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ABSTRACT
Follicle-stimulating hormone (FSH) is a glycoprotein hormone with two subunits,  and
, and is required for gamete development. FSH is now known to exist as a ratio of two
glycoforms that varies during the menstrual cycle and in premenopausal periods in women. A
newly identified glycoform, referred to as diglycosylated FSH, is characterized by the presence
of two glycans attached to the α subunit while none are attached to the  subunit. Preliminary
data suggest that estrogen is responsible for reducing the glycosylation of FSHβ in reproductiveage women, thus yielding higher concentrations of diglycosylated FSH than is found in older
women. This selective reduction of glycosylation of the FSHsubunit is suspected to be due to
activity of different oligosaccharyltransferase (OST) subunit isoforms.
To investigate how the OST subunit isoforms STT3A and STT3B subunit isoforms affect
FSH glycosylation, we used a stably transfected GH3 cell line that produces recombinant hFSH,
and selectively knocked down each isoform via siRNA transfection, and examined the
glycosylation patterns of the hFSH produced. We used a liposomal transfection methodology for
siRNA transfection, and chromatographic methods for FSH purification. Following transfection,
RNA from transfected cells was isolated and evaluated using reverse transcription and
quantitative real-time PCR (RT-qPCR) to measure expression levels of the two isoforms and
glycosylation patterns of FSH subunits were examined via Western blot.
Ultimately, use of siRNA to selectively knock-down STT3 isoforms did not produce
observable variance in FSH subunit glycosylation patterns when compared to controls. Although
the RT-qPCR results suggest that isoform knock-down was achieved on some level, the subunit
glycoforms captured on the Western blots did not show significant variation in glycoform
abundance.
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CHAPTER 1
INTRODUCTION
Gonadotropins
The gonadotropins encompass a family of glycoprotein hormones responsible for gonadal
regulation in all vertebrate species and include follicle-stimulating hormone (FSH), chorionic
gonadotropin (CG), and luteinizing hormone (LH) [1-3]. Gonadotropins belong to the cystine
knot growth factor superfamily, identified by the presence of a characteristic folding motif in
which three disulfide bonds are formed from six oxidized cysteine residues [1].
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gonadotropins are heterodimeric proteins, consisting of a common α and a hormone-specific β
subunit. The common α subunit is generated from the same gene for all of the gonadotropins
within a species. The  subunits are expressed by several genes, and structurally differ to provide
biological specificity, although some sequence homology between members of the gonadotropin
family is observed, particularly at regions that interact with the common α subunit [4]. Initially,
the subunit was believed to carry the responsibility for subunit binding, however in more
recent studies, it has been observed that the α subunit is also responsible for dimer formation via
non-covalent interactions [1, 5].
FSH acts on ovarian granulosa cells in the female ovary to induce estrogen production,
and maintains Sertoli cell function, and by extension spermatogenesis, in the male testis. LH in
the female stimulates ovulation and the production of androgen in the follicular theca layer,
progesterone in the post-ovulatory corpus luteum, and acts on Leydig cells in the testis
stimulating the production of testosterone. CG, as suggested earlier, is produced only during
pregnancy by syncytial trophoblasts of the conceptus. CG stimulates the corpus luteum
gravidium to continue to secrete progesterone, which serves to maintain early pregnancy [6] .
1

LH and FSH are produced and secreted by gonadotropes in the anterior pituitary. The
majority of CG is produced by placental trophoblasts, although a pituitary form has been
reported [1, 2, 7].Gonadotropin secretion is regulated by a decapeptide called gonadotropinreleasing hormone (GnRH) [8, 9]. GnRH type 1 (a GnRH type 2 exists, but is not found in
humans) stimulates gonadotropic hormone release from pituitary gonadotropes via binding to
GnRH receptors (GnRHRs) on gonadotropes and increasing intracellular calcium, resulting in
gonadotropin exocytosis [10-13]. GnRH secretion is regulated in part by afferent kisspeptinproducing neurons during puberty and adulthood via binding to receptors on GnRH neurons and
initiating GnRH secretion [14-16]. The kisspeptin gene (KiSS1) encodes a 145 amino acid
protein that is cleaved to produce peptides that are 54(KP-54), 14(KP-14), 13(KP-13), and
10(KP-10) amino acids in length. The mixture of peptides is collectively referred to as
Kisspeptin and these are produced in varying amounts in different tissues and share a common
receptor, GPR-54 [17-19]. In addition to kisspeptin-mediated induction of GnRH secretion,
GnRH secretion regulation is controlled by several external contributors such as photoperiod,
environmental stress, and nutritional status [20]. GnRH is secreted from hypothalamic neurons
into the hypophyseal portal system a pulsatile manner, the frequency of which as demonstrated
in vivo, results in GnRH-pulse-dependent episodic expression and release of both FSH and LH
[21-25]. The frequency of the pulses has been demonstrated to modulate the ratios of LHβ,
FSHβ, or common gonadotropin α subunit transcribed in anterior pituitary gonadotropes [26].
Slower pulse frequencies result in increased FSHβ, while faster pulse frequencies elevate LHβ
and CGα [26, 27].
GnRH can act on reproductive tissues, as well as peripheral non-reproductive tissues to
elicit production of hormones that contribute to the hypothalamus-pituitary-gonad feedback
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system [9]. Steroid hormones such as testosterone or progesterone have been shown to promote
FSHβ synthesis while inhibiting LHβ synthesis [24]. Differential expression of gonadotropin
subunits can indirectly affect glycosylation, as an inability to properly associate with β subunits
results in irregular glycosylation patterns of the common α subunit [3]. Individuals that have
Kallmann’s syndrome, exhibit a GnRH deficiency due to failure of GnRH neurons to migrate to
the hypothalamus. The corresponding low levels of circulating gonadotropins result in the
absence of pubertal maturation and infertility [28].
In addition to GnRH is the recently characterized gonadotropin-inhibitory hormone
(GnIH) that also regulates pituitary release of gonadotropins. Although this hormone was
originally identified in birds, the human homolog with its cognate receptor has been identified
[29-31].
Follicle-Stimulating Hormone
Follicle-stimulating hormone (FSH) is absolutely necessary for female gamete
production, and therefore successful reproduction, in all mammals [32]. Although, neither FSH
nor its receptor are critical for prenatal uro-genital development, the maturation of the female
gonads is induced by FSH (in conjunction with LH) at puberty [32]. FSH knock-out female mice
cease follicular development before antrum formation (an FSH-dependent feature of follicle
development) and yield no productive follicles, as the oocytes remain trapped in them [33]. For
males, the requirement for FSH is species-dependent. While mutant male mice are fertile, they
do have impaired reproductive function [34]. Naturally occurring mutations in the hormone or its
receptor in human males are associated with infertility due to failed or impaired spermatogenesis
[2, 8].
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In the female, FSH acts via interactions with its cognate receptor on ovarian granulosa
cells thereby promoting overall growth of the follicle and development of the antrum prior to
the preovulatory surge in gonadotropins [8, 35, 36]. Characteristic responses of granulosa cells
after exposure to FSH include production of aromatase, plasminogen activator synthesis, and
induction of LH receptors [37]. FSH also activates adenylyl cyclase via Gs leading to cAMP
production, activation of PKA, RAS and PI-3 kinase pathways, and stimulation of glycogen
synthase kinase 3β. Activation of PIP3 kinase pathways leads to phosphorylation and activation
of AKT [38]. Studies in rats indicate that production of aromatase mRNA commences as early as
one hour after exposure to FSH, and reaches peak levels within eight hours of exposure [39].
Aromatase induction results in increased peripheral concentrations of estrogen, which initially
suppress FSH secretion, but subsequently, at highly elevated levels, trigger both LH and FSH
secretion. Suppression of FSH secretion results in the fall of plasma concentrations of FSH
below the threshold that is necessary to stimulate maturation of immature follicles. Varying
hormone concentrations, synthesized in response to cyclic temporal cues, contribute to the
specific timing mechanism for the selection of one follicle to develop to ovulation amongst the
population of viable follicles [37]. The ability of FSH to exert a biological response on follicular
development is restricted by the developmental stage of the follicle. Exposure of granulosa cells
to FSH occurs selectively during the early antral phase of follicular development, and as the
follicle grows with newly acquired LH receptors (previously induced by exposure to FSH), a
change in follicular responsiveness occurs [37]. The maturing follicle is no longer dependent
solely on FSH but also becomes sensitive to LH, which in turn protects the follicle from atresia
due to declining concentrations of FSH [37]. In the human female, the rise in FSH levels
coincide temporally with the next wave of follicles being recruited for development after
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follicles not responsive to LH atrophy [34]. The proliferating granulosa cells, unable to
synthesize androgens, receive androgen production from neighboring theca cells, leading to the
subsequent conversion to estrogen via aromatase activity [8]. This estrogen acts on the follicle in
conjunction with FSH to promote proliferation of granulosa cells, thereby increasing follicle size
[8]. Accordingly, the aromatization of androgens occurring concurrently with follicular growth
results in a positive feedback system, which progressively increases circulating estrogens prior to
the ovulatory surge in gonadotropins [8, 40, 41].
Follicle-Stimulating Hormone Receptor
Gonadotropin receptors belong to the G protein-coupled receptor family, specifically the
rhodopsin-like receptor sub-family, possessing the characteristic seven transmembrane helix
domains [1, 42]. Receptors for glycoprotein hormones have a bulky extracellular leucine-rich
repeat domain that binds ligand, and activates the transmembrane domain to promote Gs
activation. This activation results in the production of cAMP, followed by activation of protein
kinases and various pathways that lead to cellular responses [1]. Studies from ten day old male
rats indicate that other signaling pathways are activated downstream of cAMP including
activation of the phosphatidylinositol 3-kinase (PI3K)/AKT1(protein kinase B) signaling
pathway, p42 ERK2, and p44 ERK1 MAPK [39].
The FSH receptor is encoded by a large gene containing ten exons spanning
approximately 54 kilobases, and seems to favor complex and alternative splicing, yielding at
least three characterized isoforms with distinct structural motifs and signaling paradigms
designated as R1, R2, and R3. Although, the abundance of each receptor variant in the follicle is
not known, one potentially important splice variant, R3 has been observed to be expressed in
ovarian cancer cells [1, 43, 44]. Two variants of R3 differ in single nucleotide polymorphisms
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(SNPs) in exon ten, with the most common variations at nucleotides 919 and 2039. These
variants have been observed to exist in large fractions of the population (60% for the 2039
variant, and 40% for the 919 variant) [45].
As mentioned previously, activation of the FSH receptor has the potential to elicit several
responses and a variation of pathways. Each pathway individually mediates effects of FSH on
aromatase expression and by extension estradiol production [39]. It has been well established
that increased cAMP, followed by activation of protein kinase A (PKA) is a signaling response
produced by binding of FSH to the FSHR [46]. In addition to the cAMP/PKA pathway, FSH has
been demonstrated to activate p38 mitogen-activated protein kinase (MAPK), thereby
stimulating the growth of ovarian cells. Recently interactions between FSHR and APPL have
been described wherein APPL1 interacts with FSHR intracellular loops 1 and 2, thereby
initiating FSH-dependent PIP3K signaling [47-49]. APPL is an adaptor protein possessing
several functional domains that have been observed to interact with approximately 14 proteins,
thereby mediating a myriad of responses, including cell proliferation and chromatin remodeling.
With regard to -arrestin-mediated pathways, it seems likely that -arrestins function via Gprotein independent activation of various signaling pathways by interacting with a multitude of
protein partners and mediating phosphorylation of intracellular targets [49].
Mutations in the FSHR can result in loss or gain of function. For example, mutations that
result in ovarian hyperstimulation have been identified, wherein the affected individual has
FSHRs that are not only sensitive to FSH, but also to hCG and TSH [43]. Loss of function
mutations typically result in poorly developed secondary sex characteristics, primary and
secondary amenorrhea and recessively inherited hypogonadotropic ovarian failure [50].
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FSHR has been isolated in cell types outside of Sertoli cells in testis and granulosa cells
in the ovary. For example, FSHR has been identified in isolated human monocytes and
osteoclasts produced from monocytes. The FSHR was found via PCR and Western blot in low
concentrations on these cells, but nonetheless resulted in measureable transcriptional activity
upon exposure to FSH [51].
Discovery of FSH Glycoforms
FSH is now known to exist as at least two circulating glycoforms that vary based on the
presence or absence of two glycans on FSHβ. Glycoforms exhibiting the two glycans are referred
to as tetraglycosylated (tetra reflecting four total glycans attached to intact hormone, including
the two glycans that are always present on the FSHα), while glycoforms lacking both β glycans
are referred to as diglycosylated. Glycoform expression appears to be modulated both during the
monthly menstrual cycle and during the perimenopausal period. These two isoforms appear to
circulate in women at varying ratios through time. Studies involving a limited number of female
pituitary glands have indicated that a shift in the ratio of glycoforms of FSH occurs as women
age, and may suggest a potential avenue by which perimenopausally-related declines in fertility
occur in the last 15 years before menopause. The exact mechanism by which this modulation
occurs is not known [52]. The glycans themselves demonstrate a great deal of
microheterogeneity, as a population of 15 variants has been demonstrated to originate from
human pituitaries [53]. These greatly underestimate the potential isoform population, as almost a
thousand possible combinations of glycans can be predicted from site-specific characterization of
hFSH glycans [54, 55].
The discovery of FSH isoforms was initiated by a report describing FSH size
heterogeneity in rhesus monkey pituitary extracts via Sephadex G-100 gel filtration
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chromatography[56]. In these monkeys, a high molecular weight fraction constituted 37% of
total FSH, while a lower molecular weight fraction comprised the remainder [52]. Subsequent
studies conducted on intact and gonadectomized rats and monkeys indicated that estrogen was
responsible for the variance in expressed FSH size [57, 58]. The use of high-resolution
electrophoretic and chromatographic techniques suggested the presence of multiple FSH
isoforms observed to exist in several species, including human beings [59, 60]. In humans,
variations in the relative abundance of each isoform were observed to occur during the menstrual
cycle [61]. The ability of researchers to isolate the various fractions of hormone glycoforms is
reliant on their charge variation [1]. In gonadotropins, this charge is assumed to be determined
by the amount of sialic acid and/or sulfate terminating glycan branches [1]. The relevance of the
acidity of FSH lies on the apparent paradox that the less acidic isoforms tend to be more
biologically potent in vitro [1, 11], while in vivo, the opposite appears to be true, as more acidic
isoforms are more biologically active. However, in vitro studies typically rely on endpoints
activated by the cAMP/PKA pathway, while in vivo endpoints are dependent on cell
proliferation, which is dependent on the ERK/MAP kinase pathway. Removal of sialic acid from
FSH oligosaccharides via digestion with neuraminidase suggested that charge variation was
largely due to the abundance of sialic acid of each of the FSH isoforms [62]. Subsequent studies
have indicated that in female rats, estradiol reduces abundance of pituitary α2, 3-sialyltransferase
(one species of enzyme responsible for addition of terminal sialic acid residues to glycans)
mRNA, which may modify the quantity of the less acidic FSH isoforms [52, 63]. A direct
relationship between modulation of FSH charge isoforms and quantities of α2, 3-sialyltransferase
could not be established, presumably due to concurrent actions of unregulated 2-6sialyltransferase.
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Examination of the oligosaccharides derived from FSH isoform preparations showed that
their structures differed mainly in the number of branches, and that the majority of these
branches terminated in sialic acid [55] . The possibility that glycan structure affected the
abundance of sialic acid led to the investigation of FSH subunit glycan structure, which
identified the changes in patterns of human (h)FSH glycosylation [52]. Glycopeptide mass
spectrometry led to the discovery of the absence of the expected increased abundance of
branched oligosaccharides in the more acidic isoforms [1, 52]. Attempts to isolate hFSH
possessing 3-branch oligosaccharide attached to Asn52 led to the discovery of a nonglycosylated
hFSHβ isoform [52]. The newly characterized glycoform, diglycosylated hFSH, as mentioned
previously, differed from the classically characterized hFSH in that the -subunit did not carry
the characteristic two glycans, however, the α subunit retained both its glycans. While neither
the carbohydrate moieties on the subunit, nor on the receptor are involved in the interaction
between receptor and ligand, the -subunit is a major component of gonadotropin structure that
confers biological specificity [64]. The stark change in subunit structure suggested a potentially
different, or modified biological function.
FSH Glycoform Significance
The discovery of a novel FSH glycoform led to the investigation of its function because,
as mentioned previously, glycan presence can potentially play a role in cellular response.
Studies indicated that the classic, tetraglycosylated form of FSH is less biologically potent than
the newly characterized diglycosylated glycoform.

