Gene expression in cumulus 
cells might not reflect differences in gene expression throughout the whole 
maturation cycle. Furthermore, the effect of the SHB SNPs on oocyte maturi-
ty may not be through changes in gene expression. Though it is not known 
how these SHB introns function, introns previously have been shown to af-
fect transcription initiation or termination locations, serve as scaffolding to 
assist assembly of nucleosomes, be involved in alternative splicing, affect 
post-transcription modulations such as protein methylation, recruitment of 
proteins to mRNA, and affect translation yield (191).  

The fertilization capacity of the oocytes did not differ between genotypes. 
A study on blastocyst development and IVF in Shb knockout mice also did 
not report any difference in fertilization rates (144).  

Well-regulated angiogenesis is essential in the ovary (192, 193) for de-
veloping follicles and oocytes to receive nutrients, oxygen and hormones and 
for removal of metabolites. Altered vasculature has been found in Shb 
knockout mice (194), although it is not known if this also occurs in the ova-
ry. SHB operates downstream of receptors involved in angiogenesis such as 
VEGF-2 receptors and FGF-receptor-1 (132, 133). Variations in isoforms of 
VEGF or FGF have been associated with folliculogenesis and oocyte devel-
opment (151, 195). 

There are several plausible signaling pathways through which SHB could 
affect oocyte maturation. SHB signaling is associated with elevated basal 
extracellular regulated kinase (ERK) activity in oocytes from Shb knockout 
mice (144); with elevated basal focal adhesion kinase (FAK) and Rac1 (135, 
196) in endothelial cells; and with FAK and Rac1 in hematopoietic 
stem/progenitor cells (197). Most studies indicate FAK as being essential for 
SHB signaling (128). Oocyte expression of FAK is elevated and may affect 
oocyte maturation, apoptosis and fertilization (198). SHB also provides a 
link between Src-family kinases and FAK (128). Src-family kinases are vital 
for pronuclear congression (199), resumption of meiosis (200, 201) and for 
the first mitotic division (202, 203). Additionally, ERK signaling is initiated 
by the epidermal growth factor receptor activation. These receptors are 
found on all ovarian (18) cell types. Gonadotropins regulate the epidermal 
growth factor receptor in a normal menstrual cycle (18). Epidermal growth 
factors are produced by the ovary and are involved in steroidogenesis, induc-
tion of gonadotropin receptors, maturation of the oocyte and stimulation of 
other growth factors. (18). 
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A different pathway could be through insulin growth factor-1 (IGF-1). 
IGF-1 signals via IRS and SHP2 (18), both of which interact with SHB 
(128). Although it is not known if SHB is involved in this pathway in the 
ovary, IGF-1 is associated with granulosa cell survival (204). Together with 
LH, it induces androgen production (205). 

Embryo development 
The number of good-quality embryos differed depending on genotype. Addi-
tionally, the group with the minor allele underwent ET exclusively with 
cleavage stage embryos and had few or no embryos cryopreserved day 4 - 6. 
Contrastingly, opposite tendencies were seen for those with the major allele. 
This might be due to the difference in the number of fertilized oocytes. 
However, because it is known that Shb affects oocyte maturity (144), an 
alternative explanation might be found in differences in oocyte quality or 
embryo development. Shb knockout mice have impaired early embryo de-
velopment both from IVF and natural conception (144). A loss of Shb -/- 
embryos has been demonstrated and is thought to be caused by impaired 
early embryo development either at implantation or through resorption 
(143).  
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Conclusions 

HRG is present and distributed in most cells of the human female 
reproductive tract and placenta. No gene expression was detected indicating 
that HRG in these tissues is derived from the liver and transported in plasma. 

 
HRG is present in the cytoplasm of all cells in the embryo. The distribution 
of HRG within the nuclei of the embryo’s cells varies depending on 
developmental stage. Blastocysts express and secrete HRG.  
 
The HRG C633T SNP seems to be associated with pregnancy results in IVF. 
 
The HRG C633T SNP is associated with the dosages of gonadotropin given, 
the number of oocytes retrieved and the number fertilized during IVF. 
Additionally, there may be an increased risk of only developing embryos 
unfit for transfer in the HRG 633T SNP group. Thus, this SNP seems to be 
important for ovarian response.  
 
SNPs in the SHB gene appear to be associated with prognostic markers 
linked with the chance of pregnancy for women undergoing IVF. BMI, 
gonadotropin dosages, the percentage of immature oocytes, the number of 
fertilized oocytes, the percentage of good-quality embryos and the day of 
embryo transfer in IVF seem to be influenced by genotype. The SNP 
prevalences did not differ between the infertile and control group. Thus, the 
SHB SNPs studied seem to be important for oocyte maturity and embryo 
quality.  
 
