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Abstract

Prolactin (PRL) has been suggested to play a role in the implantation process and
maintenance of pregnancy in humans and other animal models. However, the exact
role of PRL in reproductive function and the identity of PRL target genes within
reproductive tissues remain to be elucidated. The purpose of the research presented in
this thesis was to investigate the expression and signalling pathway of PRL and its
receptor (PRL-R) in the non-pregnant uterus of the common marmoset monkey
0Callithrix jacchus). These studies were designed to establish whether PRL intracellular
signalling is associated with uterine function of the marmoset monkey and to determine
whether the marmoset is a suitable model of human uterine function, to investigate the
role of PRL in human implantation and early pregnancy.

In order to establish the functional similarities between the marmoset and human

PRL-R, the full marmoset PRL-R was generated from adrenal RNA by reverse

transcription PCR. The marmoset PRL-R shares 93% base pair and 89% amino acid
sequence homologies with the human PRL-R cDNA. Subsequently, the putative
marmoset PRL-R cDNA was assessed for its functional characteristics in-vitro.

Transfection studies confirmed the expression of a receptor that has high binding
affinity to human PRL and human growth hormone. In addition, the marmoset PRL-R
was found to be associated with the Jak2/Stat5 signal transduction pathway. The
results obtained for the marmoset PRL-R were comparable to the human PRL-R. In-
vivo PRL-R expression in the marmoset monkey was assessed by ribonuclease
protection assay. The PRL-R was detected in a number of marmoset tissues including
the adrenal, liver, kidney, pituitary, uterus and oviduct.

Immunohistochemical studies localised PRL expression to the stromal
compartment of the marmoset endometrium. Expression was minimal during the
proliferative phase and was up-regulated during the mid-late secretory phase of the
ovulatory cycle. Similarly to PRL, PRL-R expression was minimal during the
proliferative phase and was dramatically up-regulated during the mid-late secretory

phase. However, expression of the PRL-R was localised predominately to the
glandular epithelium of the endometrium. The temporal pattern of PRL-R gene

expression in the marmoset uterus across the ovulatory cycle was further confirmed by
ribonuclease protection assay. The role of Jak2, Statl and Stat5 in the intracellular
signalling pathway of PRL were also assessed in the mid-late secretory phase.
Jak2/Statl/Stat5 proteins were co-localised with the PRL-R to the glandular epithelial
compartment. Moreover within the marmoset uterus, Jak2, Statl and Stat5 were

temporally phosphorylated in response to PRL. The pattern of expression of the IRF-1
gene, a PRL target gene, and the effect of PRL on transcription of IRF-1 were also
investigated. The IRF-1 gene in the marmoset uterus was encoded by a protein of 48
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kDa and was localised to the glandular epithelial compartment, as was observed for the
PRL-R and Jak2/Statl/Stat5 proteins. Incubation of mid-late secretory uterine tissue
with PRL for 3 hours resulted in a 2.4 ± 0.5 (P<0.05) fold induction of IRF-1 gene

expression. These studies confirm (a) high sequence and functional similarity between
the marmoset and human PRL-R and (b) the expression of both PRL and its receptor
in the uterus of the marmoset monkey. Expression of both genes is up-regulated
during the mid-late secretory phase of the ovulatory cycle. PRL function in the
marmoset uterus is linked to the Jak/Stat signalling pathway leading to the regulation of
expression of PRL-responsive genes such as IRF-1. The site of expression of PRL,
PRL-R and IRF-1 in the marmoset uterus suggest that PRL may influence glandular
epithelial function and direct gene transcription in these cells in a paracrine fashion. In
conclusion, the data strongly suggest a role for PRL in uterine function of the
marmoset monkey. Moreover, that data suggest that the marmoset monkey may

provide a useful tool to investigate the role of PRL in human reproduction.
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Chapter 1 Literature review

1.1 Introduction

In mammals, prolactin (PRL), signalling via the PRL receptor (PRL-R), has

been associated with growth and development, immune regulation, osmoregulation,

metabolism, behaviour and gonadal function (Nicoll and Bern, 1972; Nicoll, 1980;

Bole-Feysot et al., 1998). Recently, it has been suggested that PRL also influences

implantation and maintenance of pregnancy in humans and other animal models (Jones

et al., 1998; Jabbour et al., 1998; Ormandy et al., 1997; Frasor et al., 1999). This

thesis aims to investigate the role of PRL in the uterine function of a non-human

primate species, the marmoset monkey (Callithrix jacchus) and to ascertain whether the

marmoset monkey is a suitable model to investigate the role of PRL in human uterine

function. The specific aims of the research outlined in this thesis were to:

1. Isolate and sequence the marmoset PRL-R and to determine sequence/functional

similarities with the human PRL-R.

2. Investigate PRL and the PRL-R expression in the marmoset monkey uterus.

3. Determine the PRL intracellular signalling pathway in the marmoset monkey

uterus.

4. Clarify whether IRF-1 (interferon regulatory factor-1) is a PRL target gene in the

marmoset monkey uterus.

1.2 The marmoset monkey

The marmoset monkey, a New World monkey, is commonly used as a model of

human reproductive function. The basic reproductive biology of the marmoset monkey

has been described extensively (Hearn, 1983; Fraser and Lunn, 1999). In the wild or

captivity, marmoset monkeys do not exhibit seasonal breeding patterns. Marmosets

have continual ovulatory cycles and births occur throughout the year (Hearn, 1983). In

captivity, marmosets are extremely fertile and bear singleton, twin or triplet babies at 5-

6 month intervals. The average gestation period is 144 days and ovulation occurs about

2



Chapter 1 Literature review

11 days after parturition (Hearn and Webley, 1987). Adult size (350-450g) is reached

within one year of age and puberty occurs at 15 months. Animals remain fertile till 16

years of age and can live up to 20 years (Hearn, 1983).

Marmoset monkeys do not menstruate, however, ovulatory cycles can be

monitored by measuring the level of progesterone in peripheral plasma samples.

Marmoset monkeys display cyclic variations in steroid hormones across the ovulatory

cycle. An estradiol surge occurs during the proliferative phase, which is followed by

ovulation and then an increase in the level of progesterone (Moro et al., 1995). As

demonstrated in Figure 1.1, an increased concentration of progesterone is detected

following ovulation (Hearn, 1983). The level of progesterone in peripheral plasma

continues to increase in the early-mid secretory phase and in the absence of pregnancy

declines in the late secretory phase. The marmoset monkey ovulatory cycle (Figure

1.1) consists of an 8-9 days proliferative phase and a 19-22 days secretory phase

(Smith et al., 1990; Fraser and Lunn, 1999).

-8 -6 -4 -2 O 2 * 6 8 tO 12 W 1© \Q 20
OVULATION

DAYS

Proliferative Secretory
phase phase

Figure 1.1: The level of progesterone (± SEM) in peripheral blood samples collected
from female marmoset monkeys across the ovulatory cycle. Numbers on the graph
correspond to the number of animals that were sampled at each time point. (Adapted
from Hearn at al., 1983.)
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Chapter 1 Literature review

1.2.1 Histology of the marmoset uterus

The marmoset uterus (Figure 1.2) has been characterised and consists of three

layers of tissue, the outer perimetrium, the myometrium and the inner endometrium

(Rune et a/., 1992). The perimetrium is part of the visceral peritoneum, the serous

membrane that lines the walls of the abdominal and pelvic cavities. The myometrium

forms the bulk of the uterus and is composed of smooth muscle. The endometrium

consists of the glandular epithelial and stromal compartments. A surface layer of

simple columnar epithelium, the luminal epithelium, borders the endometrium and the

lumen. A representative marmoset monkey mid-late secretory phase uterine tissue

section, which was used in these studies, is illustrated in Figure 1.2.

Myometrium

Endometrial gland

Glandular epithelium

Luminal epithelium

Endometrial stroma

Figure 1.2: Histology of the marmoset monkey secretory phase uterus. The
myometrial and endometrial compartments of the uterus are labelled. Scale bar =
300pm.

Previous investigations have demonstrated that 2 zones are present within the

marmoset endometrial compartment, a basal zone that borders the myometrium and an
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Chapter 1 Literature review

upper zone, which is next to the luminal epithelium (Rune et al., 1992). Changes in

appearance of the zones occur across the ovulatory cycle, which are hormone

dependent (Rune et al.,1992).When the level of steroid hormones are low, prior to

the proliferative phase estradiol surge, the marmoset endometrium contains long

narrow glands, which consist of tall columnar cells. Following the estradiol surge, the

width of the endometrium increases (Rune et al., 1992). Additionally, stromal cells of

the upper endometrium are less tightly packed when compared to the basal region

(Rune et al., 1992). During the secretory phase, when progesterone is the dominant

hormone, an increase in endometrial height and glandular cell diameter occurs in the

upper region of the marmoset endometrium (Rune et al., 1992). In addition,

intracellular spaces become enlarged within the stromal compartment of the upper

endometrium (Rune et al., 1992).

1.2.2 Similarities between marmoset and human uterine

function

The cyclic patterns in the concentrations of estradiol and progesterone in

marmoset monkeys (Figure 1.1) are similar to what occurs in human females (Figure

1.3). In addition, marmoset monkey ovulatory cycles are similar in length (27 to 30

days) to the human menstrual cycle (28-30 days).

Days
Menstrual Proliferative Secretory

phase phase

Figure 1.3: The fluctuation of hormones during the human menstrual cycle.
(Adapted from Tortora and Anagnostakos, 1990).

5



Chapter 1 Literature review

The suitability of the marmoset monkey as a model of human uterine function is

strengthened by the fact that steroid hormone receptors display similar patterns of

expression in the marmoset and human endometrium. In the non-pregnant marmoset

monkey and human endometrium, the oestrogen receptor is expressed within the

glandular and stromal compartment during the proliferative phase. However in both,

expression is reduced within the secretory phase (Garcia et ol., 1988; Lessey et al.,

1988; Critchley, 1998; Einspanier et al., 1998). Similarly, the progesterone receptor is

expressed within the stromal and glandular compartments of the marmoset and human

endometrium in the late proliferative to early secretory phase; expression declines

towards the mid-late secretory phase (Garcia et al., 1988; Lessey et al., 1988;

Critchley, 1998; Wang, 1998; Einspanier etal., 1998).

Oestrogen and progesterone receptors exist in more than 1 isoform. Two

oestrogen receptors have been isolated, oestrogen receptor-a and oestrogen receptor-p.

In addition, 2 progesterone receptor isoforms have been isolated, the short

progesterone receptorA and the long progesterone receptorB. Oestrogen receptor-a is

the classical oestrogen receptor and the temporal expression of this receptor in the

human endometrium has been extensively studied across the menstrual cycle (Lessey et

al., 1988; Critchley 1998). Recently, the oestrogen receptor-p was isolated from a rat

prostate cDNA library (Kuiper et al., 1996). Furthermore, oestrogen receptor-a and

oestrogen receptor-P have been co-localised in the human endometrium across the

menstrual cycle (Matsuzaki et al., 1999). In the proliferative phase, oestrogen receptor-

a is expressed within the stromal and glandular compartments, whereas oestrogen

receptor-P is predominately expressed by glandular epithelial cells (Matsuzaki et al.,

1999). In the secretory phase, the expression of both receptors is minimal (Matsuzaki

et al., 1999). Interestingly, progesterone receptor isoforms display spatio-temporal

expression in the human endometrium across the menstrual cycle (Wang et al., 1998).

In the proliferative phase, both isoforms are expressed in the stromal and glandular

compartments. However, in the secretory phase and early pregnancy progesterone

receptorA predominates (Wang et al., 1998). This data has prompted the suggestion
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that progesterone receptorA functions to mediate the effect of progesterone in

endometrial differentiation and early pregnancy (Wang et ah, 1998). The expression of

oestrogen and progesterone receptor isoforms in the marmoset endometrium has not

been investigated and requires to be elucidated.

In addition to steroid receptors, Leukaemia inhibitory factor, a glycoprotein that

has been suggested to function in the implantation process of various mammalian

species, has been observed to be expressed in the human and marmoset endometrium

(Charnock-Jones et al., 1994; Kojima et al., 1994; Kholkute et al., 2000). In the

marmoset and human endometrium, leukaemia inhibitory factor is expressed within the

glandular epithelial compartment. Moreover, leukaemia inhibitory factor expression in

both species is up-regulated during the mid-late secretory phase of the ovulatory and

menstrual cycles (Charnock-Jones et al., 1994; Kojima et al., 1994; Kholkute et al.,

2000).

1.3 Prolactin (PRL)

1.3.1 Pituitary PRL

The peptide hormone PRL is mainly synthesised by anterior pituitary lactotroph

cells, which comprise 20-50% of total anterior pituitary cells (Ben-Jonathan et al.,

1996). However, a number of extra-pituitary sites, that synthesise PRL, have been

described (section 1.3.2). PRL was initially detected as a pituitary factor that induced

milk production in the mammary glands of pregnant rabbits (Strieker and Grueter,

1928). The protein was later isolated from the bovine pituitary gland and was named

PRL as it was observed to be lactogenic when used in the pigeon crop sac assay

(Riddle et al., 1932).

The human PRL gene is located on chromosome 6. The gene is composed of 6

exons and is approximately 15 kb long. The mature PRL mRNA is about 1 kb in

length, codes for 199 amino acids and produces a 24 kDa protein. Secondary structural

studies have demonstrated that PRL contains three intramolecular disulphide bridges
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and is composed of 50% a-helices; the remainder of the protein is non-organised loop

structures (Bewley and Li, 1972; Ben-Jonathan et al., 1996). Sequence analysis

revealed that PRL is 40% homologous to growth hormone and placental lactogen.

These 3 proteins are thought to have arisen by duplication of an ancestral gene 400

million years ago (Niall et al., 1971). The high sequence homology of these proteins

enables prolactin, human growth hormone and placental lactogens to bind the PRL-R

and activate PRL intracellular signalling pathways (Forsyth et al., 1965; Cunningham

et al., 1990).

PRL is subject to posttranscriptional modifications. PRL variants have been

isolated which include 24 kDa, 22 kDa, and the 16 kDa fragment of PRL. In

lactotrophs of the rat pituitary, the 22 kDa variant is cleaved from the 24 kDa PRL by

kallikrein (Anthony et al., 1993). The production of 22 kDa PRL is stimulated by

oestrogen. Higher levels of 22 kDa PRL are released from the female rat pituitary

when compared to male pituitaries. This has prompted the suggestion that 22 kDa PRL

may functions in female reproduction (Anthony et al., 1993). The 16 kDa fragment is

generated in-vivo by cathepsin-D enzymatic cleavage of 24 kDa PRL (Clapp et al.,

1993). The 16 kDa fragment is thought to function in angiogenesis; the process that

leads to the formation of new blood vessels (Clapp et al., 1993).

In addition to enzymatic cleavage, PRL undergoes further modification through

glycosylation or phosphorylation. Glycosylation is characterised by the attachment of a

carbohydrate unit to the asparagine residue at amino acid position 31 (Sinha, 1992). In

the human pituitary, 10-15% of PRL that is synthesised is glycosylated (Sinha, 1992).

The physiological significance of glycosylated PRL is not known, however,

glycosylation often reduces the bioactivity of PRL (Sinha, 1992). In the pituitaries of

the rat and cow, PRL is also mono or diphosphorylated. Similar to glycosylated PRL,

the physiological role of phosphorylated PRL has not been clarified. In-vitro,

phosphorylated PRL inhibits the release of native PRL from rat pituitary GH3 cells.

This has prompted the suggestion that phosphorylated PRL may function in the

pituitary to regulate PRL release (reviewed in Sinha, 1992; Ben-Jonathan et al., 1996).
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Following synthesis in pituitary lactotrophs, PRL is stored in secretory granules

and released into general circulation in a pulsatile manner. PRL release from the

anterior pituitary is stimulated by vasoactive intestinal polypeptide and thyrotropin

releasing hormone; receptors for both are expressed by lactotroph cells (Johnson and

Everitt, 1995). PRL secretion is also inhibited in-vivo, secretion is maintained at a low

concentration by dopamine. Dopamine binds to its receptors on lactotrophs and

induces lysosomal degradation of PRL within the secretory granules (Johnson and

Everitt, 1995). Negative feedback regulates the concentration of PRL within the

general circulation. Increasing concentrations of PRL induce the release of dopamine

from tuberoinfundibular dopamine neurons and dopamine in turn down regulates PRL

synthesis and release from the pituitary (Johnson and Everitt, 1995). Presumably,

negative feedback of PRL secretion is essential for regulating a homeostatic

concentration of PRL in circulation. Elevated concentrations of serum PRL have been

associated with impaired fertility. In males, hyperprolactinaemia is correlated with

reduced circulating concentrations of testosterone and loss of libido (Johnson and

Everitt, 1995). In females, increased concentrations of serum PRL results in

amenorrhoea, abnormal milk secretion and reduced libido (Johnson and Everitt, 1995).

1.3.2 Extra-pituitary sites that synthesise PRL

Pituitary PRL acts via a classic endocrine pathway. It is secreted by the pituitary

into the general circulation, binds to PRL-Rs on target tissues and induces a

physiological response. However, a number of extra-pituitary sites of PRL synthesis

have been described and these are illustrated in Figure 1.4. Extra-pituitary sites of PRL

secretion were first suggested when it was observed that hypophysectomized female

rats have 10-20% lactogenic activity when compared to female animals with intact

pituitaries (reviewed in Bole-Feysot et al., 1998). PRL that is synthesised at extra-

pituitary sites acts locally, in an autocrine or paracrine fashion, to induce a

physiological response.
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Tissue/cell type Fluid compartment

Sweat gland/epith<

Breast/epitheli

Spleen/lymphoi

Bone marrow/lym

Thymus/thymo

Lymph nodes/lyr

Brain/neuron.

Pituitary/lactotr
Lacrimal gland/e

Decidua/stromal

Myometrium/m

Skin/fibroblas

•Follicular fluid

Amniotic fluid

Figure 1.4: The extrapituitary sites that synthesise PRL. (Adapted from Ben-
Jonathan et al., 1996).

1.3.3 The regulation PRL gene expression

In the rat, the PRL gene is present on chromosome 17, is approximately 10 kb

long and composed of 5 exons. By comparison, the human PRL gene is located on

chromosome 6, is approximately 15 kb long and composed of 6 exons. The extra exon

in the human PRL gene, exon la, codes for an alternative promoter which is

exclusively expressed at extrapituitary sites (Berwaer et al., 1994). In the rat and

human pituitary, PRL gene expression is regulated by a number of factors including

bromocriptine, dopamine, thyrotropin releasing hormone and oestrogen via the

transcription factor Pit-1 (reviewed in Ben-Jonathan et al., 1996). Pit-1 has a N-

terminal transactivating domain and a POU homeodomain, which interact with Pit-1

binding sites present on the PRL promoter (reviewed in Ben-Jonathan et al., 1996).

1.3.3.1 Pituitary PRL
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1.3.3.2 Extrapituitary PRL

In extrapituitary sites, such as the myometrium, decidua and lymphoid cells,

exon la is spliced to the first pituitary exon 1 and gene expression is regulated by a

distal promoter that is 5.8 kb up-stream of the pituitary promoter. The extrapituitary

PRL promoter contains 2 Pit-1 sites and 7 half binding sites for the

glucocorticoid/progesterone receptor (Gellersen et al., 1994). The factors that regulate

PRL gene expression at extrapituitary sites have not been clarified. However, the

regulation of PRL gene expression in the endometrium has been extensively studied.

Classical regulators of pituitary PRL such as bromocriptine, dopamine, thyrotropin

releasing hormone and oestrogen are unable to induce the PRL gene in endometrial

tissue explants or endometrial stromal primary cell cultures (Golander et al., 1979;

Huang et al., 1987; Gellersen et al., 1994). Pit-1 is not expressed within the

endometrium and in-vitro transfection studies have unequivocally clarified that Pit-1 is

unable to activate the deciual PRL promoter in endometrial stromal cells (Gellersen et

al., 1994).