9

Figure 1. Biological activities of di- and tetra-glycosylated hFSH glycoform preparations. A.
FSH receptor-binding activity in rat testis homogenate using 125I-tetra-glycosylated hFSH tracer.
B. Rat granulosa cell FSH assay using progesterone synthesis as the endpoint in samples
collected after 72 hour incubation. (Unpublished data from our laboratory.)
The relative activities of FSH glycoforms can be seen in studies from our laboratory (Fig. 1). In
Fig. 1A, the ability of diglycosylated FSH to compete for FSH receptor binding was
approximately 25 times greater than that of the tetraglycosylated glycoform. In Fig. 1B, the
ability of diglycosylated FSH to stimulate rat granulosa cell steroidogenesis was notably greater
than that of the tetraglycosylated glycoform, as it took significantly less hormone to stimulate
progesterone production. While the biological activity of diglycosylated hFSH was consistent in
10

three granulosa cell assays, that of tetra-glycosylated hFSH varied from assay to assay.
Tetraglycosylated hFSH glycoform was considerably less active in the bioassay than expected,
based on its receptor-binding activity, suggesting a defect in receptor activation, however, its
activity in this assay proved to be highly variable, while that of diglycosylated hFSH was
consistent in all assays performed.
Glycosylation
Once believed to occur only in eukaryotes, glycosylation is now known to occur in an
extremely wide variety of organisms. Prokaryotic utilization of glycosylation was first
characterized in Halobacterium salinarum cell surface glycoprotein and flagellins. Interestingly,
the site of glycosylation on the peptide backbone was found to be identical in sequence to that in
eukaryotes [65]. Glycan branches are exposed to the exterior environment, projecting out into
space 3 nm or more and have been observed to generally exist on regions of the protein where
the secondary structure changes. Except for the anchoring residues, N-glycan branches
themselves interact very little with the protein on which they are attached [66]. Glycans are polar
markers for carbohydrate binding lectins, and serve as very efficient signaling molecules that can
be enzymatically modified to meet specific cellular needs [66].
Glycoproteins in eukaryotic cells are typically destined to be secreted, stored in
lysosomes, retained in the endomembrane system, or incorporated into the plasma membrane.
Glycoproteins, can be classified as either N-linked, where the carbohydrate is attached to the
nitrogen atom in the side chain of asparagine residues, or O-linked, where the carbohydrate chain
is added to the oxygen in the side chain of serine or threonine residues [67]. The sugars that are
directly attached to the previously mentioned amino acid side chains are typically either Nacetyl-glucosamine (GlcNAc), or N-acetylgalactosamine (GalNAc), respectively. Approximately
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80% of eukaryotic proteins that enter the secretory pathway possess N-linked glycans [68]. In
fact, total loss of N-linked glycosylation is lethal to all eukaryotic organisms [69]. Metabolic
clearance as well as in vivo potency of glycoprotein hormones is heavily dependent on terminal
residues on the oligosaccharide structures [1, 70]. In general, non-reducing terminal sulfates lead
to rapid clearance, while terminal sialic acid residues are associated with prolonged circulatory
survival. Specifically, the oligosaccharides on FSHβ play a primary role in determining
metabolic clearance, as demonstrated by in vivo studies wherein mutant recombinant FSH
lacking both  subunit N-glycosylation sites was cleared from the rat circulation up to ten times
faster than wild-type recombinant hFSH [71].
The addition of glycans onto protein subunits allows for highly sensitive modulation of
protein properties without changing the protein primary sequence [1, 72]. Glycosylation assists
in roles such as quality control, protein transport, native conformation development, solubility
and heterodimerization [73]. Additionally, N-glycans play integral roles facilitating interactions
between proteins and ER chaperones, thereby assisting in proper protein folding [74]. The
presence of sialic acid residues on FSH oligosaccharides has been shown to increase the
circulating half-life in mice, and in humans has been shown to change throughout the menstrual
cycle and at the onset of menopause [75, 76]. It is interesting to note that FSHβ subunit glycans
at Asn7 and Asn24 project out from the subunit from the narrow axis, thereby effectively doubling
the narrow diameter of this ellipsoidal molecule [77], which has been suggested to affect FSH
clearance in the kidney.
Consequences of glycan modification include responses such as alteration in antigenic
structure, increased subunit dissociation, and changes in thermal stability exemplified in hCG,
where the presence of  subunit glycans at Asn residues 30 and 13 are responsible for more rapid
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protein folding, and facilitate disulfide bond formation [77]. Additionally, as seen in FSH,
glycan on Asn52 embraced by the -subunit seatbelt loop may assist in heterodimer stability [77].
Translocation in the Mammalian ER
Eukaryotic protein synthesis begins on cytoplasmic ribosomes. Eukaryotic mRNA
translation requires a functional 80S ribosomal complex involving the interaction of at least 23
different polypeptides and ATP/GTP hydrolysis [78, 79]. In order for translation to occur, the
methionyl initiator tRNA must be loaded into the ribosomal peptidyl (P) site, the RNA must
bind, the initiation codon must be located, prior to the joining of ribosomal subunits to form a
functional ribosomal complex [79]. The 40S subunit does not act alone in initiating the binding
of mRNA but is assisted by eIF3, a eukaryotic initiation factor, as well as an eIF2-GTP-initiator
transfer RNA complex. This is followed by interaction with several other eIFs (eIF1, eIF1A,
eIF4A, eIF4B and eIF4F) before scanning of the mRNA for the start codon [80]. Peptide bond
formation involves the sequential addition of amino acids and is catalyzed by the
peptidyltransferase catalytic center of the large ribosomal subunit. Molecular mechanisms
governing these processes are highly conserved and believed to be the same in all domains of life
[81].
The signal peptide is a specific region, typically at the amino terminus, of polypeptide
chains as they emerge from the ribosomal complex during translation. Signal peptides, although
highly variable, contain similar characteristics such as a charged N-terminus interrupted by a
short, approximately 10-residue, non-charged hydrophobic core, followed by another charged
region containing the cleavage site. Signal peptides also share the ability to spontaneously insert
themselves into lipid bilayers [82].
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The signal peptide emerging from a cytoplasmic ribosome is recognized by what is
known as the signal recognition particle (SRP), which is responsible for shuttling the nascentpolypeptide/ribosome complex to the ER translocon. The SRP is a ubiquitous protein-RNA
complex, found in all three domains of life, although its structure varies from domain to domain.
The mammalian SRP is a ribonuclear protein consisting of approximately 300 nucleotides of
SRP RNA (also known as 7SL-RNA) bound to six protein subunits: SRP54, SRP19, SRP68,
SRP72, SRP14, and SRP9 [83-86]. These subunits associate to form two distinct and
functionally separate domains. SRP19, SRP54, SRP68, SRP72, and approximately half of the
RNA form the large subunit, the S domain (Fig. 2), while the remainder of the RNA and SRP
subunits (SRP14 and SRP9) form a smaller domain, known as the Alu domain [83, 87]. The
binding of SRP to the translating ribosome/mRNA complex temporarily arrests translation. The
exact mechanism by which this occurs is not known. However, it is theorized that it could be due
to interactions between the Alu domain and either the tRNA binding A-site, or elongation factor
binding site [83].

