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ABSTRACT

The receptor for gonadotropin releasing hormone (GnRH-RI) is a G protein-coupled 

receptor (GPCR) that plays a key role in reproduction. Despite the clinical importance of 

the human GnRH-RI, studies defining basic properties o f this receptor were lacking and 

this led me to characterize (i) the spatial characteristics o f hGnRH-RI in a homologous 

(HTR-8/SVneo) and heterologous (HEK 293) cell system, and (ii) the early signaling 

pathway to which GnRH-RI is coupled in HEK 293 cells. The first study revealed 

GnRH-RI is weakly expressed at the plasma membrane but strongly expressed on the 

nuclear membrane o f both cell types, indicating that it is a nuclear GPCR. In the second 

study, I demonstrate that the plasma membrane-bound GnRH-RI/PKC-coupled signaling 

pathway regulates several PKC isoforms. Based on the responses o f various isoforms 

following receptor activation, it appears that the isoforms may have both unique and 

redundant roles in regulating GnRH-RI signaling.

KEYWORDS

gonadotropin releasing hormone receptor, GPCR, nuclear membrane, localization, 
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Chapter 1- Introduction



2

1.1 G Protein-Coupled Receptors

The mammalian Type I Gonadotropin releasing hormone receptor (GnRH-RI), 

also know as luteinizing hormone releasing hormone receptor (LHRH-R), is a member of 

die rhodopsin-like, or Class A, guanine nucleotide-binding protein-coupled receptor 

(GPCR) family (Fig 1.1).

1.1.1 G Protein-Coupled Receptor Structure

GPCRs are a superfamily o f cell-surface receptors that transduce extracellular 

stimuli such as light, odorants, neurotransmitters, hormones and chemokines into 

intracellular signals, primarily via guanine nucleotide-binding proteins (G proteins) 

(Ferguson, 2001). Since the cloning o f the first GPCR in 1983 (Nathans et al., 1983), 800 

members o f this receptor superfamily have been discovered. GPCRs share a common 

molecular structure, including seven transmembrane-spanning domains that make up the 

hydrophobic core, three extracellular loops and three intracellular loops, an extracellular 

N-terminus and an intracellular C-terminus. GPCRs can be categorized into three classes: 

die rhodopsin family, the glucagon receptor family, and the metabotropic glutamate 

receptor family. Each class represents heptahelical receptors o f related gene and amino 

acid sequence; however, no sequence relationship across classes is apparent (Ferguson, 

2001).

1.1.2 G Protein-Coupled Receptor Function

As previously mentioned, GPCRs signal primarily through interaction with G 

proteins. G proteins are heterotrimeric proteins composed of an a subunit (Ga) that binds 

guanine nucleotides and a dimer that consists o f a P and y subunit (Gfty) (Lodish et al., 

2003). Ligand activated GPCRs cause Ga to dissociate from the Gftr dimer rendering it 

to its active GTP-bound form that influences effector molecules. The fly dimer remains 

attached to the plasma membrane and can by itself initiate several signaling events 

(Lodish et al, 2003). G proteins are classified according to the subtype o f their a subunit 

into the four groups: Gg, Gi, Gq/n, and G12/13. G, mainly exerts its downstream effects via 

stimulation o f adenylyl cyclase, which induces the production o f high levels o f the second 

messenger cAMP (Ulloa-Aguirre et al., 1999). Unlike Gs, the Gj protein has an inhibitory



Figure 1.1 Schematic of the human GnRH-RI showing the positions of its naturally 

occurring mutations and other residues of interest. Human GnRH-RI depicting the 

location of the 21 known natural mutations identified to date (grey circles), position of 

the lysine 191 residue (black circle) and the4ocation of the putative NLS (square). Other 

residues of interest include a glycosylation site at Asp 18 (branching symbol), Gq/u 

coupling sites (arrowheads), G, coupling sites (crosses) and the Seri 53 that has been 

indicating in receptor desensitization.
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effect on adenylyl cyclase (Bimbaumer et al., 1992) and its signals can be transmitted via 

transactivation o f receptor tyrosine kinases (Luttrell et al., 1999). Gq/u principally exerts 

its action by activating membrane-associated phospholipase C (Hsieh et al., 1992), while 

G 12/13 primarily operates by stimulation of protein tyrosine kinases (Jiang et al., 1998). 

The Ga, the dissociated ffy, and other receptor-interacting proteins are all capable o f 

initiating diverse downstream signaling pathways.

1.1.3 G Protein-Coupled Receptor Regulation

Activation of GPCRs is typically followed by their desensitization and 

internalization, and these processes often involve rapid agonist-induced receptor 

phosphorylation by both second messenger-dependent protein kinases and G protein- 

coupled receptor kinases (GRKs) (Ferguson 2001). Desensitization, the waning o f GPCR 

responsiveness to agonist with time, is an important physiological feedback mechanism 

that protects against both acute and chronic receptor over stimulation. The first step in 

this desensitization process occurs when activated GPCRs are phosphorylated on serine 

and threonine residues located in the carboxy-terminal tail by GRKs or second messenger 

dependent kinases (PKC or PKA for example)(Ferguson et al., 2001). For many GPCRs, 

this phosphorylation facilitates the association of P-arrestin, which sterically hinders it 

from interaction with G proteins, as well as targeting it for internalization via clatherin- 

coated vesicles (Zhang et al., 1997). Once internalized, the receptor is recycled back to 

the cell surface or targeted to lysosomes for degradation.

1.1.4 Nuclear G Protein-Coupled Receptors

In 1997, the first GPCR with nuclear localization and trafficking was clearly 

demonstrated, the angiotensin II type I receptor (AT1-R) (Yang et al., 1997; Lu et al., 

1998). This discovery was followed by characterization of a group of prostaglandin E2 

receptors, EP1, EP3 and EP4 as nuclear receptors (Bhattacharya et al., 1999), and 

the discovery that the type I parathyroid-receptor was also localized to the nucleus 

(Watson et al., 2000). Since then, 11 additional GPCRs have been found to localize to the 

nucleus: the apelin receptor, bradykinin receptor (B2-R), the endothelin A and B 

receptors (ETA-R, ETB-R), the leukotriene D4 receptor (CystLTl-R), the
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lysophosphatidic acid type I receptor (LPA1R), the metabotropic glutamate receptor 5 

(mGluRSa), the platelet-activating factor receptor (PAFR), the tachykinin substance K 

receptor (NK3-R), and the orphan receptor GPCR6A (see Table 1.1 for details and 

references).

Transport o f proteins into the nucleus is normally directed by a nuclear 

localization signal (NLS) sequence. NLS sequences were first discovered when the 

observation was made that certain proteins, larger than the passive diffusion limit (~50 

kDa) for the nuclear pore complex (NPC) can accumulate within the nucleus (Hanover, 

1992). The first NLS sequence was found in the simian virus 40 large-T antigen 

(Dingwall et al., 1982). Since then, a variety o f NLS sequences have been found in 

thousands o f nuclear localized proteins. NLS sequences come in many varieties, 

including the classical monopartite or bipartite varieties, where monopartite consists o f a 

string o f basic amino acid residues and bipartite consists o f two stretches o f basic amino 

acid residues separated by a spacer region. Nuclear localization of a protein occurs when 

a free importin in the cytoplasm binds to the NLS o f a cargo protein, forming a 

bimolecular cargo complex. The adapter protein importin a  bridges the NLS and 

importin p, forming a trimolecular cargo complex which then diffuses through the NPC 

by interacting with successive FG-nucleoporins. In the nucleoplasm, interaction of Ran- 

GTP with the importin causes a conformational change that decreases its affinity for the 

NLS, releasing the cargo. To support another cycle of import, the importin-Ran-GTP 

complex is transported back to the cytoplasm. A GTPase-accelerating protein (GAP) 

associated with the cytoplasmic filaments o f the NPC stimulates Ran to hydrolyze the 

bound GTP. This generates a conformational change causing dissociation from the 

importin, which can then initiate another round of import. Ran-GDP is bound by nuclear 

transport factor 2 (NTF2) and returned to the nucleoplasm, where a guanine nucleotide- 

exchange factor (GEF) causes release o f GDP and rebinding o f GTP (Lodish et al., 2003; 

Macara, 2001). O f the 13 GPCRs that have demonstrated nuclear localization, 9 o f these 

contain a consensus sequence for an NLS^.although only 3 o f them, AT1-R, the apelin 

receptor and CystLTl-R have shown NLS functionality. It is interesting to note that 

while AT1-R and the apelin receptor are both found in the nucleoplasm, which would fit 

the well-known model o f NLS trafficking, CystLTl-R is found on the outer nuclear



Table 1.1 Summary table o f nuclear GPCRs described in the literature. Receptor 

abbreviation, GPCR class, requirement of agonist status, specific nuclear localization, 

NLS sequence and references are described. Adapted from BW Pickard. Used with 

permission.Figure 1.2 Species expressing GnRH receptors, organized by type I, II and 

III receptor classes. The type I and II GnRH-R classes are divided into mammalian 

and non-mammalian species.
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Cliii
Agonist

Activated Nuclear D istribution O lS M ifif Befeftncci
ATj-R A Yes/No Nucleoplasm KKFKR Yang et.at. 1997, Lu e ta l. 

1998, Lee e t.al. 2004

A No Nuclear M em brane Unknown Bhattacharya e t.al. 1999

ETA-R A Yes Nuclear M em brane KKFK Bohrtn e ta l. 2003

ETB-R A Yes N udear M em brane KRFK Botvin e ta l. 2003

Apefin R A No Nucleoplasm RKRRR Lee e t.al. 2004

B2-R A No Nudeoptasm KRFRK Lee e t .al. 2004

CysLT,-R A Yes N udear M em brane RKHSLSSV
TYVPRKK

Nielsen et.al. 2005

PAFR A Yes Nuclear M em brane KKFRK M arrache e t.al. 2005

LPA, R A >e$ Nuclear M em brane Unknown M arrache e ta l. 2005

NK3-R A Yes/No Nudeoptasm KRFR Howe et.af. 2004

PTH1R B Unknown Nudeoplasm KKSWSRWL
ALDFKRKAR

W atson e ta l. 2000a/b, Pickard 
e t.al. 2006

mGiuS C Yes N udear M em brane Unknown O'M alley e ta l. 2003, Jong 
e ta l. 2005

GPCR6A C Unknown N udear M em brane Unknown Kuang e ta l. 2005
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membrane and yet its nuclear localization is disturbed if its NLS sequence is truncated 

(Nielsen et al., 2005).

1.2 Gonadotropin Releasing Hormone Receptor

In 1992, Tsutsumi et al. cloned and sequenced the mouse GnRH receptor from the 

mouse pituitary cell line aT 3-l. This sequence showed over 80% amino acid identity 

with GnRH receptors later found in rat, human, sheep, cow, and pig (Reinhart et al., 

1992; Kaiser et al., 1992; Perrin et al., 1993; Eidne et al., 1992; Chi et al., 1993; Kakar et 

al., 1992; Illing et al., 1993; Brooks et al., 1993; Kakar, 1997; Weesner et al., 1994). 

Three forms of GnRH-R have been described and are found in a wide range of vertebrates 

(Fig 1.2). The type I GnRH-R regulates the hypothalamic-pituitary-gonadal HPG axis and 

is considered the mammalian GnRH-R, although some primates produce the full-length 

type II GnRH-R (Figs 1.2, 1.3). The hGnRH-RI gene is composed of three exons 

separated by two introns and spans more than 15 kb along chromosome 4q21.2 (Fan et 

al., 1995; Kakar et al., 1997). The predicted size o f the mRNA transcript is 2160bp and 

encodes a 328 amino acid protein (Chi et al., 1993).

Non-mammalian vertebrates possess the type II receptor, which, unlike the type I 

receptor, has a carboxy-terminal tail of varying length. Non-mammalian GnRH-RII does 

not possess the premature stop codon of the human type II receptor. Types I and II 

GnRH-R show considerable sequence homology, including conservation of amino acids 

important for ligand binding and effector coupling (Troskie et al., 2000) but have 

important structural differences, such as the aforementioned lack of a carboxy-terminal 

tail in the type I receptor. A putative human type II GnRH receptor (GnRH-RII) gene has 

been reported on chromosome lq l2  (Millar et al., 1999; Neill et al., 2002; Morgan et al., 

2003). This gene shares 40% sequence homology with the type I receptor, however a -1 

frameshift changes the codon for Argl79 to a UGA premature stop codon (Morgan et al., 

2003). This would generate a receptor with 5 instead o f 7 transmembrane domains. 

There is evidence suggesting that the truncated protein is sufficient for normal GPCR 

functioning. In a study by Ling et al. (1999) it was demonstrated that truncated 

chemokine receptors, which also only contain 5 transmembrane domains, behave as the 

wild-type receptor. Coexpression of the truncated GnRH-RII with GnRH-RI in COS-7



Figure 1.2 Species expressing GnRH receptors, organized by type I, II and III 
receptor classes. The type I and II GnRH-R classes are divided into mammalian and 
non-mammalian species.
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T ype I IV pe II TVpe III
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Chicken 
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Xenopus laevis 

Pofferfish 
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Goldfish lb 
Medaka II 
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Catfish I 
Catfish II 

Eel

Mammalian
Possum
Mouse

Rat
Pig

Cow
Sheep
Horse
Dog

Hunan I 
Bonnet Monkey 

Marmoset!

Non-Mammalian 
Bullfrog III 

Xenopus laevis II 
Rubber Eel 

Rhesus Monkey II 
Green Monkey D 

Human II 
Marmoset II

Mammalian 
Rhesus Monkey II 
Green Monkey II 

Human II 
Marmoset II

Non-Mammaliaa 
Striped Bass 

Med. Sea Bass 
Pufferfish 

Ambetjack 
Medaka I 
Bullfrog I



Figure 1.3 Schematic o f the hypothalamic-pituitary-gonadal (HPG) axis. The 

gonadotropin releasing hormone receptor plays a crucial role in reproduction. GnRH is 

released from the hypothalamus into the portal circulation and binds its receptor on the 

anterior pituitary. This causes the release o f FSH and LH into the systemic blood where 

they act on the gonads to regulate gonadal steroidogenesis as well as the maturation of 

sperm and eggs.
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cells causes a decrease in GnRH-RI expression and signaling, suggesting a possible 

modulatory role for the truncated type II receptor (Pawson et al., 2005). Another 

truncated copy of the human GnRH-RII gene, which lacks the first exon and part of the 

first intron, is present on chromosome 14q22. However, this is likely a pseudogene 

originating from the chromosome 1 locus by reverse transcription (Neill et al., 2002; 

Morgan et al., 2003; Faurholm et al., 2001). To date, a conventional seven 

transmembrane domain GnRH-RII protein has not been reported in humans. A third 

receptor subclass, GnRH-RIII, is not present in humans and has not been identified in any 

mammals to date (Fig 1.2).

Three endogenous ligands for the GnRH receptors have been described. GnRH-I 

regulates the HPG axis, while GnRH-II is thought to have a role as a neuromodulator 

affecting reproductive behavior and GnRH-III (salmon GnRH) functions only in teleost 

(Millar et al., 2004). GnRH-I and GnRH-II are present in humans (Table 1.2) and both 

ligands signal through the type I receptor, as the human type II receptor is a truncated 

protein. GnRH-RI has a higher affinity for GnRH-I, which has an Arg in the 8th position, 

than GnRH-II, which has a Tyr in the 8* position, as shown by previous studies that 

found that substitution o f the Arg8 of GnRH-I with neutral amino acids markedly 

decreased peptide affinity o f GnRH-RI. Substitution o f Arg8 with Leu or Tyr resulted in 

a Kd = 590±80 nM and Kd = 208 ±31 nM as compared to wild type GnRH-I with a Kd = 

3.4±0.2 nM in rat gonadotropes, which relates to a decrease in potency from 1.0 

(wildtype) to 0.06 (Leu) and 0.016 (Tyr) respectively (Millar et al., 1989). The human 

GnRH-I gene is composed o f four exons separated by three introns and is found on 

chromosome 8pll.2-p21 (Radovick et al., 1990; Yang-Feng et al., 1986). The human 

GnRH-II gene is also composed of four exons separated by three introns, but is found on 

chromosome 20pl3 (Miyamoto et al., 1984; White et al., 1998). Both GnRH-I and 

GnRH-II are decapeptides, differing by 3 amino acids (Table 1.2) (White et al., 1998; 

Millar, 2003).

1.3 GnRH-RI Structure

Human GnRH-RI belongs to the rhodopsin family o f GPCRs and contains many 

amino acids residues important for GPCR functioning. These include Ala261 in the third



Table 1.2 Protein sequences and sites of expression of GnRH-I and GnRH-II in the 
human body.
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GnRH-I: pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2

GnRH-II: pGlu-His-Trp-Ser-Hidj-Gly-Trp-Tyr-Pro-Gly-NH2

Area
CiPC R-s t h ; ' '  the m am m a

GnRH~I GnRH-II

Brain Preoptic area, basal 
hypothalamus

Periaqueductal region of the 
midbrain

Median eminence and 
infundibular stalk

Caudate nucleus (basal 
ganglia)

Adenohypophysis

Septal region, anterior 
olfactory area

Amygdala (medial temporal 
lobe)

Placenta + +

Uterus All endometrial types Stromal and epithelial cells

Ovary Granulosa-luteal cells Granulosa-luteal cells
'! = . on  is DC;;

reason  w h y  GhRH-RE <1 sp laj Ovarian surface epithelial 
cells

Ovarian surface epithelial 
cells

ipR H  Rj wis onto the
, i"1 - O ' } ¡'! Ijl.ll Ovarian carcinomaincreased • >novn  v me .. hr

Ovarian carcinoma

I ̂  M 0 S ?) tlXkT0 \ if Fallopian tube epithelium 
(luteal phase)

jist B u se  i d  in (Jam  vjck  £t d . .

Ju rk a t leukemic T cells +
site  tor p s irn ito y ’iiti
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intracellular loop, which is necessary for G protein coupling and receptor internalization 

(Myburgh et al., 1998), as well as residues Asp98, TrplOl, Asnl02, Lysl21, Asn212, and 

Asp302 which are important for ligand binding (Millar et al., 2004). Although the human 

GnRH-RI belongs to the rhodopsin class o f GPCRs, they are structurally unique among 

GPCRs in that the mammalian GnRH-RIs do not have a cytoplasmic tail (Fig 1.1), 

making them the smallest known GPCRs. The lack of a cytoplasmic tail sequence 

bestows some very unique characteristics upon the mammalian GnRH-RI, including its 

inability to undergo rapid j)-arrestin-dependent desensitization as well as an unusually 

high intracellular expression, which are detailed further below. GnRH-RI, like many other 

receptors, functions as a dimer at the plasma membrane of pituitary cells (Hazum et al., 

1985) as well as in the African green monkey kidney cell line COS-7 (Brothers et al., 

2004).