PRL gene expression within endometrial stromal cells is thought to be regulated

by progesterone (Gellersen et al., 1994; Reis et al., 1999). The incubation of

proliferative phase endometrial explants with exogenous progesterone for 2-5 days

results in PRL gene expression (Maslar and Ansbacher, 1986). Similarly, treatment of

women with medroxyprogesterone acetate dramatically up-regulates PRL gene

expression within the endometrium (Reis et al., 1999). However, more recent studies

suggest that progesterone regulates PRL gene expression indirectly by inducing the

expression, or posttranscriptional modification, of trans-activators which subsequently

activate PRL gene expression (Gellersen et al., 1989; Gellersen et al., 1994). This

hypothesis was deduced following the observation that progesterone receptors are

expressed at a minimal level in PRL producing stromal cells, whereas expression was

observed at a higher level in non-decidualised stromal cells (Wang et al., 1994).

Moreover, in-vitro studies have demonstrated that progesterone fails to activate the

human decidual PRL promoter in uterine SKUT-1 sarcoma cells that were co¬
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transfected with a progesterone receptor expression vector and a reporter gene

construct that contained the human decidual PRL promoter (Gellersen et al., 1994).

Recently, it has been suggested that progesterone functions in the endometrium to

amplify the process of decidualisation (Brosens et al., 1999). Studies have

demonstrated that a synergy exists between cAMP and medroxyprogesterone acetate in

the activation of the decidual PRL promoter (Brosens et al., 1999). However, it was

observed in cAMP primed endometrial stromal cells, that the progesterone receptor

actually inhibits the PRL promoter (Brosens et al., 1999). It is hypothesised that

progesterone functions in cAMP primed cells to down regulate the progesterone

receptor, which enables the advancement of decidualisation (Brosens et al., 1999).

In the endometrium, it is postulated that PRL gene expression is regulated by a

ligand that signals via cAMP. In-vitro, decidualisation of endometrial stromal cells can

be induced in the absence of progesterone by agents that elevate the level of

intracellular cAMP (Telgmann et al., 1997). Furthermore, studies have demonstrated

that cAMP stimulates the biphasic activation of the PRL promoter. The first activation

is observed following 6 hours of stimulation with 8-bromo-cAMP. Activation at this

time is weak and occurs via an imperfect cAMP response element at position -12

(Telgmann et al., 1997). The second activation of the PRL promoter occurs following

12-18 hours stimulation with 8-bromo-cAMP and is facilitated via the promoter region

at position -332/-270. Sequence analysis of this region revealed that two

CAAT/enhancer binding proteins (C/EBP) recognition sequences are present

(Telgmann et al., 1997). Mutation of C/EBP recognition sequences by site directed

mutagenesis abolishes the activation of the decidual PRL promoter (Pohnke et al.,

1999).

It has not been clarified whether cAMP regulates PRL gene expression at all

extrapituitary sites. However, its is reasonable to speculate that cAMP regulates PRL

gene expression at other sites, as the PRL mRNA transcript at extrapituitary sites have

comparable promoters (Telgmann et al., 1997).
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1.4 Physiological functions of PRL

PRL is a pleiotrophic hormone, over 300 biological functions are associated with

this hormone. PRL is associated with growth and development, immune regulation,

metabolism, behaviour and reproduction. The physiological functions of PRL are the

subject of numerous review articles and will not be described here (Nicoll and Bern,

1972; Ben-Jonathan et al., 1996; Yu-Lee, 1997; Bole-Feysot et al., 1998). However,

in the section below, the role of PRL in male and female reproductive function will be

addressed briefly.

In the male, PRL is reported to stimulate testicular function by inducing effects

on leydig, Sertoli and germ cells. In leydig cells, PRL functions to maintain cellular

morphology and increase the number of luteinizing hormone receptors (Klemcke et al.,

1984; Takeyama et al., 1986; Dombrowicz et al., 1992). In addition, PRL, in synergy

with luteinizing hormone, decreases aromatase activity and increases steroidogenesis

and androgen production (Bole-Feysot et al., 1998). In Sertoli cells, PRL has been

reported to increase the level of follicle stimulating hormone receptor (Guillaumot et

al., 1996). In germ cells, PRL increases lipid content and is thought to influence

spermatocyte-spermid conversion ( Nag et al., 1981; Gunasekar et al., 1991).

In the female, PRL influences ovarian function. In the rodent ovary, PRL

induces luteotrophic and luteolytic effects. The preovulatory PRL surge increases the

level of the luteinizing hormone receptor in the ovary and also activates matrix

metalloproteinases, which function to promote oocyte release at ovulation (Hirsch et

al., 1999). Preovulatory PRL also up-regulates the expression of ctj-macroglobulin

which functions in the tissue remodelling process of ovulation (Dajee et al., 1996;

Russell et al., 1996). Following fertilisation, PRL functions to induce the production

of progesterone in the ovary, which is necessary for implantation and maintenance of

pregnancy (Johnson and Everitt, 1995). PRL is also luteolytic in the rodent ovary. If

mating does not occur, the corpa lutea are preserved until the next pro-estrous day

when they regress as a result of the preovulatory PRL surge (Hirsch et al., 1999).

PRL-induced leutolysis occurs via the activation of matrix metalloproteinases (Hirsch
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et al., 1999). PRL also up-regulates the expression of monocyte chemoattractant

protein-1, which results in the invasion of the corpus luteum by macrophages (Bowen

et al., 1996)

Recently, it has been suggested that PRL influences implantation and

maintenance of pregnancy in humans and other animal models (Ormandy et al., 1997;

Jabbour et al., 1998; Jones et al., 1998; Frasor et al., 1999). In the non-pregnant

human endometrium, PRL is synthesised by endometrial stromal cells during the mid-

late secretory phase of the menstrual cycle. PRL synthesis commences with the first

histological signs of decidualisation. PRL synthesis is correlated with increased

decidual cell size and PRL expression is commonly used as a marker for functional

decidualisation. In the absence of pregnancy, PRL synthesis decreases prior to the

onset of menses (Maslar and Riddick, 1979; Wu et al., 1995). In the event of

pregnancy, PRL synthesis is maintained, increases following implantation, reaches a

peak at 20-25 weeks of pregnancy, and reduces towards term (Wu et al., 1995; Tanaka

et al., 1996).

The exact function of PRL in the non-pregnant endometrium is not clarified.

PRL-Rs have been localised to the stromal and glandular compartments of the mid-late

secretory phase human endometrium (Jabbour et al., 1998; Jones et al., 1998). The

co-ordinated temporal pattern of expression of PRL and the PRL-R in the non¬

pregnant human endometrium have led to the suggestion that PRL may be involved in

the establishment and maintenance of pregnancy. It is hypothesised that PRL acts

locally in a paracrine fashion to induce epithelial cell function/differentiation and direct

gene transcription in the glandular compartment of the human endometrium. (Jabbour

et al., 1998; Jabbour and Critchley, 2001).

During pregnancy, PRL functions to develop the mammary glands by inducing

epithelial cell differentiation (Shiu and Friesen, 1980). In addition, PRL, in synergy

with insulin and glucocorticoids, initiates lactogenesis by up-regulating the expression

3-lactoglobulin, p-casein and whey acid protein (Chen and Bissell, 1989; Lesueur et

al., 1991; Groner and Gouilleux, 1995; Goupille et al., 1997).
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1.5 The prolactin receptor (PRL-R)

The diversity of PRL functions are reflected by the wide distribution of the PRL-

R. The PRL-R is expressed by numerous cells and tissues and these are summarised in

Table 1.1.

Cell or tissue Cell or tissue

Central nervous system Kidney
Brain Cortex
Cortex Bladder (fish, reptiles, amphibians)
Hippocampus Lymphoid tissue
Choroid plexus Spleen
Striatum Thymus
Cochlear duct Nurse cells
Corpus callosum Epithelial cells
Hypothalamus Lymphocytes
Astrocytes T
Glial cells B

Retina Macrophages
Olfactory system Ganglia

Ganglia Intestinal cells
Pituitary Reproductive system
Anterior lobe Female
Intermediate lobe Ovary

Adrenal cortex Ova
Skin Granulosa cells
Epidermis Thecal cells
Hair follicle Corpus luteum (luteal cells)
Sweat gland Oviduct

Bone tissue Mammary gland
Chondrocytes Epithelial cells
Cartilage Milk"
Osteoblasts Tumors

Gills (fish and larval Crop sac (birds)
amphibians) Uterus (endometrium)

Lung Placenta
Heart Amnion
Cardiac muscle Male
Atria Testis

Skeletal muscle Germ cells
Adipocytes (birds) Spermatozoa
Brown adipose tissue Leydig cells
Liver Sertoli cells
Hepatocytes Epididymis
Kupffer cells Seminal vesicle

Submandibular gland Prostate
Submaxillary gland
Pancreas
Islet of Langcrhans

Gastrointestinal tract
Esophagus
Stomach
Intestine
Duodenum

Jejunum
Ileum
Colon

° Membrane and soluble forms.

Table 1.1: Distribution of the PRL-R in vertebrates. (Adapted from Bole-Feysot et
al„ 1998.)
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Sequence analysis of the PRL-R revealed that it shares homology with a number

of other membrane bound receptors. These receptors were grouped into a new family

of receptors and were named the class 1 cytokine receptor superfamily (Bazan, 1989;

Bazan, 1990). This family includes receptors for growth hormone (GH-R),

granulocyte-colony stimulating factor (G-CSF-R), granulocyte macrophage-colony

stimulating factor (GM-CSF-R), erythropoietin (EPO-R), several interleukin receptors

(IL-R), leukaemia inhibitory factor, oncostatin M, thrombopoietin, and leptin (Kelly et

al., 1991; Goffin and Kelly, 1996). Receptors within this superfamily (Figure 1.5) are

single membrane spanning receptors and they share conserved regions within their

extracellular domains (ECD) and intracellular domains (ICD).

mQ-CSF-R

1 _

g p 13 0

hOH-R

1

Ci
C2
C3
C4

248

hPRl-R

211

mll-3-R

1i-

hQM-CSF-R

mEPO-R
hll-2-R-B

1i 1,

214 417

8201 1698

hll-5-R

1 1

hll-6-R

mll-4-R

li—

208 322

ECD
hll-7-R

ir~

812

483

628

86*

786

398

— 339 219

449 1

898

U3M D

4 39>-

ICD

Figure 1.5: Schematic representation of the class 1 cytokine receptor superfamily.
h=human and m=mouse, the receptor abbreviations used are explained in the text.
Homology is restricted to the ECDs, which contain the conserved cysteines (C, thin
black lines), and the WSxWS motif (thick black line). The 24 amino acid
transmembrane domain (TMD) is illustrated in black. The first and last amino acids are
indicated, as well as the last number of the ECD. (Adapted from Kelly et al., 1991).
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1.5.1 Isolation and molecular cloning of PRL-R isoforms

The PRL-R was initially isolated from an estradiol treated rat liver. The

techniques used for isolation were immunoaffinity chromatography followed by

preparative electrophoresis. These techniques enabled the microsequence analysis of

receptor tryptic fragments. Receptor fragment were then purified by reverse phase

HPLC (high performance liquid chromatography) and amino acid sequences were

determined on a gas phase sequencer (Boutin et al., 1988; Okamura et al., 1989).

Following sequencing, the receptor fragments were used to prepare oligonucleotide

probes. Probes were then used to screen a rat liver cDNA library and enabled the

isolation of the PRL-R cDNA (Boutin et al., 1988; Okamura et al., 1989). Sequence

analysis revealed that rat PRL-R cDNA encoded 291 amino acids, which corresponded

to a 210 amino acid ECD, 24 amino acid TMD and 57 amino acid intracellular domain

(Boutin et al., 1988). The isolated PRL-R cDNA was transfected into COS-7 and

CHO cells and competitive displacement experiments demonstrated that the cDNA

encoded a receptor that bound PRL with high affinity (Boutin et al., 1988).

Following the isolation of the rat PRL-R, the rabbit PRL-R was subsequently

cloned from the mammary gland (Edery et al., 1989). For isolation, the rat PRL-R

cDNA was used as a probe to screen a cDNA library that was prepared from the rabbit

mammary gland. The isolated rabbit PRL-R differed from the previously cloned rat

PRL-R. The rabbit PRL-R cDNA encoded 592 amino acids, which had comparable

ECD and TMDs when compared to the rat PRL-R, however, the ICD was longer

(Edery et al., 1989). Subsequently, human and rat long form PRL-Rs were isolated

and this confirmed that the PRL-R exists in different isoforms (Boutin et al., 1989;

Shirota et al., 1990).

1.5.2 PRL-R isoforms

The PRL-R is encoded by a single gene, which is located on chromosome 5. As

outlined above, the PRL-R exists in long and short isoforms. These isoforms arise
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from alternative splicing of the primary transcript. In addition, intermediate isoforms of

the PRL-R have been isolated from the rat pre-T lymphoma Nb2 cell line and the T47D

breast cancer cell line. Table 1.2 outlines the interspecies variations in the expression

of PRL-R isoforms (reviewed in Kelly et al., 1992; Bole-Feysot et al., 1998).

Size of the Size of

Species Isoform mature receptor the ICD Reference

protein (amino
(amino acids) acids)

Rabbit Long 592 358 (Edery et al., 1989)
Deer Long 557 323 (Jabbour et al., 1996)
Mouse Long 589 355 (Davis and Linzer,

Short 291 57 1989;
284 50 Moore and Oka, 1993)
273 39

Rat Long 591 357 (Shirota et al., 1990)
Short 281 57

Intermediate 393 159 (Ali et al., 1991)
Cow Long 577 323 (Scott et al., 1992;

Short 272 38 Schuler et al., 1997)
Sheep Long 557 323 (Bignon et al., 1997)

Short 272 38
Human Long 598 364 (Boutin et al., 1989;

Intermediate 325 90 Kline et al., 1999)

Table 1.2: Interspecies variation in the expression of PRL-R isoforms.

Studies have demonstrated that the long form PRL-R is exclusively expressed in

the rabbit (Edery et al., 1989), red deer (Jabbour et al., 1996) and possum (Demmer,

1999). However, in rodents and ruminants, short and long isoforms of the receptor

have been isolated. In the rat (Figure 1.6), long (591 amino acids) and short (291

amino acids) isoforms are expressed in-vivo. These are transcribed from a single gene

and occur due to alternative exon splicing (Boutin et al., 1988; Davis and Linzer, 1989;

Shirota et al., 1990; Kelly et al., 1991; Bignon et al., 1997; Schuler et al., 1997). The

rat PRL-R gene is arranged into at least 11 exons, the first nine exons are common to

the long and short isoforms and alternative splicing occurs at the 10th and 11th exon.

The 10th exon encodes the ICD of the long form, whereas the 11th exon encodes the

ICD of the short form (Arden et al., 1990). The rat long and short PRL-Rs have
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comparable ECDs and transmembrane domains (TMD) and differ in their ICDs. The

short isoform has a truncated ICD when compared to the long form (Figure 1.6). The

rat Nb2 intermediate PRL-R (Figure 1.6) arises as a result of a nucleotide deletion and

is only expressed in-vitro in Nb2 cells (Ali et al., 1991). The rat long, short and Nb2

intermediate PRL-Rs have comparable ECDs and TMDs (Figure 1.6). However, the

rat Nb2 intermediate PRL-R has a 198 amino acid deletion within the cytoplasmic

domain when compared to the long form PRL-R (Ali et al., 1991).

Short Long Intermediate

591

Figure 1.6: Schematic representation of the rat long, short and Nb2 intermediate
PRL-R isoforms. The conserved cysteines (green) and the WSxWS motif (pink) are
present within the extracellular domain (ECD). The 24 amino acid transmembrane
domain (TMD) is illustrated in red. Box 1 (yellow) is present within the intracellular
domain (ICD). Numbers represent the size of the predicted mature protein and the
dashed lines illustrates the region deleted from the ICD of the Nb2 PRL-R. (Adapted
from Jabbour and Kelly, 1997)

In humans, long and intermediate PRL-Rs are expressed. In contrast to the rat

Nb2 intermediate PRL-R, the human intermediate PRL-R is expressed in-vivo (Kline

et al., 1999). The human intermediate and rat Nb2 intermediate PRL-Rs arise by very

different processes and share limited homology in sequence or length of their ICDs

(Table 1.2). The ICD of the rat Nb2 intermediate PRL-R is 159 amino acids long,
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whereas the ICD of the human intermediate PRL-R is 90 amino acids (Kline et al.,

1999). The human intermediate PRL-R has an identical ECD and TMD when

compared to the human long form PRL-R (Figure 1.7). However, the two isoforms

differ within their ICDs. The human intermediate PRL-R has a truncated ICD which

arises due to a 573 nucleotide deletion occurring at a consensus splice site, resulting in

a frameshift and leading to a premature stop codon (Kline et al., 1999).

Long

Cysteines

WSxWS motif

Box 1

Intermediate

1

336

ECD

TMD

ICD

325
528

598

Figure 1.7: Schematic representation of the human long and human intermediate
PRL-Rs. The conserved cysteines (green) and the WSxWS motif (pink) are present
within the extracellular domain (ECD). The 24 amino acid transmembrane domain
(TMD) is illustrated in red. Box 1 (yellow) is present within the intracellular domain
(ICD). Numbers represent the size of the predicted mature protein and the dashed lines
illustrates the region deleted from the ICD of the intermediate isoform.

Soluble PRL binding proteins have also been isolated from human and rabbit

milk (Postel-Vinay et al., 1991; Goffin et al., 1998). The biological role of the PRL

binding protein has not been determined. It is suggested that binding proteins function

to transport PRL to the intestine of the infant (Postel-Vinay et al., 1991). PRL binding

proteins have an identical ECD when compared to long or short isoforms from the

same species, however they lack the transmembrane and ICDs (reviewed in Goffin et

al., 1998). The mechanism that generates the PRL binding protein has not been
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clarified. It is hypothesised that binding proteins arise as a result of alternative spicing

of the primary mRNA and/or proteolytic cleavage (Postel-Vinay, 1996).

1.5.3 Primary structure of the PRL-R

Sequence analysis of PRL-Rs from numerous species revealed that the receptors

share regions of sequence homology. PRL-Rs have comparable TMDs and conserved

regions are present within the ECD and ICD. Conserved regions function to provide

the structure and affinity for ligand binding, or confer PRL intracellular signalling.

Conserved regions are illustrated in Figures 1.6 and 1.7.

1.5.3.1 The extracellular domain (ECD)

The ECDs of PRL-Rs tend to be highly homologous and contain highly

conserved 5 cysteines residues and the WSxWS motif (Boutin et al., 1989; Kelly et

al., 1991). The cysteines and WSxWS motif are essential for high affinity ligand

binding. The first 4 cysteines are located in the N-terminal region and form disulphide

bonds to provide the structure to facilitate ligand binding (Rozakis-Adcock and Kelly,

1991). Site directed point mutations introduced into the first 4 conserved cysteine

residues of the rat PRL-R inhibit hormone binding. Mutation of the last cysteine

residue has no effect to the affinity of binding. The exact function of this residue to

PRL intracellular signalling pathways has not been clarified (Rozakis-Adcock and

Kelly, 1991). The WSxWS motif (tryptophan, serine, any amino acid, tryptophan and

serine) is located proximal to the cell membrane. The region is also thought to facilitate

high affinity ligand binding by forming the floor of the binding crevice and maintaining

the structure of the ECD (Miyazaki et al., 1991; Rozakis-Adcock and Kelly, 1992).

Site directed substitution of alanine residues into the WSxWS motif reduces hormone

binding affinity by 23-fold (Rozakis-Adcock and Kelly, 1992).
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1.5.3.2 The transmembrane domain (TMD)

PRL-Rs have a single pass TMD, that is composed of 24 hydrophobic amino

acids. The significance of this region or any of the amino acids within this region to

PRL intracellular signalling pathways is not yet known (Bole-Feysot et al., 1998).