In conclusion, HRG and SHB appear to affect human female fertility. The 
HRG C633T SNP seems to influence the sensitivity of the ovaries to 
gonadotropins and the development of the embryo in IVF. It may also be 
involved in the communication between the endometrium and blastocyst at 
implantation and, hence, the chance of pregnancy. The SHB SNPS studied 
appear to affect ovarian sensitivity, oocyte maturation and embryo 
development in IVF. The HRG C633T SNP and the studied SNPs of the 
SHB gene are potential biomarkers of fertility that might be used in the 
future for predicting the chance of pregnancy in infertile couples. 



 50 

Clinical Implications, at present and in the 
future 

Infertility is a major problem for numerous couples worldwide. Many 
couples never receive an answer to why they are infertile and some remain 
childless, even after treatment. Further knowledge of reproductive 
mechanisms and potential biomarkers is crucial for understanding and 
treating infertility.  

Prior knowledge of a patient’s HRG or SHB genotypes may increase 
diagnostic and pregnancy prediction precision and, hence, improve 
counseling of patients. Some may be advised to wait, and others to start 
treatment earlier or even consider alternatives, such as oocyte donation or 
adoption. Individualization of treatment has been shown to be beneficial 
(206-208) and knowledge of genotype might improve dosage accuracy and 
treatment protocols. This could optimize pregnancy chance while reducing 
risks, such as ovarian hyper-stimulation syndrome or cancelled treatments. 
Additionally, pharmacogenetics may allow for genotype-based 
medications/therapy. 

Within the laboratory, knowledge of genotype could give embryos with 
higher risks priority treatment. Because SHB genotype can influence the 
number of immature oocytes, usage of ICSI may be more restrictive or 
timing delayed to allow for any possible post-retrieval maturation. HRG 
proteomic profiling of microfluidics might be used to improve embryo 
selection (173, 209) or affect strategies regarding length of embryo culture. 
Perhaps HRG could be a potential medium supplement if it was found to 
increase embryo quality or pregnancy results. Also, investigating the 
interaction between the mother’s and embryo’s genotype on implantation 
may elucidate to what extent this affects implantation.  

Within female fertility, larger studies of HRG and SHB are needed, 
especially studies that involve miscarriage, clinical pregnancy and live birth. 
Comparing genotype frequencies within sub-groups of patients such as low- 
or high responders may explain possible genotype effects. The correlation 
between time to pregnancy and genotype could be studied in fertile couples 
or by comparing frequencies in couples with recurrent IVF failure. 
Additionally, studying the effect of SHB on oocytes cultured for in vitro 
maturation may give further information on the maturation process. 
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Fertility is also dependent on the male and HRG and SHB have not been 
studied regarding male fertility. Further studies are warranted to determine if 
sperm quality is affected. Sperm is stored in the cervix and Fallopian tubes 
(30) and studying the effect of the different female genotypes on the 
fertilization capacity of sperm may further knowledge of reproduction. Also, 
there is a need to investigate the combined genotype of the couple and 
chance of pregnancy. 

It would be interesting to build and evaluate a computer model containing 
HRG and SHB together with other known biomarkers. Using such a model, 
treatment protocols, lab routines or embryo assessment could be improved, 
and thus improve the chance of pregnancy for patients. 
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Summary in Swedish – Sammanfattning  
på svenska 

Enligt Världshälsorganisationen (WHO) är definitionen på ofrivillig barn-
löshet när ett par i fertil ålder inte blivit gravida efter att aktivt ha försökt 
under minst ett år (Zegers-Hochschild et al., 2009). Omkring 15 % av alla 
par i fertil ålder drabbas av ofrivillig barnlöshet, vilket motsvarar cirka 60 - 
80 miljoner par globalt. Orsaken till varför vissa par inte blir gravida spon-
tant är oklar hos cirka 22 % av de som utreds. Ett sätt att hjälpa dessa par 
kan vara via assisterad befruktning s.k. in vitro fertilisering (IVF) men drygt 
30 % av paren får inte barn efter tre IVF försök.   

Många olika biologiska processer som t.ex. blodkärlsnybildning, immu-
nologiska processer och programmerad celldöd är viktiga i regleringen av 
kvinnlig fertilitet. Mikromiljön runt ägget (oocyten), embryot och fostret är 
avgörande för att en normal graviditet ska kunna utvecklas. För att uppnå 
ökad kunskap om reproduktion samt för att hitta potentiella framtida dia-
gnostiska verktyg och behandlingsmetoder för infertila par har i denna av-
handling skillnader i gen- och proteinuttryck kopplats till medicinska variab-
ler och studerats och jämförts mellan infertila och fertila grupper av kvinnor.  