Figure 2. Mammalian signal recognition particle, showing the organization of the two major
domains [88]. See text for description of domains.

The mammalian signal recognition particle receptor is a heterodimer composed of two
subunits, SRα and SRβ. Both subunits form a stable dimer when SRβ is bound by GTP and
readily dissociate upon GTP hydrolysis [83]. Eukaryotic SRβ is responsible for anchoring the
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complex to the ER membrane via an N-terminal transmembrane span. Once the signal
recognition particle has bound to its receptor embedded in the membrane of the ER near the
translocon, polypeptide translation is resumed (from the temporary arrest in translation from
binding of SRP to the translating ribosome/mRNA complex), thereby translocating the nascent
polypeptide through the translocon. The signal recognition sequence is cleaved from the
translocating peptide by ER lumenal signal peptidase.
The process of translocation occurs through the multi-protein pore structure known as the
Sec61 complex (Fig. 3) [89]. Reports exist wherein the Sec61 complex can bind both the SRP as
well as ribosomal subunit [90]. The translocon permits the critical process of translocation,
necessary for insertion of nascent proteins into the ER lumen for further processing, or for the
integration of membrane proteins into cellular membranes [91, 92]. The translocon core is
composed of the Sec protein family members, which consist of heterotrimeric structures
composed of three subunits, α, β, and γ [93]. These subunits associate to form a pore consisting
of hydrophobic amino acid residues that associate with a secondary protein structure folded as an
alpha helical plug resting in the pore. The presence of the plug necessitates dramatic
conformational shifts of the translocon itself, in order to displace the plug and allow protein
translocation. Additionally, two helices in the translocon form what is known as the lateral gate,
a structure that opens to allow the lateral insertion of membrane proteins [91, 94].
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Figure 3. Topological representation of the translocon. The alpha helical plug is shown in red,
while the lateral gate helices are shown in green. The image on the left represents the translocon
from the plane of the pore and demonstrates the necessary displacement of the alpha helical plug.
The image on the right depicts the cytosolic face of the translocon, as well as the necessary
shifting of the lateral gate for membrane protein integration [91].
Oligosaccharyltransferase
As mentioned previously, oligosaccharyltransferase (OST) is an enzyme responsible for
the catalytic transfer of lipid-anchored, preassembled oligosaccharides to specific residues on
nascent proteins as they enter the ER. OST is an oligomeric membrane protein consisting of
several subunits that vary depending on the species [95].
OST rests as a transmembrane protein in the ER and forms a binary complex with the
ribosome upon their interaction at protein translocation (Fig. 4). Although precise positioning is
not known, evidence suggests that single OSTs are associated with single translocons [95]. In
yeast, OST isoforms varying by the presence of one catalytic subunit, either OST3 or OST6,
have been demonstrated to associate with structurally similar, functionally different translocons
that differ in substrate recognition properties [67]. Harada et al. [89] demonstrated that intact
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ribosome and OST cosediment under sucrose density-gradient centrifugation when purified from
yeast. Interestingly, the Sec61complex was not observed to cosediment with the ribosome-OST
complex. However, when incubated in excess with OST, cosedimentation with ribosomes was
observed. Additionally, when ribosomal fractions were bound using concanavalin (Con) A
beads (several OST subunits have been shown to bind to ConA lectin, while ribosomes and
Sec61 do not), “the ribosomal fraction was prepared in the presence of OT (OT/Sec/Ribo), much
more Sec61 and Rpl3, a ribosomal protein, were found in the Con A bead-bound fraction than in
the absence of OT (Sec/Ribo)”. These and other data suggest that OST forms a ternary complex
with Sec61 proteins and ribosomes. When bound by antibodies specific for ribophorin 1 (one of
the OST subunits), OST and the Sec61 complex cosediment when the rough ER is solubilized
[95]. Additionally, analysis by electron microscopy and Western blotting, seems to demonstrate
that the ribosome/OST complex has a 1:1 stoichiometry [89, 95].

Figure 4. A. Negative stain electron micrograph of ribosomal/OST complex. Images 1-4 are
ribosome /OST-complex images from separate complexes. OST is indicated by the presence of a
red arrow, while the ribosome is the larger structure on top oriented such that the 40S ribosomal
subunit is to the left. B. The lower image (B1) was produced by averaging 23 similar but
independent particles. B2 indicates the ostensible arrangement of the OSTribosome complex with respect to the ER membrane (represented by the dashed lines). Image C1
is a previously reported image of a 3D cryoEM of the yeast ribosome-translocon. C2 is a
representation of C1 with respect to the ER membrane [89].
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The eukaryotic OST complex consists of eight subunits (Fig. 5), and has been most
extensively studied in the yeast, S. cerevisiae, and in canine pancreatic tissue. Although several
reports exist in which investigators claim OST is missing one or more subunits this can likely be
explained by difficulty in detecting low molecular weight subunits. Biochemical and genetic
analysis support the presence of eight functional subunits. Eukaryotic OST complex is
composed of one copy each of Ost1p (ribophorin I in vertebrates), Ost2p (DAD1 in vertebrates),
Ost3p or Ost6p, Ost4p, Ost5p, Wbp1p (OST48 in vertebrates), Swp1p (ribophorin II in
vertebrates), and STT3p [65].

Figure 5. Representation of eukaryotic OST showing that all subunits are transmembrane
proteins [96]. Typical OST consists of 8 of the above subunits, as Ost3 and Ost6 are mutually
exclusive. Two isoforms of Stt3 exist, and form the basis of this thesis.
Topologically, the Ost I/ribophorin I subunits are type 1 proteins (Nlum – Ccyt) with a
single transmembrane span. Point mutations placed on the Ost I/ribophorin I protein reduce the
efficiency of glycosylation in vivo, and activity of the entire OST complex in vitro. The Wbp1p/
ribophorin II proteins, composed of three transmembrane spans, are a relatively new addition to
the OST complex, as they are encoded by only a fraction of eukaryotic genomes. Conversely, the
Ost2 (DAD1) proteins are encoded by all sequenced eukaryotic genomes. These subunits are low
molecular weight (112–130 residues), and are composed of a polar N-terminal segment of
variable length, followed by three conserved hydrophobic segments [65]. STT3 proteins are
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predicted to have 12-13 transmembrane spans followed by a hydrophilic C-terminal domain
residing the in the RER lumen, while the N-terminus is located in the cytosol. The STT3 subunit
is the most highly conserved subunit in the OST complex, as all fully sequenced eukaryotic
genomes encode at least one of the STT3 proteins.
STT3 has been shown to represent the catalytic subunit of the OST complex (Fig. 6).
The STT3 subunit is found in all eukaryotes and homologs are present in the other two domains
of life (PglB in bacteria, and AglB in archaea).

A.

B.
Figure 6. A. 3D map of OST by negative stain EM at 20 Å resolution. The STT3 subunit
depicted in yellow extends into the luminal side of the ER. This structure agrees with similar
studies examining OST structure using cyro-EM 3D mapping. B. Illustration of proposed
“grove” through which nascent polypeptides are processed during glycosylation. The pink ribbon
represents the polypeptide, the grey ball-structure represents a preassembled glycan branch, and
the lightning bolt represents the catalytic site in the catalytic subunit, STT3, predicted to rest in a
parallel orientation with the membrane it is threaded through [96].
Although the peptide sequence homology between domains is relatively low, they all share a
WWDYG motif, in which the aspartate residue is believed to be the catalytic residue (Fig. 7).
Additionally, a DxxK motif was identified, wherein X can be any residue, and was found to be in
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close proximity to the WWDYG motif in its tertiary structure, and therefore believed to represent
a component of the catalytic core of the STT3 subunit [97]. Point mutations in this motif can
either greatly reduce or totally remove OST activity [69].