1.3.1 Cellular Localization o f Mammalian GnRH-RI

The loss o f cytoplasmic tail sequences during evolution is believed to be the 

reason why GnRH-RI displays reduced plasma membrane expression (PME) (Janovick et 

al., 2006). When the carboxy-terminal tail from the catfish GnRH-RI was cloned onto the 

human GnRH-RI, PME was increased as shown by the ability o f the receptor to produce 

inositol trisphosphate (IP3) in response to the GnRH-RI agonist Buserelin (Janovick et al., 

2003). The carboxy terminal tail o f the catfish GnRH-R is serine-rich (9 Ser o f 51 amino 

acids) and contains a single consensus site for palmitoylation (Bouvier et al., 1995), the 

covalent attachment o f fatty acids, such as palmitic acid, to cysteine residues of 

membrane proteins that enhances the hydrophobicity o f proteins and contributes to their 

membrane association. The PME of the GnRH-RI decreases with higher stages of 

evolution, as demonstrated by the differences in PME levels among fish, rodents, and 

primates (Conn et al., 2002).

1.3.2 Effect o f Lysine 191 on hGnRH-RILpcalization

Another portion of the receptor that has been indicated as important for the PME 

o f the human GnRH-RI is the lysine 191 residue present in the second extracellular loop 

o f the receptor (Fig 1.1). This residue is primate-specific and contributes to reduced
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cellular expression and increased internalization kinetics o f the receptor leading to an 

overall reduction in PME (Arora et al., 1999; Maya-Nunez et al., 2000). It is believed 

that the presence o f this primate-specific lysine 191 causes disruption of a sulfhydryl 

bridge, causing formation o f misfolded receptors, which lead to the retention of the 

receptor in the endoplasmic reticulum (ER) and eventual degradation by the cell’s quality 

control system (QCS) (Janovick et al., 2006). The QCL ‘proof-reads’ newly synthesized 

proteins, so that only native conformers reach their final destinations (Ellgaard and 

Helenius, 2003). Removal o f the lysine 191 residue from the hGnRH-RI increased the 

PME as shown by IP3 and radioligand binding assays (Janovick et al., 2006). 

Interestingly, in the hGnRH-RI deletion o f the lysine 191 residue in combination with 

addition of the catfish carboxy-terminal tail leads to PME greater than the additive effect 

(Maya-Nunez et al., 2000). The misfolding o f the human GnRH-RI, as for any other 

protein, results in the nascent protein being retained by the QCS of the ER. This system  

recognizes misfolded proteins by the exposure o f hidden hydrophobic domains, unpaired 

cysteine residues and the tendency to aggregate (Ellgaard et al., 2003). If molecular 

chaperones are unable to stabilize a protein, then it will either lead to accumulation in the 

ER or be targeted to a proteasome for degradation (Werner et al., 1996). Both the lack of 

the carboxy-terminal tail and the presence of the lysine 191 residue cause hGnRH-RI to 

be primarily located in the intracellular compartment as shown by biochemical assays. 

Mutation of hGnRH-RI, discussed below, also leads to the rentention of this receptor 

within the QCS and decreases PME.

1.4 GnRH-RI Function

As a GPCR, hGnRH-RI transduces extracellular stimuli into an intracellular signal 

via interactions with G-proteins. The nature o f the G protein-coupling depends largely on 

the cellular context The most thoroughly studied signaling pathway of hGnRH-RI is its 

Gq/n-coupled pathway in pituitary gonadotropes, where it plays a key role in the process 

o f reproduction through regulation o f the hypothalamic-pituitary-gonadal (HPG) axis (Fig 

1.3). GnRH-RI is located on gonadotropes o f the anterior pituitary where it binds its 

cognate ligand, gonadotropin releasing hormone type I (GnRH-I). GnRH-I is released 

from the hypothalamic neurosecretory cells in a pulsatile manner into the hypothalamo-
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hypophyseal portal circulation (Conn and Crowley, 1994). Ligand-activated hGnRH-RI 

couples preferentially to the Gq/u protein and stimulates phospholipase C-p-dependent 

hydrolysis o f phosphatidylinositol 4,5-bisphosphate (PIP2) leading to the formation of 

second messengers, IP3 and diacylglycérol (Fig 1.4). IP3 subsequently stimulates the 

release o f intracellular Ca2+ from the endoplasmic reticulum (Streb et al., 1983). The Ca2+ 

and DAG produced downstream of Gq/u activate the conventional protein kinase C 

(cPKC) isoforms, which are part o f a ubiquitously-expressed family o f serine/threoine 

kinases that will be discussed in further detail below. After a short lag, GnRH-RI 

activates phospholipase A2 (PLA2) and phospholipase D (PLD) and provide late DAG 

Ca2+and arachidonic acid (AA) for activation of Ca2+-independent PKC isoform (Naor et 

al., 1990; Naor et al., 1995; Shacham et al., 2001). Additional products of PLA2 such as 

arachidonate and oleate also activate several PKC isoforms (Bell et al., 1991). The 

activation of PKC leads to the activation of members o f the mitogen-activated protein 

kinase (MAPK) superfamily, specifically extracellular signal-regulated kinase (ERK), 

jun-N-terminal kinase (JNK) and p38MAPK (Naor et al., 2000; Bénard et al., 2001; 

Bonfil et al., 2004; Kraus et al., 2001; Levi et al., 1998; Mulvaney et al., 1999; Mulvaney 

et al., 2000). These pathways are responsible for gonadotropin regulation. The 

biosyntheis o f luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are 

primarily due to PKC and MAPK signaling, while Ca2+ is responsible for their exocytosis 

from pituitary gonadotropes into the systemic blood (Naor et al., 1998). The culminating 

effect o f hGnRH-RI stimulation in pituitary gonadotropes is the production of LH and 

FSH, which regulate gonadal steroidogenesis and gametogenesis in both sexes (Fig 1.3) 

(Conn and Crowley, 1994).

In addition to this well-known endocrine function, it has become evident that 

GnRH-RI and its ligands may play an important role in autocrine and/or paracrine 

regulation in some extra-pituitary compartments such as the ovary, placenta, uterus, 

immune cells, olfactory neurons, sperm as welt as in many cancerous cells (Cheng et al., 

2005). These sites are summarized in T ab le!.3. Some o f the roles o f GnRH-RI at these 

sites have been identified. In brief, activated GnRH-RI decreases proliferation of a 

number o f cancerous cells, including melanoma (Moretti et al., 2003), ovarian (Choi et 

al., 2001), endometrial (Grundker et al., 2002), breast (Miller et al., 1985) and prostate



Figure 1.4 Gq/n-coupled pathway. GnRHR is a G protein-coupled receptor, or GPCR 

belonging to the rhodopsin family and couples predominantly to Gq, in the human 

pituitary and placenta. Upon ligand activation, GnRH-RI causes the dissociation of 

Gotq/ii from the ßy subunit, allowing it to activate phospholipase C. Phospholipase C 

leaves the membrane phospholipid PIP2 into diacylglycérol (DAG) and inositol 

trisphosphate (IP3) for short. IP3 diffuses into the cytosol and opens ligand-gated calcium 

channels on the endoplasmic reticulum, releasing calcium into the cytosol. Calcium, 

along with membrane-bound diacylglcerol activate protein kinase C or PKC which 

phosphorylâtes proteins involved in downstreams effects such as secretion, cell 

proliferation, differentiation and apoptosis. Figure created by Natasha Camuso. Used 

with permission.
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Table 1.3 Sites of expression and functions of GnRH-RI in the human body. Studies 

reviewed in Cheng and Leung, 2005.
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T arget Site Action

Anterior pituitary 
gonadotropes

Biosynthesis and secretion of LH and FSH

Ovarian cancer cell Decreases proliferation

Endometrial cancer cell Decreases proliferation

Prostate cancer cell Decreases proliferation

Melanoma cell Decreases proliferation

Epidermoid cancer cell Decreases proliferation

Uterine leiomyoma cell Decreases proliferation

Ovarian OSE cell Decreases proliferation

Endometriotic cell Increases apoptosis

Ovarian GL cell Increases apoptosis, decreases steroidogenesis

Placenta hCG release

Cytotrophoblast Increases uPA, MMP-2 and MMP-9 expression 

Decreases PAI-I and TIMP-1 expression

Decidual stromal cell Increases uPA, MMP-2 and MMP-9 expression 

Decreases PAI-I

T cell Increases proliferation, adhesion, chemotaxis, homing 
and laminin receptor expression

Olfactory neuron Increases migration

Sperm Increases zona pellucida binding
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cancers (Wells et al., 2002). In T cells it increases proliferation, adhesion, chemotaxis 

and homing (Azad et al., 1997; Enomoto et al., 2001). In the placenta it upregulates the 

expression of human chorionic gonadotropin (hCG), urokinase-type plasminogen 

activator (uPA) and the matrix metalloproteinases-2 and -9 (MMP-2, MMP-9), 

downregulating plasminogen activator inhibitor (PAI-1) and tissue inhibitors o f MMPs 

(TIMPs) in extra-villous trophoblasts and decidual stromal cells, which play an important 

role in implantation (Islami et al., 2001; Siler-Khodr et al., 2001; Chou et al., 2002; Chou 

et al., 2003). Activated GnRH-RI causes increased migration of olfactory neurons 

(Romanelli et al., 2004) and increases zona pellucida binding o f sperm (Morales et al., 

2000).
The signaling mechanisms through which GnRH-RI has its effects in extra- 

pituitary compartments are not fully defined at this point in time, however some 

preliminary data exists. Human GnRH-RI coupling to the Gq/u protein has been 

demonstrated in heterologous Chinese hamster ovary-Kl (CHO) and COS-7 cells (Grosse 

et aL, 2000). In the human placenta hGnRH-RI is coupled to both Gq/u and Gs, 

activating both the second messenger pathways for PLC-f) and adenylate cyclase 

respectively (Millar et al., 2004; Cheng and Leung, 2005). It has also been reported that 

hGnRH-RI couples selectively to Gi in some reproductive tract tumors and their derived 

cell lines, inhibiting cAMP production and mediating the anti-proliferative actions o f 

GnRH analogues previously discussed (Grundker et al., 2002; Limonta et al., 2003). 

Again, G protein coupling depends largely on cell type and the signalling pathways of 

hGnRH-RI are yet to be fully elucidated. To exemplify the complicated nature o f this 

signalling pathway, there is evidence showing that the rodent GnRH receptor couples to 

multiple G proteins in a single cell type (Liu et al., 2002; Stanislaus et al., 1998). It may 

also be that G protein coupling is a more dynamic process than originally thought, as in 

GT1-7 neurons, high GnRH-I analog concentrations induce a ligand-dependent switch of 

G protein coupling from G, toG i (Krsmanovic et al., 2003).

1.4.1 Naturally-Occuring Mutation of Human GnRH-RI

GnRH-RI and its ligands play a crucial role in the regulation of the human 

reproductive system, so it is reasonable that mutation o f this receptor that causes
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disruption of its normal signaling can lead to disease (Bhagavath et al., 2005). 

Hypogonadotropic hypogonadism (HH) is the umbrella term applied to a disease state 

where there is absent or decreased function of the gonads. Individuals present with 

delayed sexual development and inappropriately low gonadotropin and sex steroid level 

in the absence of anatomical or functional abnormalities o f the hypothalamic-pituitary 

axis, although in some cases HH can be diagnosed in male infants where there is 

cryptorchidism and/or microphallus (Bhagavath et al., 2005). There are many subtypes of 

HH, a subset which results from a defect in the signaling of GnRH. Kallmann’s 

syndrome is characterized by the association of HH and anosmia (or hyposmia) and is 

caused by a migration defect that involves the GnRH neuronal system (Hardelin et al., 

1993). HH associated with congenital adrenal hypoplasia has also been described 

(Zanaria et al., 1994). This disease, as well as the X-linked form o f Kallmann’s 

syndrome, have been mapped to mutations within the X chromosome, p22.3 (Meitinger et 

al., 1990; Bick et al., 1992; Zanaria et al., 1994). Although a mutation in the GnRH gene 

has been reported in the hypogonadotropic hpg/hpg mouse (Mason et al., 1986), no such 

mutation has been detected in humans.

Mutation of hGnRH-RI is a rare cause o f HH, accounting for only 2-5% of all HH 

patients (Bhagavath et al., 2005). GnRH-RI was the first gene shown to have mutations 

in autosomal recessive IHH. To date there are 21 known naturally-occuring mutations of 

hGnRH-RI, which all lead to partial or complete (60%) HH (Bhagavath et al., 2005). 

Most cases o f HH caused by GnRH-RI mutation are due to compound heterozygous 

missense mutations (Kim et al., 2008). Nearly all hGnRH-RI mutations occur in exons 1 

or 3, but they are dispersed throughout different domains o f the receptor (extracellular, 

transmembrane, and intracellular). Two mutations comprise nearly half o f the reported 

alleles, even among different ethnic groups -  Glnl06Arg mutation (32.6%) and 

Arg262Gln (15.2%XBhagavath et al., 2005). Interestingly, studies utilizing site-directed 

mutagenesis and in vitro analysis on 3 hGnRH-RI mutants, E90K, L266R and S168R, 

which are representative o f fully, partially and non-rescuable mutants respectively, have 

shown that hGnRH-RI mutations appear to act as dominant negative mutations (Brothers 

et al., 2004). The clinical significance o f this is unclear, since reported HH patients have
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two mutant alleles while heterozygotes do not have any noticeable response (Kim et al., 

2008).

It was originally thought that many o f the hGnRH-RI mutations interfered with 

receptor binding and signal transduction, however identification of membrane-permeable 

pharmalogical chaperones that could rescue the majority o f HH mutants (14 o f die 17 

mutants tested to date) (Conn et al., 2002; Leanos-Miranda et al., 2002; Janovick et al., 

2003; Topaloglu et al., 2006). This suggested that the mutants did not lose the intrinsic 

ability to bind ligand or activate effector, but rather, were misrouted proteins that were 

retained by the QCS (Leaflos-Miranda et al., 2002). These pharmacoperones bind at or 

near the ligand binding site and alter the molecular structure to such that the receptor can 

pass through the QCS and route to the plasma membrane where they function similarly to 

WT hGnRH-RI. The results for the pharmacoperone studies were obtained biochemically 

using IP3 and binding assays.

1.4.2 GnRH-RI as a pharmaceutical target

GnRH-RI has been a target for many synthetic GnRH-I analogues as a treatment 

for a variety o f endocrinopathies, such as hypogonadotropic hypogonadism (HH) (Conn 

and Crowley, 1994). Low doses of synthetic GnRH analogs administered in a pulsatile 

fashion are able to restore fertility by restoring the HPG axis. In contrast, high doses of 

GnRH agonists desensitize the HPG axis, resulting in a decline in the production of 

estrogen and testosterone (Conn and Crowley, 1994). This protocol is often used 

clinically in the treatment o f hormone-dependent cancers, such as prostate and breast 

cancers. Other treatments that currently take advantage of the ability o f GnRH-I to cause 

homologous desensitization of GnRH-RI include treatments for benign prostatic 

hypertrophy, endometriosis, uterine fibroids, premenstrual syndrome, polycystic ovarian 

syndrome, hirsutism, acne vulgaris and precocious puberty (Conn et al., 1994). GnRH 

antagonists are a new line o f treatment that is increasing in popularity due to the 

decreased side effects and lack of an initiaL stimulation and disease flare up caused by 

agonists. (Millar et al., 2000; Schultze-Mosgau et al., 2005).

A third major use o f GnRH-I analogues is ovarian hyperstimulation regimens for 

assisted reproductive technology (ART). In humans this protocol uses a synthetic FSH
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analog to cause maturation of follicles in conjunction with a GnRH-RI antagonist that 

blocks endogenous FSH and LH release, effectively blocking ovulation. When follicles 

are fully mature (17 mm), women are treated with human chorionic gonadotropin (hCG), 

which would cause ovulation within 36 h. However, eggs are retrieved from multiple 

mature follicles by ultrasound-guided needle prior to ovulation (Antagon FDA product 

sheet). Novel clinical applications o f GnRH analogs are also being developed, such as 

their use as a new class o f male and female contraceptives (Amory et al., 2006; 

Griesinger et al., 2000; Anderson et al., 2002; Fraser, 1993). The large number o f drugs 

targeting the GnRH receptor is not surprising, as over 200 major prescription drugs target 

GPCRs, representing over 30% o f the total drugs on the market (Wise et al., 2002).

l.S GnRH-RI Regulation

The carboxy-terminal tail is uniquely absent in human GnRH-RI (Millar et al., 

2004). GnRH-RI does not demonstrate an abilitiy to undergo rapid homologous 

desensitization and does not exhibit agonist-induced receptor phosphorylation, which may 

be due to the lack o f key tail sequences needed to mediate desensitization (Davidson et 

al., 1994; Heding et al., 1998; Vrecl et al., 1998; Willars et al., 1999; McArdle et al., 

2002). GnRH-RH, which has a carboxy-terminal tail, is rapidly internalized upon agonist 

binding. As well, the addition of the carboxy-terminal tail from the catfish GnRH-R to 

the human GnRH-RI conferred rapid desensitization to the receptor upon agonist binding 

(Willars et al., 1999). This supports the hypothesis that the unusual resistance o f the 

mammalian GnRH-RI to receptor desensitization is due to the lack o f key sequences 

needed to mediate desensitization.

Although GnRH-RI is not desensitized through rapid internalization, a relatively 

rapid desensitization o f GnRH-stimulated Ca2+ mobilization does occur (McArdle et al., 

1996). In the absence o f receptor desensitization, it has been proposed that this reflects a 

reduction in the efficiency with which IP3 mobilizes Ca2+ from the intracellular pool 

(McArdle et al., 1996). Studies later revealed this effect to be dependent on a reduction 

in the number o f IP3 receptors (Willars et al., 2001). It should be mentioned that agonist- 

activated GnRH-RI will internalize slowly via clathrin-coated vesicles, and this process 

occurs independently o f f)-arrestin and dynamin (Vrecl et al., 1998; McArdle et al., 2002;
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Hislop et al., 2001). A recent study by Pawson et al. (2008) has shown that GnRH-Rl 

undergoes agonist-independent constitutive internalization (Pawson et al., 2008). 