1.5.3.3 The intracellular domain (ICD)

The sequence and length of PRL-R ICDs are less conserved. However, two

conserved regions, termed Box 1 and Box 2, are present within the ICDs of long form

PRL-Rs of all species and the rat and human intermediate PRL-Rs. Box 2 is absent

from PRL-R short forms. Box 1 is a membrane proximal region composed of 8 amino

acids that are highly enriched in proline and hydrophobic residues (Ren et al., 1993).

In-vitro transfection studies unequivocally demonstrate that the Box 1 region is critical

for signal transduction. Deletion of the Box 1 region from the PRL-R abolishes

functional activity (Edery et al., 1994). Box 1 is the site where the tyrosine kinase

Janus kinase 2 (Jak2) interacts with the receptor. Site directed substitution of alanine

residues within the Box 1 region diminishes interaction of Jak2 with the PRL-R and

subsequent tyrosine phosphorylation of Jak2 (Pezet et al., 1997a). In contrast, the

significance of Box 2, a region of hydrophobic residues that are negatively charged

followed by positively charged residues, to the PRL intracellular signalling pathways

remains to be clarified (Bole-Feysot et al., 1998). However, the Box 2 region is absent

from PRL-R short forms and is present within the human intermediate PRL-R. This

region may function in the divergent signal transduction pathways (section 1.7.3) that

are activated by PRL-R isoforms (discussed in section 1.6.3).
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1.6 Activation of the PRL-R and associated

intracellular signalling pathways

1.6.1 PRL binding

To induce an intracellular response, PRL requires to bind to its membrane bound

receptor. Activation of the PRL-R involves ligand induced sequential receptor

dimerization (Kinet et al., 1996; Bole-Feysot et al., 1998). Initially, 1 molecule of

PRL binds to a membrane bound PRL-R, interaction occurs at binding site 1 and

results in the formation of an inactive hormone,:receptor! complex (Figure 1.8).

Thereafter, a second membrane bound PRL-R interacts with the hormone, :receptor,

complex, at binding site 2, producing the active hormone, :receptor2 trimeric complex

(Kinet et al., 1996; Bole-Feysot et al., 1998). The formation of the active

hormone, :receptor2 complex results in the rapid activation of Jak2 and PRL

intracellular signalling pathways.

PRL

Q

7i—n 7"
Inactive Active

Receptor
Figure 1.8: PRL-R activation by PRL induced receptor dimerization. Initially 1
molecule of PRL binds a membrane bound receptor at binding site 1, forming the
inactive hormone-receptor complex. Thereafter, a second membrane bound receptor
interacts with the hormone receptor complex at binding site 2, forming the active
hormone-receptor complex. (Adapted from Bole-Feysot et al., 1998).

23



Chapter 1 Literature review

1.6.2 PRL intracellular signalling pathways

The PRL-R is devoid of any catalytic domain in the cytoplasmic region; PRL-Rs

associate with cytoplasmic tyrosine kinases to induce intracellular responses. The

PRL-R is associated with the Jak/Stat (signal transducer and activator of transcription)

pathway, the MAP (Mitogen activated protein) kinase pathway and Fyn (Figure 1.9).

It is suggested that divergent signalling pathways (section 1.7.3), through the different

PRL-R isoforms enable PRL to regulate the numerous physiological processes that are

associated with the hormone (Das and Vonderhaar, 1995).

Long PRLR PRi.fi

Figure 1.9: Schematic representation of the PRL intracellular signalling pathways.
Long and short forms of the PRL-R are represented. PRL-R long and short isoforms
activate receptor associated Jak2, Fyn and the MAP kinase pathway. The long form
and Nb2 intermediate PRL-Rs activate the Jak/Stat pathway. (Adapted from Bole-
Feysot et al., 1998).

1.6.2.1 The Jak/Stat signalling pathway

The Jak/Stat pathway was originally described as part of the intracellular

signalling pathway of interferons (reviewed in Heim, 1999). Numerous studies have
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reported the association of the PRL-R with the Jak/Stat signal transduction pathway

(Bole-Feysot et al., 1998). The formation of the active hormone!:receptor2 complex by

PRL results in the rapid activation of receptor associated Jak2. Activated Jak2

subsequently phosphorylates the membrane bound receptor and cytoplasmic Stat

proteins. Following activation, Stat proteins translocate to the nucleus, bind to the

promoters of PRL target genes (section 1.8) and regulate the level of gene expression

(reviewed in Bole-Feysot et al., 1998).

1.6.2.1. !Jak2 activation

Jak2 is tyrosine kinase and a member of the Jak family of proteins, which also

includes Jakl, Jak3 and Tyk2. All cytokine receptors function in combination with 1

or several Jak proteins; Jak2 exclusively mediates PRL intracellular signalling (Bole-

Feysot et al., 1998). Jak2 has a kinase domain at the C-terminus and catalytic activity

is stimulated by phosphorylation of tyrosine 1007 (Feng et al., 1997; Heim, 1999).

Site directed substitution of tyrosine 1007 with a phenylalanine residue abolishes Jak2

kinase activity and signal transduction via the Jak/Stat signalling pathway (Feng et al.,

1997).

Jak2 is constitutively associated with the Box 1 region of the PRL-R (Figure

1.10). Box 1 is composed of 8 amino acids that are hydrophobic and proline enriched.

These residues are thought to adopt the typical folding of a SH3 binding domain; SH3

domains function in protein to protein interactions (Lebrun et al., 1995b; Pezet et al.,

1997a). However, sequence analysis of Jak2 failed to confirm the presence of a SH3

motif. It is postulated that an adapter protein links Jak2 and the PRL-R (Figure 1.10).

The adapter protein possibly interacts with the Box 1 region via its SH3 domain and

with Jak2 by another mechanism (O'Neal et al., 1996). The importance of the Box 1

region to PRL intracellular signalling was confirmed in-vitro using site directed

mutagenesis. Deletion of the Box 1 region abolishes Jak2 activation (Lebrun et al.,

1995b). In addition, site directed substitution of alanine residues into the Box 1 region

demonstrated that the last proline of Box 1 is critical for Jak2 association with the
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PRL-R and subsequent activation of PRL signal transduction pathways (Pezet et al.,

1997a).

As mentioned previously, Jak2 is activated following the formation of the active

hormone, :receptor2 complex. Formation of this complex results in the interaction of 2

Jak2 molecules, leading to transphosphorylation of Jak2 tyrosine residues at position

1007 (Findiori and Kelly, 1995; Feng et al., 1997). Following activation, Jak2

functions to phosphorylate the PRL-R (section 1.7.2.1) and target proteins, which

include Stat proteins (section 1.7.2.1.3) andFyn (section 1.7.2.4).

1.6.2.1.2 Receptor phosphorylation

Activated Jak2 transiently phosphorylates tyrosine residues present within the

ICDs of long form PRL-Rs and also the rat Nb2 intermediate PRL-R. The ICD of

short form PRL-Rs do not undergo tyrosine phosphorylation, even though 4 tyrosine

residues are present (Lebrun et al., 1995b). The phosphorylation of tyrosine residues

within the ICD of the human intermediate PRL-R has not been demonstrated at present

(Kline etal., 1999).

The significance of PRL-R tyrosine phosphorylation, to the signal transduction

of the rat long form PRL-R and the rat Nb2 intermediate PRL-R, was determined by

site directed mutagenesis. Each tyrosine residue of the long form PRL-R and the rat

Nb2 intermediate PRL-R was independently substituted with a phenylalanine residue.

The ICD domain of the rat long form PRL-R contains 9 tyrosine residues, 6 are

present in the region that is deleted from the rat Nb2 intermediate PRL-R. Mutational

experiments demonstrated that Y580, Y479 and Y473 of the long form PRL-R are

phosphorylated by Jak2 (Pezet et al., 1997b). Mutation of the terminal tyrosine (Y580)

results in a receptor that has 20% transcriptional activity of the wild type PRL-R,

which suggests Y580 is critical to signal transduction of the long form PRL-R (Lebrun

et al., 1995a). The rat Nb2 intermediate PRL-R has three tyrosine residues within its

ICD (Y237, Y309 and Y382). Mutation of Y382 abolishes receptor functional activity,

which suggests Y382 is exclusively phosphorylated by Jak2 (Lebrun et al., 1995a;
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Ali, 1998). Mutation of Y237 or Y309 has no effect on the receptor functional activity

(Lebrun et al., 1995a; Ali, 1998). It is hypothesised that receptor phosphotyrosines

function to enhance PRL intracellular signalling. The distal tyrosine present on the long

form and the rat Nb2 intermediate PRL-Rs is postulated to be the site were Stat5 docks

on the PRL-R. This region is absent in short form PRL-Rs and is possibly the reason

why short form PRL-Rs fail to activate Stat proteins (reviewed in Bole-Feysot et al.,

1998).

Figure 1.10: Schematic representation of the rat long form PRL-R. Box 1 is
required for Jak2 association with the receptor. The most terminal tyrosine (Y580), is
proposed to be the site where Stat5 docks and is subsequently activated by Jak2. Statl
and Stat3 are proposed to bind to tyrosine Y309. (Adapted from Bole-Feysot et al.,
1998).

L<5.2, L3_Stat phosphorylation

Stat proteins are latent cytoplasmic transcription factors that share several

conserved structural and functional domains (Ihle, 1995; Ihle and Kerr, 1995; Heim,

1999). The Stat gene family contains eight members, Statl a and p (the two variant

form of Statl), Stat2, Stat3, Stat4, Stat5a, Stat5b and Stat6. The Stat family of

proteins arise from alternative splicing (Statl, Stat3 and Stat4) or posttranslational

proteolytic processing (Stat5a and Stat5b). With the exception of Stat4, which is
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expressed mainly in the thymus and testes, Stat proteins are ubiquitous (reviewed in

Heim, 1999). Stats proteins contain five conserved features; a DNA binding domain, a

SH3 (SRC [rous sarcoma protein] Homology 3) like domain, a SH2 (SRC Homology

2) domain, a ubiquitous tyrosine and a transactivating domain (reviewed in Bole-

Feysot et al., 1998). SH3 and SH2 domains are protein sequences that facilitate

interactions with other proteins and enable the interaction with signal transduction

proteins. SH3 domains are 50 amino acids long and function in protein-protein

interactions. SH2 domains are 100 amino acids long and bind phosphotyrosine

containing sequences (Ihle, 1995).

The activation of Stat proteins by Jak2 occurs following the formation of the

active hormone, :receptor2 complex. Phosphorylated tyrosine residues present on the

PRL-R function to recruit Stat proteins to the receptor complex. Recruited Stat proteins

dock on the receptor complex via their SH2 domain and are subsequently

phosphorylated at tyrosine 694 by Jak2 (Gouilleux et al., 1994; Pezet et al., 1997b).

Following phosphorylation, the SH2 domain facilitates Stat protein homo or

heterodimerization (Ihle, 1996b). Following dimerization, Stat proteins translocate to

the nucleus, bind, via their SH2 domain, to consensus DNA motifs termed GAS (y-

interferon activated sequence) on the promoter of PRL target genes (section 1.8) and

regulate the level of gene expression (Bole-Feysot et al., 1998).

1.6.2.2 The MAP kinase pathway

PRL, signalling via the long, short and rat Nb2 intermediate PRL-R isoforms,

activates the MAP kinase pathway (Figure 1.9). The MAP kinase pathway is a cascade

of serine/threonine kinases that confers mitogenic effects induced by PRL from the cell

membrane to the nucleus. The MAP kinase pathway involves a number of well

characterised signal transduction proteins including; SHC (SH domain containing

protein), Sos (son of sevenless), Grb2 (growth factor receptor binding protein 2), Ras

(Harvey and Kristen rat sarcoma protein) Raf-1 (MAP kinase kinase kinase) and MEK

(MAP kinase kinase).
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The binding of PRL to the PRL-R results in the sequential activation and

association of the signal transduction proteins that confer the MAP kinase pathway.

The formation of the active hormone!:receptor2 complex (Figure 1.8) results in the

association of tyrosine phosphorylated SHC, an adapter protein commonly employed

in mitogenic signalling pathways, with the activated receptor complex. SHC tyrosine

phosphorylation is accompanied by the recruitment of the Grb2-Sos Ras activating

protein dimer to the plasma membrane. The Grb2-Sos dimer interacts with SHC

phosphotyrosine residues via Grb2 SH2 domains (Erwin et al., 1995). Grb2 contains

2 SH3 domains, which facilitate the association with the Sos proline rich domain

(Erwin et al., 1995). Sos induces guanine nucleotide exchange at the monomelic G-

protein Ras, which in turn activates Raf-1 (Das and Vonderhaar, 1996). Thereafter,

Raf-1 phosphorylates MEK, which subsequently phosphorylates MAP kinase

inducing its activation. Activated MAP kinase translocates to the nucleus and induces

the phosphorylation of a number of transcription factors such as Myc (avian

myelocytoma protein) or Jun (Ju-nana) which function to regulate diverse cellular

processes (Seth et al., 1992; Das and Vonderhaar, 1995).

The actual locus of PRL induced SHC-Grb2-Sos recruitment to the plasma

membrane has been a topic of recent investigations. Several reports suggest that a

Jak2-mediated tyrosine phosphorylation of the epidermal growth factor receptor

facilitates recruitment of SHC-Grb2-Sos to the plasma membrane which results in the

subsequent activation of the MAP kinase pathway by Ras (Yamauchi et al., 1997;

Yamauchi et al., 2000).

1.6.2.3 Fyn activation

The non-receptor tyrosine kinase Fyn, a member of the SRC (rous sarcoma

protein) kinase family, is constitutively associated with the PRL-R and is activated

following PRL stimulation (Clevenger and Medaglia, 1994). The exact function of Fyn

in PRL intracellular signalling has yet to be clarified. However, Fyn has been
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demonstrated to activate Ras in-vitro, which suggests that PRL induced Fyn may be

associated with the MAP Kinase pathway (Clevenger and Medaglia, 1994).

The exact mechanism by which Fyn associates with the PRL-R remains unclear.

Fyn contains both SH2 and SH3 domains. Association of Fyn with the PRL-R may

occur via either of these functional protein-protein interaction domains. Truncation of

the rat Nb2 intermediate PRL-R, to remove all tyrosine residues, inhibits PRL induced

activation of Fyn suggesting a role for tyrosine residues in PRL mediated Fyn

activation (Clevenger and Medaglia, 1994). In addition, recent studies have

demonstrated that the human long form PRL-R induces a high level of Fyn activation

whereas activation by the human intermediate PRL-R is minimal. Thus Fyn activation

seems to be primarily controlled by ICD tyrosine residues present in the distal PRL-R

C-terminus (Kline et al., 1999).

1.6.3 Divergent PRL intracellular signalling pathways

associated with PRL-R isoforms

PRL via its different receptors has been shown to mediate both mitogenic and

differentiative effects on target cells via divergent signalling pathways (Ben-Jonathan et

al., 1996; Bole-Feysot et al., 1998). In the case of the rat PRL-R isoforms, in-vitro

transfection experiments have demonstrated that the long, Nb2 intermediate and short

PRL-Rs can transduce the mitogenic properties of PRL via a MAP kinase pathway

(Das and Vonderhaar, 1995). However, only the long and Nb2 intermediate PRL-Rs

are associated with the Jak/Stat pathway (Ihle and Kerr, 1995; Goffin and Kelly, 1996;

Bole-Feysot et al., 1998 ).

The exact function of the short form PRL-R in-vivo is unknown. The short form

PRL-R activates the MAP kinase pathway, which suggests that it functions to mediate

the mitogenic effects of PRL (Das and Vonderhaar, 1995). In addition, it is suggested

the short form functions in-vivo to modulate the effect of PRL on target cells by

forming inactive heterameric receptor complexes with the long form PRL-R. This
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hypothesis was suggested following in-vitro transfection studies, in which bovine

mammary gland epithelial cells were co-transfected with varying concentrations of the

rat short and long form PRL-Rs along with a reporter gene construct containing the (3-

casein promoter. Co-transfection of a 5:1 ratio of the long to short PRL-R isoforms

resulted in a 35% decrease in the activation of the (3-casein promoter, whereas a 1:5

ratio of the long to short PRL-R isoforms completely abolished activation of the (3-

casein promoter (Berlanga et al., 1997). These studies have suggested that receptor

homodimerization is required for proper signal transduction. Stat proteins possibly

require an identical pair of ICDs for proper docking to tyrosine residues present on the

ICDs (Berlanga et al., 1997).

Divergence in intracellular signalling has also been observed for the human PRL-

R isoforms. The human long and intermediate PRL-Rs are identical in their ability to

bind PRL and phosphorylate Jak2. However, only the long form activates Fyn (Kline

et al., 1999). Whether the human intermediate PRL-R functions like the rat short form

to modulate signalling by forming inactive heterameric receptor complexes, is

unknown and needs further clarification.

1.7 PRL target genes

The binding of PRL to the PRL-R activates intracellular signalling pathways

within the cell, resulting in the regulated expression of PRL target genes. Table 1.3

lists PRL target genes that have been identified in-vivo. In the pregnant mammary

gland, PRL initiates and maintains milk production via the regulated expression of a

number of PRL target genes which include (3-casein, (3-lactoglobulin and whey acid

protein (Chen and Bissell, 1989; Lesueur et al., 1991; Groner and Gouilleux, 1995;

Goupille et al., 1997). In the ovary, PRL up-regulates the expression of °=2-

macroglobulin which functions in tissue remodelling (Dajee et al., 1996; Russell et al.,

1996) and 3(3-hydroxysteroid dehydrogenase/A5-A4 isomerase, an enzyme that

facilitates the final stage of progesterone synthesis (Martel et al., 1990).

31



Chapter 1 Literature review

Gene Tissue/cell Function Reference

p-casein Mammary
gland

Milk protein (Groner and Gouilleux,
1995)

P-lactoglobulin Mammary
gland

Milk protein (Burdon et al., 1994)

Whey acid protein Mammary
gland

Milk protein (Li and Rosen, 1995)

a -2 macroglobulin Ovary Tissue

remodelling
(Russell et al., 1996)

3p-hydroxysteroid Ovary Progesterone (Morris et al., 1997)

dehydrogenase/ synthesis
As-A4 isomerase

IRF-1 Endometrium Proliferation/

differentiation

(Jabbour et al., 1999)

Table 1.3: Genes that are regulated by PRL in-vivo.

In addition, a number of other PRL target genes have been identified in-vitro

using the rat Nb2 T-cell lymphoma cell line, which requires PRL for growth. These

genes function in cell proliferation and include c-myc (avian myelocytomatosis

protein), heat shock protein 70, ornithine decarboxylase, (3-actin (Yu-Lee, 1990)

cyclins D2 and D3 (Hosokawa et al., 1994), Pim-1 (Buckley et al., 1995) and clone

15/RnudC (Morris et al., 1997).

IRF-1 was originally cloned as the transcription factor that induced interferon-(3

gene expression in virus infected fibroblasts (Miyamoto et al., 1988). However, IRF-1

has also been found to be associated with apoptosis, tumour suppression, macrophage

activation, antigen presentation, T and B cell proliferation, and myeloid differentiation

(reviewed in Yu-Lee et al., 1998). In Nb2 cells, IRF-1 was identified as an early

response PRL target gene that induced PRL effect on cellular proliferation. PRL

signalling via the Jak2/Statl signal transduction pathway induces a 20 fold induction of

IRF-1 gene expression within 60 minutes in Nb2 cells (Yu-Lee et al., 1990; Wang et

al., 1997). Recently, IRF-1 has been identified to be a PRL target gene in the human
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endometrium. In the human endometrium, it is postulated that IRF-1 functions in cell

differentiation and/or proliferation during implantation (Jabbour et al., 1999).