Figure 7. Three dimensional model of STT3 theoretical active site. This model was determined
by STT3 sequence alignment of representative species from the three kingdoms of life. The
WWDYG motif, shown here in blue, was conserved among the samples in the sequence
alignment. The yellow residues represent a second conserved motif, DXXK, where X can be any
amino acid residue [97, 98].
Two isoforms of the STT3 subunit have been found to exist in vertebrates, namely
STT3A and STT3B. Detection of these isoforms can be achieved using ion exchange
chromatography and subsequent SDS-PAGE/Western blot of the eluent fractions. The STT3A
subunit tends to co-migrate with ribophorins I and II on Coomassie blue-stained gels, explaining
why its identification and isolation proved difficult for investigators in the past. OSTs that differ
in which subunit they express also differ in kinetic properties. The STT3B isoform of OST
demonstrates an 8 to 12 fold higher Vmax than isoforms that carry STT3A, while the Vmax of
OST-III (carrying the STT3A subunit) is lower in the presence of incomplete or intermediate
glycan donors [99]. OST-I and OST-II (both containing STT3B subunit) have shown a 5 to 6
fold higher turnover rate when exposed to a glucosylated glycan donor (Glc3Man9GlcNAc2-PP20

Dol) and tripeptide acceptor, and a 17- to 20-fold higher turnover rate when exposed to a nonglucosylated glycan donor (Man9GlcNAc2-PP-Dol). Additionally, in the experiment previously
described, OST-III (STT3A subunit) showed a higher affinity for the tripeptide acceptor than did
OST-I when the glucosylated glycan was the donor. Conversely, a lower affinity was
demonstrated for the acceptor glycan when the non-glucosylated glycan was the donor. These
relationships illustrate that the STT3B isoform rapidly transfers glycan yet is less selective, while
the STT3A isoform tends to be slower, but more selective.
Outside of donor/substrate relationships regarding the STT3 isoforms, there also exists
tissue specific variance regarding the relative abundances of either isoform. Kelleher et al.
examined this via a multiple tissue Northern blot, and identified tissues in which OST was highly
expressed examining ribophorin I miRNA (OST subunit expression should reveal relative
expression of OST in various tissues) [99]. Placenta, liver, skeletal muscle, and pancreas showed
high levels of OST relative to lower levels in brain, lung, and kidney. Microsomes from cultured
human skin fibroblasts, murine B-cell lymphoma clone, and canine pancreas were all examined
via Western blot for cell-type specific differential expression of the STT3 subunits. It was found
that there are differences in cell type ratios of isoform expression. For example, human fibroblast
cells contained a higher proportion of STT3B (approximately 70%), while murine fibroblasts
were predicted to possess only 50-65% STT3A. Previous siRNA knockdown experiments have
shown that STT3A appears to act cotranslationally, while the STT3B isoform acts
posttranslationally, although before protein folding occurs [100]. These data may help to explain
why high percentages of sequons that are exposed to OST are not glycosylated, and what causes
glycosylation patterns to shift. However, they fail to account for simultaneous quantitative
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glycosylation of the  and LH subunits and partial glycosylation of the FSH subunit in the
same cell.
Process of Glycosylation
OST adds the preassembled glycan to asparagine residues on the growing polypeptide
chain [67], within the sequence motif asparagine-X-serine or asparagine-X-threonine (where X
cannot be proline) [65]. Fidelity to this motif is conserved across all three domains, and is
necessary for N-glycosylation to occur, although the presence of a consensus sequon in a peptide
backbone does not automatically translate into glycan addition. This ability of OST to “choose”
whether a consensus sequon will be glycosylated results in substrate macroheterogeneity [98].
The donor for eukaryotic, N-linked glycosylation, is a high mannose oligosaccharide [65]. This
donor molecule comes to OST preassembled as a dolichol-pyrophosphate linked oligosaccharide,
and is built by several glycosyltransferases (ALG proteins) in and on the rough ER (RER) by the
sequential addition of N-acetyl-glucosamine, mannose, and glucose [101]. The pathway for
synthesis of the donor molecule has been determined by the analysis of intermediates isolated
from membranes in vivo [65].
N-glycosylation generally takes place co-translationally, however, post-translational Nglycosylation has been reported [67] and may occur during FSH biosynthesis leading to the
FSH21 subunit band observed in Western blots. The protein-linked oligosaccharide is modified
via removal of three glucose residues in a highly conserved process associated with chaperone
recruitment and protein folding. Elimination of the first two residues exposes a binding site for
the ER lectins, calnexin or calreticulin. Once bound, these lectins recruit chaperones, such as
ERp57. Glucosidase-II eliminates the lectin binding site, but unfolded glycoproteins have are reglucosylated by unfolded protein glucosyl-transferase enabling calnexin/reticulin binding and
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another cycle of chaperone-mediated folding. Once the glycoprotein is folded, elimination of one
mannose residue appears to signal transport to the Golgi via the L-type lectin, ERGIC-53.
Modifications made in the Golgi include the initial removal of 3-5 mannose residues and
subsequent addition of GlcNAc, galactose, fucose, or sialic acid residues as the glycoprotein
moves through the cisternae [67].
Investigations into differences in glycosylation of secretory proteins have pointed to
significant importance of the upstream and downstream sequon flanking residues [102]. Studies
in which one residue on either the C- or N-terminus of the sequon was replaced, glycosylation
was not detected [83]. Glycosylation of the N-glycosylation sequon will occur in vitro on
tripeptides, as long as the normally charged N- and C-terminal ends are blocked by reagents that
mimic peptide bonds. It has also been observed that sequons located in short luminal loops are
never glycosylated, sequons located near the C-termini of proteins are glycosylated less
efficiently, and a disulfide bond involving a nearby participating cysteine residue can disrupt
glycosylation. Conversely, when mutations occur that disrupt protein folding, sequons that are
not normally glycosylated may demonstrate higher rates of glycosylation, indicating that how
efficiently a protein can fold, and thereby conceal or block sequons, can significantly affect
glycosylation. Glycosylation type has also been observed to change with relation to subunit
association.
There are reports of N-glycan addition to residues on human antibodies that are not part
of the traditionally known consensus sequence [103]. Regarding the consensus sequons, there is
differential preference in glycosylation efficiency between the two major sequons, in which the
threonine motif is preferred. The study in which this preference was noted, van der Waals
stabilizing interactions were observed between the γ-methyl group of the +2 threonine and
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isoleucine 572 of PglB (eubacteria homolog to STT3). This stabilization, theoretically not
present in the serine motif, may explain the preferential increase in glycosylation efficiency (up
to 40X) in the threonine motif. This observation is highly relevant to the present study, as all
glycoprotein hormone sequons possess threonine rather than serine.
It has been demonstrated that the acceptor sequon becomes accessible to the OST active
site when approximately 65-75 amino acid residues lay between the peptidyltransferase site on
the large ribosomal subunit and it. This distance represents approximately 30 amino acids
necessary to span the distance inside the large ribosomal subunit, as well as approximately 25
amino acids necessary to span the Sec61translocon complex. Although OST has free access to
nascent polypeptides as they enter the ER lumen, there are a number of observed sequons that
are not glycosylated. When sequons are located less than the necessary 75 amino acid residues
from the C-terminus of the nascent polypeptide, glycosylation frequency decreases. In this regard
it is interesting that both  subunit glycosylation sites are less than 75 residues from the Cterminus, Asn52, 40 residues and Asn78 14 residues from C-terminal residue 92, yet are always
glycosylated, while each of the incompletely glycosylated FSH glycosylation sites are greater
than 75 residues from C-terminal residue 111 (Asn7 is 104 and Asn24 is 87 residues away). The
observed decrease in glycosylation is assumed to be due to the rapid passage of the remaining
amino acids through the translocon, past the OST active site upon chain termination. Sequons
that do fall past this range can be potentially modified once in the ER lumen [95]. Interestingly,
an estimated 60-65% of available sequons are not glycosylated. Although OST has total access
to the translocating protein, the folding efficiency of the peptide could have a significant effect
on the ability of OST to efficiently transfer glycans, as certain glycosylation sites could be
blocked by secondary or tertiary conformations [97]. Once again, glycoprotein hormone subunits
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present an enigma because rapidly folded  subunits are always glycosylated, while the more
slowly folded FSH subunit shows incomplete glycosylation.
Although the catalytic subunit in the OST complex is believed to have been identified,
recent reports indicate that it may be the entire OST complex, and not the catalytic core that
determines glycan addition specificity. In 2006, Castro et al. [68] demonstrated that STT3
homologues demonstrated substrate/donor glycosylation specificity depending on whether or not
the homologue was part of a protein complex. Using isolated Trypanosoma cruzi STT3 homolog
in protozoan derived microsomes (i.e. no other part of the OST complex was present),
glycosylation with glucosylated (Glc3Man9GlcNAc2) and nonglucosylated (Man9GlcNAc2)
glycans occurred at the same rate, demonstrating the lack of specificity in regard to donor glycan
composition. However when STT3 homologue was combined with the Saccharomyces
cerevisiae OST complex, it demonstrated donor preference, utilizing the glucosylated substrate
(Glc3Man9GlcNAc2).
Although the process of glycosylation is relatively well understood, current knowledge
regarding the regulation of glycosylation is very limited. Investigation into potential avenues by
which glycosylation regulation occurs has led to identification of several candidate structural and
endocrine roots, which may contribute to the addition of oligosaccharides and/or modification of
their structure. For example, one paper found that gonadal steroids can strongly affect
glycosylation, thereby pointing to an ostensible endocrine mechanism to regulate glycosylation,
and by extension, potency of gonadotropins [57, 58]. However it has been difficult to
demonstrate steroids affect hFSH glycoform abundance in either transformed mouse
gonadotrope T3 cells or rat pituitary GH3 somatotrope cells. Accordingly, more direct
regulation of OST subunit expression by siRNA was suggested as an alternative approach.
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siRNA: An Introduction
RNA interference (RNAi) refers in general to a class of gene silencing or downregulating mechanisms that involve the use of small (approximately 20-23 nucleotide) RNAs to
inhibit gene translation, either by inducing cytoplasmic mRNA cleavage, or possibly effecting
mRNA decapping [104, 105]. The utilization of small interfering RNAs (siRNA) can be broken
into two main steps. First is the processing and formation of siRNAs, which is followed by
nucleolytic degradation of mRNA targets through a multistep process. Initially, trigger RNA
(RNA “triggered” for use as siRNA) is processed by the RNAse-III enzymes Dicer and Drosha
to form short (21-23 nucleotide) double stranded RNAs referred to as siRNAs. In mammalian
cells this processing occurs in the cytoplasm, and has not been observed to affect nuclear RNAs,
such as spliceosomal RNAs. The siRNAs are designed to be complementary to endogenous
mRNAs produced during transcription, thereby allowing the siRNA and mRNA to anneal and
become incorporated into the RNA-induced silencing complex, or RISC. The RISC serves as a
targeting complex for endonucleolytic cleavage of the mRNA strand associated with the
complex, thereby effectively inhibiting the translation of the mRNA molecule and, by extension,
silencing the gene from which the mRNA was transcribed. The siRNAs can be utilized either as
two annealed strands of RNA with unpaired 3’ nucleotides, or as one RNA strand bent over on
itself as a short hairpin structure [104].
Experimental utilization of siRNAs can cause unintended downstream complications. For
example, it has been observed that in mammalian cells, long, double-stranded RNAs trigger the
interferon pathway leading to global down-regulation of transcription as well as global RNA
degradation. Exogenous siRNAs have been reported to effectively knockdown gene expression
without activating the interferon pathway, although reports of activation of components of the
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interferon pathway exist, and this pathway leads to non-specific inhibition of protein synthesis
[106, 107]. Other adverse effects that could modulate experimental outcomes with the use of
siRNA include non-specific interactions between siRNAs and mRNA transcripts leading to
silencing non-target genes [108]. For instance, the RISC may be subject to saturation, especially
in the case of transfected siRNAs, leaving non-utilized siRNAs free to enter or interfere with
other cellular processes [104, 109, 110].
Transfection
Although a variety of methods and reagents are available for the transfer of DNA/RNA
into cells, for this experiment a liposomal transfection reagent was used. Liposomal transfection
reagents are composed of four main chemical domains: a hydrophilic head group, a hydrophobic
domain, a linker, and a backbone domain. The hydrophilic head group is negatively charged and
facilitates interaction of DNA or RNA with the reagent. The hydrophobic domain is typically
composed of alkyl or steroid chains, the length of which varies and significantly contributes to
cytotoxicity as well as transfection efficiency. The linker bond connects the hydrophilic head
group to the hydrophobic chain. And finally the backbone acts as a scaffold on which the reagent
is constructed, and is typically glycerol based [111].
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Figure 8. Illustration of common functional domains of cationic lipids used in non-viral gene
delivery. This is a representation of DOTAP, a commonly used lipid [111].
Liposomal reagents readily form complexes called lipoplexes that are designed to serve
as non-viral carriers of nucleic acids into mammalian cells [112]. Using synchrotron X-ray
diffraction, genetic material (DNA or RNA) mixed with cationic liposomes has been shown to
form multilamellar structures with the genetic material nested between lipid bilayers [113].
More rarely, lipid tubules with DNA strands encapsulated in them have also been observed
[114]. This experiment utilized liposomal-mediated transfection of siRNAs for the effective
knockdown of endogenous OST isoform subunits STT3A and STT3B.
Hypothesis
Our working hypothesis is that estradiol selectively inhibits FSHβ glycosylation, while
having no apparent effect on FSHα glycosylation by influencing the action of OST isoforms. The
basis of this hypothesis is that ovariectomized rhesus monkey pituitary FSH is larger than that
found in intact rhesus pituitary glands and that synthesis of the larger FSH can be suppressed in
ovariectomized monkeys by estrogen replacement therapy [115]. We have shown that the rhesus
pituitary hFSH is composed of two FSH variants, similar to those found in the human pituitary
[116]. Since we can separate hFSH that possesses one or the other form by gel filtration, it is
likely that the high molecular weight rhesus FSH peak in ovariectomized pituitaries represents
tetra-glycosylated hFSH. Decreased estradiol concentrations at menopause are attended by an
increased abundance of tetraglycosylated FSH and, therefore, decreased biological action despite
amounts of the secreted hormone in the blood. This may lead to some of the symptoms of
menopause, or more importantly, the cessation of ovulation with decreased amounts of estradiol
being produced as women age. The action of estradiol is the hypothesized mechanism by which
selective inhibition or modulation of the activity of OST occurs. OST, as mentioned previously,
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is the enzyme responsible for the addition of 15-residue oligosaccharide precursor onto the
emerging polypeptide chain as it enters the mammalian ER. The process of N-linked
glycosylation of nascent glycoproteins, can occur concurrently with, or sequentially after the
newly synthesized polypeptide chain is pushed through the translocon, thereby requiring the
proximity of OST for the enzyme catalyzed addition reaction during N-glycosylation [67].
Because the transcription factors in different cell lines vary, it is not possible to test this
hypothesis directly in this thesis, as GH3 cells have been shown not to respond to 17-estradiol
with altered N-glycosylation of recombinant GH3 hFSH. To get around this, we are using siRNA
to suppress one of two OST catalytic subunit isoforms, STT3A and STT3B. Our working
hypothesis is that differential N-glycosylation efficiency in hFSH subunits is due to the activities
of these isoforms.
Clinical Relevance
Characterization of a mechanism by which cessation of reproductive viability occurs
would be valuable to the field of assisted reproduction technology. While infertility alone may
not compromise physical health of the adult, there may be peripheral consequences such as the
social and mental health of individuals attempting to conceive children [117].
Although exogenous FSH is available for clinical use in patients that have been identified
as benefiting from FSH supplementation, this approach presents a variety of challenges. For
example, clinically administered FSH usually has to be administered every day (once or twice)
subcutaneously, and if the patient is non-responsive to a typical 250 IU dose, a higher dosage
will not be beneficial [118]. A great deal of the commercially available FSH for clinical use is
predominately in the tetraglycosylated form. The commercial hFSH preparation, Pergonal, for
example, is approximately 75 – 95% tetraglycosylated [77]. It has been reported that the
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efficacy of these administered drugs decreases as patients taking them age. Administering
mostly tetraglycosylated FSH to older women may be for the most part useless, and therefore a
waste of money and time for the prescribing physician and the patient, and may be delivering
false hope of conception for prospective parents. An approach being explored currently in
molecular medicine involves the manipulation of surface glycoproteins to enhance desired
physiological properties in vivo through glycoengineering [119]. In essence, the most important
applications of this research are for the development of more efficient drugs to assist potentially
millions of people globally, and a more complete understanding of human reproduction and
ageing.
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CHAPTER 2
MATERIALS AND METHODS
siRNA Design
Three sets of siRNAs for STT3A and STT3B were designed using a design tool available
from Applied Biosystems (Grand Island, NY) and were synthesized by Sigma-Aldrich (St.
Louis, MO). The siRNA sequences are listed in Table 1. Dehydrated siRNA samples were
dissolved in nuclease free water to a final concentration of 1 mM and these were used as the
stock solutions. MISSION siRNA Universal Negative Control was purchased from Sigma
Aldrich.
Transfection
Lipofectamine RNAiMAX reagent (Invitrogen, Grand Island, NY) was chosen to
transfect a previously constructed line of GH3 cells producing recombinant hFSH [120].
RNAiMAX is specifically designed for liposomal transfection of small RNAs into mammalian
cells with minimal cytotoxic effects. Before transfection, a small aliquot of conditioned media
was taken to quantify FSH using radioimmunoassay (RIA) for comparison with expression levels
after transfection.
With the Lipofectamine RNAiMAX, Invitrogen provided protocols for forward and
reverse transfections. In forward transfections, the cells were cultured in a monolayer and
siRNA/Lipofectamine duplex was added to culture medium and allowed to interact with cells. In
reverse transfections, cells were in suspension (either after of trypsinization or due to the cell
culture growing in suspension), and were added to the siRNA/Lipofectamine duplex in plates or
other culture vessels. For this series of transfections, the reverse transcription protocol was used
because of shorter transfection time. To maximize quantities of FSH that could be purified, 100
mm BD Primaria (Bedford, MA) plates were used, as these were the largest vessel size that the
31