Decreased expression of GnRH-RI, Gq/u, PKC and cAMP proteins after long term GnRH 

stimulation, as well as the attenuation of PLD activity and arachadonic acid release, could 

all play a role in desensitization (McArdle et al., 2002; Liu et al., 2003). A study by 

Shacham et al. (2005) employed sythetic peptides mimicking the intracellular loops o f 

GnRH-RI in combination with inositol phosphate assays to identify domains important in 

desensitization. This study was performed on the premise that a synthetic peptide that 

contained residues important for desensitization would acts as decoys for desensitizing 

accessory proteins, allowing the receptor to continue Gq/u activation and thus IP3 

production longer, thus identifying this portion of the receptor. They identified a serine 

residue in position 153 within the first intracellular loop of hGnRH-RI that appears to 

play a role in desensitization of hGnRH-RI. The signaling inhibition at this site is 

phosphorylation-independent and may involve accessory proteins such as RGS proteins, 

GRKs, Src homology 2 domain-containing proteins, small G proteins, polyproline­

binding proteins, receptor activity-modifying proteins, and members o f the scaffolding 

family o f proteins such as PDZ domain-containing proteins, which are all known to 

regulate GPCR signaling (Millar et al., 2004). The balance between regulated endocytic 

and exocytic receptor trafficking dictates the level o f GPCR expression at the plasma 

membrane and thus the magnitude of cellular response elicited by a given signal. This 

supports the first objective o f my study: to investigate the unique localization of hGnRH- 

RI, which biochemical data has suggested includes a decreased plasma membrane 

expression and evolutionary trend towards an intracellular receptor.

1.6  Objective 1: Cellular Localization Study of human GnRH-RI

Our current understanding of GPCR signaling and the mechanisms that regulate it 

are perhaps best understood for the (^-adrenergic receptor and accordingly this has served 

as the prototypical receptor for subsequentjtudies (Kroeze et al., 2003). However, it is 

now very clear that there are significant variations in the mechanisms that regulate GPCR 

signaling. GnRH-RI is a structurally unique GPCR that differs greatly from the 

prototypical GPCR in its structure, cellular localization as well as its regulation
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(Ferguson, 2001). Recent research suggests that the mammalian GnRH-RI is one o f the 

most evolutionary advanced members within the GPCR superfamily and its mechanism 

of action may be representative o f numerous other GPCRs (Janovick et al., 2006). Strong 

biochemical data suggesting that hGnRH-RI is primarily an intracellular receptor with 

weak surface expression led me to consider that this receptor is evolving towards greater 

intracrine signaling. Since none of the prior reports that described the intracellular 

retention o f GnRH-RI actually performed image-based cellular localization studies o f the 

receptor, I undertook a detailed spatial characterization of the receptor in two human cell 

lines, HEK 293 and HTR-8/SVneo. The centrality o f GnRH-RI in the reproduction 

process renders this and further molecular research both warranted and imperative.

1.7 Protein Kinase C

1.7.1 Discovery o f PKC

The study of how protein phosphorylation mediates hormone action first began in 

the 1950s, with the first protein kinase, PKA, being described in 1960 (Walsh et al., 1968) 

followed by the discovery o f PKG in 1970 (Kuo et al., 1970). In 1977, a very active 

protein kinase was isolated from rat brain that was independent o f any cyclic nucleotide 

(Inoue et al., 1977). This enzyme could be activated by diacylglycerol in the presence of 

phospholipids and very low concentrations o f Ca2+, and so this protein was named protein 

kinase C (C for its requirement o f Ca2+) (Takai et al., 1979). Protein kinase C research 

grew in popularity with the discovery that it acts as the receptor o f tumor-promoting 

phorbol esters, which contains a diacylglycerol-like structure in its molecule, allowing it 

to directly activate PKC and elicit a cellular response (Castagna et al., 1982).

1.7.2 PKC classes and structure

In 1986 the first papers describing PKC as a group of distinct isoforms, rather than 

a single identity were published (Coussens et al., 1986; Ono et al., 1986). Today, we 

know that the mammalian PKC is a large family of serine/threonine protein kinases 

consisting of 10 isotypes encoded by 9 genes (Ohno et aL, 2002). The isoforms can be 

classified into three groups: the conventional, novel and atypical PKCs. The conventional 

PKCs o, pi, pil and y are activated by DAG, Ca2+ and phosphatidylserine (PS), the novel
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PKCs 8 , e, q/L, and 0 are activated by DAG and PS, and the atypical PKC \fk and £ are 

only activated by PS (Newton et al., 2003). The PKC isoforms share a conserved 

serine/threonine protein kinase domain located in the C-terminal half of each isoform, but 

differ in the N-terminal domain which house the membrane-targeting modules (Newton et 

al., 2003). Figure 1.5 depicts the differences in primary structure between PKC isoforms. 

PKCs contain two types o f membrane-targeting domains, C l and C2 (Newton et al., 

2003). The C l domain functions as a diacylglycerol sensor and is a tandem repeat in the 

conventional and novel PKCs. The atypical PKCs have an impaired C l domain that lacks 

critical residues required for interaction with diacylglycerol or phorbol esters. The C2 

domain acts as a Ca2+-regulated phospholipid binding module in conventional PKCs that 

shows specificity to acidic phospholipids such as phosphatidylserine (Ohno et al., 2002). 

The C2 domain in novel PKCs does not bind Ca2+ or phospholipid and this domain is 

entirely absent in the atypical PKCs. One portion of the regulatory domain, the 

autoinhibitory pseudosubstrate, is conserved in all isoforms. The pseudosubstrate is 

found N-terminal to the C l domain in all isoforms.

PKC isoforms are widely expressed, from Drosophila  and C. elegans to mammals 

(Ohno et al., 2002). Although they do not express all three classes o f PKCs, even yeast 

displays one or two closely related PKCs depending on the species (Ohno et al., 2002). 

The yeast PKCs contain domains common to multiple protein kinases, suggesting that 

yeast retains an ancestral form o f the protein that evolved into many of the protein kinases 

that we have in multicellular organisms today (Mellor et al., 1998). The mammalian 

PKCs, specifically the human and mouse PKC isoforms, which will be the focus o f this 

dissertation, are found on multiple chromosomes range from 592 (PKC Q  to 737 (PKC e) 

amino acids in length (Ohno et al., 2002).

1.7.3 Processing and activation of PKC

Newly synthesized PKC associates with a membrane compartment in the cell 

(Sonnenburg et al., 2001) in an “open^ conformation in which the autoinhibitory 

pseudosubstrate in removed from the substrate binding cavity (Dutil et al., 2000). This 

open conformation exposes the activation loop and the C terminus, which is critical for 

the next steps o f PKC processing in which PHVdependent kinase 1 (PDK-1) docks on the



Figure 1.5 Primary structure o f the three classes o f PKC isoforms: conventional, novel 

and atypical. All kinases have a conserved kinase core (black rectangle) made up of the 

C3-V4-C4 domains. The kinase core contains a phosphorylation site called the activation 

loop (circle). The C-terminal extension (y 5 domain) contains two phosphorylation sites: 

the turn motif and the hydrophobic motif (circles). The isoforms differ in their regulatory 

N-terminal sequences, which contains the membrane-targeting modules. All isoforms 

contain an autoinhibitory pseudosubstrate sequence (white square) that is N-terminal to 

the Cl domain (dark grey rectangle). The C l domain is a tandem repeat for conventional 

and novel PKCs (CIA and ClB) and functions as a diacylglycérol sensor. Atypical 

PKCs have an impaired C l domain that does not respond to diacylglycérol (or phorbol 

esters) and lacks a C2 domain (light grey rectangle) that acts as a calcium-regulated 

phospholipid binding module in conventional PKCs. The C2 domain in the novel PKCs 

binds neither calcium nor membrane phospholipids. Modified after Newton et al., 2003.
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C terminus and phosphorylates the activation loop (Gao et al., 2001). PDK-1 is then 

released from the C-terminus, allowing autophosphorylation of the turn motif and 

hydrophobic m otif in conventional PKCs (Behn-Krappa et al., 1999). It is still unclear 

whether the novel and atypical isoforms undergo phosphorylation of these motifs by 

autophosphorylation or through another kinase (Ziegler et al., 1999). Phosphorylation of 

the C-terminal sites results in conformational rearrangements that lock PKC into a more 

thermally stable conformation in which the pseudosubstrate is bound in the substrate- 

binding cavity. This “closed” conformation is resistant to degradation by proteases and 

phosphatases and allows the now mature PKC to be released from its associated 

membrane to diffuse into the cytosol. The bulk o f the mature enzyme is localized to the 

cytosol, however, isoform-specific binding partners may localize a fraction of the PKC to 

specific intracellular sites (Mochly-Rosen et al., 1998; Jaken et al., 2000).

Activation o f PKCs into an active form with full kinase ability occurs differently 

for each class o f isoform. Both the conventional and novel isoforms benefit from Gq/u 

activation, which produces IP3, DAG and Ca2+, whereas the atypical PKCs do not use 

either o f these substrates, but may utilize other products downstream of Gq/n signaling 

such as arachadonic acid (Muller et al., 1995). The conventional PKC isoforms bind Ca2+ 

on their C2 domain, causing a conformational change, which exposes a hydrophobic plate 

(Newton et al., 2003) that will tether PKC to the plasma membrane upon collision 

(Nalefeki et al., 2001; Schafer et al., 2001). The tethered PKC will diffuse in the plane of 

the membrane until in comes in contact with membrane-bound diacylglycerol. The C l 

domain will then bind DAG, causing a high-affinity interaction between the membrane 

and PKC and giving the PKC enough energy to release its pseudosubstrate from die 

substrate-binding cavity. This allows PKC to bind and phosphorylate its substrate, 

leading to downstream signaling (Newton et al., 1998; Sakai et al., 1997; Oancea et al., 

1998).

Novel PKCs are not pre-targeted to the membrane by Ca2+ like die conventional 

isoforms, decreasing the probability o f encountering membrane-bound DAG (Schaefer et 

al., 2001). When random contact with the plasma membrane brings the novel PKCs in 

contact with DAG, the high-affinity membrane binding, release o f pseudosubstrate and 

activation of the kinase is identical as that seen for the conventional PKCs (Newton et al.,
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2003). The atypical PKCs do not bind DAG or Ca2+ and what regulates their activation is 

not well defined, although evidence has shown that lipid components, such as 

phosphatidylinositols (Pis) (Nakanishi et al., 1993), phosphatidic acid (Limatola et al., 

1994), arachidonic acid and ceramide (Muller et al., 1995) all activate atypical PKCs.

The membrane-bound active PKC is highly susceptible to dephosphorylation by 

phosphatases (Dutil et al., 1994) and is rapidly dephosphorylated. The dephosphorylated 

PKC becomes associated with the detergent-insoluble cell fraction where it will 

eventually be degraded. It is proposed that dephosphorylated PKC may be targeted for 

degradation by ubiquination (Lee et al., 1997; Lu et al., 1998) and are targeted to 

endosomes in a caveoiin-dependent maimer (Prevostel et al., 2000). A fraction of 

dephosphorylated PKC will bind the molecular chaperone Hsp70, which stabilizes the 

protein and allows it to be rephosphorylated (Gao et al., 2002) and become catalytically 

competent, but inactive, in the cytosol. Binding o f Hsp70 prevents PKC degradation and 

is energetically favourable for the cell (Gao et al., 2002).

1.7.4 PKC isoforms activated by GnRH-RI signaling

As previously mentioned, in both the placenta and the pituitary, GnRH-RI is 

coupled to the Gq/u pathway, producing secondary messengers with the ability to activate 

PKC isoforms. However, it is still unclear as to which specific PKC isoforms are 

activated downstream of GnRH-RI in these human tissues. A mouse pituitary 

gonadotrope cell line, aT 3-l, has been used as a model to address this question, however, 

the possibility remains that this mouse model does not recapitulate what happens in the 

human cell. The mouse and human GnRH-RI differ significantly in a few key residues, 

as discussed in section 1.3.2, further calling into question the validity o f these studies. 

The PKC isoforms also contain species-specific differences, which may also confound 

attempts to elucidate the human signaling pathway using this mouse model.

A variety o f methods, some o f which arerdescribed below, have been developed to 

study PKC activation. Gene expressionjitudies determine which isoforms have been 

activated in response to GnRH stimulation by looking for an upregulation o f gene 

product, working under the assumption that a fraction o f activated PKC is degraded and 

must be replaced (Shraga-Levine et al., 1994). Protein studies o f PKC activation look for



35

the localization o f the PKC within the cell, using cell fractionation following western 

blot, immunofluorescene in fixed cells or performing live cell imaging using GFP-tagged 

PKC isoforms (Kratzmeier et al., 1996; Sakai et al., 1997; Babwah et al., 2003; Farshori 

et al., 2003; Maccario et al., 2004). In 2003, Farshori et al. undertook a comprehensive 

study o f all o f the mouse PKC isoforms activated by the mouse GnRH-RI in HEK 293 

cells. Using immunofluorescene with anti-PKC antibodies at fixed time points post­

stimulation, they determined which isoforms were activated by looking for PKC at the 

plasma membrane. They reported that PKC a and 5 both translocated to the plasma 

membrane, whereas PKC e, i and X did not (Farshori et al., 2003). Western blot analysis 

on subcellular fractions o f GnRH-RI agonist-stimulated aT3-l gonadotrope cell lines 

showed than PKC 5, but not PKC e translocated to the plasma membrane (Maccario et al., 

2004), whereas Kratzmeier et al (1996) found that GnRH stimulation caused translocation 

o f PKC e and £ but not PKCa using the same technique and the same cell line. The 

evidence surrounding which PKC isoforms are activated in response to mouse GnRH-RI 

is inconclusive and in some cases contradictory. Once again, these studies were all 

performed using the mouse GnRH-RI and mouse PKC isozymes and cannot necessarily 

explain the signaling in a human system.

1.8 Objective 2: Molecular characterization o f early GnRH-RI signaling

To complement my cellular characterization of hGnRH-RI, I investigated the 

early signaling pathway of the Gq/u-coupled hGnRH-RI; specifically the activation of 

PKC isoforms. The crucial role that PKC plays in the synthesis and release o f die 

gonadotropins from the anterior pituitary downstream of GnRH binding has been well 

studied, however there is no literature describing which PKC isoforms in the human cell 

are activated downstream of hGnRH-RI. Previous studies that investigate this question 

using mouse pituitary cells, which endogenously express the mouse PKC isoforms and 

mouse GnRH-RI, may not recapitulate what happens in the human cell. For example, the 

rat metabotropic glutamate receptor isoforms, la  and 5a differ in several key residues 

(Dale et al., 2001). One o f them is Asp854 (mGluRla) and Thr840 (mGluR5a) and it has 

been shown that this single residue regulates PKC pil oscillatory frequency (Dale et al., 

2001). Additionally PKC isoform protein sequences are not fully conserved across



36

species. For example, a study by Aris et al. (1993) showed that human PKC 6  had about 

88% nucleotide sequence identity to the rat and mouse PKC 8  sequence, however 

biochemical differences, such as substrate and lipid dependencies, were observed between 

the species. Given the fact that just single amino acid changes in an isoform can 

significantly alter PKC responses upon receptor activation there is little support to suggest 

that the relationships between the rodent GnRH-RI and PKC isoforms can be extrapolated 

to the human cell Therefore, I proposed there is a need for a direct study looking at the 

hGnRH-RI stimulated hPKC isoform responses.

A second focus of my study was to compare the ability o f known naturally- 

occurring mutants o f hGnRH-RI to stimulate PKC translocation to the plasma membrane 

in a similar fashion to their wild type counterpart. There are currently 21 known naturally 

occurring mutations o f hGnRH-RI, which cause partial to complete hypogonadotropic 

hypogonadism, a disease state in which there is absent or decreased function of the 

gonads, presenting as a delay in sexual development and inappropriately low 

gonadotropin and sex steroid levels (Bhagavath et al., 2003). Previous studies performed 

on some o f the known mutants in COS-7 cells have shown that many o f these mutants are 

incapable o f normal signaling, as shown by their inability to produce IP3 in response to 

agonist stimulation (Conn et al., 2002; Leanos-Miranda et al., 2002; Janovick et al., 2003; 

Topaloglu et al., 2006). Since the naturally-occuring GnRH-RI mutants have reduced 

DAG and Ca2+ generating cofactors relative to the WT receptor, I was interested in 

determining whether this diminished capacity significantly affected the spatial and 

temporal characteristics o f the downstream PKC response. I chose to look at 17 of the 

known mutants in HEK 293 cells coexpressed with GFP-PKC (HI. I chose PKC pil since 

I previously found that this isoform gives a robust oscillatory response to the agonist 

activated WT receptor and felt that subtle changes in its response to mutant receptor 

activation cold be best detected relative to the other isoforms. Although previous studies 

have reported on the ability of the GnRH-RI mutants to produce IP3,1 thought it pertinent 

to perform IP3 assays to gain confidence, as.well as avoid confounding factors, such as 

the fact that I have used a FLAG-tagged receptor and HEK 293 cells as opposed to the 

COS-7 cells used in previous studies.
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Although the GnRH-RI is a GPCR and shares many structural and signaling 

properties with other GPCRs, it is also a very unique GPCR. As a result o f the many 

unique properties and the clinical importance of GnRH-RI, it is important to characterize 

this receptor in detail. Surprisingly, I found that while there is a plethora o f detailed and 

complex studies performed on this receptor, such as the effect o f GnRH pulse frequency 

on GnRH-RI-mediated gene transcription (Ciccone et al., 2008) some very basic studies 

are lacking. Two such studies are the characterization of the spatial and temporal 

properties o f the receptor in a homologous and heterologous cell system and a clearer 

picture o f the early signaling pathway the receptor couples to following activation. It was 

therefore the primary focus o f my research to better characterize basic cellular and 

molecular properties o f GnRH-RI. In the following chapter, I report largely on the spatial 

characteristics of GnRH-RI in the heterologous and homologous cell lines, HEK 293 and 

Human Trophoblast (HTR-8/SVneo), respectively. This study revealed that while GnRH- 

RI is weakly expressed at the plasma membrane of both cell types, it is strongly expressed 

in the cytoplasm and on the nuclear membrane. In the next chapter, I then characterized 

the plasma membrane-bound GnRH-RI/PKC-coupled signaling pathway in HEK 293 

cells. Based on the spatial and temporal responses o f these PKC isoforms following 

receptor activation, it appears that various isoforms may have both unique and redundant 

roles in regulating GnRH-RI signaling. While this was only a preliminary study, it is 

nevertheless the most detailed and direct study to date to examine which PKC isoforms 

are involved in regulating GnRH-RI signaling in human cells.
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2.1 Introduction

The gonadotropin releasing hormone receptor (GnRH-R) is a G protein-coupled 

receptor (GPCR) belonging to the rhodopsin family (Millar et al., 2004). In mammals, 

the type I receptor (GnRH-RI) is expressed in a variety o f cell-types including pituitary 

gonadotropes, T-cells and placental cytotrophoblasts (Cheng et al., 2000). In these cells, 

ligand-activated GnRH-RI couples predominantly to Gq/u but in other cell-types also 

couples to other G proteins such as Gs and Gi (Millar et al., 2004; Cheng and Leung, 

2005). In humans, GnRH-RI is located at 4ql3.2-3 and consists of three exons and two 

introns that encode a 328 amino acid protein (Ulloa-Aguirre et al., 2004).