1.8 PRL and PRL-R Knockout mice models

Recently, the technology of gene targeting in embryonic stem cells has been

used to produce mice that have a germ line null mutation of the PRL and also the PRL-

R gene. These knockout mice provide unique models to assess the physiological

consequences following the complete ablation of PRL and signalling via the PRL-R. In

the case of PRL knockout mice, homozygous males are fertile. However, homozygous

females carrying the null PRL mutation have irregular estrous cycles, defective

mammary glands and are infertile (Horseman et al., 1997). These animals never

become pregnant when mated with stud males; eggs fail to implant into the uterus,

although their ovulation rate is not impaired (Horseman et al., 1997). The uteri of PRL

knockout mice have not been assessed. However preliminary data suggests that these

animals are infertile due to defects in the endometrium which occur due to the absence

of PRL intracellular signalling (Horseman et al., 1997).

Concerning PRL-R knockout mice, homozygous males were first regarded to

be infertile, however it was later observed that these mice had delayed fertility

(Ormandy et al., 1997; Bole-Feysot et al., 1998). Homozygous females lacking the

PRL-R gene are infertile as a consequence of failure of embryos to implant. In

addition, these animals have a number of reproductive abnormalities including,

irregular oestrous cycles, reduced fertilisation rates, immobilisation and degeneration

of fertilised embryos within the oviduct, and absence of pseudopregnancy (Ormandy et

al., 1997). Initially, studies were performed to assess whether PRL-R knockout

animals are infertile due to defects within the endometrium. Viable embryos were

recovered from PRL-R knockout females and were re-implanted into the oviducts of

wild type pseudopregnant foster mothers. The majority of re-implanted embryos

produced live births, which suggests that embryos fail to implant in PRL-R knockout

females due to endometrial defects (Ormandy et al., 1997; Bole-Feysot et al., 1998).
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However, more recent studies suggest that PRL-R knockout female mice are sterile

due to lack of PRL signalling via the ovarian PRL-R (Binart et al., 2000). In rodents,

decidualisation occurs following fertilisation and is dependent on estrogen and

progesterone that is secreted by the ovary (Galosy and Talamantes, 1995). Due to the

mutation of the PRL-R, the ovaries of PRL-R knockout females fail to produce

progesterone. Recent studies have demonstrated that implantation in the PRL-R

knockout mouse can be rescued following exogenous progesterone administration

(Binart et al., 2000; Reese et al., 2000). However, the majority of progesterone treated

PRL-R knockout animals can not maintain full-term pregnancy, animals consistently

abort on day 12.5 of pregnancy (Binart et al., 2000). This has prompted the

suggestion that in the mouse, PRL signalling via the PRL-R is not required for

implantation but is essential for maintenance of pregnancy (Binart et al., 2000).

The suitability of the PRL and also the PRL-R knockout mouse models to

investigate the possible role of PRL in human implantation have limitations. Recent

studies have demonstrated that the PRL-R is not expressed in the wild type mouse at

the time of predicted implantation; PRL-R expression is up-regulated subsequent to

trophoblast implantation (Reese et al., 2000). In contrast, PRL and PRL-R expression

are up-regulated in the human endometrium at the predicted time of conception, which

suggests PRL signalling via the PRL-R functions in the human implantation process

(Jones et al., 1998; Jabbour et al., 1998).
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Aims and Objectives

This thesis aims to investigate the role of PRL in the uterine function of the marmoset

monkey and to determine whether the marmoset monkey is a suitable model to

investigate the role of PRL in human uterine function. The specific aims of these

studies are to:

1. Isolate and sequence the marmoset PRL-R and to determine

sequence/functional similarities with the human PRL-R.

2. Investigate PRL and the PRL-R expression in the uterus of the

marmoset monkey.

3. Determine the PRL intracellular signalling pathway in the uterus of

the marmoset monkey.

4. Clarify whether IRF-1 (interferon regulatory factor-1) is a PRL

target gene in the marmoset monkey uterus.
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Chapter 2 General methods

2.1 Chemicals and suppliers

This chapter details techniques common to a number of investigations that are

outlined in this thesis. Any modifications to the methods stated in this chapter or

methods exclusive to one investigation are discussed in the relevant experimental

chapters. Molecular biology grade chemicals were supplied by Sigma and BDH,

unless stated. Enzymes were purchased from Promega. Radiolabelled nucleotides were

obtained from Dupont NEN. Autoradiography supplies were from Eastman Kodak,

supplied by Sigma. The addresses of suppliers are detailed in appendix II.

2.2 Animals

2.2.1 Animals and housing

Animals used for these studies were adult female (>18 months) marmoset

monkeys that were housed at the MRC Human Reproductive Sciences Unit Primate

Centre. All procedures were in agreement with the Animals (Scientific Procedures) Act

1986. Animals were housed as pairs, one adult female and one vasectomised male, in

1 x 1 x 0.65 meter cages. Cages contained nesting boxes, wooden perches and wood

shavings on the floor to allow foraging behaviour. Animals were fed once a day with a

selection of the following: peanuts, raisins, dates, sunflower seeds, brown bread, fruit

(apple, orange, pear, tomato, banana, grape) and a porridge mix (Casilan, Farex baby

rice, multi vitamin drops, Complan and vitamin D3).

2.2.2 Progesterone radioimmunoassay

The ovulatory cycles of the animals were monitored by twice weekly

measurements of plasma progesterone concentration (Smith et al., 1990) for a number

of cycles prior to use. Blood samples (300pl) were collected twice each week by

femoral venepuncture into 1ml heparinized syringes. The syringes were sealed with a

cap and centrifuged for 20 minutes at 1000 x g. Plasma was subsequently removed
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and stored at -20°C until utilised in a progesterone radioimmunoassay.

For the progesterone radioimmunoassay, all marmoset plasma samples and the

standard curve were prepared in duplicate. Marmoset plasma samples were thawed,

vortexed and 2.5pl of the plasma was added to 145pl of progesterone assay buffer (1M

phosphate citrate and 1% gelatin [pH 6]). A standard curve was prepared, from a

progesterone standard, which was diluted in a volume of lOOpl to 2.5, 5, 10, 25, 50,

100, 250, 500 and lOOOng/ml. In addition, 47.5pl of human post-menopausal serum,

diluted in assay buffer, was added to each of the standard curve samples so that the

volume in each was 147.5pl. To each of the samples and standard curve, lOOpl of the

primary antibody, sheep anti-progesterone diluted 1:1000 in assay buffer, was added.

To assess non-specific binding, a sample was prepared which contained lOOgl of the

progesterone assay buffer, the primary antibody was omitted. The iodinated tracer,

thymidine progesterone (l25I-PGT, Amersham) was diluted 1:5000 in tracer buffer (1M

phosphate citrate [pH 6]) and the cpm in lOOjil was determined. The tracer

concentration was adjusted to 15000cpmper lOOpl and 0.1% (w/v) ANSA (8-anilino-

1-naptha-lenesulfonic-acid) was added. Thereafter, lOOpl of this solution was added to

each sample. In addition, two lOOpl samples of the diluted tracer containing 0.1%

(w/v) ANSA was used in the assay to assess l25I-PGT total counts. Assay samples

were vortexed briefly and then incubated at room temperature for 3 hours.

Subsequently, the secondary antibody, donkey anti-goat diluted 1:64 in assay buffer,

was added to all samples, except those measuring the 125I-PGT total counts. Normal

sheep serum was diluted 1:32000 in assay buffer and 100pl was then added to all

samples. Samples were vortexed and then incubated overnight at 4°C. The following

day, 1ml of 0.9% saline/tritonX/polyethylene glycol was added to each sample and

samples centrifuged at 4°C for 30 minutes. The supernatant was subsequently

removed, the pellets air dried and the amount of the radioactivity incorporated into each

pellet measured using a gamma counter. The sensitivity of the assay was 0.07pmol per

tube (0.022ng/ml) and the inter- and intra-assay coefficients of variation were 15% and
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4% respectively.

2.2.3The ovulatory cycle of marmoset monkeys

Marmoset monkeys have a 28-30 day ovulatory cycle, which consist of an 8-9

days proliferative phase and a 19-22 days secretory phase. The proliferative phase was

defined as the period when plasma progesterone concentration was < 12nmol. Day 1 of

the secretory phase was when the progesterone concentration rose above 30nmol and

was followed by a sustained increase. The secretory phase has three time points; early

secretory phase (days 2-4), mid secretory phase (days 8-10) and late secretory phase

(days 14-20). At the required stage of the ovulatory cycle, animals were sedated with

lOOpl of ketamine hydrochloride (Parke-Davis Veterinary) administered

intramuscularly and sacrificed with 400pl of Euthanol intravenously (sodium

pentobarbitone, Rhone Merieux). A terminal blood sample was collected to ascertain

the level of progesterone.

2.2.4Tissue collection and fixation

Tissue used in the following studies, were from animals within the proliferative

phase or the mid-late secretory phase (days 10 to 16 of the secretory phase; day 0

being the estimated day of ovulation). Uterine samples for in-situ hybridisation

(proliferative phase, n=4 and mid-late secretory phase, n=4) were placed in disposable

embedding moulds (Polysciences), submerged in Tissue Tek (Tissue-Tek) and snap

frozen in isopentane, which was pre-cooled with dry ice, and stored at -70°C until

required. Tissues collected for RNA (proliferative phase, n=3 and mid-late secretory

phase, n=3) or protein (mid-late secretory phase, n=4) extraction were placed in Nunc

Cryotubes (Gibco) snap frozen as above and stored at -70°C until required. For the in-

vitro culture experiments, mid-late secretory phase uterine samples (total n=6) were

finely dissected, washed in phosphate buffered saline (PBS) and incubated in the

required volume of RPMI 1640 medium before stimulation with human PRL (hPRL-
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SIAFP-B2; kindly donated by NIDDK-NIH) as described in the relevant experimental

chapters. For immunohistochemistry (IHC), uterine samples (proliferative phase, n=4

and mid-late secretory phase, n=4) were collected, promptly fixed in Bouins reagent

for 5 hours and subsequently transferred to 70% ethanol. Thereafter, fixed tissue was

processed for 18.5 hours using an automatic Lecia TP1050 processor and embedded in

paraffin wax.

2.3 Total RNA extraction from tissue

Total RNA was extracted from tissues using Tri-Reagent, a guanidinium

thiocyanate based reagent (Chomezynski and Sacchi, 1987), according to the

manufacturers instructions. Briefly, tissue stored at -70°C was placed in Tri-Reagent

(lOmls per gram of tissue) and homogenised using an Ultra-Turrak T8 homogeniser

(IKA Labortechnik) followed by centrifugation at 4°C for 10 minutes at 12000 x g.

The supernatant obtained was transferred to a fresh tube and 0.2 volume of chloroform

was added. The mixture was shaken for 15 seconds, allowed to stand at room

temperature for 12 minutes and centrifuged at 4°C for 20 minutes at 12000 x g. The

RNA, present in the upper aqueous layer, was transferred to a new tube and

precipitated by the addition of 0.5 volume of isopropanol and incubated for 5 minutes

at room temperature. The RNA was then pelleted by centrifugation at 4°C for 20

minutes at 12000 x g. Thereafter, the supernatant was removed, the RNA pellet was

washed with 1 volume of 75% ethanol and then centrifuged at 4°C for 20 minutes at

12000 x g. Following centrifugation, the supernatant was removed and the RNA pellet

was dissolved in DEPC H20. When RNA was extracted from the liver, extra

purification steps were required to remove glycogen. Following dissolving of the liver

RNA in DEPC H20, lithium chloride was added to a final concentration of 2M. Liver

RNA was then incubated on ice for 30 minutes and then centrifuged at 4°C for 20

minutes at 12000 x g. The RNA pellet was washed twice with 1 volume 75% ethanol

(as above) and then dissolved in DEPC H20. The concentration and purity of the RNA
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was determined by spectrophotometry (section 2.4.2). In addition, the quality of the

RNA was assessed (Figure 2.1) by agarose gel electrophoresis (section 2.4.1). RNA

was stored at -70°C until required.

1 2 3

28S-

18S-

Vffff'

23130
9416
6557

4361

2322
2027

1358

1078

872

-603

Figure 2.1: Agarose gel electrophoresis (section 2.4.1) to assess RNA quality. Total
RNA extracted as described in section 2.3 was run on a 1% agarose gel. The 28S and
18S ribosomal RNA subunits are visible for each RNA sample. (1) adrenal, (2)
kidney, (3) Liver and (4) is DNA markers (Gibco, values are in are in bp).

2.4 Analysis and quantification of nucleic acids

2.4.1 Agarose gel electrophoresis

PCR products, Plasmid DNA, restriction endonuclease digest products and RNA

samples were analysed using agarose gels (Sambrook et al., 1989). Agarose gels were

prepared by microwaving the required amount of agarose in 0.5x TBE buffer

(Appendix I). For DNA samples, the amount of agarose added depended on the size of

DNA to be visualised; 0.8% agarose was used for uncut plasmids, 1% for 500-1500

bp of DNA or cut plasmids and 2% for 50-500 bp of DNA. For RNA, 1% agarose

gels were prepared with 0.5x TBE buffer (Appendix I), which was diluted with DEPC

H20. Ethidium bromide was added to the dissolved agarose (200pg/ml) to enable

visualisation of the DNA or RNA. The gel was subsequently poured into the gel
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casting tray (Hybaid) with a comb for well formation. Following setting, the gel was

submerged in 0.5x TBE buffer (Appendix I). DNA or RNA samples to be visualised

were mixed with loading buffer (Appendix I) and loaded to the gel. KB DNA markers

(72-23130 bp range, Gibco) were also loaded to size the DNA fragments and to

determine the DNA concentration. The DNA concentration was estimated by

comparing the intensity of the sample DNA to a KB ladder band of similar size, which

is of a known DNA concentration. The KB ladder was diluted in sample buffer to

obtain the range ofDNA concentrations that are detailed in table 2.1. Thereafter, 1,3,

5 and lOgl of the diluted KB ladder was run alongside samples to be quantified.

Following the loading ofDNA or RNA samples, the gel was run at 100V for 1 hour,

viewed under UV light and photographed.

Size of DNA
band (base pair)

DNA (ng) in lpl
of ladder

23130 4.77

9416 1.94

6557 1.35

4361 0.90

2322 0.48

2027 0.42

1358 2.52

1078 2.00

872 1.62

603 1.12

564 0.12

310 0.57

281 0.52

271 0.50

234 0.43

194 0.36

125 0.03

118 0.22

72 0.13

Total 20ng

Table 2.1: Quantity of DNA (ng) in each band of <J>k KB ladder (Gibco).
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2.4.2 Determination of nucleic acid concentration

Spectrophotometry at 260 and 280nm was used to determine the concentration

and purity of nucleic acids. The concentration of the DNA or RNA was calculated from

the 260nm value obtained, given that an optical density of 1.0 is equal to 50pg/ml for

double stranded DNA, 33pg/ml for single stranded DNA or 40pg/ml for RNA. DNA

and RNA purity was determined by dividing the 260nm value by the 280nm reading; a

ratio of 1.6-1.8 was taken to be pure.

2.5 Reverse-transcription polymerase chain

reaction (RT-PCR)

Reverse transcription-polymerase chain reaction (RT-PCR) is a two-stage

process. Complementary DNA (cDNA) is initially produced from RNA; the cDNA is

subsequently used in a PCR reaction to amplify a specific fragment of the cDNA.

2.5.1 Reverse transcription

Reverse transcription was performed using the Advantage™ RT-for-PCR kit

(Clontech). Total RNA (0.2-lpg), extracted, as described in section 2.3, was heat

denatured at 70°C for 2 minutes with 20pmol of oligo (dT),8 primer and subsequently

incubated on ice to facilitate the annealing of the primer to the mRNA. Thereafter,

cDNA was transcribed by incubating the RNA plus the annealed primer at 42°C for 1

hour in a total volume of 20pl, which contained 50mM Tris-HCl (pH 8.3), 75mM

KC1, 3mM MgCl2, 0.5mM of each dNTP, 1U RNase inhibitor and 200U MMLV

(Moloney-Murine Leukaemia Virus) reverse transcriptase. The cDNA reaction was

subsequently terminated by heating to 95°C for 5 minutes. Thereafter, the cDNA was

diluted by the addition of 80pl DEPC H20 and stored at -70°C until required for PCR.
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2.5.2Synthesis of oligonucleotide primers

Single stranded oligonucleotide primers, utilised in RT-PCR, were designed by

comparing PRL-R sequences from different species using the Genejocky II sequence

analysis software (Biosoft). Oligonucleotide sequences were designed from conserved

regions of the PRL-R and were synthesised by Genosys. To enable the generation of

the marmoset PRL-R cDNA (sections 3.2.1) primers were designed from conserved

regions in the 3' and 5' untranslated regions flanking the coding sequence of the PRL-

R. Primers were also designed, as detailed in section 3.2.8.1, that flanked the

marmoset PRL-R receptor from base pair position 482-799.

2.5.3 Polymerase chain reaction

For PCR, 5gl of cDNA (section 2.5.1) was incubated in a reaction mix

containing 1.5-3mM MgCl2, GeneAmp PCR Buffer II (50mM KC1, lOmM Tris-HCl

[pH 8.3]), 0.2mM of each dNTP, 25pmol of 5' and 3' primers and 1.25U AmpliTaq

(Perkin Elmer Cetus Inc) to a total volume of 50pJ with ddH20. In addition, ddH20

was used as a negative control and replaced the cDNA in the PCR reaction mix. PCR

amplification was carried out using an automated thermocycler (Touchdown™

Temperature Cyclin System, Hybaid). The reaction conditions used for PCR

amplification were dependent on the size of product and the Tm (melting/annealing

temperature) of the primer set. Specific PCR conditions are detailed in the relevant

experimental chapters. Following amplification, PCR products were analysed by

agarose gel electrophoresis (section 2.4.1), purified (section 2.5.4) and then subcloned

into the pCR®II or pCR®II-TOPO TA cloning vectors (Invitrogen, section 2.6).

2.5.4 Purification of PCR products

PCR products (section 2.5.3) were purified from contaminating PCR primers

and dNTPs prior to subcloning. Purification was achieved using the Nucleon QC kit

for PCR (Amersham Pharmacia Biotech Ltd) according to the manufacturers
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instructions. Following PCR amplification, the PCR reaction was added to the

supplied DNA binding resin, the sample was then centrifuged for 20 seconds at 12000

x g to remove contaminants. The purified PCR product was subsequently eluted from

the resin by the addition of the supplied Elu-Wash (30mM NaCl, lOmM Tris-HCl,

lmM EDTA) and by centrifugation for 20 seconds at 12000 x g. The concentration of

the PCR product was then determined by agarose gel electrophoresis and

spectrophotometry (sections 2.4.1 and 2.4.2).

2.6 Subcloning of PCR products

Following the determination of DNA concentration (section 2.4.2), PCR

products were ligated into the commercially available pCR®II and pCR®II-TOPO

cloning vectors (Invitrogen, illustrated in Figure 2.2 and Figure 2.3). The method of

ligation used was as recommended by the manufacturer.

Figure 2.2: pCR®II cloning vector, adapted from the Invitrogen web site
(www.invitrogen.com).
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Figure 2.3: pCR®II-TOPO cloning vector, adapted from the Invitrogen web site
(www.invitrogen.com).

2.6.1 pCR®ll ligation reaction

To obtain the optimal conditions for ligation, a 1:1 and 1:3 molar ratio of plasmid

vector to PCR product was used. A 1:1 molar ratio was calculated using the following

equation where Xng is the amount of PCR product to be ligated into the cloning vector

and Y is the bp size of the PCR product. A 1:3 molar ratio is obtained by multiplying

Xng by 3.

Xng of PCR Product = (Y bp PCR product) 150 ng pCR®II vector)
3900*

*bp size of the pCR®II vector

The optimal concentration of the PCR product was subsequently incubated in a

reaction mix containing 50ng of the pCR®II vector (Figure 2.2), 4 Weiss U of T4

DNA ligase and lju.1 of lOx ligation buffer (final concentration, 6mM Tris-HCl [pH

7.5], 6mM MgCl2, 5mM NaCl, O.lmg/ml BSA, 7mM (3-mercaptoethanol, O.lmM

ATP, 2mM DTT and ImM spermidine) to a volume of lOpl with ddH2Q. The ligation
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reaction was incubated overnight at 14°C and subsequently used to transform

competent cells (section 2.6.3).