protocol accommodated (no knowledge existed regarding the relationship between transfection
efficiency and larger vessel sizes). The BD Primaria plates have been used for culturing GH3
cells because the plates are specifically designed to promote cell adherence to the plate (reducing
cells lost during medium changes and general handling).
The GH3 cells were split via trypsinization (Gibco, Grand Island, NY) into eight 100 mm
plates such that at the time of transfection, cells would be at approximately 50% confluence after
adhering to the plate. The experimental sets were composed of three siRNAs targeted for OST
subunit isoform, STT3A, three targeted for OST subunit isoform STT3B, a positive control in
which no siRNA was applied to the cells (Lipofectamine RNAiMax reagent added with no
associated siRNA) and a negative control in which the transfected siRNA matched no known
mRNA sequences (Sigma-Aldrich). The negative control was intended to provide background
levels of non-specific inhibition, as well as indicate whether transfected cells presented any
significant morphological changes. Given the range of siRNA concentrations described in the
manufacturer’s protocol, 30 nM siRNA/transfection was used, as it was the median value. The
conceptual/experimental balance was to add enough siRNA to effectively knock down gene
expression, but not so much as to be cytotoxic.
Per the Invitrogen protocol, 2 µl of each 100 pmol/µl siRNA were mixed with 2 ml OptiMEM I, reduced serum medium (Gibco, Grand Island, NY) in eight 100 mm plates and swirled
gently to mix. Following this, 25 µl of Lipofectamine RNAiMAX reagent was added and mixed
gently by swirling. The Lipofectamine/siRNA solution was incubated at room temperature for 20
minutes. During this incubation, GH3 cells were trypsinized and resuspended in 80 ml F12-K
media (ATCC, Manassas, VA) supplemented with 12.5% horse serum (Gibco, Grand Island,
NY) and 2.5% fetal calf serum (Gibco, Grand Island, NY), following recommendations by