The mammalian type I GnRH-R is structurally unique among GPCRs, including 

other GnRH-Rs expressed in non-mammalian and some primate species, in that it does 

not possess an intracellular tail (Millar et al., 2004; Cheng and Leung, 2005). The 

absence o f COOH-tail sequences may have resulted in a receptor that lacks sequences 

necessary for promoting rapid desensitization and internalization as well as strong plasma 

membrane expression (PME) (Janovick et al., 2006). In addition, based on biochemical 

studies (radioligand binding and inositol phosphate formation assays) performed in 

African Green Monkey Kidney Fibroblast Cells (COS-1) and Human Embryonic Kidney 

(HEK 293) cells, it has been demonstrated that the presence o f a primate-specific lysine 

residue at position 191 (K191) in the human GnRH-RI also contributes to reduced 

cellular expression and increased internalization kinetics o f the receptor, leading to an 

overall reduction in PME compared to its rat and mouse counterparts (Arora et al., 1995, 

Maya-N Nufiez et al., 2000). The presence o f this primate-specific K191 causes the 

apparent disruption o f a sulfhydryl bridge and subsequent formation o f misfolded 

receptors resulting in the retention of the protein in the endoplasmic reticulum (ER) 

(Janovick et al., 2006). The loss o f cytoplasmic tail sequences and presence o f the K191, 

which have led to decreased PME and greater intracellular expression of GnRH-RI, are 

believed to be the result o f a recently evolved strategy. This strategy provides the cell a 

very effective mechanism for rapidly regulating cell surface receptor number and hence 

GnRH-RI-mediated cell signaling events (Janovick et al., 2006), while at the same time 

being able to dispense away with the cellular machinery required for rapid desensitization 

and internalization.
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It is believed that the ER-retained misfolded receptors are eventually degraded by the 

cell’s QCS (Janovick et al., 2006). It has also been suggested that part o f this retained 

intracellular pool o f receptor provides a source o f GnRH-RI needed for rapid availability 

to the cell without the need for transcription or translation (Janovick et al., 2006). In 

addition to these suggestions, we propose that greater intracellular expression of a 

receptor, which is normally expressed at the cell surface, is perhaps an indication that the 

cell may be evolving towards greater intracrine signalling, with respect to that receptor. 

Since none of the prior reports that described the intracellular retention o f GnRH-RI 

actually performed image-based cellular localization studies o f the receptor, we 

undertook a detailed spatial characterization o f the receptor with the aim of providing 

evidence to support our idea that the mammalian GnRH-RI is evolving towards greater 

intracrine signalling. The following provides a brief introduction to this study.

N-terminal FLAG-epitope tagged human GnRH-RI (hGnRH-RI) was expressed in 

the heterologous and homologous cell lines, HEK 293 and Human Trophoblast (HTR- 

8/SVneo), respectively (Graham et al., 1993). In addition, the N-terminal FLAG-epitope 

tagged mouse GnRH-RI (mGnRH-RI) was also expressed in these cell lines. An epitope 

tagged receptor was used so that the cellular distribution of GnRH-RI could be 

determined in immunocytochemical studies through the use o f an antibody against the 

epitope. Ideally, it would have been preferable to conduct these studies with an untagged 

receptor, however, anti-GnRH-RI antibodies that are effective in detecting GnRH-RI 

immunocytochemically are not commercially available. The FLAG epitope was chosen 

for two reasons. The first is because the anti-FLAG antibodies have proven their utility in 

providing strong spatial data on FLAG-tagged proteins in a variety o f cells (Baroudi et 

al., 2002; Panyi et al., 2003; Bhattacharya et al., 2004; Han et al., 2008). The second is 

because a study by Brothers et al. (Brothers et al., 2003) demonstrated that the use of 

other epitopes, such as the HA epitope can promote the non-specific association of the 

receptor with the plasma membrane while the GFP tag can significantly affect protein 

conformation. The study by Brothers et al.j(Brothers et al., 2003) did not report on the 

effects o f the FLAG epitope, but experiments conducted in our laboratory, and described 

within this report, demonstrate that the human untagged and FLAG-tagged GnRH-RI 

have similar biochemical properties and these are different from that o f the HA-tagged
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GnRH-RI. This led us to conclude that the untagged and FLAG-tagged GnRH-RI may be 

used interchangeably in our study.

Here we report, based on spatial imaging data, that in both human cell lines the 

human and mouse FLAG-GnRH receptors were expressed at the nuclear membrane. 

Additionally, both receptors were expressed in the cytoplasm, however, the human 

receptor was highly associated with die ER, while the mouse receptor was distributed 

more widely in the cytoplasm. These findings reveal (hat GnRH-RI is a member o f a 

small but growing class o f nuclear GPCRs and this suggests the existence o f an entirely 

new facet to GnRH-RI signaling within the cell.

2.2 Materials and Methods

2.2.1 Materials

Restriction enzymes were obtained from Promega (Madison, WI, USA) and New 

England Biolabs Inc. (Pickering, ON, Canada). HEK 293 cells were from American Type 

Culture Collection (ATCC, Manassas, VA, USA). HTR-8/SVneo cells were a gift from 

Dr. Peeyush Lala from the University o f Western Ontario. Fetal bovine serum (FBS), 

collagen, rabbit anti-FLAG antibody and Buserelin were purchased from Sigma Aldrich 

Inc. (Oakville, ON, Canada). Mouse anti-lamin A/C, and mouse anti-calnexin were 

purchased from AbCam (Cambridge, MA, USA). Mouse anti-GM130 was purchased 

from Transduction Laboratories (BD Biosciences, Mississauga, ON, Canada). All 

primary antibodies detect the human and mouse homologues. Secondary antibodies 

conjugated to Alexa Fluors, Hoechst dye, pcDNA3.1/Hygro(+) vector, media and media 

supplements were acquired from Invitrogen (Burlington, ON, Canada). Quisqualate was 

from Tocris Biosciences (Avonmouth, Bristol, UK). All other biochemical reagents and 

culture products were purchased from BioShop, Fisher Scientific and VWR.

2.2.2 Plasmids expressing human GnRH-RI and its mutants

A 987-bp cDNA fragment containing the complete coding sequence of human 

GnRH-RI (accession number NM 000406.2) was obtained by RT-PCR from QUICK- 

CloneTM cDNA library (Clontech Laboratories Inc., Mountain View, CA, USA). The 

FLAG tag at the amino terminus o f hGnRH-RI was obtained by inserting the cDNA
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between the Hindlll and EcoRI sites of pFLAG/CMV-II vector. FLAG-hGnRH-RI was 
then cloned into the pcDNA3.1/Hygro(+) vector using Nhel and Notl sites.

To create the HA tagged hGnRH-RJ construct, hGnRH-RI was subcloned from 
the FLAG-GnRH-RI vector using Nhel and Notl into a pcDNA 3 vector that had been 
modified to include the HA tag sequence upstream of Nhel.

The untagged receptor was created by inserting an EcoRI site with a Kozak 
sequence between the FLAG tag and hGnRH-RI by PCR and then subcloning hGnRH-RI 
into the pcDNA 3.1 Neo vector using EcoRI and Notl.

To create the NLS deletion mutant, K191 deletion mutant, K191E mutant and 3 
naturally occuring mutants, FLAG-hGnRH-RI was subjected to site-directed mutagenesis 
using the QuickChange kit following manufacturer’s instructions (Stratagene, Santa 
Clara, CA, USA). Oligonucleotides from Sigma Genosys (Oakville, ON, Canada) were 
used. The putative NLS deletion mutant was created by performing two sequential 
deletions; first removing K66 and K67, followed by the deletion of E68, K69, G70, K71 
and K72. The following oligonucleotides were used. The mutated codon is highlighted 
in grey and the altered nucleotides are underlined. In the case of deletion mutants, a A 

signifies deleted codons.
Putative NLS deletion mutant
K66del/K67del FWD CTTCAGAAGTGGACACAGiGAGAAAGGGAAAAAGCTC 
K66de!/K67del REV GAGCTTTTTCCCTTTCTC|CTGTGTCCACTTCTGAAG 
E68del/K69del/G70del/K71 del/K72del FWD
GTTGAAACTTCAGAAGTGGACACAG|CTCTCAAGAATGAAGC
E68del/K69del/G70del/K71 del/K72del REV
GCTTCATTCTTGAGAGiCTGTGTCCACTTCTGAAGTTTCAAC
The lysine 191 mutants and naturally occurring mutants were created in a single
mutagenesis reaction using the following oligonucleotides:
Lysine 191 mutants
K191E FWD GCAGACAGCTCTGGACAGACAgAAGTTTTCTCTCAATGTG
K191E r ev  ca ca ttg a g a g a a a a g H H tg tctg tcca g a g ctg tctg c

K191 deletion FWD GCTCTGGACAGACAiGmTCTCTCAATGTGTAACACAC 
K191 deletion REV GTGTGTTACACATTGAGAGAAAAQ§TGTCTGTCCAGAGC
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Naturally Occuring Mutants
A129D GnRH-RI FWD CCATGTATGCCCCAGACTTCATGATGGTGG 
A129D GnRH-RI REV CCACCATCATGAAGEGTGGGGCATACATGG 
A171T GnRH-RI FWD
CTGGATCCTCAGTAGTGTCTTTiCAGGACCACAGTTATACATCTTCAGG 

A171T GnRH-RI REV
CCTGAAGATGTATAACTGTGGTCCTGTAAAGACACTACTGAGGATCCAG 
R262Q GnRH-RI FWD
CAATATACCAAGAGCAiAQCTGAAGACTCTAAAAATGACGGTTG 
R262Q GnRH-RI REV
CAACCGTCATTTTTAGAGTCTTCAG|i|TGCTCTTGGTATATTG 
A 984-bp cDNA fragment containing the complete coding sequence of mouse GnRH-RI 
(accession number NM_010323.1) was isolated by RT-PCR using RNA from the 
pituitary of a female 129/Sv mouse (Charles River). Bam HI and Not I sites were cloned 
onto the 3* and 5’ end of the cDNA construct, respectively. To create the FLAG-tagged 
mouse GnRH-RI construct, the human GnRH-RI was removed from the FLAG-pcDNA 
3.1 Hygro+ vector using BamHI and Notl and the mouse GnRH-RI ORF was ligated in. 
The sequence integrity of each of the constructs were verified by sequencing conducted 
by Robarts Research Institute (London, ON, Canada).

2.2.3 Cell culture and Immunofluorescence
HEK 293 cells were cultured in MEM supplemented with 10% (v/v), FBS, 1% 

(v/v) non-essential amino acids and gentamicin (5 pg/ml) (Babwah et al., 2003). HTR- 
8/SVneo cells were maintained in RPMI supplemented with 10% FBS, 1% non-essential 
amino acids, 1% glutamax, 1% sodium pyruvate and 1% penicillin/streptomycin (v/v) 
(Graham et al., 1993). Both cell lines were maintained at 37 °C in a humidified 
atmosphere containing 5% CO2. HEK 293 cells were transiently transfected with 5 pg of 
DNA using a modified Ca2+ phosphate method as previously described (Babwah et al., 
2003). After transfection (18 h), the cells were incubated with fresh medium, allowed to 
recover for 6 hours and reseeded onto 18 mm collagen-coated glass coverslips. Cells 
were allowed to grow an additional 18 h prior to experimentation. HTR-8/SVneo cells
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were transiently transfected with 10 pg of DNA by electroporation using the Bio-Rad 

Gene Pulser Xcell System with 0.2 mm electroporation cuvettes (BioRad) and the CHO 

preset protocol. Post transfection, cells were allowed to recover for 24 h before being 

plated on 18 mm collagen coated glass coverslips in 12 well plates. 42-44 h post­

transfection, both HTR-8/SVneo and HEK 293 cells were washed twice with Hanks’ 

balanced salt solution (HBSS: 1.2 mM KH2PO4, 5 mM NaHCC>3, 20 mM HEPES, 11 mM 

glucose, 116 mM NaCl, 4.7 mM KC1,1.2 mM MgS0 4 , 2.5 mM CaCh, pH 7.4) and either 

stimulated [100 nM Buserelin for GnRH-RI and 100 pM Quisqualate for mGluR5a] for 

two hours or left untreated, based on previous studies (Leahos-Miranda et al., 2005). 

Cells were fixed and permeabilized using 4% formaldehyde and 0.2% Triton-X in HBSS 

for 20 minutes, washed 4 times with HBSS and blocked with HBSS-3%BSA for 30 

minutes before the addition o f primary antibody. Cells were incubated with primary 

antibody overnight at 4 °C at the following concentrations: polyclonal anti-FLAG 1:2000, 

monoclonal anti-calnexin 1:100 (to detect endoplasmic reticulum), monoclonal anti- 

GM130 1:100 (to detect die Golgi apparatus), monoclonal anti-lamin A/C 1:10 (to detect 

the inner nuclear membrane). Coverslips were then washed 4 times with HBSS and 

blocked for an additional 30 min in HBSS-3%BSA before incubation with secondary 

antibody for 45 min at room temperature. Goat anti-mouse antibody conjugated to 

AlexaFluor 488 was used at a dilution o f 1:250, while goat anti-rabbit antibody 

conjugated to AlexaFluor 568 was used at 1:1200. Cells were washed 4 times with HBSS 

and then counter-stained using Hoechst at 1:50000 (v/v) for 7 min to detect DNA. After 

4 additional washes with HBSS, cells were mounted onto glass slides and allowed to dry 

overnight at room temperature. Confocal analysis was performed on an Olympus 

Fluoview 1000 laser scanning confocal microscope using either the 60X Plan 

Apochromat 1.42 oil objective or the lOOx Plan superapochromat 1.4 Oil objective. 

Colocalization studies were performed using multiple excitation (405, 488, 559) and 

emission (band pass 425-475,500-545 nm and 575-675 nm for Hoechst, AlexaFluor 488 

and AlexaFluor 568 respectively) filter sets.. Multi-colour images were acquired in the 

sequential acquisition mode to avoid cross-excitation
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2.2.4 Nuclei isolation

Nuclei were isolated using the Sigma Nuclei EZ Prep Nuclei Isolation Kit. In 

brief, nuclei were isolated from HEK 293 cells expressing FLAG-GnRH-RI or FLAG- 

mGluR5a approximately 42-44 hours post-transfection. Cells were stimulated with 

agonist for 2 hours or left untreated, washed twice with ice cold PBS and then lysed with 

the provided buffer. Cells were collected and lysed using 15 strokes o f a 15 mL Dounce 

homogenizer using the tight pestle. The lysate was mixed with a 1.8 M sucrose solution 

and then layered over 10 mL o f 1.8 M sucrose solution in a 40 mL Beckman centrifuge 

tube (Beckman Coulter Inc., Fullerton, CA, USA). Tubes were spun at 12900 rpm in a 

swinging bucket rotor for 85 min to pellet the nuclei. The supernatant was removed and 

nuclei were washed and resuspended in storage buffer (provided). A sample o f nuclei 

were plated on 18 mm collagen-coated coverslips in 12 well plates and fixed and 

immunostained as described above.

2.2.5 Inositol Phosphate Formation

Inositol lipids were radiolabeled by incubating the cells overnight with 1 pCi/ml 

[3H]myo-inositol in Dulbecco's modified Eagle's medium. Unincorporated [^ m y o ­

inositol was removed by washing the cells with HBSS. Cells were preincubated for 1 h in 

HBSS at 37 °C and then preincubated in 500 pi o f the same buffer containing 10 mM 

LiCl for an additional 10 min at 37 °C. Next, the cells were incubated in either the 

absence or the presence of 100 nM Buserelin for 2 hs at 37 °C. The reaction was stopped 

on ice by adding 500 pi o f 0.8 M perchloric acid and then neutralized with 400 pi o f 0.72 

M KOH, 0.6 M KHCO3. The total [3H]inositol incorporated into the cells was determined 

by counting the radioactivity present in 50 pi o f the cell lysate. Total inositol phosphate 

was purified from the cell extracts by anion exchange chromatography using Dowex 1-X8 

(formate form) 200-400 mesh anion exchange resin. [3H]Inositol phosphate formation 

was determined by liquid scintillation using a Wallac LKB 1211 RackBeta liquid 

scintillation counter. The means ± S.E^are shown for the number o f independent 

experiments indicated in the figure legends. GraphPad Prism software was used to 

analyze data for statistical significance. Statistical significance was determined by
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Student’s t-test or one-way analysis of variance with Dunn’s post hoc multiple 

comparison test.

2.3 Results

This study employed the use o f the human embryonic kidney (HEK 293) and 

human trophoblast (HTR-8/SVneo) cell lines as models o f heterologous and homologous 

cell systems, respectively. The HEK 293 cell line is an established cell system for 

studying regulatory, temporal and spatial characteristics o f GPCRs (Babwah et al., 2003; 

Gardner et al., 2006, Wang et al., 2007), while HTR-8 SV/Neo is a trophoblast cell line 

that is an established system for studying human placentation (Graham et al., 1993). We 

were unable to detect the expression of GnRH-RI in HEK 293 cells by RT-PCR (data not 

shown) and therefore used this as a heterologous cell system for studying GnRH-RI 

expression. A previous study demonstrated that trophoblasts, including HTR-8/SVneo 

cells, express GnRH-RI (Cheng et al., 2000) and based on this we used HTR-8/SVneo as 

a homologous cell system for studying GnRH-RI expression. As previously stated, in the 

absence o f effective anti-GnRH-RI antibodies for conducting immunofluorescene, FLAG 

and HA amino terminus epitope-tagged receptors (open-reading frame only) were 

constructed and their utility in conducting this study was tested. Using inositol phosphate 

(IP) formation as an indication of signaling capacity, the FLAG and HA-tagged hGnRH- 

RI were compared to an untagged hGnRH-RI cDNA (accession number NM 000406.2) 

for their ability to stimulate agonist-dependent IP formation. Our data revealed that the 

GnRH agonist Buserelin stimulated FLAG-hGnRH-RI and cDNA expressing HEK 293 

cells produced similar levels o f IP, while the HA-hGnRH-RI produced significantly 

higher levels (Fig 2.1 A). Additionally, immunocytochemical analysis o f the HA- and 

FLAG-tagged receptors revealed that while both receptors were expressed and strongly 

localized intracellularly, the HA-tagged receptor was also readily detectable at the plasma 

membrane while the FLAG-tagged receptor was not (Fig 2.IB) and this plasma 

membrane expression may have accounted for the higher IP levels associated with the 

HA-tagged receptor. Based on these findings, and taken together with those reported by 

Brothers et al. (Brothers et al., 2003), we selected the FLAG-tagged GnRH-RI (human 

and mouse) for all subsequent studies. The FLAG-GnRH-RI DNA was introduced into



Figure 2.1 Effect of epitope tags on hGnRH-RI signaling and spatial localization. (A) 

Inositol phosphate (IP) production of HEK cells expressing hGnRH-RI constructs in 

response to 100 nM Buserelin was assessed as described in “Materials and Methods”. 