2.6.2pCR®ll-TOPO ligation reaction

TOPO TA cloning® (Invitrogen), which uses the pCR®II-TOPO cloning vector

(Figure 2.3), was also used. For ligation, 1 or 2pl of the purified PCR product

(section 2.5.4) was incubated with lgl of the TOPO cloning reaction mix (lOng of

plasmid vector, 50% glycerol, 50mM Tris-HCl [pH 7.4], ImM EDTA, ImM DTT,

0.1% Triton X-100, lOOpg/ml BSA and phenol red) to a total volume of 6jal with

ddH20. Two volumes (1 and 2gl) of the PCR product were used to achieve optimal

ligation. Ligation reactions were incubated for 5 minutes at room temperature and

immediately used to transform competent cells (section 2.6.3).

2.6.3Transformation of competent cells

Following ligation, 50pl (6.1xl08 cells) of competent Escherichia coli TOPIOF'

cells (Invitrogen) were transformed with the ligated vector. The method of

transformation for the pCR®II and pCR®II-TOPO vectors is identical. For

transformation, TOPIOF' cells were thawed on ice, 2pl of the ligation reaction (section

2.6.1 or section 2.6.2) plus 2pl of 0.5M (3-mercaptoethanol were added and gently

mixed with the cells. TOPI OF' cells were subsequently incubated with the plasmid

DNA on ice for 30 minutes, heat-shocked by incubating at 42°C for 30 seconds and

then incubated on ice for 2 minutes. Thereafter, 250pl of room temperature Soc

medium (Appendix I) was added and the cells were incubated at 37°C for 1 hour at 225

rpm. Luria Bertani (LB) agar plates (Appendix I) containing 50pg/ml ampicillin were

prepared during the 1 hour incubation. When set, 40pl of 40mg/ml X-gal (5-bromo-4-

chloro-3-indoyl-b-D-galatoside) and 40pl of lOOmM IPTG (isopropylthio-|3-D-

galatoside) were spread on the surface of the agar plates. Following the 1 hour

incubation, 50pl or lOOpl of cells were spread on the surface of the prepared LB agar
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plates. Thereafter, the agar plates were inverted and incubated overnight at 37°C.

2.6.4 Blue/white colour selection

Following the overnight incubation, the plates were placed at 4°C for 4 hours to

enable colour development for blue/white colour selection. The pCR®II and pCR®II-

TOPO vectors used contain the LacZ gene within their polylinker region. LacZ gene

expression is induced by IPTG within the LB agar plates. Plasmids without a ligated

PCR product produce (3-galactosidase, the product of the LacZ gene, (3-galactosidase

converts the X-gal within the LB agar plates (Appendix I) into a blue product. The

LacZ gene is disrupted by the ligation of a PCR product and white colonies are

produced. White bacterial colonies were selected and subsequently streaked onto LB

agar plates containing 50gg/ml ampicillin. Plates were inverted and incubated overnight

at 37°C.

Thereafter, colonies containing the plasmid vector with the correct size of insert

were identified by direct lysis PCR (section 2.6.5). White bacterial colonies were also

used to inoculate 2-10mls of LB broth (Appendix I) which contained 50pg/ml of

ampicillin and cultures were incubated overnight at 37°C and 225 rpm. Following the

overnight incubation, plasmid DNA was recovered (section 2.7.1) and digested with

EcoRl (section 2.7.3.1) to determine the size of the DNA insert within the plasmid

vector.

2.6.5 Direct lysis PCR

SP6 and T7 primer binding sites are present on the polylinker region of the

pCR®II and pCR®H-TOPO cloning vectors (Figure 2.2 and 2.3). When SP6

(Promega, AGCTATTTAGGTGACACTATAGA) and T7 primers (Promega,

TAATACGACTCACTATAGGG) are used in a PCR reaction the DNA fragment

ligated within polylinker and vector DNA flanking the primers will be amplified, as

outlined in Figure 2.4.
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SP6 primer SP6andT7PCR T7 primer

Agarose gel electrophoresis
I

Figure 2.4: SP6 and T7 PCR, adapted from the Invitrogen web site
(www.invitrogen.com). SP6 and T7 primers are used in a PCR reaction mix, which
results in the amplification the ligated PCR product (red) and the flanking vector DNA
(beige).

For direct lysis PCR, single white colonies (approximately 10-20 colonies were

selected) were removed from agar plates (section 2.6.4) and lysed by incubating in

50pl of plasmid lysis buffer (20mM Tris-HCl [pH 8.4], 2mM EDTA [pH 8.0] and 1%

Triton-X) and then heating to 95°C for 5 minutes. Cell debris was subsequently

pelleted by centrifugation for 5 minutes at 13,000 rpm. For PCR, 5pl of the

supernatant, containing the isolated plasmid vector, was incubated in a PCR reaction

mix containing 1.5mM MgCl2, GeneAmp PCR Buffer II (50mM KC1 and lOmM Tris-

HCl [pH 8.3]), 0.2mM of each dNTP, 1.25U AmpliTaq (Perkin Elmer Cetus Inc)

25pmol of SP6 and T7 primers, to a total volume of 50jul with ddH20. In addition,

ddH20 was used as negative control and replaced the plasmid DNA in the PCR

reaction mix. The PCR amplification conditions used were an initial denaturing step of

94°C for 3 minutes, followed by 35 cycles of 94°C for 30 seconds, 45°C for 45

seconds and 72°C for 30 seconds, followed by a final extension of 72°C for 10

minutes. PCR products were analysed by agarose gel electrophoresis (section 2.4.1) to

enable visualisation of the amplified inserts. Subsequently, the bacterial colony

(section 2.6.4) containing the plasmid vector with the correct size of insert was used to
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inoculate 2-10mls of LB broth (Appendix I) which contained 50pg/ml of ampicillin and

the culture was incubated overnight at 37°C and 225 rpm. Thereafter, glycerol stocks

were produced by mixing 300pl of cells with 700pl of 50% glycerol, to enable future

propagation of the cells. Glycerol stocks were stored at -70°C until required. Plasmid

was isolated from the remainder of the cells by performing a small or large scale

plasmid DNA recovery, a miniprep or maxiprep respectively (section 2.7).

2.7 Plasmid DNA recovery and endonuclease

restriction digestion

2.7.1 Small scale plasmid DNA recovery - miniprep

Plasmid DNA was recovered from small scale bacterial cultures using the Wizard

Miniprep DNA purification kit (Promega), an alkaline lysis plasmid recovery system,

according to the manufacturers instructions. Briefly, overnight cultures of bacterial

cells grown in 2-10mls of LB Broth (Appendix I) were isolated by centrifugation for

15 minutes at 1600 x g. Pelleted cells were resuspended in 400pl of resuspension

solution (50mM Tris-HCl [pH 7.5], lOmM EDTA and 100pg/ml RNase A) and then

lysed by the addition of 400pl of lysis solution (0.2M NaOH and 1% SDS). Cell

lysates were subsequently neutralised by the addition 400pl of 1.32M potassium

acetate and centrifuged for 15 minutes at 12000 x g to pellet bacterial genomic DNA

and cell debris. The supernatant, containing the plasmid DNA, was passed through a

miniprep column with 1ml of DNA purification resin. The bound plasmid DNA was

then washed with 2mls of column wash (80mM potassium acetate, 8.3mM Tris-HCl

[pH 7.5], 40pM EDTA and 55% ethanol). Plasmid DNA was then eluted into a sterile

tube by the addition of 50pl ddH20 and centrifugation at 12000 x g for 20 seconds.

The concentration of plasmid DNA was then determined by spectrophotometry (section

2.4.2).
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2.7.2 Large scale plasmid DNA recovery - maxiprep

Large scale plasmid recovery was achieved using the endofree™ plasmid maxi kit

(Qiagen), an alkaline lysis plasmid recovery system, according to manufacturers

instructions. Briefly, lOOmls of an overnight bacterial culture was pelleted by

centrifugation at4°C for 15 minutes at 6000 x g. The pelleted cells were resuspended

in lOmls of buffer PI (50mM Tris-HCl [pH 8.0], lOmM EDTA and lOOpg/ml RNase

A). The cells were then incubated for 5 minutes at room temperature with lOmls of

buffer P2 (200mM NaOH and 1% SDS) which facilitates cell lysis. The cell lysate was

neutralised by the addition of lOmls of 3M potassium acetate [pH 5.5], transferred to a

QIAfilter, incubated for 10 minutes and then filtered. Thereafter, 2.5mls of buffer ER

(Qiagen, patented) was added and the filtered cell lysate was incubated for 30 minutes

on ice. Subsequently, the cell lysate was applied to a Qiagen-tip and then washed twice

with 30mls of buffer QC (ImM NaCl, 50mM MOPS [pH 7.0] and 15% isopropanol).

The plasmid DNA was then eluted with 15mls of buffer QN (1.6mM NaCl, 50mM

MOPS [pH 7.0] and 15% isopropanol) and precipitated with 10.5mls of isopropanol.

The sample was then centrifuged at 4°C for 30 minute at 15,000 x g. The supernatant

was removed, the DNA pellet was washed with 15mls 70% ethanol and then

centrifuged at4°C for 15 minute at 15,000 x g. Thereafter, the pellet was air dried and

resuspended in 1.5mls of TE buffer (lOmM Tris-HCl [pH 8.0] and ImM EDTA). The

concentration of plasmid DNA was then determined by spectrophotometry (section

2.4.2).

2.7.3 Endonuclease restriction digest of plasmid DNA

The plasmid vectors used in these studies have a number of unique enzyme

restriction sites within their polylinker region (Figures 2.2 and 2.3). Digestion of the

plasmid vector with restriction enzymes enables the size of the ligated cDNA insert to

be confirmed. In addition, restriction enzymes can be used to linearise plasmid DNA to

facilitate complementary RNA (cRNA) probe production.
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2.7.3.1 Identification of clones with cDNA insert of

correct size

To enable the identification of the vector containing the DNA insert of correct

size, samples were digested with EcoRI. EcoRI has two restriction sites on the

polylinker region, which flank the ligation site, of the pCR®II and pCR®H-TOPO

vectors (Figures 2.2 and 2.3). For endonuclease digestion, plasmid vector (0.5-1 jag)

was incubated for 1-4 hours at 37°C in a reaction mix containing 10U of EcoRI

restriction enzyme in EcoRI reaction buffer (90mM Tris-HCl [pH 7.5], 50mM NaCl,

lOmM MgCl2 and 0.05mg/ml BSA) to a final volume 10pl with ddH20. Digest

products were subsequently analysed by agarose gel electrophoresis (section 2.4.1).

2.7.3.2 Plasmid vector linearisation

Restriction enzymes were also used to linearise plasmid vectors to facilitate

subsequent cRNA probe production. For linearisation, the plasmid vector (l-5pg) was

incubated at 37°C for 1-4 hours in a reaction mix containing the required restriction

enzyme, the required reaction buffer, made up to a volume of 20pl with ddH20.

Specific conditions are detailed in the relevant experimental chapters. Following

linearisation, plasmid DNA was purified (section 2.7.3.3) and then analysed by

agarose gel electrophoresis (section 2.4.1).

2.7.3.3 Purification of Plasmid DNA

For DNA extraction, enzymatic digestion reactions were made up to a volume of

lOOpl with ddH20 and lOOpl of tris-buffered phenol:chloroform:IAA (Camlab) was

added. Sample were then vortexed for 15 seconds and then centrifuged for 15 seconds

at 13,000 rpm. Following centrifugation, the upper layer, containing the DNA, was

aspirated, placed in a clean tube and lOOjil of chloroform:IAA was added. Samples

were vortexed for 15 seconds and centrifuged then for 15 seconds at 13,000 rpm.
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Subsequently, the upper layer, containing the DNA was removed, placed in a clean

tube and incubated at -20°C for 1 hour with 0.1 volume of 5M ammonium acetate plus

2.5 volume of absolute ethanol. Thereafter, the DNA was pelleted by centrifugation at

4°Cfor20 minutes at 13,000 rpm. The supernatant was removed and the DNA pellet

was washed with 70% ethanol followed by centrifugation at 4°C for 5 minutes at

13,000 rpm. The pellet was air dried and resuspended in 20pl of ddH20.

2.8 Automatic DNA sequencing

DNA sequencing was performed using the dideoxynucleotide chain termination

technique (Sanger et al., 1977). Sequencing reactions were prepared using the ABI

Prism™ Terminator Cycle Sequencing ready reaction kit (PE Applied Biosystems) and

the base pair sequence of samples obtained using the Applied Biosystems Model 373A

DNA sequencing system.

2.8.1 Sequencing reactions

For DNA sequencing, sequencing reactions were prepared by incubating 400-

500ng of plasmid DNA (section 2.7) with 4pl of terminator ready reaction mix, 4pl of

half term (400mM Tris-HCl [pH 9] and ImM MgCl2) and 3.2pmol of the required

sequencing primer to a total volume of 20pl with ddH20. The primers used for

sequencing were SP6, T7 or as detailed in the relevant experimental chapters.

Sequencing reactions were placed in a PCR machine (Touchdown™ Temperature

Cyclin System, Hybaid) and incubated for 25 cycles of 96°C for 15 seconds, 50°C for

25 seconds and 60°C for 4 minutes. Subsequently, 16pl of ddH20 and 64jnl of 95%

ethanol was added to the sequencing reactions and the samples were left to precipitate

at room temperature for 15 minutes. Thereafter, samples were centrifuged at 4°C for 20

minutes at 13,000 rpm, air dried and resuspended in 4pl of formamide/EDTA loading

buffer (5|J formamide: lpl 50mM EDTA, [pH 8.0]).
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2.8.2Sequencing gel

A gel mix was prepared using 50g urea, 15mls acrylamide (Anachem, 40% w/v

acrylamide/bis-acrylamide stock solution 19:1), 2g amberlite and ddH20 to a volume of

90mls. The gel mix was stirred and heated until the urea dissolved and subsequently

filtered. Following filtration, lOmls of lOx TBE (Appendix I), 45pl of N,N,N',N'-

Tetramethyl ethylenediamine (T-Med), and 500pl of 10% ammonium persulphate was

added. The gel mix was then poured between the glass plates. Once polymerised, the

gel was pre-run for 30 minutes at 30W and then lx TBE was added (Appendix I) to

the buffer tanks. Prior to loading, sequencing reactions (section 2.8.1) were heated to

95°C for 5 minutes, loaded onto the gel, and the gel run overnight at 30W. Sequence

data was collected using the automatic data collection and analysis programs (PE

Applied Biosystems).

2.9 Ribonuclease protection assay

Ribonuclease protection assays (RPA) were performed using the RPAIII™ kit

(Ambion) according to the manufacturers instructions.

2.9.1 cRNA probe production

Complementary RNA (cRNA) probes were produced by in-vitro transcription

using the Riboprobe® in-vitro transcription kit (Promega), following the manufacturers

instructions. For cRNA probe production, 0.2-lgg of purified linearised plasmid

(section 2.7.3.2), containing the cDNA in the antisense direction, was incubated at

37°C for 1 hour in an in-vitro transcription mix that contained transcription buffer

(40mM Tris-HCl [pH 7.5], 6mM MgCl2, 2mM spermidine and lOmM NaCl), 4mM

DTT, 40U RNase inhibitor, 0.4mM each of rATP, rCTP and rGTP, 8gM rUTP,

50pCi 32P-[a]-UTP and 20U SP6 orT7 RNA polymerase. To control for variability in

RNA loading, an 18S antisense cRNA probe was prepared as above using 0.5pg 18S
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cDNA (Ambion), lOpCi 32P-[a]-UTP and 20U of SP6 RNA polymerase. Following

the 1 hour incubation, the appropriate RNA polymerase was replaced and incubation

period repeated. Subsequently, 1U of RNase-free DNase was added for 15 minutes at

37°C to digest the plasmid DNA. Following DNase digestion, cRNA probes were

mixed with gel loading buffer II (Ambion; 95% formamide, 0.025% xylene cyanol,

0.025% bromophenol blue, 0.5 mM EDTA and 0.025% SDS), heated at 95°C for 3

minutes and placed on ice. The cRNA probes were then loaded onto a 5% (vol/vol)

denaturing polyacrylamide gel (section 2.9.2) to enable the isolation of full length

cRNA probes. The denaturing gel was subsequently removed from the gel apparatus,

wrapped in cling film and exposed to autoradiographic film (Eastman Kodak) for 1

minute. The full length cRNA transcripts were excised from the gel and incubated

overnight at 37°C in elution buffer (Ambion; 0.5M ammonium acetate, ImM EDTA,

0.025% SDS). The following day, the activity of 2xlpl aliquots of the cRNA and 18S

probes was determined by liquid scintillation spectroscopy. The averages obtained

were used to determine the volume of the radiolabelled probe required giving 2xl05

cpm for the specific cRNA probe and 2xl04 cpm for the 18S cRNA probe.

2.9.2 Denaturing acrylamide RPA gel

Denaturing acrylamide gels were prepared by combining 14.4g urea, 3.8mls

acrylamide (Anachem; 40% w/v acrylamide/bis-acrylamide stock solution 19:1), 3mls

lOx TBE (Appendix I) made up to a final volume of 30mls with ddH20. The gel was

polymerised by the addition of 32pl T-Med plus 240pl, 10% ammonium persulphate

and was poured carefully between clean glass plates (Bio-Rad); a comb was inserted

for well formation. Following polymerisation, the gel was submerged in lx TBE

buffer (Appendix I) and the cRNA probes (section 2.9.1) or RPA samples (section

2.9.4) were loaded to the gel and run at 200-300V for 2-3 hours.
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2.9.3 RPA marker production

Century Markers (Ambion) were used to size the fragments in RPA experiments.

Markers were produced by in-vitro transcription as in section 2.9.1 using 0.5gg of

marker cDNA, lOpCi 32P-[a]-UTP and 20U of T7 RNA polymerase. Following in-

vitro transcription, markers were precipitated by the addition of 0.1 volume of 5M

ammonium acetate plus 2.5 volume ethanol and incubated at -20°C for 1 hour. Markers

were subsequently centrifuged at 13,000 rpm for 20 minutes at 4°C and resuspended in

100|4 of loading buffer II (Ambion; 95% formamide, 0.025% xylene cyanol, 0.025%

bromophenol blue, 0.5 mM EDTA and 0.025% SDS).

2.9.4 RPA reaction

For the RPA experiments, total RNA (RNA concentrations are detailed in

specific chapters) extracted as described in section 2.3, was incubated with 2xl05 cpm

of the required cRNA probe and 5xl04 cpm of 18S cRNA probe. Yeast RNA at the

same concentration was used as reaction controls to determine the specificity of the

hybridisation reaction and the size of the unprotected cRNA fragments. RNA and

probes were co-precipitated with 0.1 volume of 5M ammonium acetate and 2.5 volume

of absolute ethanol for 1 hour at -20°C. Thereafter, samples were centrifuged at 4°C for

15 minutes at 13,000 rpm and the pellets were subsequently resuspended in

hybridisation buffer (Ambion; 80% deionised formamide, lOOmM sodium citrate [pH

6.4], 300mM sodium acetate [pH 6.4] and ImM EDTA). Samples were then denatured

by incubating at 95°C for 5 minutes and were subsequently incubated overnight at 42°C

to facilitate hybridisation of the probes to the RNA. The next day, non hybridised

single stranded RNA was digested in all of the sample RNA and 1 of the yeast controls

by the addition of 5U RNase A and 200U RNase T1 in RNase buffer (Ambion, patent

pending). RNase buffer alone was added to the other yeast control. All samples were

incubated at 37°C for 30 minutes. Thereafter, samples were precipitated by the addition

of 0.1 volume of 5M ammonium acetate plus 2.5 volumes of absolute ethanol and
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incubated for 1 hour at -20°C. The samples were subsequently centrifuged at 4°C for

20 minutes at 13000 rpm, resuspended in 8pl gel loading buffer II (Ambion), heated to

95°C for 4 minutes and then placed on ice. The samples were loaded with RNA

markers (section 2.9.3) onto a 5% denaturing acrylamide gel (section 2.9.2) and run

for 2-3 hours at 200V. Subsequently, the gel was dried at 80°C and exposed to an

autoradiographic film (Eastman Kodak) or quantified using a phosphorimager (Storm

Molecular Dynamics).