32

American Type Culture Collection (ATCC). After the 20 minute incubation, 10 ml of the
trypsinized cell suspension was added to each of the eight plates, placed in a 37oC incubator
(Thermo Scientific, Asheville, NC), and incubated for 72 hours.
RNA Isolation and Purification
Following 72 hour, post-transfection incubation, conditioned medium from each sample
was removed and frozen (-20°C). Each 100 mm plate containing adherent cells was treated with
3 ml 0.25% Trypsin/EDTA for approximately 5 minutes, until physically detached cells could be
observed under an inverted-phase microscope. At that point, an equal volume of serumcontaining, complete growth medium was then added to neutralize trypsin protease activity with
serum-associated protease inhibitors. The plates were agitated to ensure trypsinized cells were no
longer adherent, the cells in suspension were aspirated from each plate and placed in eight 15 ml
conical centrifuge tubes (BD Falcon, Bedford, MA). A 100 µl aliquot of the cell suspension was
removed and placed in a 1.5 ml centrifuge tube with 100 µl Trypan blue (Life Technologies,
Grand Island, NY) and viable cells counted using a hemocytometer (Hausser Scientific,
Horsham, PA). The suspension was centrifuged briefly in an IEC clinical centrifuge (model CL)
(Thermo Scientific, Newtown, CT) using a 6 X 15 ml rotor for 3 minutes at 700 rpm to
sufficiently pellet the cells. The supernatant was removed, and the cell pellet was resuspended in
1.5 ml complete growth medium and transferred to a sterile, 1.5 ml centrifuge tube, in which the
TRIzol RNA isolation/purification protocol could be carried out. Following the transfer, the cells
were again pelleted, and the supernatant removed.
TRIzol (Invitrogen, Grand Island, NY) is a total RNA purification reagent containing
phenol and guanidine thiocyanate in a mono-phase solution. Total RNA was prepared from each
plate by incubating the cell pellet with 1 ml of TRIzol. The pellet was resuspended by pipetting
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several times vigorously, and incubated for 5 minutes at room temperature. Following
incubation, 200 µl of chloroform (Sigma Aldrich, St. Louis, MO) was added to each sample
tube, and manually shaken vigorously for 15 seconds. Each tube was then allowed to incubate at
room temperature for 2.5 minutes. The samples were then centrifuged for 15 minutes at 12,000
X g at 4°C in an Eppendorf (Mississauga, Ontario Canada) 5415D tabletop centrifuge.
Centrifugation separated the solution into a lower, bright pink organic phase, containing DNA
and protein, and an upper, clear, aqueous phase containing RNA. The aqueous phase was slowly
removed by pipet, taking 10 µl aliquots, and using extreme caution not to disturb either the
interphase or organic phase. The aqueous phase was placed in a new sterile 1.5 ml centrifuge
tube, to which 500 µl of 100% isopropanol was added. The solution was incubated at room
temperature for 10 minutes and then centrifuged at 12,000 x g for 10 minutes at 4°C in the
Eppendorf 5415D tabletop centrifuge. After centrifugation, an RNA pellet was visible at the
bottom of the tube. The supernatant was removed, taking care not to disturb the pellet. The pellet
was washed with 1 ml 75% ethanol, prepared with Ambion RNase free water (Grand Island,
NY), by gently vortexing. Following the ethanol wash, each pellet was re-sedimented by
centrifugation at 7,500 x g for 5 minutes at 4°C using the tabletop centrifuge. The supernatant
was removed and the pellet allowed to air dry for several minutes. Each RNA pellet was then
resuspended in 30 µl RNase-free water and incubated in a dry bath incubator (Fisher Scientific,
Pittsburg, PA) at 55°C for 10 minutes. Total RNA was then quantified using Eppendorf
(Mississauga, Ontario Canada) BioPhotometer. RNA quantification employed the equation:
absorbance at 260 nm X 40 X dilution factor = ng/µl.
Following RNA quantification, 10 µg of total RNA were treated with DNAse to remove
any residual DNA contamination that would have interfered with reverse transcription analysis.
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A reaction containing 10 µg RNA was combined with 5 µl TURBO 10X buffer and 1 µl TURBO
DNAse (Ambion, Grand Island, NY). The reaction was brought up to a final volume of 50 µl by
addition of 34 µl RNAse free water. The reactions were incubated at 37°C for 30 minutes.
Following incubation, each reaction volume was adjusted to 200 µl with RNAse free water, and
the RNA purified. This RNA purification step utilized 25:24:1 phenol/chloroform/isoamyl
alcohol (Invitrogen, Grand Island, NY) extraction and isopropanol precipitation. An equal
volume of phenol/chloroform/isoamyl alcohol was added to the DNAse-treated RNA solution
and vortexed for several seconds to mix, and then incubated for 1 minute at room temperature.
The mixture was then centrifuged for 2 minutes at 13,200 rpm at 25°C producing two clear
phases with compositions as described previously. The top aqueous phase was removed via
pipetting. A high salt solution (0.8 M sodium citrate and 1.2 M NaCl), was prepared, and an
aliquot equivalent to one third of the volume of the recovered aqueous phase was added (e.g. for
120 µl aqueous phase add 40 µl HSS). The resulting solution was mixed via inversion.
Isopropanol was then added in a volume that corresponded to 66% of the RNA/HSS solution
(e.g. if the RNA/HSS was 160 µl, add 106 µl isopropanol). The resulting solution was incubated
at 25°C for 15 minutes, and subsequently, centrifuged at 12,000 x g for 10 minutes producing an
RNA pellet. The pellet was washed with 1 ml of 75% ethanol/25% RNAse free water and
vortexed for several seconds. The pellet was then re-sedimented by centrifugation at 12,000 x g
for 5 minutes at 4°C. The supernatant was removed and the pellet was allowed to air dry for
several minutes until visibly dry, and then resuspended in 20 µl RNase free water. The RNA
purity was evaluated using spectrophotometer (the criteria were: 260/230 nm absorbance ratio
1.8 or greater, and 260/280 nm ratio 1.8 or greater).
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Reverse Transcription and Quantitative Polymerase Chain Reaction
In general, reverse transcription is a process wherein mRNA is converted to cDNA by the
enzyme reverse transcriptase. The resulting cDNA can be used for downstream applications such
as quantitative PCR (qPCR). When these two reactions are performed in series, the process is
referred to as RT-qPCR.
For the purposes of this experiment, 2 µg of RNA were combined with 1 µl of 20 µM
OligodT (Invitrogen, Grand Island, NY). This volume was then adjusted to 11 µl with RNAsefree water. The reaction mixture was heated to 65°C for 5 minutes, and then placed on ice. A
reaction master mix containing (per reaction) 4 µl 5X first strand buffer (Invitrogen, Grand
Island, NY), 2 µl of 100 mM DTT (Invitrogen, Grand Island, NY), 1µl of 10 mM dNTPs
(Promega, Madison, WI), 1µl RNasin (Promega, Madison, WI), and 1 µl Superscript III reverse
transcriptase (Invitrogen, Grand Island, NY) was then added to 11 µl of RNA solution. The RT
reaction was carried out at 42°C for 1 hour, followed by a 70°C incubation for 15 minutes to
denature the enzyme. The reaction was carried out in a PTC-200 Thermal Cycler (Bio-Rad,
Hercules, CA). RT-qPCR reactions were set up using the Power SYBR Green PCR master mix
(Applied Biosystems, Grand Island, NY) with gene-specific primers and diluted cDNA (1:10)
samples (primers used in RT-qPCR are listed in Table 2). The primer concentrations were
optimized using control samples. All real-time PCR reactions were performed in a StepOne Plus
real-time PCR machine (Applied Biosystems, Grand Island, NY). Actin was used as the
reference gene and the control treatment was used as the calibrator. The relative abundance of
each gene was analyzed by using the formula RQ = 2-CT (CT = ΔCT (treatment) –ΔCT
(calibrator), in which ΔCT = CT(test gene) – CT(Actin)). The RQ of the calibrator was set to 1.