Data represent three to six independent experiments performed in triplicate and 

normalized to FLAG-hGnRHRI + S.E. * ,p  <0.05 versus IP formation of FLAG- 

hGnRH-RI. (B) HTR-8/SVneo cells transfected with either FLAG-hGnRH-RI (a) or 

HA-hGnRH-RI (b,c) subjected to indirect immunofluorescent staining using affinity 

purified rabbit anti-FLAG antibody followed by Alexa Fluor 568-conjugated anti-rabbit 

IgG (red) and counterstained with the nuclear dye, Hoechst (blue). Note the perinuclear 

localization of the FLAG-tagged hGnRH-RI (a, arrow) and the plasma membrane 

localization of HA-hGnRH-RI (b, arrowhead). Perinuclear localization of the HA- 

hGnRH-RI can also be seen in some cells (c, arrow). Scale bar = 10 pm.
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HEK 293 cells by Ca2+-phosphate transfection, while it was introduced into HTR- 

8/SVneo cells by electroporation. Transfection efficiency o f the HEK 293 cells was 

always greater than 75%, while that for HTR-8/SVneo cells was closer to 50% (data not 

shown).

Immunocytochemical studies performed on agonist (Buserelin) treated and 

untreated Triton X 100-permeabilized cells, using the anti-FLAG antibody clearly reveal 

that the spatial expression of FLAG-hGnRH-RI is identical in both HEK 293 and HTR- 

8/SVneo cells (Fig. 2.2) and that agonist stimulation did not affect the cellular distribution 

(data not shown). Expression of the receptor was visually undetectable at the plasma 

membrane but was strongly localized intracellularly in 100% of the transfected cells. 

While the receptor was distributed intracellularly throughout the cell there were two 

intracellular regions in which expression was very high. In 100% of all transfected cells, 

one region corresponded to a large part o f the cytoplasm, generally located to one side of 

the nucleus only, while in 75-95% of these cells, the receptor was also strongly observed 

at the perinuclear region (Fig 2.2). This perinuclear localization was also observed with 

the HA epitope-tagged hGnRH-RI (Fig 2.1). Since the cellular distribution of FLAG- 

hGnRH-RI was the same both in the absence and presence o f agonist, all subsequent 

studies with hGnRH-RI were performed in agonist-treated cells.

To characterize the spatial localization of the receptor in greater detail we 

examined the location of the receptor relative to calnexin, GM130 and lamin A/C; these 

are organellar markers for the ER, Golgi and the nuclear membrane, respectively, in both 

HEK 293 and HTR-8 SV/Neo cells. Our results revealed that a large fraction of the 

cytoplasmic pool o f receptors localized to the ER (Fig 2.3) while the perinuclear pool 

localized to the nuclear membrane (Fig 2.3). Receptor localization to the Golgi was 

detectable but not as high as in the ER (Fig 2.3). In all cases no differences were 

observed between the HEK 293 and HTR-8 SV/Neo cells (Fig 2.3). Since we consistently 

showed no differences in the localization o f the receptor in the two cell lines all other 

localization studies were conducted in theJHTR-8 SV/neo cell line only, except for data 

presented in Fig 2.5.

Next, we compared the distribution pattern o f FLAG-hGnRH-RI in HTR-8 

SV/neo cells to that o f FLAG-mGluR5a (metabotropic glutamate receptor 5a) and FLAG-



Figure 2.2 Spatial localization of FLAG-hGnRH-RI in agonist treated and untreated 

HTR-8/SVneo and HEK 293 cells. HTR-8/SVneo and HEK 293 cells transfected with 

FLAG-hGnRH-RI were treated with 100 nM Buserelin or left untreated and subjected to 

indirect immunofluorescent staining using affinity purified rabbit anti-FLAG antibody 

followed by Alexa Fluor 568-conjugated anti-rabbit IgG (reef) and counterstained with 

Hoechst (blue). Note the perinuclear localization of the FLAG-tagged hGnRH-RI seen in 

both cell lines (arrows). Scale bar = 10 pm.
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Figure 2.3 Spatial localization of FLAG-hGnRH-RI in HEK 293 and HTR-8/SVneo cell 

lines using organellar markers. HTR-8/SVneo cells expressing FLAG-hGnRH-RI were 

subjected to indirect immunofluorescent staining for the receptor (red) as well as the 

nuclear membrane, endoplasmic reticulum and Golgi (all shown in green).

Colocalization is seen as yellow staining. Column A: receptor alone; Column B: receptor 

+ Hoescht; Column C: organelle marker (lamin A/C, calnexin or GM130) + Hoescht; 

Column D: receptor + organelle marker. Column letters and roman numerals used as a 

coordinate system. hGnRH-RI immunoreactivity co-localized with the nuclear marker, 

lamin A/C, as seen by the yellow staining (ID, IID, arrows) as well as colocalizing with 

the endoplasmic reticulum marker, calnexin (HID, IVD). Less colocalization was seen 

between the receptor and the Golgi, as shown by less yellow staining (VD, VID). Scale 

bar =10 pm.
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p2-AR (p2-adrenergic receptor) in HTR-8/SVneo cells (Fig 2.4). Both receptors are 

GPCRs and mGluRSa has been well characterized as a nuclear GPCR that is expressed on 

the nuclear membrane (O’Malley et al., 2003; Jong et al., 2005) while the p2-AR has only 

been detected on the plasma membrane and in the cytoplasm (Salahpour et al., 2004; Cao 

et al., 2005). Immunocytochemical studies on agonist (quisqualate for mGluR5a and 

isoproterenol for P2-AR) treated cells permeabilized prior to the incubation of the anti- 

FLAG antibody revealed that mGluR5a colocalized with lamin A/C at the nuclear 

membrane in a pattern identical to that o f hGnRH-RI, while as expected, P2-AR was 

expressed at the plasma membrane (Fig 2.4). p2-AR and mGluR5a were also seen 

intracellularly, in vesicles and almost evenly distributed throughout the rest o f the 

cytoplasm. However, unlike mGluR5a, P2-AR was completely absent at the nuclear 

membrane. Interestingly, unlike FLAG-mGluR5a and FLAG- 02-AR, the cytoplasmic 

distribution o f FLAG-hGnRH-RI was often more strongly localized to one side o f the 

nucleus, rather than throughout the cell, and enrichment on vesicles was never detected 

(Fig 2.4). To test whether the differences in the spatial distribution were in part due to 

relative expression levels between the receptors, we performed SYBR green real-time 

PCR analysis o f receptor gene expression in HEK 293 cells. We found that all the 

receptors were expressed at similar levels (data not shown), suggesting that differential 

expression was not the underlying cause for these observations.

In addition to investigating the localization o f GnRH-RI in whole cells, we also 

performed immunolocalization studies on intact nuclei isolated from HEK 293 cells that 

were previously transfected with FLAG-hGnRH-RI or FLAG-mGluR5a. The purpose of 

these studies was to verify the nuclear localization of hGnRH-RI was real or was a visual 

aberration due to the result o f hGnRH-RI. It was possible that lamin A/C might have 

only appeared to colocalize with the pool o f receptor molecules in the adjoining 

perinuclear region. Thus by stripping away the cytoplasmic pool o f receptor, we could 

more confidently assess receptor expression on the nuclear membrane. The results from 

these experiments revealed that in the absence o f the cytosolic components, both FLAG- 

hGnRH-RI and FLAG-mGluR5a were still readily detectable at the nuclear membrane 

and colocalized with lamin A/C (Fig 2.5). These results demonstrate that the nuclear



Figure 2.4 Spatial localization of FLAG-mGluR5a and FLAG-P2AR in HTR-8/SVneo 

cells. HTR-8/SVneo cells transfected with either FLAG-mGluR5a (itop row) or FLAG- 

P2AR (bottom row) were subjected to indirect immunofluorescent staining for the 

receptor (red) as well as the nuclear membrane marker lamin A/C (green). Cells were 

counterstained with Hoechst (blue). Note the perinuclear localization of the FLAG- 

tagged mGluR5a (top row, arrow) and the plasma membrane localization of both FLAG 

mGluR5a and FLAG-P2AR (arrowheads). Scale bar =10 pm.
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Figure 2.5 Confocal microscopy of nuclei isolated from HEK 293 cells expressing 

FLAG-hGnRH-RI or FLAG-mGluR5a. Isolated nuclei from HEK293 cells expresing 

FLAG-hGnRH-RI or FLAG-mGluR5a were subjected to indirect immunofluorescent 

staining for the receptor (red) as well as the nuclear membrane marker lamin A/C 

(green). Cells were counterstained with Hoechst (blue). Note the colocalization of both 

FLAG-hGnRH-RI and FLAG-mGluR5a with the inner nuclear membrane marker lamin 

A/C (yellow, arrows). Scale bar = 10 pm.
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membrane localization o f hGnRH-RI is real and not the result o f a visual aberration due 

to overexpression o f the receptor in the perinuclear region.

Both the strong colocalization of hGnRH-RI and lam in A/C in HEK 293 and 

HTR-8/SVneo cells (Fig 2.3) and the identical pattern o f colocalization observed to that 

o f the nuclear mGluR5a and lamin A/C in HTR-8/SVneo cells (Fig 2.4) suggested that 

hGnRH-RI may be a nuclear GPCR associated with the nuclear membrane. This 

possibility led us to examine the protein sequence of hGnRH-RI for a putative nuclear 

localization signal (NLS). Using the Basic Local Alignment Search Tool (BLAST) to 

search for short, nearly exact matches in the National Centre for Biotechnology 

Information protein database, we identified a putative monopartite NLS sequence, 

KKEKGKK (amino acid position 66-72) (Fig 2.6, Table 2.1). This sequence was 

conserved in other proteins characterized as nuclear localized proteins (Table 2.1). These 

include DNA topoisomerase II from Candida spp., pleiotrophic factor a2 (transcriptional 

regulator) from Xenopus laevis, HAI-2 related small protein (transcriptional regulator) 

from humans, and a number o f other proteins from various species with putative nuclear 

functions such as the putative U3 small nuclear ribonucleoprotein (snRNP) from 

Leishmania major. Next, using the DNASTAR Lasergene MegAlign program, we 

performed protein sequence alignments and observed that this sequence is fully conserved 

in the GnRH-RI protein expressed in the chimpanzee while in the mouse and rat, a 

sequence (KRKKGKK) with very high identity (71.4%) to the primate sequence is found 

at the equivalent site (Table 2.1). This murine sequence, however, is still a fully 

conserved monopartite NLS. Interestingly, the chicken GnRH receptor which is only 

stimulated by the type II hormone also contains a highly basic stretch o f residues 

(RKRRK) at the equivalent region in the first intracellular loop (Fig 2.6, Table 2.1), yet 

similar sequences are not located in any part o f the mammalian type II GnRH-R (data not 

shown), a receptor that also appears to be activated only by the type II GnRH.

To test whether the putative NLS located in the first intracellular loop of hGnRH- 

RI was required for the nuclear localization of the receptor, we performed single and 

multiple amino acid substitutions (mutating K and E to G) and deletions as well as a full 

deletion of the KKEKGKK sequence in FLAG-hGnRH-RI and expressed the mutant 

receptor in HEK 293 cells. Surprisingly, we found that none of the mutations, including



Figure 2.6 Schematic o f the human GnRH-RI showing the positions of its naturally 

occurring mutations and other residues of interest. Human GnRH-RI depicting the 

location of 3 of the known natural mutations (denoted by grey shading), position of the 

lysine 191 residue (triangle) and the location-of the putative NLS (square).
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Table 2.1 Proteins containing a putative monopartite NLS related to that found in the 

human gonadotropin releasing hormone receptor isoform 1
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Definition Accession Sequence Amino Acid 
Position

Gonadotropin releasing hormone 
receptor isoform 1

NP 000397 KKEKGKK 66-72

[Homo sapiens]

U3 small nuclear ribonucleoprotein 
(snRNP)

XP_001466980 KKEKGKK 235-241

[Leishmania infantum JPCM5]

Type IIDNA topoisomerase [Candida 
tropicalis]

BAB 13749 KKEKGKK 288-294

Pleiotrophic factor-alpha 1 [Xenopus 
laevis]

BAA07658 KKEKGKK 25-31

Alkylbase DNA N-glycosylase XP_570311 KKEKGKK 723-729

[Cryptococcus neoformans var. 
neoformans JEC21]

HAI-2 related small protein [Homo 
sapiens]

AAG43574 KKEKGKK 95-101

Gonadotropin releasing hormone 
receptor isoform 1

XP 001163813 KKEKGKK 66-72

[Pan troglodytes]

Gonadotropin releasing hormone 
receptor

NP 034453 KRKKGKK 66-72

[Mus musculus]

Gonadotropin releasing hormone 
receptor

NP_112300 KRKKGKK 66-72

[Rattus norvegicus]

Gonadotropin releasing hormone 
receptor

NP 989984 RKRRK 69-73

[Gallus gallus]

C
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the full KKEKGKK deletion mutant, altered the spatial distribution of the receptor or 

frequency of cells expressing the receptor on the nuclear membrane (as assessed by lamin 

A/C colocalization) relative to the non-mutated receptor (Fig 2.1 A , data shown for the 

frill putative NLS deletion mutant only). Interestingly, we found that although die full 

putative NLS deletion mutant still localized to the nuclear membrane, it showed a 

significantly diminished capacity to stimulate IP formation following agonist treatment 

relative to its wild-type counterpart (Fig 2.7B). This therefore suggested that nuclear 

localization is independent o f GnRH-RI/Gq/n-coupling, which in turn is consistent with 

the earlier observation that the nuclear localization of hGnRH-RI is not an agonist- 

dependent event.

Next, based on previous data which revealed that the presence of a primate 

specific-residue, K191, in the hGnRH-RI (Fig 2.6) contributed to an overall reduced 

PME, we investigated whether this residue also regulated nuclear membrane localization 

of hGnRH-RI. Our studies revealed that neither mutating the basic lysine residue to the 

acidic glutamic residue (E) nor deleting K191 led to any visual change on the cellular 

distribution of the receptor, particularly with respect to its nuclear membrane localization 

(Fig 2.8A). This observation was further supported by IP formation data that revealed 

that there was no significant difference between the mutants, K191E and K191 deletion, 

compared to the wild-type FLAG-tagged human receptor. Nevertheless, both mutants did 

show a trend towards an increase in IP formation relative to the non-mutated receptor (Fig 

2.8B).

Since the murine receptor lacks the K191 residue but contains a fully conserved 

monopartite NLS in the homologous position to the human NLS, we looked at the 

expression of the mouse FLAG-GnRH-RI in HEK 293 and HTR-8/SVneo cells. Our 

studies revealed that in both cell types, the mouse receptor is also expressed on the 

nuclear membrane (Fig. 2.9, HEK 293 data not shown) like its hGnRH-RI counterpart 

(Fig 2.3). However, unlike the hGnRH-RI, the mGnRH-R is localized throughout the 

cytoplasm, and is detected at the plasma membrane (Fig 2.9). Additionally, it was not as 

strongly localized to the ER as seen with the hGnRH-RI (Fig 2.9 vs. Fig 2.3).

Finally, based on the discovery of this novel localization for hGnRH-RI at the 

nuclear membrane, we visually examined the spatial properties o f three naturally



Figure 2.7 Effect o f deleting putative NLS on hGnRH-RI localization and signaling.

(A) HTR-8/SVneo cells expressing FLAG-hGnRH-RI in which the putative NLS was 

deleted were subjected to indirect immunofluorescent staining for the receptor (red) as 

well as the markers for the nuclear membrane, endoplasmic reticulum and Golgi (shown 

in green). Cells were counterstained with Hoechst (blue). The NLS deletion mutant 

showed the same phenotype as the wild-type receptor, showing strong colocalization with 

lamin A/C and calnexin and less colocalization with GM130. Scale bar = 10 pm.

(B) IP formation data represent seven independent experiments performed in triplicate 

and normalized to FLAG-hGnRHRI ± S.E. ***, p < 0.001 versus IP formation of FLAG- 

hGnRH-RI.
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Figure 2.8 Effect of lysine 191 hGnRH-RI mutants on receptor localization and 

signaling. (A) HTR-8/SVneo cells expressing FLAG-hGnRH-RI in which lysine 191 

was deleted or mutated to a glutamic acid residue (K191E) were subjected to indirect 

immunofluorescent staining for the receptor (red ) as well as the markers for the nuclear 

membrane, endoplasmic reticulum and Golgi (sh o w n  in  g reen). Cells were 

counterstained with Hoechst (b lue ). K191 deletion and K191E mutants showed the same 

phenotype as the wild-type receptor, showing strong colocalization with lamin A/C and 

calnexin and less colocalization with GM130. Scale bar = 10 pm.
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Figure 2.8 (B) IP formation data represent 6-7 independent experiments performed in 

triplicate and normalized to FLAG-hGnRHRI + S.E.
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Figure 2.9 Spatial localization of FLAG-mGnRH-RI in HTR-8 /SVneo cells. HTR- 

8 /SVneo cells expressing either FLAG-hGnRH-RI or mGnRH-RI were subjected to 

indirect immunofluorescent staining for the receptor (re d ) as well as the markers for the 

nuclear membrane, endoplasmic reticulum and Golgi (sh o w n  in  g reen). Cells were 

counterstained with Hoechst (b lue ). FLAG-mGnRH-RI showed a similar perinuclear 

phenotype (arrows) to FLAG-hGnRH-RI with strong colocalization with lamin A/C and 

less colocalization with GM130. However, less colocalization was seen between the 

FLAG-mGnRH-RI and calnexin than was seen with the FLAG-hGnRH-RI. As well, 

there was evidence of plasma membrane localization (arrowheads) with FLAG-mGnRH- 

RI that was not seen with FLAG-hGnRH-RI. Scale bar =10 pm.
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occurring hGnRH-RI mutations (A129D, A171T and R262Q) (Fig 2.6A) in HTR- 

8 /SVneo cells to assess whether any of the mutations might have affected the cellular 

distribution of the receptor. These mutant receptors, all linked to hypogonadotropic 

hypogonadism in humans (Leanos-Miranda et al., 2005), were selected based on their 

agonist-stimulated IP generating capacity where relative to the wild-type receptor, R262Q 

showed about 25% diminished IP forming capacity while the A129D and A171T showed 

almost no IP forming capacity (Fig 2.1 OB). Results revealed that despite the differential 

capacity to generate IP, all mutant receptors displayed a cellular distribution identical to 

the FLAG-tagged wild-type hGnRH-RI (Fig 2.10A). This was consistent with data 

obtained with the full putative NLS receptor mutant (Fig 2.7) and the agonist-independent 

localization of the receptor to the nuclear membrane.