2.10 Immunohistochemistry (IHC)

2.10.1 Tissue preparation

Glass microscope slides were prepared for IHC by washing with a 2% solution

of 3-aminopropyl triethoxysilane (TESPA) in acetone, followed by washing in

acetone, distilled water and then air dried. Paraffin embedded uterine tissue prepared as

described in section 2.2.4 were cut to a thickness of 5pm using a hand operated Lecia

Jung RM2035 Microtome. Cut sections were then floated on water, transferred onto

Tespa coated slides and dried overnight at 50°C. To enable the binding of an antibody,

tissue sections were dewaxed in histoclear (National Diagnostics) for 5 minutes and

subsequently rehydrated by washing for 20 seconds each in decreasing concentrations

of alcohol (100%, 96% and 70%).

2.10.2 Tissue pretreatment and primary antibody

Following dewaxing and rehydration, tissues sections were incubated for 30

minutes in 3% hydrogen peroxide in methanol, to eliminate endogenous peroxidase

activity. When the nitroblue tetrazolium (NBT) detection was used, this step was

omitted. Sections were then washed (2x5 minutes) in Tris-buffered saline (TBS,

0.05M Tris-HCl [pH 7.4] and 0.85% NaCl) and then incubated for 30 minutes in

blocking solution (20% normal serum in TBS plus 5% BSA). The normal serum used,

supplied by SAPU, was from the species in which the secondary antibody was raised.
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Thereafter, the blocking solution was removed and replaced with the desired primary

antibody or negative control, which were diluted to the required concentration using

blocking solution. The negative controls used for IHC were non-immune sera (DAKO)

or control IgG (Autogenbioclear) at the same protein or IgG concentration as the

primary antibody. Following the addition of the antibody or the negative control, the

sections were covered in coverslips made from Gelbond film (Flowgen) and incubated

overnight at 4°C.

2.10.3 DAB (3,3'-diaminobenzidine) detection

Following the overnight incubation, tissue sections were washed (2x5 minutes)

in TBS to remove surplus primary antibody and then incubated with the required

secondary antibody. The secondary antibodies (Dako) used were biotinylated to enable

the binding of an avidin-linked peroxidase enzyme complex. The type of secondary

antibody used depended on the source of the primary antibody. The required

secondary antibody was diluted 1:500 in blocking solution and then incubated with the

tissue sections for 30 minutes. Thereafter, tissue sections were washed (2x5 minutes)

with TBS to remove excess antibody and then incubated for 30 minutes with avidin-

horseradish peroxidase (HRP) complex (Dako). The HRP complex was prepared 20

minutes prior to use according to the supplier's instructions in 0.05M Tris-HCl [pFl

7.4]. Surplus HRP complex was then removed by washing (2x5 minutes) in TBS.

The bound immunocomplex was subsequently visualised by incubating the tissue

section with the substrates for horseradish peroxidase (0.05% [w/v] DAB and 0.01%

hydrogen peroxide in 0.05M Tris-HCl [pH 7.4]). The tissue sections were

subsequently counterstained for 2 minutes in Harris's haematoxylin. Excess stain was

removed by washing in water and cell nuclei were visualised by incubating in Scott's

tap water for 1 minute. Tissue sections were dehydrated by incubating for 20 seconds

each in increasing concentrations of alcohol (70%, 96% and 100%). Thereafter, tissue

sections were incubated for 5 minutes in histoclear, cleared in xylene and coverslips

mounted with pertex (Cellpath).
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2.10.4 NBT (nitroblue tetrazolium) detection

Following the overnight incubation, tissue was washed (2x5 minutes) in TBS to

remove surplus primary antibody. Tissue sections were then incubated for 30 minutes

with the required biotinylated secondary antibody which was diluted 1:500 in blocking

solution, followed by washing (2x5 minutes) in TBS. Subsequently, tissue sections

were incubated for 30 minutes with the avidin-alkaline phosphatase (APP) complex

(Dako). The APP complex was prepared 20 minutes prior to use according to the

supplier's instructions in 0.05M Tris-HCl [pH 7.4]. The sections were then washed

(2x5 minutes) in TBS followed by a 5 minutes incubation in Tris-MgCl2 buffer (0.1M

Tris [pH 9.5], 0.1M NaCl and 50mM MgCl2). To visualise the immunocomplex,

sections were incubated in Tris-MgCl2 buffer containing the substrates for alkaline

phosphatase (337.5pg/ml NBT, 175gg/ml X-phosphate [5-bromo-4-chloro-3-indolyl-

phosphate] and 0.001% levamisole) until the colour developed. Subsequently, the

slides were placed in water to stop the reaction, counterstained using 0.05% aqueous

light green stain, dehydrated rapidly in 100% absolute ethanol, cleared in xylene and

coverslips mounted with pertex (Cellpath).

2.11 Western blotting

2.11.1 Protein extraction from tissue

Tissue was homogenised in 500gl protein extraction buffer, (60mM Tris-HCl

[pH 6.8], ImM sodium vanadate, 10% glycerol and 2% SDS), containing protease

inhibitors (44mg/ml aprotinin and ImM phenylmethylsulfonylfluoride) using an Ultra-

Turrak T8 homogeniser (IKA Labortechnik). Samples were subsequently incubated on

ice for 45 minutes, followed by centrifugation at 4°C for 35 minutes at 13,000 rpm to

separate proteins from insoluble cellular matter. Thereafter, the supernatant, containing

the cellular proteins, was removed and placed in a fresh tube. The protein

concentration in each sample was then determined using the Bio-Rad DC Protein

Assay kit (Bio-Rad).
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2.11.2 Bio-Rad DC protein assay

The Bio-Rad DC (Bio-Rad) assay is based on the Lowry protein assay (Lowry et

al., 1951) and is used when proteins are extracted in buffer containing SDS. The assay

was performed according to the manufacturers instruction, and using the supplied BSA

to produce a standard curve. Briefly, BSA (0.1-1.4mg/ml) and protein samples (1:5

and 1:10) were diluted in duplicate in protein extraction buffer. Thereafter, 25pl of

each was pipetted into a microtitre plate. Solution A' was prepared by the addition of

20(0.1 of reagent S (Bio-Rad, patent protected) to each ml of reagent A (Bio-Rad, patent

protected), 12.5jol of solution A' and 100(d of reagent B (Bio-Rad, patent protected)

was then added to each well. The microtitre plate was left at room temperature for 15

minutes and then read at 750nm using a Multiscan® MCC/340 plate reader. A standard

curve was produced using the Assay Zap computer programme (Biosoft) and used to

determine the average protein concentration of each sample.

2.11.3 One dimensional polyacrylamide gel

electrophoresis

One dimensional polyacrylamide gel electrophoresis (PAGE) was used to size

separate proteins. SDS-PAGE gels were composed of a 7.5% resolving gel and a

4.5% stacking gel. The resolving gel was prepared from 8mls of 1.5M Tris-HCl [pH

8.8], 8mls of Acrylamide (Anachem, 30% w/v acrylamide/bisacrylamide stock

solution 37.5:1), 15.7mls of ddH20, 240gl of 10% ammonium persulphate and 20pl

of T-Med. The resolving gel was poured between the glass plates of a vertical protein

gel apparatus (Bio-Rad), overlaid with water-saturated isopropanol and left for 1 hour

to polymerise. Thereafter, the water-saturated isopropanol was removed, replaced with

0.375M of Tris [pH 8.8] and the gel stored overnight at 4°C. The next day the 0.375M

Tris buffer was removed and replaced with the stacking gel which was prepared from

5mls of 0.5M Tris-HCl [pH 6.8], 3mls of Acrylamide (Anachem, 30% w/v

acrylamide/bisacrylamide stock solution 37.5:1), 12mls of ddH20, 100gl of 10%
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ammonium persulphate and 7.4pl of T-Med. A comb was inserted for well formation.

The gel was left to polymerise for 1 hour and then placed in the gel running tank with

running buffer (25mM Tris-HCl, 192mM Glycine and 5.2mM SDS). Protein samples

were loaded onto the gel alongside 30pl of Seeblue™ (Novex) pre-stained protein

markers. The gel was run, with cooling, at 35mA until the loading buffer reached the

bottom of the gel.

2.11.4 Electroblotting - Semi Dry Transfer

Following running, the gel was removed from the glass plates, the stacking gel

was discarded and resolving gel washed for 1 minute in transfer buffer (20%

methanol, 2.5mM Tris-HCl, 19.2mM Glycine and 0.52mM SDS). Size separated

proteins were then transferred to Polyvinylidene difluoride (PVDF) membrane

(Milipore) using a Transblot R SD Semi-dry electrophoretic transfer cell (Bio-Rad).

For transfer, 6 pieces of filter paper (Filter paper 3, Watman) were cut to the size of the

gel and wetted in transfer buffer. PVDF membrane was also cut to the size of the

resolving gel, washed in methanol for 1 minute, distilled water for 5 minutes and then

transfer buffer for 1 minute. Thereafter, 3 pieces of filter paper were placed on the

electrode of the electroblotter, the PVDF membrane was placed on top, followed by the

gel and then 3 pieces of filter paper. The apparatus was set up according to

manufacturers instructions and blotted for 1.5 hours at 0.8 mA/cm2 of gel area.

Following blotting, the apparatus was dissembled, the positions of the Seeblue™

(Novex) pre-stained proteins were marked on the membrane with ink and membrane

subjected to immunoblot analysis.

2.11.5 Immunoblot analysis

For immunoblot analysis, the membrane was incubated overnight at 4°C in

blocking buffer, which was prepared from 5% [v/v] serum (supplied by SAPU) of the

species in which the secondary antibody was raised diluted in washing buffer (50mM
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Tris-HCl, 150mM NaCl and 0.05% [v/v] Tween-20). Subsequently, the membrane

was incubated with the required primary antibody for 2 hours at room temperature and

then washed in washing buffer (3x15 minutes with shaking). Thereafter, the

membrane was incubated for 1 hour at room temperature with the required horseradish

peroxidase conjugated secondary IgG antibody (Amersham Pharmacia Biotech) which

was diluted 1:2000 in blocking buffer. The membrane was subsequently incubated

with washing buffer (3x15 minutes with shaking) and proteins were then revealed by

chemiluminescence (ECL kit, Amersham Pharmacia Biotech) following the

manufacturers instructions. Briefly, equal volumes of solution 1 (Amersham

Pharmacia Biotech, patent protected) and solution 2 (Amersham Pharmacia Biotech,

patent protected) were combined to give a final volume of 0.125ml/cm2 membrane and

then incubated with the membrane for 1 minute. Membranes were covered with cling

film and exposed to autoradiographic film until bands were visible. To assess the non¬

specific binding of the secondary antibodies and obtain negative controls, membranes

following stripping (section 2.11.6) were blocked as described above in blocking

buffer. Thereafter, the membrane were incubated with the required secondary

antibody, the incubation stage with the primary antibody was omitted, and the

immunoblot analysis procedure was repeated as described above.

2.11.6 Stripping of immunocomplexes from

membranes

To enable reprobing, membranes were stripped by incubating in washing buffer

(3x15 minutes with shaking), followed by incubating (2x30 minutes) at 50°C with

stripping buffer (62.5mM Tris-HCl [pH 6.8], 3% SDS and 50mM dithiothreitol). The

membranes were then incubated in washing buffer (3x15 minutes with shaking) and

then used for immunoblot analysis as described in section 2.11.5.

62



Chapter three

Cloning, sequencing and

functional analysis of the

marmoset PRL-R cDNA



Chapter 3 Cloning of the marmoset PRL-R

3.1 Introduction

In mammals, the peptide hormone PRL influences a number of biological processes

which include growth and development, immune regulation, osmoregulation,

metabolism, behaviour and reproduction (Ben-Jonathan et al., 1996; Bole-Feysot et al.,

1998). To elicit a physiological response, PRL has to bind to its membrane bound

receptor which is a member of the class 1 cytokine receptor superfamily (Bazan, 1989;

Bazan, 1990). This family includes receptors for erythropoietin, granulocyte-colony

stimulating factor, granulocyte macrophage-colony stimulating factor, growth hormone,

leukaemia inhibitory factor and several interleukins (Bazan, 1990; Kelly et al., 1991).

Receptors within this superfamily share conserved regions in their extracellular and

intracellular domains which include the 5 cysteines residues and WSxWS motif (Kelly et

al., 1991; Goffin and Kelly, 1996).

The PRL-R exists in several isoforms that differ primarily in the sequence and

length of their cytoplasmic domain (Kelly et al., 1991). The long form of the receptor is

well characterised in several species including human (Boutin et al., 1989), rabbit (Edery

et al., 1989), red deer (Jabbour et al., 1996) and possum (Demmer, 1999). However, in

rodents and ruminants, short and long isoforms of the receptor have been described,

which are transcribed from a single gene by alternative exon splicing (Boutin et al., 1988;

Davis and Linzer, 1989; Shirota et al., 1990; Kelly et al., 1991; Bignon et al., 1997;

Schuler et al., 1997). PRL-R long and short isoforms from the same species have

identical extracellular and transmembrane domains. However, PRL-R short forms have a

truncated intracellular domain (Jabbour and Kelly, 1997). In addition to the long and

short isoforms, PRL-R intermediate isoforms have been described. The Nb2 intermediate

isoform was cloned from the rat pre-T lymphoma Nb2 cell line. This isoform is 393

amino acids long and arises as a result of a deletion of the PRL-R gene (Ali et al., 1991).

The Nb2 PRL-R isoform is identical to the rat long form PRL-R, except for a 198 amino

acid deletion within the cytoplasmic domain (Ali et al., 1991). Recently, a human PRL-R

intermediate isoform was cloned from the T47D breast cancer cell line (Kline et al.,
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1999). The human intermediate PRL-R isoform has identical extracellular and

transmembrane domains when compared to the long form PRL-R. However, the two

isoforms differ within their intracellular domains. The intermediate form has a truncated

intracellular domain resulting from a 573 base pair deletion and a frameshift leading to a

premature stop codon (Kline et al, 1999).

PRL signalling has been associated with phosphorylation of several intracellular

proteins including Janus kinase (Jak) 2, Signal transducer and activator of transcription

(Stat) 1, Stat3 and Stat5, Fyn and Raf (DaSilva et al., 1996; Han et al., 1997; Kline et al.,

1999). PRL via its different receptors has been shown to mediate both mitogenic and

differentiative effects on target cells via divergent signalling pathways (Ben-Jonathan et al.,

1996; Bole-Feysot et al., 1998). For example, in the rodent, both PRL-R isoforms

transduce the mitogenic properties of PRL via the MAP kinase pathway (Das and

Vonderhaar, 1995). However, only the long form of the rat receptor is associated with

Jak/Stat phosphorylation and signalling to Stat responsive promoters (Ihle and Kerr, 1995;

Goffin and Kelly, 1996; Bole-Feysot et al., 1998). The long form of the receptor has been

shown to activate the transcription of numerous genes such as (3-casein (Groner and

Gouilleux, 1995), (3-lactoglobulin (Burdon et al., 1994), whey acidic protein (Li and

Rosen, 1995), a2-macroglobulin (Dajee et al., 1996) and IRF-1 (Wang and Yu-Lee,

1996). The short form fails to activate Jak/Stat signalling and this has been attributed to the

truncation of the cytoplasmic domain (O'Neal and Yu-Lee, 1994). It has been suggested

that the short form of the receptor can modulate the effect of PRL on target cells by forming

inactive heterameric receptor complexes with the long form (Lesueur et al., 1991; O'Neal

and Yu-Lee, 1994). This has been demonstrated in mammary gland epithelial cells that

were co-transfected with varying concentrations of the rat short and long PRL-R along with

a reporter gene construct containing the p-casein promoter. Co-transfection of a 5:1 ratio of

the long to short PRL-R isoforms resulted in a 35% decrease in the activation of the P-

casein promoter, whereas a 1:5 ratio of the long to short PRL-R isoforms completely

abolished activation of the p-casein promoter (Berlanga et al., 1997). Divergence in

intracellular signalling has been observed also in the human PRL-R isoforms. The long and
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intermediate forms were identical in their ability to phosphorylate Jak2. However, only the

long form leads to activation of Fyn. Whether the intermediate form of the human PRL-R

modulates the efficiency of signalling of the long form to target promoters remains to be

clarified (Kline et al., 1999).

In this study, we cloned the marmoset PRL-R in order to determine the

sequence/functional similarities between the marmoset and human PRL-R. This was

attempted in order to establish whether the marmoset monkey might provide a useful

model for investigating the role of PRL in primate reproductive function. The marmoset

PRL-R was cloned by RT-PCR and subsequently characterised in-vitro for the binding of

lactogenic hormones and association with the Jak/Stat signal transduction pathway.

3.2 Experimental procedures

3.2.1 Marmoset PRL-R cDNA isolation

Marmoset adrenal RNA, extracted as described in section 2.3, was used to isolate

the marmoset PRL-R cDNA. For PCR (section 2.5.3), 5[d of the cDNA (prepared as

described in section 2.5.1) was incubated in a reaction mix containing 1.5mM MgCl2,

GeneAmp PCR Buffer II (50mM KC1 and lOmM Tris-HCl [pH 8.3], Perkin Elmer Cetus

Inc.) and 25 pmol of 5' and 3' primers. The primers used were designed from conserved

regions within the long form PRL-R sequences (sense: 5'-

GATACATTTCCTGCAGCAAGAG-3' and antisense: 5'-

CACGTACTCTGTAGTGTTACCTG-3') that flanked the receptor from base pair

position -34 to 1935. The PCR amplification conditions used were 94°C for 3 minutes, 35

cycles of 94°C for 30 seconds, 54°C for 45 seconds, 72°C for 60 seconds and a final

extension of 72°C for 15 minutes. In addition, ddH20 was used as a negative control and

replaced the adrenal cDNA in the PCR reaction mix. The PCR product (Figure 3.1) was

analysed by agarose gel electrophoresis (section 2.4.1), purified (section 2.5.4) and the

DNA concentration determined (section 2.4.2).

66



Chapter 3 Cloning of the marmoset PRL-R

M — A
4361-

2322 -

2027-

1358 -

1078 -

872 -

Figure 3.1: PCR using PRL-R specific primers. No PCR product was observed in the
negative control (-) whereas a 1969bp product was amplified when marmoset adrenal
cDNA (A) was used in the PCR reaction. The PCR product was sized by comparing to
the DNA markers (M, Gibco). All values are in are in bp.

The 1969bp PCR product obtained was ligated into the pCR®II-TOPO cloning

vector (Invitrogen, section 2.6.2) and ligated plasmid was then used to transform

competent TOPIOF' cells (Invitrogen, section 2.6.3). Thereafter, the plasmid containing

the insert of correct size was determined by direct lysis PCR (section 2.6.5). To enable

sequencing, the clone containing the marmoset PRL-R cDNA was used to inoculate 2-

lOmls of LB Broth (Appendix I) and the plasmid DNA was recovered by performing a

miniprep (section 2.7.1). The plasmid DNA was then sequenced using SP6 and T7

primers (section 2.8) to confirm that the cDNA insert was the marmoset PRL-R.

Following sequencing, the clone containing the marmoset PRL-R cDNA was used to

inoculate lOOmls of LB Broth (Appendix I) and a maxiprep performed for large scale

plasmid DNA recovery (section 2.7.2).