36

RT-qPCR for each sample was performed in triplicate. Data were analyzed using the StepOne
Plus software (Applied Biosystems, Grand Island, NY).
Recombinant hFSH Isolation
Approximately 72 hours after transfection, conditioned media from the culture plates
were collected in eight, 15-ml conical centrifuge tubes. Each sample of conditioned medium
was filtered through a 0.45 µm MILLEX-HV syringe-driven filter (Millipore, Billerica, MA)
connected to a 10 ml disposable syringe, in order to remove cellular debris. The hFSH in each
sample was purified by immunopurification [52] using immobilized anti-FSH monoclonal
antibody, 4882 (SPD Development Co. Ltd, Bedford, UK). A 1-mL GE Healthcare (Piscataway,
NJ) HiTrap NHS-activated column immobilized 9 mg monoclonal antibody.
The unbound fraction isolated from the anti-FSH affinity column was concentrated in an
Amicon Ultra-4 centrifugal ultrafiltration cartridge with a 10,000 molecular weight cut off by
centrifugation at 3,500 rpm for 20 minutes at 4°C in the H-6000A rotor of a ThermoScientific
Sorvall (Newtown, CT) RC-3B+ centrifuge. The retentate volume ranged between approximately
95 and 200 µl and was removed using a 500 µl Hamilton (Hamilton Company, Reno, NV)
syringe and then injected into a 10/300 GE Healthcare (Piscataway, NJ) Superdex 75 gel
filtration column. The chromatogram was developed at 0.4 ml/minute for 70 minutes using 0.2
M ammonium bicarbonate/20% acetonitrile (both Fisher Scientific, Pittsburg, PA) as the mobile
phase. Protein absorbance was monitored at 210 and 280 nm using a Waters (Milford, MA) 2489
UV detector. Fractions were manually collected in 1.5 ml microcentrifuge tubes every minute
during a 15-35 minute window. Fractions expected to contain hFSH were evaluated by
radioimmunoassay (RIA) for hFSH quantification.
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FSH Radioimmunoassay
A 1 µl aliquot of each Superdex 75 fraction was diluted with 99 µl RIA buffer (50 mM
Na2HPO4, 0.05% bovine albumin, 0.005% sodium azide, pH 7.5, adjusted with H3PO4). An
aliquot of approximately 150 ml of RIA buffer, assay standards, samples to be analyzed and a set
of internal standards were allowed to rest on the bench for approximately 20 minutes to allow
each assay component to warm to room temperature. During this time, radioactive tracer was
diluted with RIA buffer such that 100 µl of radioiodinated hFSH (125I-hFSH, AFP 7298A) tracer
would reflect approximately 30,000 cpm during a 60 second counting window. The experimental
samples and internal controls were interpolated from a standard curve created with serially
diluted National Hormone and Pituitary Program hFSH reference preparation AFP7298A with a
FSH potency of 8560 IU/mg.
The assay was initiated by incubating cold FSH, 125I-FSH tracer, and AFP-005 polyclonal
antibody overnight at 4°C. Following incubation, antibody/substrate complexes were separated
from unbound fraction via precipitation with 1 ml 20% polyethylene glycol (PEG) (Fisher
Scientific, Pittsburg, PA) and 400 µl 25% de-complemented calf serum (ATCC, Manassas, VA)
and 75% RIA buffer. Samples were centrifuged for one hour at 3500 RPM at 4°C in a Sorvall
RC-3B+ refrigerated centrifuge and the supernatant removed by aspiration. Radioactivity in each
tube was measured in a PerkinElmer (Waltham, Massachusetts) model 2470 automated gamma
counter. The 125I counting efficiency was 80%. The assay data were analyzed using the software
program Prism 5 for Macintosh (GraphPad, Inc., San Diego, CA).
Western Blotting
Western blots were performed on samples electrophoresed in 0.75 mm thick 15%
polyacrylamide gels that were prepared using the Bio-Rad (Hercules, CA) Mini-PROTEAN II
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gel casting system. A 1.0 µg aliquot of each sample was desiccated using vacuum centrifugation
and boiled in 20 µl sample loading buffer for 3 minutes. Following boiling, the samples were
vortexed for several seconds and centrifuged before being loaded in gel wells. Each well was
loaded with 10 µl (0.5 µg)/sample/gel or with 5 µl Bio-Rad Broad MW prestained protein
standards (Hercules, CA). Once the gels were loaded with samples and MW marker, they were
placed in a Promega mini gel apparatus, supplemented with cold running buffer and allowed to
run for one hour at 200V. Immediately after electrophoresis, the gel apparatus was disassembled
and the gels were carefully placed in a blotting sandwich using GE Healthcare ImmobilonP
polyvinylidene fluoride (PVDF) blotting membrane (Piscataway, NJ) as the transfer substrate.
The transfers ran for two hours at 100V at 4°C, with constant stirring. Following electrotransfer,
the transfer apparatus was disassembled, and the PVDF membranes washed for 5 minutes each
with three changes of distilled water, and allowed to dry overnight.
Dried blots were probed using a solution of 5% dried non-fat milk dissolved in Western
blot buffer (150 mM NaCl, 50mM Tris-HCl, 1mM EDTA, 0.05%Twen 20). Typically two blots
were generated and were probed with different monoclonal antibodies, one specific for the FSH
subunit (1:4000 dilution of RFSH20) and the other specific for the  subunit (1:10,000 dilution
of HT13) for 30 minutes at 25°C. Following the probing with subunit specific primary
antibodies, each blot was rinsed with Millipore Elix water three times for five minutes each on a
rotating plate. Following the washes, both blots were probed for 30 min with anti-mouse IgG
secondary antibody conjugated to horseradish peroxidase (Invitrogen, Grand Island, NY) diluted
at the same concentration as each primary antibody (FSH, 1:4,000 and , 1:10,000) diluted in
5% dried nonfat milk in Western blot buffer. Following incubation with the secondary antibody,
the blots were each rinsed three times with water following the same protocol as listed above.
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Following the rinse, each blot was treated with Amersham ECL Plus Western blotting detection
reagents (GE Healthcare Life Sciences, Piscataway, NJ), as per the manufacturer’s protocol.
Following exposure, the chemiluminescence was measured using a Bio-Rad (Hercules, CA)
VersaDoc 4000 imaging system. Immunoreactive band density was determined using the
software package Quantity One (Bio-Rad, Hercules, CA) running on a Macintosh G4 computer
under the OS X operating system.
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CHAPTER 3
RESULTS
RT-qPCR
In the first RNAi knockdown experiment, STT3A expression was reduced by 60-75% as
compared with the positive control (Fig. 9). In the same series, STT3B expression was reduced
by 15-25%. Likewise, STT3B expression was reduced by 70-75% in the STT3B siRNA series,
which STT3A expression fell 23-67%. Unfortunately, the negative control for STT3A was not
captured. As we were unable to recover sufficient recombinant GH3 hFSH to perform the
Western blot analysis, we were not able to determine the effects of reduced expression on FSH
subunit glycosylation for this set of samples.
Repeating the knockdown experiment achieved knockdown of STT3A expression in the
STT3B knockdown series (Fig. 10). Thus, STT3A siRNA resulted in 80-95% knockdown of
STT3A expression, along with 0-60% reduction in STT3B expression. In the STT3B siRNA
series, 73-95% reduced STT3B expression was noted, however, STT3A expression was also
reduced 80-90% in two samples while only by 25% in the third. Strangely, expression levels of
both STT3A and STT3B in the negative control were significantly greater than the positive
control as well as all other samples.
FSH Expression
In the first experiment the FSH concentration in conditioned GH3 media prior to the
siRNA transfections ranged from .847 to 1.82 μg/ml (Table 2). After transfection
immunoreactive FSH concentrations ranged from 10 to 38.650 μg/ml. Because the highest
quantity of FSH used to generate the standard curve was 46.6 ug, sample FSH quantities that fell
outside of the linear portion of the curve (such as the 38.650 μg/ml described previously) are
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considered to be unreliable. This experiment used a reverse transfection approach, wherein cells
to be transfected were first trypsinized and split to multiple plates. The cells were allowed to
adhere to the plate over a day or so, and then the transfection reagents were added to adherent
cells. Because the cells were allowed to incubate in each reaction plate prior to transfection,
conditioned medium was pulled from each sample plate, thereby creating the range in expression
quantities.
In the second experiment, the FSH concentration in the medium recovered from GH3
cells prior to plating and transfection was .273 μg/ml. FSH recoveries from conditioned medium
samples are listed in Table 2. The recombinant GH3 hFSH concentrations ranged from .172-.279
μg/ml. All but two plates produced roughly equivalent amounts of FSH as before transfection.
FSH Purification
A representative chromatogram from purifying hFSH over the 4882 immunoaffinity
column is shown in Fig. 11. Chromatograms produced during immunopurification of all samples
approximately tracked with the representative chromatogram. Chromatograms generated from
the separation of FSH dimer and subunit fractions by Superdex 75 gel filtration are shown in the
in Fig. 12. Exit of FSH was predicted to occur at approximately 26 minutes based on a urinary
FSH chromatogram. Fractions were collected at 60 second intervals between 15 minutes and 35
minutes. Fractions predicted to have hFSH, based on urinary FSH retention times were examined
using RIA to quantify FSH recovery.
Western Blot
In both the α (Fig. 13) and FSHβ (Fig. 14) blots, no significant difference in migration
between the siRNA transfected samples versus experimental controls was detected. However,
interestingly, an observable difference in migration rate existed between recombinant GH3 hFSH
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samples and a sample of urinary FSH. The beta blot did not show deviation in band size beyond
the anticipated 10% for SDS gels with the greatest difference in predicted weight based on
migration at .8 kDa. The alpha blot too, did not show much deviation in predicted sample weight,
with the greatest difference between GH3 and the positive control at 1.45 kDa.
The hFSHα blot, seen in Fig. 13, migrated as a single band under all experimental
conditions. Thus STT3 knock down did not prevent N-glycosylation at either Asn52 or Asn78
glycosylation sites. The FSHβ revealed both major glycoform bands to allow reasonable
quantification (Fig. 14A). A bar chart (Fig. 14B) illustrates the abundance of the 21 kDa band
relative to the 24 kDa glycosylated band. The relative abundance of FSH21 among the samples
ranged from 27.4% in B1 (STT3B-siRNA1) to 41.5% in the control recombinant hFSH, which
was isolated from recombinant GH3 cells that were not exposed to any transfection reagents
during this experiment. The lowest abundance of FSH21 detected on the Western blot (STT3BsiRNA1) corresponded to the lowest STT3B expression levels from RT-qPCR. It was curious
that the lowest expression level of the OST catalytic subunit was attended by the highest
abundance of fully glycosylated hFSH.
The urinary preparation of hFSH in both the α and β blots, exhibited a slower mobility as
compared to all other samples, which were recombinant GH3 hFSH. On the β blot, the urinary
FSH appeared to lack the FSH21 band. However, this is an atypical result with this hormone
preparation, as others in the laboratory have seen both FSH glycoforms bands in their Western
blots. The α blot revealed a slower migration for the single urinary hFSH band than for the
recombinant GH3 hFSH bands, possibly due to greater sample size or more efficient transfer
from the SDS gel.
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CHAPTER 4
DISCUSSION
The working hypothesis tested in this thesis was that OST subunit isoform expression
was responsible for changes in hFSH glycoform abundance. STT3 isoforms were selected
because this subunit has been demonstrated to possess the catalytic site for the transfer of
preformed Gn2Man9Glc3 to glycoprotein nascent chains. Ost3 and Ost6, the other mutually
exclusive subunits were not tested because they appear to retard protein folding near Nglycosylation sites [121]. The rapid folding of the  subunit, which is always N-glycosylated, as
compared with slower folding of the FSH subunit, which is incompletely glycosylated,
suggests these isoforms would have limited effect on FSH glycosylation. However, in light of
results shown above, these isoforms might be evaluated in future studies. Human FSH
glycoforms result from the selective inhibition of N-glycosylation of the hormone-specific
FSH subunit while the common  subunit receives both N-glycans. Studies with matrixassisted laser desorption ionization time-of-flight mass spectrometry have revealed partial or
total loss of FSH N-glycans when different hFSH glycoform subunit preparations were
analyzed. Automated Edman degradation revealed the presence of asparagine at both potential
N-glycosylation sites, indicating that carbohydrate was never attached to the FSH subunit
during synthesis. Thus, the mechanism producing FSH glycoforms must somehow involve
selective inhibition of OST because the common α subunit receives both N-glycans in the same
subcellular compartment of the same cell, subsequently followed by subunit association to form
the FSH heterodimer. While there is some evidence that expression of one family of sialyl
transferases in the anterior pituitary is regulated by estrogen [63] and branching of LH glycans
(therefore GlcNAc-transferase activities) is regulated by GnRH [122], there is no direct
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evidence for endocrine regulation of OST activity in any eukaryotic system. PKC was reported
to increase the activity of OST [123] which is interesting since this is the primary signaling
pathway activated by GnRH in gonadotropes. However, FSH isoforms released in response to
long-term treatment with GnRH analog were less acidic [124]. As di-glycosylated hFSH was
found in the least acidic hFSH fractions [52], it is possible GnRH is inhibiting OST. While the
initial reports of physiological regulation of rhesus (rh)FSH glycosylation indicated increased
molecular size following ovariectomy that was reversed with estrogen replacement therapy, the
size change was attributed to sialic acid, as neuraminidase treatment could also eliminate the
high molecular weight form [56].
Two other investigators in this laboratory were unable to demonstrate estrogen treatment
had a significant effect on hFSH glycoform abundance as indicated by Western blotting of
recombinant hFSH expressed in immortalized mouse T3 gonadotrope cells or rat GH3
somatotrope cells. The latter were the same cell line used in the present study. Since it is very
likely that transcription factor populations in gonadotropes differ from those in GH3 cells, direct
regulation of OST subunits was attempted using siRNA. We anticipated that knocking down the
catalytic subunit isoforms might have a general inhibitory effect on N-glycosylation, in which
case partial glycosylation of both  and  subunits would be observed as detected by mobility
shifts of subunit bands in Western blots. A selective effect would be seen as restricted to
increased abundance of the hFSH 21 kDa band, with no effect on the  subunit band. A nonselective effect would also impact FSH secretion, as it is known that loss of a single
glycosylation site by site-directed mutagenesis reduced FSH secretion by transformed cells
expressing the mutant FSH derivatives [61]. Accurate quantification of glycoprotein hormone
glycosylation mutant expression has only been done for TSH and the results indicated a 80%