2.4 Discussion

The present study provides strong visual evidence that the human GnRH receptor 

is expressed at high levels intracellularly in both a heterologous and homologous cell line. 

The mouse homologue is also expressed at high levels in both cell lines and both 

receptors additionally show marked expression at the nuclear membrane as revealed by 

colocalization with lamín A/C. Lamín A/C, a type V nuclear lamin, is an Intermediate 

Filament protein that is a component of the nuclear lamina, a fibrous layer on the 

nucleoplasmic side of the inner nuclear membrane which is suggested to provide a 

framework for the nuclear envelope and may interact with chromatin (Verstraeten et al., 

2007). Our visual observations are consistent with previous findings (Leanos-Miranda et 

al., 2002; Brothers et al., 2003; Janovick et al., 2003a; Janovick et al., 2003b; Leanos- 

Miranda et al., 2005; Janovick et al., 2006; Janovick et al., 2007) that suggest, based on 

biochemical evidence, that both the wild-type and naturally occurring mutant human 

GnRH-RI are expressed weakly at the plasma membrane and are retained intracellularly. 

In addition, our spatial data also support previous biochemical data that state, unlike the 

mouse receptor, a large fraction of the human receptor is retained in the ER (Arora et al., 

1995; Maya-Núñez et al., 2000; Brothers et al., 2003).

To date, there have been at least four studies that provide some evidence that 

GnRH-R is detectable at the nucleus. Through the use of radiolabeled GnRH and



Figure 2.10 Effect of naturally occurring hGnRH-RI mutations on spatial localization 

and signaling. (A) HTR-8 /SVneo cells expressing FLAG-hGnRH-RI containing 

naturally occurring mutations (A129D, A171T and R262Q) were subjected to indirect 

immunofluorescent staining for the receptor (re d ) as well as the markers for the nuclear 

membrane, endoplasmic reticulum and Golgi (sho w n  in  g reen). Cells were 

counterstained with Hoechst (b lue ). All three naturally occurring mutants showed the 

same phenotype as the wild-type receptor, showing strong colocalization with lamin A/C 

and calnexin and less colocalization with GM130. Scale bar =10 pm. (B) IP formation 

data represent three to 3-5 independent experiments performed in triplicate and 

normalized to FLAG-hGnRH-RI cDNA + S.E. *, p < 0.05 versus IP formation of FLAG- 

hGnRH-RI.
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autoradiography, Morel et al. (Morel et al., 1987) demonstrated that in rat cells extensive 

label accumulated over the nucleus and nuclear membrane of radioligand-treated 

gonadotrophs. The assumption was that the label was bound to the rat GnRH-R at these 

sites. In the study by Szende et al. (1994) it was demonstrated in an 

immunohistochemical analysis of ligand-treated hamster pancreatic cancer cells that 

GnRH-R accumulated in the nucleus. In cell fractionation studies using human breast 

cancer tissue, Mangia et al. (2002) demonstrated that GnRH-R was associated with the 

nuclear compartment; while more recently, Meethal et al. (2006) demonstrated through 

immunohistochemical studies that in the nematode C. elegans, GnRH-R was located in 

the nucleus. These four studies provided evidence that endogenously expressed GnRH-R 

from the rat, hamster, nematode and human was detectable at the nucleus. While these 

were informative studies, the image quality could not allow for conclusive proof that the 

receptor is nuclear. Nevertheless, they do provide initial support for our findings which 

clearly show through the use of the nuclear membrane marker lamin A/C, that the human 

and mouse GnRH-RI are expressed at the nuclear membrane.

In addition, both receptors are also expressed at other intracellular sites. In the 

Golgi hGnRH-RI was weakly detected, as determined by colocalization with GM130. 

However, the receptor was detected very strongly in the ER as assessed by calnexin 

immunostaining. This latter finding that GnRH-RI interacts with calnexin, a member of 

the cell’s quality control system (Vassilakos et al., 1998; Ellgaard et al., 2003), was not 

surprising given the wealth of biochemical data suggesting that a large quantity of this 

receptor is retained in the ER (Brothers et al., 2003; Knollman et al., 2005; Leanos- 

Miranda et al., 2005). Also, more recently, Brothers et al. (2006) demonstrated through 

immunoprecipitation assays that human GnRH-RI physically interacts with calnexin in 

COS-7 cells, where it is suggested to retain misfolded receptor molecules while routing 

correctly folded molecules to the plasma membrane. Interestingly, mGnRH-RI was not 

as strongly associated with the ER or Golgi; instead it generally appeared more widely 

distributed throughout the cytoplasm with evidence of it at the plasma membrane as well. 

This observation was in marked contrast to that of the hGnRH-RII. Consistent with 

previous biochemical data (Arora et al., 1995; Maya-Núñez et al., 2000) this observation 

suggests that the absence of the K191 residue in the murine receptor prevents protein
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retention in the ER and normal traffic to final destination sites throughout the cell, 

including the plasma membrane. This would therefore account for the higher IP 

formation others have observed for the mGnRH-RI compared to hGnRH-RI (Arora et al., 

1995; Maya-Nunez et al., 2000).

The HTR-8 /SVneo cell line is an established model of the extra-villous 

trophoblast and used extensively for studying human placentation (Graham et al., 1993). 

GnRH-RI expression in this cell line (renamed IEVT for invasive extravillous 

trophoblast) was first described by Cheng et al. (2000) and the sequence analysis of the 

cloned cDNA revealed a 100% similarity to its pituitary counterpart. Additional 

characterization of the receptor in this cell line revealed that the receptor was coupled to 

both Gq/ii and Gs (Cheng et al., 2001).

At the outset of this study, we were aware of the findings that epitope-tagged and 

chimeric GnRH-R molecules can display significantly altered signal transduction 

properties compared to the untagged receptor (Brothers et al., 2003). However, upon 

testing a number of commercially available human anti-GnRH-R antibodies to examine 

the localization of the untagged human receptor in dissociated cell cultures, we found that 

they were ineffective (data not shown) and therefore we would not have been able to 

conduct this study with the untagged receptor. We therefore constructed and compared 

the signaling capacity (at the level of IP formation) of a FLAG and HA amino terminus 

epitope-tagged receptor (open reading frame only) to the untagged receptor cDNA. Our 

data revealed that cells expressing the FLAG-hGnRH-RI and untagged cDNA produced 

similar levels of IP, however, the HA-tagged receptor produced significantly higher 

levels. The data derived for the untagged and HA-tagged receptors were consistent with 

the findings of Brothers et al. (2003) which suggested that the HA-tagged receptor may 

have been inappropriately expressed at the plasma membrane, a conclusion that we were 

able to confirm visually in this study. This finding would suggest that the HA-tagged 

receptor is not suitable for all investigations involving this receptor. However, despite the 

strong PME of the receptor with this tag, we did observe the HA-tagged receptor 

localized to all other regions of the cells in which the FLAG-tagged receptor is seen; 

these include the ER and nuclear membrane.
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The observation that hGnRH-RI is weakly expressed at the plasma membrane and 

strongly expressed intracellularly is proposed to be the result of a progressive and 

convergent evolutionary trend of the GnRH-R (Janovick et al., 2006). PME necessitates 

a metabolic cost to create more, yet unused receptors that in turn create an environment 

which becomes more sensitive to receptor-borne mutations. Potentially, intracellular 

retention of the receptor creates and provides a source of GnRH-RI needed for rapid 

availability without transcription or translation. A similar mechanism might also regulate 

the human 8  opioid receptor since a study by Petaja-Repo et al. (Petaja-Repo et al., 2002) 

demonstrated that permeable agonists and antagonists of the receptor allowed post- 

translational processing and increased export of the ligand-stabilized receptor from the 

ER to the cell surface. Other reports indicate that receptors such as mGluRla, alD  

adrenoreceptor, odorant and luteinizing hormone receptors are also inefficiently 

expressed at the plasma membrane (Saito et al., 2004; Petrovska et al., 2005; Pietila et al., 

2005; Uberti et al., 2005; Vandenberghe et al., 2005), thus suggesting that reduced 

receptor trafficking may represent a more widespread mechanism for regulating protein 

availability (Janovick et al., 2006). Interestingly, the prostaglandin E2 receptors (EP) 

were also reported as being barely detectable at the plasma membrane of cells in the 

newborn brain and cerebral microvasculature (Li et al., 1996; Dumont et al., 1998) but 

instead were expressed at high levels intracellularly particularly at the nuclear membrane; 

this nuclear pool was also demonstrated to be functional (Bhattacharya et al., 1998; 

Bhattacharya et al., 1999).

In this study, we proposed that the mammalian GnRH-R has been evolving 

towards greater intracrine signalling. In cells that express both the receptor and ligand, 

such as the HTR-8 /SVneo, intracrine signalling would appear to offer the cell more 

efficient and rapid control of a signalling pathway. This is in contrast to autocrine 

signalling which emanates at the plasma membrane, incorporates additional signalling 

steps and requires more energy only to eventually culminate in the same final cellular 

response as a pathway that was initiated intracellularly.

To date, there is an increasing number of GPCRs identified as nuclear GPCRs and 

perhaps the best characterized nuclear localized GPCR is the angiotensin (ATI) receptor. 

The nuclear localization of the ATI receptor is induced by angiotensin II (Lu et al., 1998,
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Chen et al., 2000) and studies have uncovered angiotensin II-binding sites in the nucleus 

and have also demonstrated the angiotensin II-induced transcription of renin and 

angiotensinogen mRNA (Eggena et al., 1993). Other GPCRs that are localized to the 

nucleus include the prostaglandin EP1 (Bhattacharya et al., 1998), EP3, and EP4 

receptors (Bhattacharya et al., 1999), parathyroid hormone receptor (Watson et al., 2000a, 

Watson et al., 2000b), metabotropic glutamate mGluRla and 5 receptors (O’Malley et al., 

2003; Jong et al., 2005), endothelin ETA and ETB receptors (Boivin et al., 2003), apelin 

and bradykinin (B2) receptors (Lee et al., 2004). Some of these receptors are located in 

the nucleoplasm and/or at the nuclear membrane (Jong et al., 2005). Our results indicate 

that GnRH-RI is strongly expressed at the nuclear membrane, however, given the 

technical limitations of our study we cannot rule out the possibility that it may also be 

nucleoplasmic. The EP and mGluRla and 5a receptors are expressed at the nuclear 

membrane (O’Malley et al., 2003; Jong et al., 2005; Bhattacharya et al., 1998; 

Bhattacharya et al., 1999). In the case of the EP1 receptor, the authors show by 

transmission electron microscopy that the receptor is located at both the inner and outer 

nuclear membranes (Bhattacharya et al., 1998). In both locations, the receptor would 

have easy access to its ligand since the prostanoid synthesis enzymes are located at both 

the inner and outer nuclear membranes (Spencer et al., 1998). In the case of mGluRla 

and 5a, it is reported that the receptors are oriented with their N-terminal, ligand-binding 

domain within the lumen of the nuclear envelope; hence, agonists must cross both the 

plasma and nuclear membranes to access binding domains (Jong et al., 2005; Jong et al., 

2007). In addition to other mechanisms that may exist, ligand activation of nuclear 

mGluRs expressed in HEK 293 cells is achieved via endogenous sodium-dependent 

transporters and cystine glutamate exchangers that mediate the rapid delivery of 

quisqualate or glutamate into the cell and into the nuclear lumen (Jong et al., 2005; Jong 

et al., 2007). It has been demonstrated that cytotrophoblasts isolated from the human 

placenta express GnRH-RI as well as the ligands, GnRH-I and -II (Cheng et al., 2000; 

Chou et al., 2004). Thus it remains a formal possibility that ligands produced 

intracellularly can somehow be routed to the nuclear membrane to cause an activation of 

GnRH-RI and thus trigger an intracrine signaling pathway. Energetically, compared to 

autocrine signaling which requires secretion of the ligand followed by that ligand acting
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back upon the cell, the ability to bypass the secretion step can be viewed as a preferred 

mechanism.

In addition to the ATI receptor (Eggena et al., 1993), some additional nuclear 

GPCRs are signaling competent, for example, stimulation of prostaglandin EP receptors 

on isolated myometrium nuclei modulated nuclear Ca2+ and gene transcription 

(Bhattacharya et al., 1998; Bhattacharya et al., 1999) while mGluRla and 5a receptors on 

isolated nuclei from receptor-overexpressing HEK 293 cells and mGluRla from isolated 

cortical neurons mediated oscillatory patterns of Ca2+ flux following agonist stimulation 

of the receptor (O’Malley et al., 2003; Jong et al., 2007). Thus, intracellular G protein- 

coupled receptors may not just represent proteins waiting to go on or having just come off 

the plasma membrane, rather they may represent a new in situ mode of signaling.

The ATI receptor was reported to traffic to cell nuclei by the presence of an NLS 

sequence in its 8 th helix (membrane proximal C-terminal sequences) (Lu et al., 1998). 

Subsequently NLS sequences have been identified in the majority of GPCRs observed to 

have nuclear localizations. These include the prostanoid, endothelin, bradykinin, 

metabotropic and apelin receptors. To date, several NLS sequences identified in GPCRs 

are found in the 8 th helix, however, in the apelin receptor it is located in the third 

intracellular loop (Lee et al., 2004). The human (KKEKGKK) and mouse (KRKKGKK) 

GnRH-RI putative NLS sequences are located in the first intracellular loop and form a 

stretch of basic amino acid residues that contains the monopartite consensus sequence K- 

K/R-X-K/R (Chelsky et al., 1989) which strongly resembles both well established and 

putative NLS sequences identified in nuclear localized proteins like DNA topoisomerase 

II from Candida spp., pleiotrophic factor a2 (transcriptional regulator) from Xenopus 

laevis, HAI-2 related small protein (transcriptional regulator) from humans, and a number 

of other proteins from various species with putative nuclear functions such as the putative 

U3 small nuclear ribonucleoprotein (snRNP) from Leishmania major. Based on the 

presence of this sequence in proteins with established nuclear function, we hypothesized 

that the human and mouse GnRH-RI contained a functional NLS. However, mutagenesis 

studies revealed that in both HEK 293 and HTR-8 /SVneo cells, a hGnRH-RI mutant 

lacking the KKEKGKK sequence was still strongly expressed at the nuclear membrane. 

Similarly, mutation or deletion of the K191 residue from the hGnRH-RI, also did not lead
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to a visually discernible difference in receptor expression compared to the wild-type 

receptor.

Some reports have indicated that the localization of the GPCR to the nucleus is an 

agonist-dependent event. A close examination of the literature would also suggest that 

the ability of the receptor to be localized to the nucleus in an agonist-dependent or 

independent manner in part depends on whether the receptor is expressed at the nuclear 

membrane or in the nucleoplasm. For example, EP1, 3-4 (Bhattacharya et al., 1998; 

Bhattacharya et al., 1999) and mGluR5a (O’Malley et al., 2003; Jong et al., 2007) 

localization to the nuclear membrane requires exogenous treatment with agonist while 

trafficking of the AT1-R, Apelin and NK3-R to the nucleoplasm does not require it (Yang 

et al., 1997; Lu et al., 1998; Howe et al., 2004; Lee et al., 2004). Given the trend 

observed thus far with other nuclear GPCRs, it was therefore surprising to find that the 

localization of the FLAG-hGnRH-RI to the nuclear membrane was not dependent on an 

exogenous source of agonist, even when expressed in heterologous HEK 293 cells which 

do not produce GnRH. Thus it appears that GnRH-RI is localized constitutively at the 

nuclear membrane.

Finally, we were interested in determining whether or not the naturally occurring 

folding-defective hGnRH-RI mutants linked to hypogonadotropic hypogonadism (HH), 

would show an altered spatial distribution in HTR-8 /SVneo cells. If they did, it would be 

plausible that HH may be linked to an inability of the receptors to traffic to the plasma 

membrane as well as the nuclear membrane. However, for each of the three mutants 

selected for this study, A129D, A171T and R262Q, we were unable to detect differences 

in the cellular distribution between the mutants and the wild-type receptor. If there was 

greater ER retention and/or reduced PME, it was below the level of detection using 

confocal imaging.

Our finding that the human GnRH-RI receptor is a nuclear GPCR opens up many 

exciting possibilities on novel signaling mechanisms associated with this unique GPCR. 

Evidence exists that this receptor has undergone recent and rapid evolution that has 

resulted in a molecule whose signaling potential is more efficiently regulated. It is also 

possible that these recent evolutionary changes resulted in a receptor that can bypass most 

of the plasma membrane/cytoplasmic signaling cascade and signal directly at the nucleus.
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We would suggest that nuclear GnRH-RI (intracrine) signaling does not replace 

signalling emanating at the cell surface, instead, it may simply represent a specific type, 

or sub-class of GnRH-RI-mediated signaling, at least within human trophoblasts.
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Following Activation of Human Gonadotropin Releasing Hormone Receptor Type I



103

3.1 Introduction

The human type I gonadotropin releasing hormone receptor (hGnRH-RI) is a 

member of the G protein-coupled receptor superfamily (GPCRs) that is activated by the 

decapeptide GnRH and plays an essential role in controlling the release of the 

gonadotropins, which regulate gonadal steroidogenesis and gametogenesis. As a GPCR, 

hGnRH-RI transduces extracellular stimuli into an intracellular signal via interactions 

with G proteins. The nature of the G protein coupling depends largely on the cellular 

context. In the pituitary gonadotropes, ligand-activated hGnRH-RI is coupled to the Gq/n 

protein and stimulates phospholipase C-P-dependent hydrolysis of phosphatidylinositol 

4,5-bisphosphate leading to the formation of second messengers, inositol 1,4,5- 

trisphosphate (IP3) and diacylglycerol (Fig 1.4). IP3 subsequently stimulates the release of 

intracellular Ca2+ from the endoplasmic reticulum (Ulloa-Aguirre et al., 2004; Babwah et 

al., 2003). These secondary messengers in turn activate a large number of downstream 

proteins, including protein kinase C (PKC), a serine/threonine kinase that regulates a 

number of processes such as cell secretion, proliferation, differentiation, and apoptosis. 