3.2.2Subcloning into pcDNA3.1(-)

To investigate the functionality of the marmoset PRL-R cDNA, the cDNA was

ligated into the pcDNA3.1(-) expression vector (Figure 3.2, Invitrogen). To facilitate the

unidirectional ligation of the PRL-R cDNA into the pcDNA3.1(-) vector, the pCR®II-
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TOPO plasmid containing the marmoset PRL-R cDNA and the pcDNA3.1(-) vector were

digested with Kpnl and EcoRV. Initially, 2pg of the plasmid containing the marmoset

PRL-R cDNA and the uncut pcDNA3.1(-) vector were incubated separately at 37°C for 2

hours with 50U of EcoRV in EcoRV reaction buffer (6mM Tris-HCl [pH 7.9], 150mM

NaCl, 6mM MgCl2> ImM DTT and 0.05mg/ml BSA), made up to lOOjal with ddH20.

Subsequently, aliquots of both digest reactions were analysed by agarose gel

electrophoresis (section 2.4.1). The remaining volumes of both digest reactions were

purified using Chromaspin-1000 DEPC H20 spin columns (Clonetech). The purified

linearised plasmids were then incubated at 37°C for 2 hours with 40U of Kpnl in Kpnl

reaction buffer (lOmM Tris-HCl [pH 7.5], 7mM MgCl2i, 50mM KC1, ImM DTT, and

0.05mg/ml BSA) made up to a volume of lOOpl with ddHaO.

(www.invitrogen.com).

Digest products were analysed by agarose gel electrophoresis (section 2.4.1) and

sized using kb markers (Gibco). The bands of correct size, corresponding to the

marmoset PRL-R cDNA and the pcDNA3.1(-) vector, were excised from the gel and

purified using the QIAquick Gel extraction kit (Qiagen) following the manufacturers

instructions. Briefly, both DNA fragments were excised from the gel using a scalpel and

placed separately in clean tubes. Thereafter, the gel slices were weighed, 3 volumes (w/v)

of QG buffer (Qiagen, patented) was then added and samples heated at 50°C for 10

minutes. Subsequently, the samples were added to the supplied columns, centrifuged
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for 1 minute at 13,000 rpm, 0.5mls of QC buffer was then added to the columns and

centrifuged as before. The DNA was then washed by the addition of PE buffer (Qiagen,

patented), followed by centrifugation as before. DNA was eluted using 30pl of EB buffer

(lOmM Tris-HCl [pH 8.5]). The DNA concentration of the marmoset PRL-R cDNA

fragment and linearised pcDNA3.1 (-) plasmid was then estimated by agarose gel

electrophoresis (section 2.4.1) and spectrophotometry (section 2.4.2).

For ligation, the marmoset PRL-R cDNA fragment was incubated with the

pcDNA3.1(-) vector at a 3:1 molar ratio of insert to vector (18.9ng to 50ng) and ddH20

was added to a final volume of 20pl. Ligation was then achieved by incubating the DNA

at room temperature for 5 minutes with Ready-To-Go™ T4 DNA Ligase (6 Weiss units

T4 DNA ligase, 66mM Tris-HCl [pH 7.6], 6.6mM MgCl2, O.lmM ATP, O.lmM

spermidine, lOmM DTT and stabilisers, Amersham Pharmacia Biotech). The ligation

reaction was mixed by pipetting and then incubated at 16°C for 45 minutes. The ligated

vector (2pl) was then used to transform competent TOPIOF' cells as described in section

2.6.3. Subsequently, direct lysis PCR, using T7 and pcDNA3.1/BGH (bovine growth

hormone, Invitrogen) primers, was performed to identify clones having the insert of

correct size (section 2.6.5). The clone containing the correctly sized insert was then used

to propagate lOOmls of LB broth (Appendix I) and the plasmid was recovered by

performing a Maxiprep (section 2.7.2). The plasmid was then sequenced as outlined in

section 2.8 using T7 and pcDNA3.1/BGH primers to confirm the orientation of the

marmoset PRL-R cDNA.

3.2.3 Routine passage of 293 cells

Human embryonic kidney fibroblast 293 cells (catalogue number: 293/851-20602,

European Collection of Cell Cultures) were grown under sterile conditions in culture

flasks with a surface area of 170cm2 (Corning Science Products). Cells were routinely

incubated at 37°C and 5% C02 (v/v) in 30mls of complete medium (Dulbecco's modified

Eagle's medium nutrient F-12 (Gibco) supplemented with 10% foetal calf serum (Gibco),
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1% L-glutamine (stock 200mM) and 1% antibiotics (stock 500IU/ml penicillin and

500pg/ml streptomycin). Cells grew as a monolayer on the surface of the flask. Cell

growth was observed daily, using an inverted light microscope, to determine the level of

confluence, when confluent the cells were passaged. Generally, the method of passaging

used was to take 50% of the cells from one large flask and split the cells between 4 new

large flasks, thus reducing the cell density to 1/8. To facilitate passaging, the growth

medium was removed by vacuum suction, cells were washed with lOmls of sterile PBS

and then incubated with trypsin-EDTA (0.1% trypsin and 0.04% EDTA in PBS) for 5

minutes at 37°C. Subsequently, trypsin was inhibited by the addition of lOmls of

complete medium and the cells were transferred to a 50ml centrifuge tube (Corning

Science Products). Cells were pelleted by centrifugation for 5 minutes at 1500 x g and the

supernatant was then removed. Thereafter, 4mls of complete medium was added to the

cell pellet, the cells were resuspended by gentle pipetting and 0.5mls of resuspended cells

were then added to a culture flask containing 29.5mls of complete medium. Cells were

then transferred to the incubator and incubated at 37°C and 5% C02 (v/v).

3.2.4Transient transfection of 293 cells

Cells were routinely passaged as indicated in section 3.2.3. For transfection,

following the incubation with trypsin, cells were resuspended in rich medium (two thirds

Dulbecco's modified Eagle's medium nutrient F-12, one third Dulbecco's modified

Eagle's medium 4.5g/l glucose [Gibco], containing 10% foetal calf serum, 1% L-

glutamine and 1% antibiotics). The cell concentration of resuspended cells was

determined using a Neubauer counting grid. Subsequently, 6xl06 cells were resuspended

in lOmls of rich medium and then placed into plOO culture dishes or 0.5xl06 cells were

resuspended in 2mls of rich medium and then placed into each well of a 6p6 plate. Cells

were seeded for 6 hours and subsequently transfected using the calcium phosphate

precipitation method (Southern and Berg, 1982). For calcium phosphate precipitation,

transfection mixtures were prepared in a 15ml centrifuge tubes (Corning Science
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Products). In the case of 6p6 plates, a transfection master mix for 6 wells was prepared

containing the required amount of DNA (detailed in section 3.2.7), 60gl of 2.5M CaCl2,

600gl of 2xBBS (BES-buffered saline, 1.5mM Na2HP04, 280mM NaCl and 50mM BES:

N,N-bis2-hydroxyethyl-2-aminoethanesulfonic acid [pH 6.96]) to a final volume of

1200gl with ddH20. In the case of pi00 plates, transfection mixtures were made in

duplicate containing the required amount of DNA (detailed in sections 3.2.5 and 3.2.6),

lOOpl of 2.5M CaCl2, 1ml of 2xBBS to a final volume of 2mls with ddH20. Transfection

mixtures were vortexed for 30 seconds, which facilitates bubble formation aiding calcium

phosphate precipitation, and then left at room temperature for 30 minutes. Subsequently,

200gl of the transfection mix was added to the medium in each well of a 6p6 plate or 1ml

was added to each plOO plate. The transfection mix was added drop by drop to reduce the

dislodgement of the cells. Plates were gently mixed to ensure even distribution of the

transfection mix throughout the medium and cells incubated overnight at 37°C and 5%

co2.

3.2.5 Competitive displacement experiments and Scatchard

analysis

Competitive displacement experiments and Scatchard analysis were performed to

determine the binding characteristics of the cloned marmoset PRL-R cDNA.

3.2.5.1 Preparation of total particulate fraction

For competitive displacement, 100mm culture dishes containing 6xl06 293 cells

were transfected (three independent experiments) with 5gg of the marmoset PRL-R cDNA

by calcium phosphate precipitation (section 3.2.4). Following 24 hours expression, the

rich medium was removed by vacuum suction, lOmls of PBS was added to wash the

cells, and was replaced with lOmls of serum free medium (two thirds Dulbecco's

modified Eagle's medium nutrient F-12, one third Dulbecco's modified Eagle's medium

4.5g/l glucose, Gibco) supplemented with 1% L-glutamine and 1% antibiotics. The
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cells were then incubated overnight at 37°C and 5% C02. The following day, the serum

free medium was removed, the cells were washed with 2mls of PBS and the cells

subsequently harvested by scraping in 1ml PBS. The harvested cells were transferred to a

clean tube and then centrifuged at 4°C for 5 minutes at 2000 x g. The pelleted cells were

resuspended in 0.5mls of TM buffer (25mM Tris-HCl [pH 7.4] and lOmM MgCl,), lysed

by 3 freeze-thaw cycles (liquid nitrogen for 2 minutes, incubating at 37°C in a waterbath

for 2 minutes and vortexing for 30 seconds) followed by centrifugation at 4°C for 15

minutes at 15,000 x g. Thereafter, the pellet obtained, referred to as the total particulate

fraction, was resuspended in 0.5mls TM buffer. The protein concentration was

subsequently determined using the Bio-Rad Protein assay kit II (Bio-Rad, section

3.2.5.2) and the total particulate fraction stored at -20°C until required.

3.2.5.2 Determination of protein concentration

The protein concentration of samples was determined using the Bio-Rad protein

assay kit (Bio-Rad), following the manufacturers instructions. A standard curve (0 to

lOgg, in a final volume of 800pl with ddH20) was prepared in duplicate using the

supplied BSA (1.4mg/ml). Protein samples were diluted (1:5, 1:10 and 1:20) in duplicate

to a final volume of 800gl with ddH20. Thereafter 200gl of the protein dye reagent (Bio-

Rad, patent protected) was added, samples were vortexed, left at room temperature for 10

minutes and absorbency measured at 595nm. A standard curve was then plotted,

absorbency against protein concentration, and used to calculate the protein concentration

of all samples.

3.2.5.3 Pituitary Hormones

Pituitary hormones used in these studies were obtained from the following sources.

Dr J Martial (University of Liege, Belgium) supplied the recombinant human PRL, Dr A

Ythier (Serono Aeres, Geneva, Switzerland) supplied the recombinant human growth

hormone and Dr W Brumbach (American Cyanamide Co, Prinston, NJ, USA) supplied
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the recombinant bovine growth hormone. Ovine PRL was obtained from the National

Hormone and Pituitary Programme/National Institute of Diabetes and Digestive and

Kidney Disease (Baltimore, MD, USA).

3.2.5.4 Competitive displacement experiments

For the competitive displacement experiments, 12T-human growth hormone was

prepared using the chloramine-T method (Hocquette et al., 1989) and had a specific

activity in the range of 75 to 120 gCi/gg. In these studies, l2T-human growth hormone

was used. Human growth hormone binds to PRL-Rs with identical affinity as PRL. 125I-

human growth hormone is routinely used in PRL-R competitive displacement experiments

as it is easier to work with than l2T-human PRL (Goffin et al., 1996). Samples for the

experiment were prepared (in duplicate) in 8mls haematology tubes, 20pg of total

particulate fraction (section 3.2.5.1), approximately 50,000 cpm of 125I-human growth

hormone and 0.5ml of assay buffer (25mM Tris-HCl [pH 7.4], lOmM MgCl2 and 1%

BSA) were added. ,25I-human growth hormone then was displaced from binding to the

marmoset PRL-R by the addition of unlabelled hormones. The concentrations of

unlabelled hormones added were between 0 and 191nM for human growth hormone and

between 0 and 174nM for human PRL. Bovine growth hormone was used as a negative

control at one concentration (191nM). Non-specific binding was assessed by incubating

20pg of total particulate fraction in 0.5ml assay buffer containing excess unlabelled

hormone (191nM for human growth hormone and 174nM for human PRL). Samples

were also prepared without the addition of unlabelled hormones. These samples served as

experimental controls enabling the value for total radioactivity to be calculated. All

samples were incubated overnight at room temperature. The following day, bound and

free hormones were separated by centrifugation at 4°C for 30 minutes at 3500 x g.

Thereafter, the supernatant was removed and the pellets were counted using a y-counter.

The specific binding of a hormone to its receptor is calculated as the difference between

the value for total radioactivity bound and the value of non-specific binding. The average
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value of each sample was plotted (Figure 3.6) and used for Scatchard analysis (Figure

3.7). Scatchard analysis was performed using the EBDA/LIGAND program (Biomedical

Computing Technology Information Centre, Nashville, TN, USA) (Munson and

Rodbard, 1980) as previously described (Djiane et al., 1977).

3.2.6Tyrosine phosphorylation of Jak2

The following experiments (three independent experiments) were performed to

ascertain if the intracellular signalling pathway of the marmoset PRL-R is associated with

Jak2 phosphorylation.

3.2.6.1 Co-transfection of 293 cells with the marmoset

PRL-R and Jak2 cDNA

Following the passaging of cells and resuspension in lOmls of rich medium (section

3.2.4), 6xl06 293 cells were placed into plOO plates and co-transfected by calcium

phosphate precipitation (section 3.2.4) with 4gg ofmarmoset PRL-R cDNA and 0.2pg of

human Jak2 cDNA (supplied by Dr J Ihle, Howard Hughes Medical Institute, Memphis,

USA). Following 24 hours expression, the rich medium was removed by vacuum suction

and the cells were washed with 2mls of serum free medium (section 3.2.5.1). The cells

were then incubated for a further 24 hours at 37°C and 5% C02 in lOmls of serum free

medium. The following day, the cells were incubated with or without 18nM ovine PRL

for 10 minutes at 37°C and 5% C02. The medium was then removed, cells washed with

4mls PBS, the PBS was discarded and replaced with 1ml PBS. The cells were then

scraped from the plate, transferred to clean tube and pelleted by centrifugation at 4°C for 5

minutes at 3000 x g. Thereafter, the supernatant was removed and the pelleted cells were

then incubated for 15 minutes at 4°C in 0.5ml lysis buffer (lOmM Tris-HCl [pH 7.5],

5mM EDTA, 150mM NaCl, 30mM sodium pyrophosphate, 50mM sodium fluoride,

ImM Na3V04, 10% glycerol and 0.5% triton X-100) containing protease inhibitors (ImM

phenylmethylsulfonyl fluoride, lpg/ml pepstatin A, 2pg/ml leupeptin and 5pg/ml
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aprotinin). Thereafter, lysates were separated from cell debris by centrifugation at 4°C for

10 minutes at 15,000 x g. The protein concentration of each sample was subsequently

determined using the Bio-Rad Protein assay kit II (Bio-Rad) as described in section

3.2.5.2.

3.2.6.2 Immunoprecipitation of Jak2

Following quantification, 0.25mg of cellular proteins were immunoprecipitated for

2 hours at room temperature with lgg of rabbit anti-Jak2 antibody, raised against amino

acids 758-776 of murine Jak2 (Upstate Biotechnology), and 25gl of Protein A-Agarose

(Santa Cruz Biotechnology). Immunoprecipitated complexes were subsequently washed

three times with lysis buffer (section 3.2.6.1) and then boiled for 5 minutes in sample

buffer (125mM Tris-HCl [pH 6.8], 5% SDS, 10% (3-mercaptoethanol and 20% glycerol).

3.2.6.3 SDS-polyacrylamide gel electrophoresis

Immunoprecipitated proteins (section 3.2.6.2) were separated by SDS-

polyacrylamide gel electrophoresis using the Bio-Rad minigel system (Bio-Rad). A 7.5%

resolving gel was prepared using 2.4mls ddH20, 1.2mls 1.5M Tris-HCl [pH 8.8], 1.3mls

30% Acrylamide (Anachem), 50gl 10% SDS, 50pl 10% ammonium persulphate and 9pl

T-Med. The gel mix was poured between the glass plates of the gel apparatus, overlaid

with water saturated isopropanol and left for 1 hour to polymerise. The isopropanol was

subsequently removed and replaced with a 5% stacking gel which was prepared from

1.4mls ddH20, 250gl 1M Tris-HCl [pH 6.8], 330gl 30% Acrylamide (Anachem), 20gl

10% SDS, 20gl 10% ammonium persulphate and 3pl T-Med. A comb was inserted for

well formation and left to set for 1 hour. The gel was then placed in the tank with running

buffer (25mM Tris, 192mM glycine and 1% SDS) and protein samples (section 3.2.6.2)

loaded alongside Bio-Rad protein standards (Pre-stained SDS-PAGE standards 205-

47kDa). The gel was run at 25mA while the samples were in the stacking gel and then at

35mA until the loading buffer reached the bottom of the gel. Proteins were then
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transferred onto PVDF membrane as described in section 2.11.4.

3.2.6.4 Immunodetection of JAK2

Following the transfer of proteins to PVDF membrane, membranes were incubated

overnight at 4°C in blocking buffer (200mM NaCl, 50mM Tris-HCl [pH 7.6] and 1%

BSA). The membranes were subsequently incubated for 2 hours at room temperature with

the primary antibody which was diluted in antibody buffer (200mM NaCl, 50mM Tris-

HCl [pH 7.6], 1% BSA, 0.05% Tween 20). The primary antibodies used were a mouse

monoclonal alpha anti-phosphotyrosine (raised against phosphotyrosine, 1:10,000

dilution, Upstate Biotechnology) or anti-Jak2 antibody (1:1000 dilution, as used for

immunoprecipitation). Thereafter, surplus antibody was removed from the membrane by

incubating (2x5 minutes) in washing buffer (200mM NaCl, 50mM Tris-HCl [pH 7.6]

and 0.05% Tween 20). Subsequently, membranes were incubated for 1 hour at room

temperature with anti-mouse (for anti-phosphotyrosine, 1:5000 dilution) or anti-rabbit

(for Jak2, 1:4000 dilution) IgG-conjugated horseradish peroxidase secondary antibodies,

which were diluted in antibody buffer. Excess secondary antibody was removed by

incubating (4x30 minutes) in washing buffer. Immunodetected bands were then revealed

by chemiluminescence as described in section 2.11.5. The membrane was then stripped

of antibodies by incubating in methanol for 20 minutes, incubating in washing buffer

(2x5 minutes) and then incubating for 30 minutes at 50°C in stripping buffer (107mM (3-

mercaptoethanol, 62.5mM Tris-HCl [pH 6.8] and 2% SDS), followed by incubating (2x5

minutes) in washing buffer. The stripped membrane was subsequently blocked overnight

in blocking buffer prior to immunodetection (as above) with the second primary antibody.

To assess the non-specific binding of the secondary antibodies, membranes were stripped

of immunocomplexes (as above) and then immunoblot analysis was performed omitting

the primary antibodies. The results obtained (data not shown) demonstrated that the Jak2

bands obtained were specific and were not observed when the primary antibodies were

omitted from the immunoblot analysis procedure.
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3.2.7Activation of LHRE-TK-luciferase reporter gene

The association of the marmoset PRL-R cDNA with the Jak/Stat signal transduction

pathway was further investigated using a Stat5 responsive reporter gene construct. The

Stat5 responsive reporter gene construct used contained 6 copies of LHRE (lactogenic

hormone response element), the TK (thymidine kinase) minimal promoter of herpes

simplex which is linked to the coding region of the luciferase gene cDNA (Sotiropoulos et

al„ 1996).

3.2.7.1 Co-transfection of 293 cells with the marmoset

PRL-R and Stat5 responsive reporter gene construct

Following the routine passaging of cells (section 3.2.3), 0.5xl06 293 cells were

resuspended in 2mls of rich medium and added to each well of a 6p6 plate. The cells were

subsequently co-transfected (three independent experiments) by calcium phosphate

precipitation (section 3.2.4) with 0.05pg of the marmoset PRL-R cDNA, O.lpg LHRE-

TK-Luciferase cDNA and O.lgg pCHllO vector (P-galactosidase expression vector,

Amersham Pharmacia Biotech). The pCHllO p-galactosidase vector (Amersham

Pharmacia Biotech) was used as a control to assess the efficiency of transfection, this

vector contains a functional lac Z gene which is expressed from the SV40 early promoter.