HRG är ett plasmaprotein som reglerar ett flertal biologiska system, t.ex. 
angiogenes, immunsystemet och koagulation/fibrinolys genom att bilda 
komplex med olika ligander. I det första delarbetet studerades HRGs före-
komst och genuttryck i kvinnans inre genitalia samt i embryon. Med Wes-
tern blot detekterades HRG i follikelvätska och med immunhistokemiska 
analyser sågs förekomst i äggledarna, endometriet, myometriet och placenta. 
HRG detekterades också i varierande omfattning i embryots cellkärna bero-
ende på utvecklingsstadium. Genuttryck av HRG har tidigare hittats i levern 
men i denna studie sågs även att det tidiga embryot uttrycker HRG mRNA. 
Vidare analys av mediet som embryot odlats i visade dessutom att HRG 
utsöndrats till mediet.  

I det andra delarbetet studerades hur en specifik genetisk variation, en s.k. 
”single nucletide polymorphism” (SNP), i HRG kallad HRG C633T påverkar 
graviditetsresultatet vid IVF. Follikelvätska från 24 kvinnor med olika infer-
tilitetsorsaker analyserades med Western blot och den specifika HRG-
polymorfin kunde detekteras på protein-nivå. En koppling hittades mellan 
HRG C633T genotyp och graviditetsutfall. Homozygota bärare av HRG 
C633 hade högst graviditetsfrekvens, de heterozygota bärarna intermediär 
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frekvens och bland de kvinnor som var homozygota för HRG 633T blev i 
detta material inte någon gravid. Ytterligare en grupp kvinnor (n = 34) in-
kluderades i syfte att verifiera resultaten. I denna grupp kvinnor hade alla 
diagnosen oförklarad infertilitet. Vid genotypning för HRG C633T SNP 
bekräftades resultaten, d.v.s. att HRG C633 är kopplad till en betydligt högre 
graviditetsfrekvens vid IVF än HRG 633T.  

I den uppföljande studien (delarbete tre) rekryterades en större grupp 
kvinnor (n = 155) med varierande infertilitetsorsak. En sammanställning 
över medicinska bakgrundsfaktorer, behandling, IVF-parametrar samt gravi-
ditetsutfall gjordes. Alla kvinnor genotypades för HRG C633T och vid en 
subgrupp-analys av kvinnorna med oförklarad infertilitet (n = 67) noterades 
att de som var homozygota för HRG 633T utvecklade färre oocyter trots 
högre gonadotropindoser under IVF-behandlingen. I samma grupp förelåg 
också större risk för att embryot skulle vara av så låg kvalitet att något em-
bryo inte skulle kunna återföras till livmodern.   

Src homology 2 domain-containing adapter protein B (SHB) är ett intra-
cellulärt adaptorprotein som bildar signaleringskomplex vid receptor aktive-
ring. SHB reglerar angiogenes, immunsystemet, cellproliferation och apop-
tos. Shb knockout möss har ändrad oocyt/follikel mognadsprocess och för-
sämrad embryo- och fosterutveckling. SHBs betydelse för human reprodukt-
ion har inte studerats tidigare. I det fjärde delarbetet användes DNA från 
samma studiepopulation som i delarbete tre men en kontrollgrupp bestående 
av normalt fertila kvinnor inkluderades också. Följande SHB SNP:s analyse-
rades: rs2025439 (n = 140 IVF; n = 97 kontroller), rs13298451 (n = 140 
IVF; n = 98 kontroller) and rs7873102 (n = 139 IVF; n = 98 kontroller). De 
olika genotyperna var lika vanliga bland infertila som i kontrollgruppen. 
Däremot skilde sig BMI, gonadotropindoser, andel omogna oocyter, antal 
befruktade oocyter, andelen embryon av hög kvalitet embryo/oocyt vid da-
gen för embryoåterföring åt mellan genotyperna. 

Sammanfattningsvis visar delstudierna att HRG och SHB är två proteiner 
av betydelse för kvinnlig fertilitet. Resultaten kan förhoppningsvis bidra till 
en ökad förståelse av de centrala mekanismer som reglerar reproduktion. 
Fortsatta studier inom området skulle kunna möjliggöra utvecklingen av 
prediktionsmodeller för sannolikheten att lyckas vid assisterad befruktning 
samt öka möjligheterna till optimering av behandling vid infertilitet, vilket 
skulle kunna bli till stor nytta och glädje för infertila par. Kännedom om 
parets genotyp skulle kunna användas för att optimera rådgivning, behand-
lingsprotokoll och resultat. 
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