Using the classification system of Alexandra Newton (Newton et al., 2003), there are 10 

human PKC isoforms that can be divided into three groups based on structural properties 

and cofactor requirements. The activation and plasma membrane localization of the 

conventional PKC isoforms (a, pi, pil and y) is regulated by intracellular Ca2+, DAG and 

phospholipid, such as phosphatidylserine (PS). The novel PKC isoforms (5, e, r| and 0) 

are regulated by DAG and PS and the atypical PKCs (\J1 and Q are only regulated by PS 

(reviewed in Newton et al., 2003).

Although a great deal of research has been conducted concerning the regulation of 

PKC at the protein level including cofactor requirements, translocation to the membrane, 

substrate phosphorylation and degradation, relatively little is know about what causes 

specific isoforms to be activated downstream of a given receptor. The crucial role that 

PKC plays in the synthesis and release of the gonadotropins from the anterior pituitary 

downstream of GnRH binding has been well studied, however there is no literature 

describing which PKC isoforms in the human cell are activated downstream of hGnRH- 

RI. Previous studies on murine gonadotropes have shown that gene expression of PKC8 

and PKCs are upregulated by GnRH stimulation (Harris et al., 1997). The use of a mouse
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pituitary gonadotrope cell line, aT3-l, which endogenously expresses GnRH-RI, has been 

used as a model to address this question (Kratzmeier et al., 1996; Farshori et al., 2003; 

Maccario et al., 2004). However, the possibility remains that this mouse model does not 

recapitulate what happens in the human cell.

Since the mouse and human GnRH-RI differ in a few key residues (see Section 

1.3.2), there is a possibility that these differences may differentially modulate PKC 

responses. For example, the rat metabotropic glutamate receptor isoforms la and 5a 

differ in several key residues (Dale et al., 2001). One of them is Asp854 (mGluRla) and 

Thr840 (mGluR5a) and it has been shown that this single residue regulates PKC pH 

oscillatory frequency. Additionally, PKC isoform protein sequences are not fully 

conserved across species. For example, a study by Aris et al. (1993) showed that human 

PKC 8  has about 8 8 % nucleotide sequence identity to the rat and mouse PKC 8  sequence, 

however biochemical differences, such as substrate and lipid dependencies, are observed 

between the species. Given the fact that PKC isoform function is not fully conserved 

across species, the relationship between the rodent GnRH-RI and PKC isoforms can not 

be extrapolated to the human cell. Therefore, there is a need for a direct study 

investigating the hGnRH-RI stimulated hPKC isoform responses and this is the first of 

two aims of the study described in this chapter. In this first section, I describe the spatial 

and temporal responses of eight human PKC isoforms representing the three different 

PKC classes following the activation of hGnRH-RI in HEK 293 cells.

A second focus of this study was to characterize PKC responses following the 

activation of known naturally-occurring mutants of hGnRH-RI and determine how these 

compared to the wild type hGnRH-RI. There are currently 21 known naturally occurring 

mutations of hGnRH-RI, which cause partial to complete hypogonadotropic 

hypogonadism, a disease state in which there is absent or decreased function of the 

gonads, presenting as a delay in sexual development and inappropriately low 

gonadotropin and sex steroid levels (Bhagavath et al., 2005). Previous studies performed 

on some of the known mutants in COS-7 cells have shown that many of these mutants are 

incapable of normal signaling, as shown by their inability to produce IP3 in response to 

agonist stimulation. Since the naturally-occuring GnRH-RI mutants have reduced ability 

to generate DAG and Ca2+ relative to the WT receptor, I was interested in determining
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whether this diminished capacity affected the spatial and temporal characteristics of the 

downstream PKC response. I chose to look at 17 of the known mutants in HEK 293 cells 

coexpressed with GFP-PKC pil. I chose PKC pil, since I found that this isoform gives a 

robust response to the agonist-activated WT receptor and felt that subtle changes in its 

response to mutant receptor activation cold be best detected relative to the other isoforms. 

Although previous studies have reported on the IP3 generating capacity of GnRH-RI 

mutants, I thought it pertinent to recharacterize their ability to generate IP3 since the cell 

system and the GnRH-RI constructs used in this study were not identical to those used in 

the previously published reports (Conn et al., 2002; Leanos-Miranda et al., 2002; 

Janovick et al., 2003; Topaloglu et al., 2006). Specifically, previous studies characterized 

the IP3 generating capacity of untagged receptors in COS-7 cells. However, I perform my 

studies with a FLAG-tagged receptor in HEK 293 cells.

3.2 Materials and methods

3.2.1 Plasmid constructs

A 987-bp cDNA fragment containing the complete coding sequence of human 

GnRH-RI (accession number NM 000406.2) was obtained by RT-PCR from QUICK- 

CloneTM cDNA library (Clontech Laboratories Inc., Mountain View, CA, USA). The 

FLAG tag at the amino terminus of hGnRH-RI was obtained by inserting the cDNA 

between the Hindlll and EcoRI sites of pFLAG/CMV-II vector. FLAG-hGnRH-RI was 

then cloned into the pcDNA3.1/Hygro(+) vector using Nhel and Notl sites. EGFP- 

tagged PKC constructs were previously created as described (Feng 1998, Babwah 2003). 

To create the naturally-occuring hGnRH-RI mutants, FLAG-hGnRH-RI was subjected to 

site-directed mutagenesis using the QuickChange kit following manufacturer’s 

instructions (Stratagene, Santa Clara, CA, USA). Oligonucleotides from Sigma Genosys 

(Oakville, ON, Canada) were used.

3.2.2 Cell culture

HEK 293 cells were cultured in MEM supplemented with FBS [10% (v/v)], non- 

essential amino acids [1% (v/v)] and gentamicin (5 pg/ml). Cells were maintained at 37 

°C in a humidified atmosphere containing 5% CO2. HEK 293 cells were transiently
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transfected with 5 pg of DNA using a modified calcium phosphate method as previously 

described (Babwah et al., 2003). After transfection (18 h), the cells were incubated with 

fresh medium, allowed to recover for 6  h and reseeded onto 18 mm collagen-coated glass 

coverslips. Cells were allowed to grow an additional 18 h prior to experimentation.

3.2.3 Confocal Microscopy

Following transfection (42-44 h) with plasmid constructs encoding EGFP-PKC 

constructs and FLAG-hGnRH-RI, cells were reseeded on collagen-coated 15 mm glass- 

cover slips. All experiments were conducted at 37 °C and, prior to visualization, cells 

were washed twice with Hanks’ balanced salt solution (HBSS: 1.2 mM KH2PO4, 5 mM 

NaHC03, 20 mM HEPES, 11 mM glucose, 116 mM NaCl, 4.7 mM KC1, 1.2 mM MgS04, 

2.5 mM CaCh, pH 7.4) and were maintained in this solution for the duration of the 

experiment. Cells were stimulated with 100 nM Buserelin by adding 10 pL of 10 pM 

Buserelin to 1 mL of HBSS in the confocal dish, or left untreated. Enhanced GFP 

fluorescence was visualized with excitation at 488 nm and 500-545 nm emission filter set.

3.2.4 Confocal Data Analysis

PKC translocation time courses were recorded as a time series of 500-700 

confocal images for each experiment. Image analysis was performed using the Olympus 

Fluoview 1000 analysis software and was plotted as the relative change in cytoplasmic 

fluorescence intensity over time in a region of interest. All time course data were plotted 

using GraphPad Prism.

3.2.5 Inositol Phosphate Formation

Inositol lipids were radiolabeled by incubating the cells overnight with 1 pCi/ml 

[3H]myo-inositol in Dulbecco's modified Eagle's medium. Unincorporated [^ m y o ­

inositol was removed by washing the cells with HBSS. Cells were preincubated for 1 h in 

HBSS at 37 °C and then preincubated in 500 pi of the same buffer containing 10 mM 

LiCl for an additional 10 min at 37 °C. Next, the cells were incubated in either the 

absence or the presence of 100 nM Buserelin for 2 hs at 37 °C. The reaction was stopped 

on ice by adding 500 pi of 0.8 M perchloric acid and then neutralized with 400 pi of 0.72
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M KOH, 0.6 M KHCO3 . The total [3H]inositol incorporated into the cells was determined 

by counting the radioactivity present in 50 pi of the cell lysate. Total inositol phosphate 

was purified from the cell extracts by anion exchange chromatography using Dowex 1-X8 

(formate form) 200-400 mesh anion exchange resin. [3H]Inositol phosphate formation 

was determined by liquid scintillation using a Wallac LKB 1211 RackBeta liquid 

scintillation counter. The means ± S.E. are shown for the number of independent 

experiments indicated in the figure legends. GraphPad Prism software was used to 

analyze data for statistical significance. Statistical significance was determined by 

Student’s t-test or one-way analysis of variance with Dunn’s post hoc multiple 

comparison test.

3.3 Results

3.3.1 PKC Isozyme-specific Plasma Membrane Translocation Profiles in HEK 293 cells 

Differences in receptor-activated translocation profiles of individual conventional 

(a, pi, pil and y), novel (5, e and 0) and atypical (lA.) GFP-tagged PKC isoforms were 

examined in HEK 293 cells following hGnRH-RI agonist activation. The results are 

summarized in Table 3.1 and indicate the number of cells observed as well as the number 

of separate experiments formed. In HEK 293 cells, each of the conventional PKC 

isoforms displayed two activation responses: a single translocation response where PKC 

moves from the cytosol to the plasma membrane and back to the cytosol and an 

oscillation response, where PKC repeatedly translocates from the cytosol to the plasma 

membrane. These responses are depicted in Fig 3.1 and 3.2, respectively. The initial 

translocation of the conventional isoforms to the plasma membrane occurred between 17 

seconds and 15 minutes following addition of agonist. The novel and atypical PKCs 

showed similar variability in the time to respond. An agonist-stimulated oscillatory 

response pattern that represents the response exhibited by all four conventional PKC 

isoforms is shown in Fig 3.2. In cells that showed an oscillatory response, 6/17 cells for 

GFP-PKCa, 20/35 cells for GFP-PKCpi and 28/71 for GFP-PKCpII, the frequency of 

•



Table 3.1 Summary of PKC isoforms activated by 100 nM Buserelin stimulation in HEK 

293 expressing FLAG-GnRH-RI and GFP-PKC isoforms. Single translocation versus 

oscillation of an isoform is described. The number of cells observed and percentage of 

cells giving a specific response are described. The number of separate experiments is 

given (n).
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Isoform Single
Translocation Oscillation n

a
Y es

(8/17, 47.1%)
Y es

(6/17, 35.3%) 1

COco
Vc

pi
Y es

(8/35, 22.9%)
Y es

(20/35, 57.1%) 4

0>coo p n

Y es
(26/71, 36.6%)

Y es
(28/71,39.4%) 9

Y
Y es

(19/34, 55.8%)
Y es

(2/34, 5.9%) 2

5
Y es

(7/15, 46.7%)
No

(0/15) 1

No
ve

l

£ Y es
(15/17, 88.2%)

No
(0/17) 2

e Y es
(6/24, 25.0%)

No
(0/24) 3

At
yp

ic
al

i/A No
(0/21)

No
(0/21) 2



Figure 3.1 Conventional GFP-tagged PKC isoform single translocation response to 

FLAG-hGnRH-RI activation in HEK 293 cells. HEK cells were transfected with cDNA 

encoding FLAG-GnRH-RI and GFP-PKC ßll. Shown are representative images selected 

from a time series of 500-700 laser scanning confocal microscopic images collected at 

1.1s intervals. The images demonstrate the single translocation of the conventional 

GFP-PKC proteins from the cytosol to the plasma membrane and back in response to 

persistant FLAG-hGnRH-RI activation with 100 nM Buserelin in HEK 293 cells. Drug 

was added 10 s after the live imaging began. Scale bar =10 pm.
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Figure 3.2 Conventional GFP-tagged PKC isoform oscillation response to FLAG- 

hGnRH-RI activation in HEK 293 cells. HEK 293 cells were transfected with cDNA 

encoding FLAG-GnRH-RI and GFP-PKC ßll. Shown are representative images selected 

from a time series of 500-700 laser scanning confocal microscopic images collected at 

1.1s intervals. The images demonstrate the repetitive translocation of the conventional 

GFP-PKC proteins between the cytosol and the plasma membrane in response to 

persistant FLAG-hGnRH-RI activation with 100 nM Buserelin in HEK 293 cells. Drug 

was added 10 s after the live imaging began. Scale bar =10 pm.
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oscillation was calculated. Fig 3.3, 3.4 and 3.5 show the oscillation frequencies of cells 

expressing GFP-PKCa, pi, pil in representative fields of view. As these figures show, 

within a given field of view the frequency of oscillation between cells expressing the 

same isoform is variable. GFP-PKC a showed an oscillation frequency between 0.4-1.2 

oscillations per minute (Fig 3.3), GFP-PKC pi showed an oscillation frequency between 

0.1 and 2.5 oscillations per minutes (Fig 3.4) and GFP-PKC pil showed an oscillation 

frequency of 0.4 and 2.3 oscillations per minute (Fig 3.5). It should be noted that PKC 

oscillations did not always commence directly after the initial translocation to the plasma 

membrane. I observed oscillations starting as late as 38 minutes post stimulation. In 

general, a field of cells was recorded for 16-20 minutes, but sometimes consecutive 

recordings were taken back to back to observe what was occurring at these later time 

points. The oscillatory response tended to be more robust at later time points, which is 

why Figs 3.3, 3.4 and 3.5 show frequency data from recordings which began 27 to 29 

minutes post-agonist stimulation. The frequency of PKC y oscillation is not reported here 

due to the low number of cells that showed this response (2/34 cells).

Unlike the conventional PKC isoforms, which all showed an oscillatory response, 

the novel PKCs that were tested, 5, s and 0 showed a single translocation response, as 

depicted in Figure 3.1. It should be noted that in some cells expressing either the 

conventional or novel PKCs, after the initial translocation from the cytosol to the plasma 

membrane, the PKC isoform often remained at the plasma membrane for the duration of 

the recording. An example of this is shown in Fig 3.6 where it is observed that PKC0 

remained at the plasma membrane from its initial translocation until the end of the 

recording. One cell was observed where PKC pi remained at the plasma membrane after 

46 minutes post-agonist stimulation.

The only atypical PKC isoform tested in these experiments, PKC if k ,  was not 

activated by hGnRH-RI stimulation in either cell line and remained in the cytosol 

throughout the experiments. Cells expressing GFP alone showed a similar distribution to 

unstimulated GFP-PKC isoforms, with slightly higher nuclear expression, but did not 

show any response to GnRH stimulation.



Figure 3.3 Frequency of oscillation of GFP-PKC a in HEK 293 cells. Representative 

cells (top right) in which regions of interest are shown (circles). Fluorescence intensity 

within the region of interest was measured over time and plotted (top 3 graphs). Bottom 

graph shows oscillation frequencies of all regions of interest measured in the field of 

view. Data shown was recorded 27 minutes post oscillation. Note the large variation of 

oscillation frequency between cells. Scale bar =10 pm.
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Figure 3.4 Frequency of oscillation of GFP-PKC pi in HEK 293 cells. Representative 

cells (top right) in which regions of interest are shown (circles). Fluorescence intensity 

within the region of interest was measured over time and plotted. Data shown was 

recorded 27 minutes post oscillation. Note the large variation of oscillation frequency 

between cells. Scale bar =10 pm.
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Figure 3.5 Frequency of oscillation of GFP-PKC (311 in HEK 293 cells. Representative 

cells (top right) in which regions of interest are shown (circles). Fluorescence intensity 

within the region of interest was measured over time and plotted (top 5 graphs). Bottom 

graph shows oscillation frequencies of all regions of interest measured in the field of 

view. Data shown was recorded 29 minutes post oscillation. Note the large variation of 

oscillation frequency between cells. Scale bar = 10 pm.
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Figure 3.6 Single translocation response of PKC, where PKC remains at the plasma 

membrane for the duration of the recording. This response was observed in some cells 

from each isoform. Show here is a representative image of GFP-PKC 0 in HEK 293 

cells. Drug was added 10 s after the live imaging began. Scale bar = 10 pm.
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3.3.2 PKC pil Plasma Membrane Translocation Profiles in Response to FLAG-

hGnRH-RI Mutants Receptors in HEK 293 cells

The ability of the naturally-occuring GnRH-RI mutants to stimulate GFP-PKC pil 
response in HEK 293 cells was assessed. PKC pil was the isoform chosen, as it displays 

a robust oscillation pattern in HEK 293 cells (Fig 3.2). Out of the 17 mutants tested, only 

7 of them were able to stimulate PKC translocation to the plasma membrane (N10K, 

Q1 IK, Q106R, R262Q, Y284C, L314X and P320L) and out of those, only 4 were able to 

stimulate an oscillatory response pattern (N10K, Q11K, Q106R and Y284C) (data 

summarized in Table 3.2). Representative micrographs of HEK 293 cells expressing 

GFP-PKC p il and mutants of various levels of function are shown (Figs 3.7, 3.8, 3.9, 

3.10). Mutants A129D (Fig 3.7) and A171T (Fig 3.8) were chosen as examples of non­

functional mutants, according to biochemical data previously published and confirmed by 

our lab (Conn et al., 2002; Leanos-Miranda et al., 2002; Janovick et al., 2003; Topaloglu 

et al., 2006). Neither mutant was able to stimulate any PKC response compared to the 

wild type receptor and in both cases GFP-PKC p il remained in the cytosol. Mutants 

R262Q and Q106R both retain greater than 50% IP3 generating capacity of the wild type 

receptor (Conn et al., 2002; Leanos-Miranda et al., 2002; Janovick et al., 2003; Topaloglu 

et al., 2006). Only 1 of 24 cells expressing GFP-PKC pil and mutant R262Q showed any 

response to agonist stimulation; this was a weak GFP-PKC pil translocation event, as 

shown in Fig. 3.9, in which we were unable to perform a trace due to cell ruffling and the 

weak response. This is representative of L314X and P320L, which also stimulated a 

single GFP-PKC pil translocation upon stimulation with agonist. Mutant Q106R 

stimulated a more robust response to agonist stimulation, displaying an oscillation pattern 

resembling that stimulated by the wild type receptor (Fig. 3.10). This oscillation pattern 

is comparable to mutants N10K, Q1 IK and Y284C.

3.4 Discussion

In the present study using the HEK 293 cell system I determined that each of the 

conventional PKC isoforms (a, pi, pil and y) show two different responses to FLAG- 

GnRH-RI activation: a single translocation to the plasma membrane and a repetitive 

translocation (oscillation) between the cytosol and the plasma membrane. I propose that



Table 3 .2  Summary of PK C p il activation and IP3 production of cells expressing 

naturally-occuring FLAG-GnRH-RI mutants following 100 nM Buserelin stimulation. 