45

reduction in secretion when a single glycosylation site was inactivated by mutation [125]. As the
ratio of cellular to extracellular TSH remained constant, in these experiments, yield of secreted
FSH can be used to evaluate loss of FSH due to reduced OST activity. As the greatest reduction
in FSH expression was only 37%, inhibition of STT3 isoforms appeared to have minimal effect
on FSH expression, suggesting little change in the efficiency of N-glycosylation.
Elimination of single glycans from gonadotropin subunits result in about a 2 kDa
reduction in relative molecular weight, which is readily detected by SDS-PAGE. Because FSH is
composed of two dissimilar subunits with similar mobilities and because two variants of the
FSH subunit exist in most hFSH preparations, Western blotting was used to evaluate the
glycosylation status of each subunit in separate blots. The reason for the use of two separate blots
rather than stripping and reprobing a single blot was because conventional stripping procedures
removed all of the hormone from the membrane leaving nothing behind for the complementary
subunit antibody to detect. For the common  subunit, loss of a single N-glycan (usually Asn52
oligosaccharide) provided a 20 kDa band that migrated just ahead of the fully glycosylated 
subunit band. Loss of both glycans resulted in a more substantial shift to 15 kDa. As no
additional bands were observed in the  subunit Western blots, there appeared to be no
generalized inhibition of N-glycosylation when expression of one of the OST catalytic subunit
isoforms was reduced. In other reports, loss of STT3A was without effect, apparently because
STT3B was able to compensate and perform N-glycosylation in both co- and post-translational
manner [99]. However, in STT3B1siRNA, where expression of both isoforms was knocked
down, hFSH exhibited no reduction in expression level and no apparent inhibition of Nglycosylation.
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Evaluation of hFSH N-glycosylation has been more complicated. First, selective
elimination of N-glycans was not possible, so we did not know the mobilities of desN7hFSH or
desN24hFSH, while the mobility of desN7N24hFSH was 15 kDa. Three naturally occurring
hFSH subunit bands have been described in various hFSH preparations: 24 kDa hFSH, which
possessed both N-glycans; 21 kDa hFSH, which should have been partially glycosylated
although one such preparation was found to lack both N-glycans by mass spectrometry and
automated Edman degradation; and 18 kDa hFSH, which appeared to be partially glycosylated.
Ultimately, the experimental conditions described here were insufficient to analyze the
effect of down-regulation of STT3 isoforms on rhFSH expressed in GH3 cells. This
determination is based on a lack of data that could support that GH3 cells expressing recombinant
hFSH and exposed to siRNAs at the concentration described appeared to be insufficient for
effective down regulation of the intended targets. Results of RT-qPCR showed that, relative to
controls, STT3A knockdown appeared to have been efficient but variable. While knockdown
was significant in at least one case, the half-life of OST is unknown, therefore, there was no way
to estimate the duration of siRNA needed to reduce OST activity. The absence of replication
contributed to the uncertainty in interpretation, as statistical analysis could not be used to
determine if the small changes in FSH21 abundance were significant. Moreover, it is also
unclear as to why the STT3A isoform knockdown seemed to have carried over to the STT3B
isoform in the second experiment. The STT3B samples, STT3B-siRNA1 and STT3B-siRNA2
showed significant down regulation of both isoforms relative to controls. It is possible that the
siRNAs used in these two samples were not as specific as expected. Only one of the three
STT3B samples (STT3B-siRNA3) presented the expected expression pattern from this group.
This may suggest non-specific targeting of the STT3 isoform mRNAs by these two siRNAs,
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however, a previous experiment using the same siRNA sequences suggested that the siRNAs
were specific to their intended targets (see Fig. 9). It is unclear as to why the expression profile
for the experiment described here presented in a less predictable way. This suggests several
additional replications of the highly involved experimental protocol may be necessary to
determine how reproducible siRNA suppression of STT3 expression is. Data from associated
glycoform analyses might indicate if STT3 isoform expression can modulate FSH Nglycosylation in a manner observed in individual human pituitary glands. However, these
extensive studies are beyond the scope of this project.
Because there appeared to be no significant difference in subunit glycoform composition
represented on the Western blots, the next question is whether or not OST enzymatic activity was
knocked down to a low enough level to produce an anticipated change in glycoform abundance.
If siRNA mediated knockdown of OST STT3 isoforms is a plausible mechanism for
characterizing isoform influence on FSH subunit glycosylation, then there should be decreased
levels of OST activity in samples that have been transfected as compared to controls.
Alternatively, if OST activity is unaltered, siRNA mediated knockdown is not an effective means
of modulating STT3 isoform activity, and it becomes clear why FSH subunit glycosylation was
the same as control.
To clarify the uncertainties from these exploratory experiments, it is clear that any
differences between experimental conditions will be small. This means that sample numbers will
have to be increased in order permit statistical analysis of the results. Thus, each experimental
condition will have to be performed in triplicate. This will permit us to determine if there are
significant differences in the amount of expression using the different siRNA constructs. If we
are able to determine that one construct consistently knocks down STT3A isoform expression in
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a selective manner, then that construct will be used in subsequent experiments and tested in
triplicate. Likewise, a suitable construct will be selected for STT3B inhibition. Using these
constructs, we will next test the OST activity following knockdown of each STT3 isoform and as
a positive control, we will transfect three plates of GH3 cells with both siRNA constructs to
inhibit expression of both STT3 isoforms. The FSH concentration in the medium at the end of
the experiment will be determined and triplicate replication along with cell counts routinely
performed before RNA extraction will enable us to better define FSH secretion under the
experimental conditions. The cells in each plate will be split into two aliquots, one will be
assessed for STT3 RNA by RT-qPCR and the other will be assessed for OST activity. The latter
will require development of small scale isolation of microsomes that will be incubated in the
presence of a 125I-labeled peptide containing the glycosylation sequence asparagine-lysinethreonine-tyrosine. In the presence of microsomes, the peptide should enter via the Sec61
translocon and be exposed to OST. Glycosylation of the peptide serves to trap it inside the
microsome vesicles. After washing, only glycosylated peptide should remain in the microsomes
and this can be quantified by counting the 125I in a gamma scintillation counter.
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CHAPTER 5
CONCLUSION
In conclusion, no OST STT3 isoform-specific effects on FSH N-glycosylated were
detected using the siRNA approach described above. While ideally, using siRNA to knockdown
OST STT3 expression or activity would have shown decreased abundance of specifically
glycosylated hFSHβ indicating that STT3 activity is directly responsible for the change in
glycoform abundance, a change in relative abundance of either hFSH subunit glycoforms would
have indicated that STT3 isoform modulation contributes to glycoform abundance and that this
approach was sufficient to examine these effects.
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APPENDIX A: TABLES

siRNA Sample Name

Sequence

STT3A-siRNA1

Sense strand siRNA: GCAACAGGAUUCUACUUAUtt
Antisense strand siRNA: AUAAGUAGAAUCCUGUUGCtt

STT3A-siRNA2

Sense strand siRNA: UUAUCGGACUACCCGGUUUtt
Antisense strand siRNA: AAACCGGGUAGUCCGAUAAtt

STT3A-siRNA3

Sense strand siRNA: UUUACCCAGGCUUAAUGAUtt
Antisense strand siRNA: AUCAUUAAGCCUGGGUAAAtt

STT3B-siRNA1

Sense strand siRNA: CUAUAGAUCAACUCAUCAUtt
Antisense strand siRNA: AUGAUGAGUUGAUCUAUAGtt

STT3B-siRNA2

Sense strand siRNA: CAUAACAGUUCACAUCAGAtt
Antisense strand siRNA: UCUGAUGUGAACUGUUAUGtt

STT3B-siRNA3

Sense strand siRNA: AAGCUAUGUCUUCUAAUGAtt
Antisense strand siRNA: UCAUUAGAAGACAUAGCUUtt

Table 1. Manufactured siRNAs Used for the Knockdown of OST Isoform STT3A and STT3B
Subunits.Three sets of siRNAs for STT3A and STT3B were designed using a design tool
available from Applied Biosystems and were synthesized by Sigma-Aldrich. A universal
negative control was purchased from Sigma-Aldrich.
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Gene name

Primer name

Primer sequence

rSTT3A-F

ATCTATTGGGCTGCCAAGTG

rSTT3A-R

GTCCCCAGGCAGTACACAGT

rSTT3B-F

TGCCTGCTTCATTGCTATTG

rSTT3B-R

ACAAGCAGCAGCACATTGTC

rACT-RT-F

GTCGTACCACTGGCATTGTG

rACT-RT-R

CTCTCAGCTGTGGTGGTGAA

STT3A

STT3B

ACTIN

Table 2: Quantitative PCR Primer Pairs. Primers used for quantitative PCR of cDNA synthesized
from isolated total RNA of GH3 cells approximately 72 hours post-transfection.
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Treatment

Expt. 1
Expt. 2
FSH prior
Expt. 1
FSH prior
Expt. 2
to
FSH after
to
FSH after
transfection transfection
%
transfection transfection
(µg/ml)
(µg/ml)
Change
(µg/ml)*
(µg/ml)

% Change

STT3AsiRNA1

.085

.081

-4.3

.273

.172

-37.0

STT3AsiRNA2

.149

.001

-99.3

.273

.252

-7.7

STT3AsiRNA3

.171

.160

-6.2

.273

.279

2.2

STT3BsiRNA1

.103

.123

19.4

.273

.215

-21.2

STT3BsiRNA2

.159

.129

18.9

.273

.225

-17.6

STT3BsiRNA3

.133

1.24

833.8

.273

.185

-32.2

Positive
Control

.182

1.39

663.2

.273

.230

-15.8

Negative
Control

.175

3.87

2108.6

.273

.259

-5.1

Table 3. Recombinant hFSH Expression by GH3 Cells in STT3 siRNA Experiments. Results of
two experiments are shown. Glycoform abundance was determined for samples obtained in
Experiment 2. Cells were grown in one flask, and then aliquots of cells were added to separate
dishes for siRNA transfection.
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APPENDIX B: FIGURES

Figure 9. Results of siRNA suppression of OST catalytic subunit expression in GH3 cells in
Experiment 1. Relative expression levels of STT3A, STT3B and controls after transfection. The
positive control consisted of solely transfection reagent (no siRNA). The negative control siRNA
is designed to lack complementarity to any known mRNA sequences in human, rat or mouse.
The conditioned media associated with this reaction series did not yield sufficient quantities of
hFSH for Western blot analysis. Figure 9 is included here to demonstrate siRNA specificity for
intended targets.
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Figure 10. Results of RNAi suppression of OST catalytic subunit expression in GH3 cells in
Experiment 2. Relative expression levels of STT3A, STT3B and controls after transfection. The
positive control consisted of solely transfection reagent (no siRNA). The negative control siRNA
is designed to lack complementarity to any known mRNA sequences in human, rat or mouse.
The conditioned media associated with this reaction series was subsequently analyzed for hFSH
glycosylation subunit variance.
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Figure 11. Immunopurification of hFSH from GH3 cell-conditioned medium. Representative
purification of STT3A-siRNA1 conditioned media using immobilized anti-FSH monoclonal
antibody, 4882. The flow rate was 1 ml/min. The arrows indicate changes of buffer. The bar(s)
represent the portion of the chromatogram collected to obtain recombinant GH3-hFSH.
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Figure 12. Gel filtration chromatograms of siRNA transfected samples and controls.
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The 10 x 300 mm Superdex 75 column was equilibrated with 20% acetonitrile/0.2 M ammonium
bicarbonate. The chromatogram was developed with the same buffer at 0.4 ml/min. Protein
elution was monitored at 210 nm. The bar(s) show portions of the chromatogram collected to
provide hFSH heterodimer. The FSH subunit peak is indicated with an arrow. Image 1, STT3AsiRNA1; image 2, STT3A-siRNA2; image 3, STT3A-siRNA3; image 4, STT3B-siRNA1; image
5, STT3B-siRNA2; image 6, STT3B-siRNA3; image 7, positive control; image 8, negative
control.
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Figure 13. FSH Western blot. One-half µg samples of GH3-hFSH were subjected to
electrophoresis on a 15% polyacrylamide gel, transferred to PVDF, and the membrane probed
with an anti- subunit antibody HT13. Note that the molecular weights of the recombinant FSHα
subunit bands appear to be lower than that of urinary hFSH. Lane 1, negative control; lane 2,
positive control; lane 3, STT3B-siRNA3; lane 4, STT3B-siRNA2; lane 5, STT3B-siRNA1; lane
6, STT3A-siRNA3; lane 7, STT3A-siRNA2; lane 8, STT3A-siRNA1; lane 9, GH3 hFSH
reference preparation; lane 10, urinary hFSH.
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Figure 14. FSH Western blot. Panel A. One µg samples of GH3-hFSH recovered from
conditioned medium were subjected to electrophoresis under reducing conditions using a 15%
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polyacrylamide gel. The proteins were electro-transferred to PVDF and the membrane probed
with anti-hFSH/hFSH monoclonal antibody RFSH20. Lane 1, negative control; lane 2, positive
control; lane 3, STT3B-siRNA3; lane 4, STT3B-siRNA2; lane 5, STT3B-siRNA1; lane 6,
STT3A-siRNA3; lane 7, STT3A-siRNA2; lane 8, STT3A-siRNA1; lane 9, recombinant hFSH
isolated from GH3 cell-conditioned medium; lane 10, urinary hFSH.
Panel B. Relative abundance of hFSH21 as determined using Quantity One software (Bio-Rad)
to quantify band intensity on the blot image. Lane 1, negative control; lane 2, positive control;
lane 3, STT3B-siRNA3; lane 4, STT3B-siRNA2; lane 5, STT3B-siRNA1; lane 6, STT3AsiRNA3; lane 7, STT3A-siRNA2; lane 8, STT3A-siRNA1; lane 9, recombinant hFSH isolated
from GH3 cell-conditioned medium.
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