Single translocation versus oscillation of an isoform is described. The number of cells 

observed and percentage of cells giving a specific response are described. IP3 formation 

of mutants is expressed as percentage of wild type receptor response. + describes IP3 

formation below 15% of wild type response, ++ describes IP3 formation between 16-70% 

of wild type response, +++ describes IP3 formation between 71-100% of wild type 

response.
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Mutant
Single

Translocation
Oscillation

IP3 Formation 

(n = 3-5)

N10K Yes (3/15, 20.0%) Yes (7/15, 46.7%) 74.9% +++

Q11K Yes (6/14, 42.9%) Yes (2/14, 14.3%) 92.8% +++

E90K No (0/11) No (0/11) 9.6% +

Q106R Yes (2/24, 8.3%) Yes (8/24, 33.3%) 91.9% +++

A129D No (0/40) No (0/40) 7.6% +

R139H No (0/36) No (0/36) 15.7% +

S168R No (0/7) No (0/7) 3.8% +

A171T No (0/23) No (0/23) 3.8% +

I177X No (0/24) No (0/24) 1 2 .0 % +

C200Y No (0/14) No (0/14) 32.3% ++

S217R No (0/18) No (0/18) 10.3% +

R262Q Yes (1/24, 4.17%) No (0/24) 77.6% +++

L266R No (0/16) No (0/16) 4.7% +

C279Y No (0/52) No (0/52) 4.3% +

Y284C No (0/18)
Yes (2/18, 

1 1 .1 1 %)
10.9% +

L314X Yes (1/41, 2.44%) No (0/41) 13.8% +

P320L Yes (2/21, 9.52%) No (0/21) 14.8% +



Figure 3.7 PKC pil translocation responses to FLAG-hGnRH-RI mutant A129D 

activation in HEK 293 cells. F1EK 293 cells were transfected with cDNA encoding 

FLAG-GnRH-RI mutant A129D and GFP-PKC pil. Shown are representative images 

selected from a time series of 500-700 laser scanning confocal microscopic images 

collected at 1.1s intervals. The images demonstrate the lack of PKC pil response to 

agonist activation of this non-functional mutant receptor in HEK 293 cells. Drug was 

added 10 s after the live imaging began. Scale bar = 10 pm.
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GFP-PKC pii and A129D in HEK 293



Figure 3.8 PKC pil translocation responses to FLAG-hGnRH-RI mutant A171T 

activation in HEK 293 cells. HEK 293 cells were transfected with cDNA encoding 

FLAG-GnRH-RI mutant A171T and GFP-PKC pil. Shown are representative images 

selected from a time series of 500-700 laser scanning confocal microscopic images 

collected at 1.1s intervals. The images demonstrate the lack of PKC pil response to 

agonist activation of this non-functional mutant receptor in HEK 293 cells. Drug was 

added 10 s after the live imaging began. Scale bar =10 pm.
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GFP-PKC ßll and A171T in HEK 293



Figure 3.9 PKC pH translocation responses to FLAG-hGnRH-RI mutant R262Q 

activation in HEK 293 cells. HEK 293 cells were transfected with cDNA encoding 

FLAG-GnRH-RI mutant R262Q and GFP-PKC pil. Shown are representative images 

selected from a time series of 500-700 laser scanning confocal microscopic images 

collected at 1.1s intervals. The images demonstrate the weak translocation of PKC pH in 

response to agonist activation of this partially-functional mutant receptor in HEK 293 

cells. A trace of PKC pil translocation was not created due to the cell ruffling and weak 

translocation seen by this cell {a rro w s) . Drug was added 10 s after the live imaging 

began. Scale bar =10 pm.
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R262Q



Figure 3.10 PKC pil translocation responses to FLAG-hGnRH-RI mutant Q106R 

activation in HEK 293 cells. HEK 293 cells were transfected with cDNA encoding 

FLAG-GnRH-RI mutant Q106R and GFP-PKC pil. Shown are representative images 

selected from a time series of 500-700 laser scanning confocal microscopic images 

collected at 1.1s intervals. The images demonstrate the robust oscillation of PKC pil in 

response to agonist activation of this partially-functional mutant receptor in HEK 293 

cells. Drug was added 10 s after the live imaging began. Scale bar = 10 pm.
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the two responses may represent two different regulatory roles for PKC. Subtle 

differences in second messengers have the ability to direct very different outcomes in 

cells. For example, the frequency of Ca2+ oscillations is critically important for efficacy 

and specificity of gene transcription. Gene transcription via nuclear factor k B (NF-kB) is 
enhanced by low frequency Ca2+ oscillation, whereas high frequency Ca2+ oscillations 

activate the nuclear factor of activated T-cells (NFAT) family of transcription factors 

(Dolmetsch et al., 1998). Although the effects of PKC isoform oscillation are wide- 

ranging and are yet to be well-defined, I propose that single PKC translocations will 

result in a very different cell signaling outcome compared to PKC oscillations.

The novel PKC isoforms tested (6 , e and 0) responded to FLAG-GnRH-RI 

activation by translocating to the plasma membrane once before returning to the cytosol 

in HEK 293. This single translocation event is different than what is observed for the 

novel PKC isoforms in response to mGluRla activation in agonist-stimulated HEK 293 

cells, where there is an oscillatory response pattern in both conventional and novel 

isoforms (Babwah et al., 2003). However, it is not surprising to see differences in 

activation patterns between isoforms downstream of the same activated receptor. The 

angiotensin II type 1 receptor expressed in HEK 293 cells causes a single translocation of 

GFP-PKC pil, while causing GFP-PKC pi to oscillate in 4% of cells in response to 

stimulation with 100 nM Angiotensin II (Policha et al., 2006). In this study the only PKC 

isoform that failed to show a response to FLAG-hGnRH-RI activation was the atypical 

PKC iik .  It is important to note, however, that I only tested one of the two atypical 

isoforms and therefore the possibility remains that PKC Ç might be activated by agonist 

stimulated FLAG-hGnRH-RI in HEK 293 cells.

A study by Babwah et al. in 2003, demonstrated that in cells co-expressing 

DsRed-tagged PKC pi, GFP-PKC pil and mGluRla displayed different PKC isoform 

translocation response patterns following receptor activation. Based on this study, it 

seems unlikely that differences between PKC isoform activation patterns can be attributed 

to differences in receptor expression levels or G protein coupling efficiency (Babwah et 

al., 2003). To address this issue using our my assay, a receptor dose-response experiment 

was performed where I co-expressed 2 pg GFP-PKC pil with various levels of receptor 

(5, 2.5, 1.25, 0.625 or 0.3125 pg) into HEK 293 cells. I found no difference in PKC
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response based on level of receptor transfected (data not shown), ruling this out as the 

cause of the multiple responses that I saw within a single isoform.

The second aim of the study was to characterize PKC responses following the 

activation of known naturally-occurring mutants of hGnRH-RI and determine how these 

compared to the wild type hGnRH-RI. Since the naturally-occuring GnRH-RI mutants 

have a diminished capacity to produce the PKC cofactors DAG and Ca2+ relative to the 

WT receptor, I was interested in determining whether this diminished capacity affected 

the spatial and temporal characteristics of the downstream PKC response. I chose PKC 

pil since I had previously found that this isoform gives a robust oscillatory response to 

the agonist activated WT receptor and felt that subtle changes in its response to mutant 

receptor activation could be best detected relative to the other isoforms. We also 

performed IP3 assays in HEK 293 cells in order to look for a correlation between the 

ability of the mutants to produce IP3 and their ability to cause an oscillatory response of 

GFP-PKC pH similar to the wild type receptor. Based on my results I observed that a 

correlation does exist (Table 3.1). For example, mutants N10K, Q11K and Q106R all 

show IP3 production of at least 74% of wild type receptor, and all three of these mutants 

are able to cause GFP-PKCpil oscillation upon agonist stimulation (7/15 cells, 2/14 cells 

and 8/24 cells respectively). Some unexpected results were also noted. Based on an IP3 

production of 77.6% of wild type GnRH-RI, I would have expected mutant R262Q to 

stimulate a robust PKC oscillation. However, no oscillation was seen (0/24 cells) and 

only 1 of 24 cells showed a single translocation response (1/24). On the other hand, 

mutant Y284C showed only 10.9% of IP3 forming ability compared to wild type, but was 

able to stimulate GFP-PKCpII oscillation (2/18 cells). All of the mutants that showed IP3 

production of 12% or below, compared to wild type, which included E90K, A129D, 

R139H, S168R, A171T, I177X, S217R, L266R and C279Y, failed to activate GFP- 

PKCpiI, as seen by their inability to stimulate either a single translocation or oscillation 

response. This did not include mutant Y284C, which was previously discussed.

This preliminary study was the first to visually document which PKC isoforms 

respond to hGnRH-RI activation in human cells, although some isoforms have low n 

values and further studies are required. This was also the first study to explore the 

signaling potential of the mutant receptors downstream of IP3 production. Overall I have
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demonstrated that a number of PKC isoforms are regulated by hGnRH-RI mediated 

signaling events. I also show that many mutant receptors may in fact have a greater 

signaling potential than was previously anticipated based on their ability to produce IP3 

only.
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Chapter 4: Summary of results and general discussion
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At the start of this project, the main objective was to perform a cellular and 

molecular characterization of the human gonadotropin releasing hormone receptor in 

order to understand the molecular biology of this important receptor. My focus was to 

characterize the spatial properties of hGnRH-RI as well as study the early signaling 

events downstream of the Gq/u-coupled hGnRH-RI. I chose to perform a visual assay to 

investigate the cellular localization of hGnRH-RI because of previous biochemical data 

that suggested that this was primarily an intracellular receptor, an interesting attribute for 

a GPCR which plays a pivotal role in transmitting extracellular stimuli into intracellular 

signals. Using a FLAG-GnRH-RI construct expressed in HEK 293 and HTR-8 /SVneo 

cells, I observed through the use of organellar markers that this receptor is primarily 

intracellular with strong localization on the nuclear membrane.

My studies uncovered a putative NLS sequence in the first intracellular loop of 

hGnRH-RI that is fully conserved in many proteins with known nuclear functions. 

Mutation as well as full deletion of this NLS sequence however, did not affect the nuclear 

localization of hGnRH-RI in HEK 293 or HTR-8 /SVneo cells. It is possible that since 

hGnRH-RI is found on the nuclear membrane, as opposed to within the nucleoplasm that 

it does not localize to the nucleus through the use of an NLS. There is evidence 

suggesting that the endothelin receptor subtypes A and B, which have a perinuclear 

distribution, localize to the nuclear membrane via de novo synthesis and retrograde 

transport (Boivin et al., 2003). Further research is required to see if hGnRH-RI localizes 

to the nuclear membrane in a similar fashion. It is also a possibility that the cell systems 

used in my experiments do not express the combination of importins and accessory 

proteins required for nuclear import of hGnRH-RI. It is evident that a number of possible 

mechanisms exist for nuclear translocation of GPCRs and further research is required to 

elucidate these mechanisms.

The nuclear localization of hGnRH-RI was not dependent on the presence of 

agonist, unlike many other nuclear GPCRs such as the lysophosphatidic acid type 1 

receptor and the endothelin receptors (Marrache et al., 2005; Boivin et al., 2005). 

However, the question still remains, if hGnRH-RI is a nuclear GPCR, what is its function 

at the nucleus and how does it see agonist? Our IP3 studies of hGnRH-RI in HEK 293 

cells show basal activity of the receptor equivalent to background, suggesting hGnRH-RI
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is not constitutively active and requires agonist for activity. Multiple mechanisms for 

nuclear GPCR activation have been discovered. One mechanism includes GPCRs that 

are originally localized to the plasma membrane. Upon ligand binding, the activated 

receptor is transported to the nucleus. AT1-R and CystLTl-R undergo this agonist- 

dependent nuclear translocation (Lu et al., 1998; Nielsen et al., 2005). There is evidence 

that some receptors are constitutively present on the nuclear membrane, waiting to 

respond to ligand like their plasma membrane-localized counterparts. In this case, for the 

GPCR to be functional, ligand must either be produced intracellularly or transported from 

the extracellular environment into the cell in order to bind the receptor. There is evidence 

to support both theories. Platelet-activating factor (PAF), lysophosphatidic acid (LPA) 

and prostaglandins are all synthesized within the cell and would have access to nuclear 

receptors on the nuclear membrane. The HTR-8/SVneo cell line produces both GnRH-I 

and GnRH-II, opening up the possibility of an intracrine signaling pathway in these cells. 

However, unlike PAF, LPA and prostaglandins, which are phospholipids and eicosanoids 

and are free to diffuse within the cell, GnRH-I and II are peptides and would require a 

carrier to reach their nuclear receptor. The mGluR5a receptor is also constitutively 

present on the nuclear membrane, but its ligand, glutamate, is not synthesized within the 

cell. The mGluR5a ligand binding domains were found to be within the lumen of the 

nuclear envelope and sodium-dependent transporters and xCT exchangers are involved in 

moving glutamate across both the plasma and outer nuclear membrane to access the 

receptor (Jong et al., 2005). At this point, transporters for GnRH have not been 

discovered, but it remains a possibility. As the list of nuclear GPCRs increases, new 

mechanisms of agonist activation will undoubtedly arise.

As the field of nuclear GPCRs expands to include more GPCRs, new mechanisms 

of nuclear localization as well as agonist activation are sure to become apparent. The role 

that these receptors play in a broader cellular context have yet to be elucidated, but 

evidence that nuclear GPCRs may represent a forward step in GPCR evolution makes this 

an exciting field of study. In the case of hGnRH-RI in placental cells such as HTR- 

8/SVneo cells, which produce both the receptor and its ligands, this evolutionary step 

forward may result in a receptor that can bypass most of the plasma 

membrane/cytoplasmic signaling cascade and signal directly to the nucleus. I would
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suggest however, that this intracrine signaling may represent a subclass of GnRH-RI- 

mediated signaling and does not replace signaling emanating from the plasma membrane.

If hGnRH-RI has a functional role at the nucleus, it will drastically change our 

ideas of cellular regulation and change the way we approach hGnRH-RI as a drug target. 

At the present time, treatment regimes assume that GnRH agonists and antagonists are 

binding their receptor at the surface of a cell. My discovery that human type I GnRH-R is 

a nuclear G protein-coupled receptor opens up the possibility of a functional nuclear 

receptor and a subclass of GnRH-mediated signaling. Transcriptional studies on agonist- 

stimulated isolated nuclei from cells expressing nuclear hGnRH-RI are a potential future 

study to determine if GnRH signaling at the nucleus activates the same genes as the 

plasma membrane hGnRH-RI. If this is in fact the case, it could change the way 

clinicians choose to administer GnRH, whether in a cell permeant or non-permeant form.

The molecular characterization portion of this study focused on early signaling 

events downstream of the Gq/n-coupled hGnRH-RI. Specifically, I examined the effect 

of the activated receptor to stimulate a PKC response. My studies were performed using 

GFP-tagged PKC isoforms from the conventional, novel and atypical classes expressed in 

HEK 293 cells. Live cell imaging performed on agonist-stimulated cells identified an 

obvious difference in translocation pattern between PKC isoforms. In HEK cells, 

conventional PKCs showed the ability to oscillate between the cytosol and plasma 

membrane as well as undergo a single translocation to the plasma membrane, whereas the 

novel PKCs could showed a single translocation response. The atypical PKC isoform 

tested, PKC ifk , was not activated by agonist stimulation of hGnRH-RI. Several reports 

have demonstrated that PKC translocation is subtype- and stimulus-specific (Shirai et al., 

1998; Ohmori et al., 1998), supporting my studies.

Subtle differences in second messengers have the ability to direct very different 

outcomes in cells. For example, the frequency of Ca2+ oscillations is critically important 

for efficacy and specificity of gene transcription. Gene transcription via nuclear factor k  

B (NF-kB) is enhanced by low frequency Ca2+ oscillation, whereas high frequency Ca2+ 

oscillations activate the nuclear factor of activated T-cells (NFAT) family of transcription 

factors (Dolmetsch et al., 1998). Similarly, different PKC responses may reflect different 

regulatory roles. Although the effects of PKC isoform oscillation are wide and are yet to
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be well-defined, I propose that a single PKC translocation will result in a very different 

cell signaling outcome than PKC oscillations.

The second focus of the molecular characterization study was to look at the 

signaling capacity of 17 of the naturally occurring mutants, using GFP-tagged PKC pil, 

which gave a robust oscillation pattern in HEK 293 cells in response to wild type receptor 

activation. In general, my findings supported previous biochemical data (Conn et al., 

2002; Leanos-Miranda et al., 2002; Janovick et al., 2003; Topaloglu et al., 2006), as well 

as IP3 data produced in my lab, which identified 9 of the mutants as non-functional 

(E90K, A129D, R139H, S168R, A171T, C200Y, S217R, L266R and C279Y). The 

residues E90 and R139 are thought to be involved with receptor activation and the E90K 

and R139H receptor mutants have been shown to be inactive in patients (Zhou et al., 

1995). Only 4 of the mutants tested (N10K, Q11K, Q106R andY 284C) were able to 

induce oscillation of GFP-PKC pil in response to agonist. All of these mutants have 

shown partial activity in previous studies (Conn et al., 2002; Leanos-Miranda et al., 2002; 

Janovick et al., 2003; Topaloglu et al., 2006) as well as in our own IP3 assays. As 

previous studies suggest, mutation of hGnRH-RI may result in a receptor which is 

retained within the ER (Leanos-Miranda et al., 2002), which would result in diminished 

second messenger formation upon agonist stimulation, attenuating or ablating PKC 

response. The ability of IN3 to rescue 14 of the 17 mutants (Conn et al., 2002; Leanos- 

Miranda et al., 2002; Janovick et al., 2003; Topaloglu et al., 2006) as shown by IP3 assay, 

would support this theory. It would be interesting to look at the ability of IN3 to rescue 

hGnRH-RI mutants by PKC assay in future studies.

In conclusion, these studies have revealed several novel findings regarding the 

spatial, temporal and signaling properties of the hGnRH-RI. Specifically, I showed that 

the hGnRH-RI is weakly expressed at the plasma membrane in homologous and 

heterologous cells, but strongly expressed in the cytoplasm and on the nuclear membrane. 

These findings have led me to hypothesize that this receptor is currently evolving towards 

greater intracrine signaling, a conclusion that may be more energetically favourable to a 

cell that expresses both the receptor and its ligands. Next I showed that while several 

PKC isoforms regulate plasma membrane-bound hGnRH-RI signaling, it does not appear 

that they have redundant roles based on very distinct spatial and temporal responses of the
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isoforms following receptor activation. Overall, these studies have provided a more in- 

depth understanding of the biology of this clinically important GPCR.
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