The human PRL-R cDNA was used as a positive control and transfected as above. The

following day, rich medium was removed, cells were washed with 2mls of serum free

medium (section 3.2.5.1) and 2mls of serum free medium was then added with or

without 18nM ovine PRL. The cells were then incubated overnight at 37°C and 5% C02.

The next day, the medium was removed, the cells washed twice with 2mls of PBS and

cells lysed by incubating for 15 minutes at room temperature with 300pl of lx reporter

lysis buffer (Promega). The level of luciferase and p-galactosidase gene expression was

then ascertained in each cell lysate.
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3.2.7.2 Luciferase assay

For the luciferase assay, 40pl of the cell lysate (prepared as described section

3.2.7.1) was incubated for 10 seconds with lOOpl of luciferin buffer (Amersham

Pharmacia Biotech). The product of enzyme reaction was measured using a luminometer

(LB9501 Berthold). The luminometer provided values of luciferase gene activity in

relative light units (RLU) for cells incubated with or without 18nM ovine PRL.

3.2.7.3 /3-galactosidase assay

The cells were transfected with the p-galactosidase expression vector to assess the

level of transfection in each 6p6 well. For the p-galactosidase assay, 5pl of the cell lysate

was added to a microtitre plate with 70pl of buffer Z and 15pl of OPNG [(o-Nitrophenyl-

p-D-galactopyranoside) dissolved in buffer Z to a final concentration of 4mg/ml]. Buffer

Z was prepared from 60mM Na2HP04, 40mM NaH2P04, lOmM KC1, ImM MgS04 plus

50mM p-mercaptoethanol, which was added just before use. The microtitre plate was

then incubated for 15 minutes at 37°C. The optical density of each sample was

subsequently determined by spectrophotometry at 420 nm. The optical density value was

used to calculate the p-galactosidase unit for each sample using the following equation:

P-galactosidase unit: (OD420) x 100
volume of extract (pi) x time of the reaction (h)

The p-galactosidase unit obtained above was used to normalise the RLU values, which

were obtained for the luciferase assay (section 3.2.7.2). A transfection ratio was obtained

for each sample, in case there was a variation in transfection efficiency, using the

following equation.

Transfection = RLU

efficiency ratio P-galactosidase units
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The fold induction of luciferase gene expression following incubation of the cells with

18nM ovine PRL was then calculated using the following equation:

Fold induction = Transfection efficiency ratio of cells incubated with oPRL
of luciferase Transfection efficiency ratio cells incubated without oPRL

The fold induction of luciferase activity (the mean value of three experiments) induced by

the marmoset and human PRL-Rs were then plotted (Figure 3.9).

3.2.8 PRL-R expression in the marmoset as analysed by

RPA

Ribonuclease protection assays (RPA) where performed to investigate in-vivo PRL-

R expression in a number of tissues collected from marmoset monkeys.

3.2.8.1 cRNA probe production

For RPA, a 317bp cDNA fragment of the marmoset PRL-R was produced by RT-

PCR. For PCR (Section 2.5.3), 5gl of adrenal cDNA (prepared as described in section

2.5.1) was incubated in a reaction mix containing 1.5mM MgCl2, GeneAmp PCR Buffer

II (50mM KC1 and lOmM Tris-HCl [pH 8.3]), 0.2mM of each dNTP, 25pmol of 5' and

3' primers and 1.25 U AmpliTaq (Perkin Elmer Cetus Inc) to a total volume of 50pl with

ddH20. The primers used for PCR were designed from conserved regions within the long

form PRL-R sequence (sense: 5'-CTGGTTGGTTCATTATCCAGTACG-3' and

antisense: 5'- GCAGGTCACCATGCTATAGCCCTT-3') that flanked the receptor from

base pair position 482-799 of the marmoset PRL-R. The amplification conditions used

were 94°C for 3 minutes, 35 cycles of 94°C for 30 seconds, 56°C for 45 seconds, 72°C

for 60 seconds and a final extension of 72°C for 10 minutes. In addition, ddH20 was used

as a negative control and replaced the adrenal cDNA in the PCR reaction mix. The 317bp

marmoset PCR product (Figure 3.3) was analysed by agarose gel electrophoresis (section

2.4.1), purified prior to ligation (section 2.5.4) and concentration determined
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(section 2.4.2).

The 317bp PCR product (Figure 3.3) was then ligated into the pCR®II vector

(Invitrogen, section 2.6.1) and the ligated plasmid was then used to transform competent

TOPIOF' cells (Invitrogen, section 2.6.3). The plasmid containing the correct size of

insert was determined by direct lysis PCR (section 2.6.5). To enable sequencing, the

clone containing the 317bp cDNA fragment of the marmoset PRL-R was used to inoculate

2-10mls of LB Broth (Appendix I) and plasmid DNA was recovered by performing a

miniprep (section 2.7.1). The plasmid DNA was then sequenced using SP6 and T7

primers (section 2.8) to confirm that the cDNA insert was a fragment of the marmoset

PRL-R. Following sequencing, the clone containing the 317bp cDNA fragment was used

to inoculate lOOmls of LB Broth (Appendix I) and a maxiprep performed to enable large

scale plasmid DNA recovery (section 2.7.2).

Figure 3.3: PCR using PRL-R specific primers. No PCR product was observed in the
negative control (-) whereas a 317bp product was amplified when marmoset adrenal
cDNA (A) was used in the PCR reaction. The PCR product was sized using DNA
markers (M, Gibco). All values are in are in bp.

To facilitate cRNA probe production, the plasmid containing the 317bp cDNA

fragment of marmoset PRL-R was linearised (section 2.7.3.2) using EcoRV. For

linearisation, the plasmid vector (l-5p,g) was incubated at 37°C for 1-4 hours in a reaction

mix containing 20U of EcoRV restriction enzyme in EcoRV reaction buffer (6mM Tris-

HC1 [pH 7.9], 6mM MgCl2., 150mM NaCl, ImM DTT and 0.05mg/ml BSA) to a final

80



Chapter 3 Cloning of the marmoset PRL-R

volume of 20pl with ddH20. Thereafter, the linearised plasmid DNA was purified (section

2.7.3.3), analysed by agarose gel electrophoresis (section 2.4.1) and quantified (section

2.4.2). For cRNA probe production, lgg of linearised plasmid was incubated with SP6

RNA polymerase to produce an antisense cRNA probe as described in section 2.9.1. To

control for variability in RNA loading, an 18S antisense cRNA probe was also produced

(section 2.9.1).

3.2.8.2 RPA reaction

Marmoset tissues, adrenal, liver, kidney, pituitary, uterus and oviduct (n=3 of

each), were collected as described in section 2.2.4 from animals within the mid-late

secretory phase of the ovulatory cycle. Total RNA (10gg) was extracted from all tissues

as described in section 2.3. Marmoset and yeast RNA (n=2) were subsequently

precipitated with the 317bp marmoset PRL-R and 18S cRNA probes. The RPA

experiment was then performed as described in section 2.9.

3.3 Results

This study reports the cloning and sequencing of the marmoset PRL-R cDNA. The

marmoset PRL-R open reading frame (Figure 3.4) has a sequence of 1866 nucleotides,

which code for 622 amino acids. The first 24 amino acids of the sequence code for the

classical signal peptide previously associated with the PRL-R. The mature form of the

encoded protein would thus have 598 amino acids consisting of (a) an extracellular

amino-terminal PRL binding domain of 210 residues that contain 5 cysteine residues and

a WSxWS motif (amino acids 215-219), (b) a single transmembrane domain of 24

hydrophobic residues and (c) an intracellular carboxyl-terminal domain of 364 residues

containing the two conserved regions termed Box 1 (amino acid positions 267-274) and

Box 2 (amino acids 312-324).
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Figure 3.4: cDNA and predicted amino acid sequence of the marmoset PRL-R.
Conserved extracellular cysteines (underlined and in green), the WSxWS motif (amino
acids 215-219, in pink), Box 1 (amino acids 267-274, in yellow) and Box 2 (amino acids
312-324, in blue) are outlined. The transmembrane domain (amino acids 235-258) is
illustrated in red text. The first 24 amino acids (in italics) correspond to the cleaved signal
peptide; thus the mature protein is encoded by 598 amino acids.
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-3 4 GRTfiCRTTTCCTGCROCRRGflGflflGGCfiGCCflFIC
Ret Lys Glu Rsn Ual Rla Ser Rid Thr Ual Phe Thr Leu Leu Leu Phe Phe Rsn Thr 19

1 RTG RRG GRR RRT GTG GCR TCT GCR RCT GTT TTC RCT CTG CTR CTT TTT TTC RRC RCT
Cys Leu Leu Rsn Oly Gin Ser Pro Pro Gly Lys Pro Glu lie Phe Lys Cy s Rrg Ser 38

58 TGC CTT CTG RRT GGR CRG TCR CCT CCT GGG RRR CCT GRG RTT TTT RRR LQJL CGT TCT
Pro Rsn Lys Glu Thr Phe Thr Cus Trp Trp Rrg Pro Gly flla Rsp Gly Gly Leu Pro 57

115 CCC RRT RRG GRR RCR TTC RCC JJLC. TGG TGG RGG CCT GGG GCR GRT GGR GGR CTT CCT
Thr Rsn Tyr Ser Leu Rla Tyr His Lys Glu Gly Glu Lys Phe He His Glu Cys Pro 76

172 RCC RRT TRT TCR CTG GCT TRC CRC RRR GRR GGR GRG RRR TTC RTR CRT GRR IGJ CCR
Rsp Tyr Ual Thr Gly Gly Pro Rsn Ser Cys His Phe Gly Lys Gin Tyr Thr Ser Met 95

229 GRC TRC GTR RCC GGT GGC CCC RRC TCC LQJL CRC TTT GGT RRG CRG TRC RCC TCC RTG
Trp Rrg Thr Tyr lie lie Thr Ual Rsn Rla Thr Rsn Glu Met Gly Ser Thr Leu Ser 114

286 TGG RGG RCR TRC RTC RTR RCR GTC RRC GCT RCT RRC GRG RTG GGR RGC RCT TTG TCR
Rsp Glu lie Tyr Ual Rsp Ual Thr Tyr lie Ual Glu Pro Rsp Pro Pro Leu flsn Ual 133

343 GRT Gflfi RTC TRT GTG GRC GTG ACT TRC RTR GTT Gflfi CCR GRC CCT CCT TTG RRT GTG
Ual Ual Glu Ual Lys Gin Pro Glu Rsp Lys Lys Pro Tyr Leu Trp lie Lys Trp Ser 152

40 0 GTT GTG GRR GTR RRR CRG CCR GRR GRC AAA flflfi CCC TRT CTG TGG RTT RRR TGG TCT
Pro Pro Thr Leu lie Rsp Leu Lys Thr Gly Trp Phe Thr Leu Leu Tyr Glu lie Gin 171

457 CCR CCT RCC CTG RTT GRC TTR RRR RCT GGT TGG TTC RCG CTC CTG TRT GRR RTT CRR
Leu Lys Pro Glu Rsn flla Glu Glu Trp Glu Thr His Phe Rla Gly Gin Gin Thr Rsp 190

514 TTR RRR CCC GAG RRC GCR GRG GRR TGG GRG RCC CRT TTT GCT GGG CRG CRR RCR GRC
Phe Lys Ual Leu Ser Leu Hi s Pro Gly Gin Lys Tyr Leu Ual Gin Ual Rrg Cys Lys 209

571 TTT RRG GTT CTC RGC CTR CRT CCR GGR CRG RRR TRT CTT GTC CAR GTT CGC IGC RRG
Pro Rsp His Gly Tyr Trp Ser Ser Trp Ser Pro Gly Tyr Ser lie Gin lie Pro Ser 228

628 CCR GRC CRT GGR TRT TGG RGT TCC TGG AGT CCR GGR TRC TCC RTT CAG RTR CCT RGT
Glu Phe Thr Met Lys Rsp Thr Thr Met Trp lie Ser Ual Rla Ual Leu Ser Rla Ual 247

685 GRG TTC RCC RTG RRR GRT RCR RCC RTG TGG RTC TCT GTG GCT GTC CTT TCT GCT GTC
lie Cys Leu lie lie Ual Trp flla Ual Rla Leu Lys Gly Tyr Ser Met Rla Thr Cys 266

742 RTC TGT TTG RTT RTT GTC TGG GCR GTG GCC TTG RAG GGC TAT RGC RTG GCG RCC TGC
Lys lie Lys Gly Phe flsp flla His Leu Leu Glu 285

799 AAA RTR AAA GGR TTT GRT GCT CRT CTG TTG GRG

Lys Gly Lys Ser Glu Glu Leu Leu Ser Rla Leu Gly Cys Gin Rsp Phe Pro Pro Thr 304
856 RRG GGC RAG TCT GRR GRR CTR CTG RGC GCC CTG GGR TGC CRR GRC TTT CCT CCC RCT

Ser flsp Tyr Glu Rsp Leu Leu Ual Glu Tyr Leu Glu Ual Rsp flsp Ser Glu Rsp Gin 323
913 TCT GRC TRT GRG GRC TTG CTG GTG GRG TRT TTR GRR GTR GRT GRC RGT GRG GRC CRG

His Leu Met Ser Ual His Ser Lys Glu His Pro 5er Gin Gly Met Lys Pro Thr Tyr 342
970 CRT CTR RTG TCR GTC CRT TCG RRR GRR CRC CCR RGT CRR GGT RTG AAA CCC RCR TRC

Leu Rsp Pro Rsp Thr Rsp Ser Gly Rrg Gly Ser Cys Rsp Ser Pro Ser Leu Leu Ser 361
1027 CTG GRT CCT GRC RCT GRC TCG GGC CGG GGG RGC TGT GRC RGC CCC TCC CTT TTG TCT

Glu Lys Cys Glu Glu Pro Gin Rla Ser Pro Ser Thr Phe Cys Rla Pro Glu Ual lie 380
1084 GRR RRG TGC GRG GAR CCC CRG GCC RGT CCC TCC RCR TTC TGT GCT CCT GRR GTC ATT

Glu Lys Pro Glu Rsn Pro Glu Thr Thr His Thr Trp Rsp Pro Gin Cys Rrg Ser Met 399
1141 GRG RAG CCR GAG RRT CCT GRR RCR RCC CRC RCC TGG GRC CCR CRG TGC RGR RGC RTG

Glu Gly Lys Thr Pro Cys Phe His Rla Gly Gly Ser Lys Cys Ser Thr Trp Pro Leu 418
1198 GRR GGC AAA RCC CCC TGC TTT CRT GCT GGT GGR TCC RRR TGT TCR RCR TGG CCC TTA

Pro Gin Pro Ser Gin His flsn Pro Rrg Ser Ser Tyr His Rsn lie Gly Rsp Ual Cys 437
1255 CCR CRG CCC RGC CAG CRC RRC CCC RGR TCC TCT TRC CRC ARC RTT GGT GRT GTG TGT

Glu Leu Rla Ual Rrg Pro Thr Gly Rla Pro flla Thr Leu Leu Rsp Lys Rla Gly Lys 456
1312 GRG CTG GCT GTG CGC CCC RCR GGT GCR CCR GCC RCT CTG TTG GRC AAA GCR GGC RRR

Rsp Rla Leu Lys Ser Ser Gin lie Ser Lys Pro Rrg Glu Glu Gly Lys Rla Rla Gin 475
1369 GRT GCT TTR RRG TCC TCT CAR RTC RGT RRG CCT AGfl GRG GRG GGR RRG GCR GCC CRG

Gin Rrg Glu Ual Glu Ser Phe His Ser Lys Thr flsp Lys Rsp Thr His Trp Leu Leu 494
1426 CRG RGG GRG GTR GAR RGC TTC CRT TCT RAG RCT GRC AAA GRC RCG CRC TGG CTG CTG

Pro Gin Glu Lys Thr Pro Phe Gly Ser Thr Lys Pro Ual Rsp Tyr Ual Glu lie His 513
1483 CCC CRG GRG RRR RCC CCC TTT GGC TCC RCT AAA CCT GTG GRT TRT GTG GRG RTT CRC

Lys Ual Rsn Lys Rsp Gly Rla Leu Ser Leu Leu Pro Lys Gin Gly flsn Rsn Ser Rsn 532
1540 RAG GTC RRC RRR GRT GGC GCR CTR TCR TTG CTR CCG RRR CAG GGR ART RRC AGC RRC

Gin Pro Glu Lys Pro Rrg Rsp Pro Glu flsn Ser Lys Glu Tyr Rla Lys Ual Ser Rrg 551
1597 CRG CCT GAG RRG CCC RGG GRT CCT GRG RRC RGT RRG GRG TAT GCC RRG GTG TCC RGG

Ual Met Rsp Rsn Rsn lie Leu Ual Leu Ual Pro flsp Leu His Thr Lys Rsn Ual Rla 570
1654 GTC RTG GRT ARC ARC RTC CTG GTG TTG GTG CCG GRT CTG CRC ACT AAA ARC GTG GCC

Cys Ser Glu Glu Ser Rla Lys Glu Rla Pro Pro Ser Leu Glu Gin Rsn Gin flla Glu 589
1711 TGC TCT GRR GAR TCR GCC RRR GRG GCC CCR CCR TCR CTT GRR CRG RRT CRR GCT GRG

Lys Gly Leu flla Rsp Phe Pro Rla Thr Pro Ser Rsn Cys flrg Leu Gin Leu Gly Gly 608
1768 AAA GGC CTG GCC GRC TTC CCT GCR RCA CCR AGC RRC TGC AGG CTC CRG CTG GGT GGT

Leu Glu Tyr Leu Rsp Pro flla Cys Phe Thr His Ser Phe His Stop 622
1825 TTG Gflfl TRC CTG GRT CCC GCR TGT TTT RCR CRC TCC TTT CRT TGR TRGCTTGRCTRRTGG
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Sequence comparisons confirmed a high homology between the marmoset (Figure

3.5) and human PRL-R (long form) cDNA sequences. The PRL-R in both species

consists of 598 amino acids with 93% and 89% base pair and amino acid homology

respectively (Boutin et al., 1989). On the other hand, the rat PRL-R is encoded by 591

amino acids and shares with the marmoset PRL-R only 61% base pair and 61% amino

acid sequence homology (Shirota et al., 1990). Interestingly, the regions of homology

between the marmoset and the rat PRL-Rs are predominantly in the extracellular domain

of the receptor and the outlined conserved regions including Box 1 and Box 2 which is

illustrated in Figure 3.5. Moreover, comparisons between the marmoset and human PRL-

Rs with those of other mammalian species outline a predominant difference in the size of

the intracellular domain (Table 3.1).

Species Size of the mature

receptor protein
(amino acids)

Size of the ICD

(amino acids)

Reference

Cow 557 323 (Scott et al., 1992)
Deer 557 323 (Jabbour et al., 1996)

Sheep 557 323 (Bignon et al., 1997)
Mouse 589 355 (Moore and Oka, 1993)
Rat 591 357 (Shirota et al., 1990)

Rabbit 592 358 (Edery et al., 1989)
Human 598 364 (Boutin et al., 1989)
Marmoset 598 364

Possum 601 368 (Demmer, 1999)

Table 3.1: Interspecies variation in the size of the intracellular domain of the long form
PRL-Rs.
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Marmoset Human

(long)
1

ECD -

TMD -

ICD -

598

Rat

(long)
1

598
591

-Cysteines

-WSxWS motif

-Box 1
-Box 2

Figure 3.5: Schematic representation of the marmoset, human and rat PRL-Rs. The
conserved cysteines (green) and the WSxWS motif (pink) are present within the
extracellular domain (ECD). The 24 amino acid transmembrane domain (TMD) is
illustrated in red. Box 1 (yellow) and Box 2 (blue) are present within the intracellular
domain (ICD). Numbers represent the size of the predicted mature protein.

Following sequencing, the functionality of the marmoset PRL-R was assessed by

in-vitro transfection studies. The binding characteristics of the receptor were evaluated by

competitive displacement experiments and Scatchard analyses. Figure 3.6 shows

displacement curves of 12T-human growth hormone with increasing concentrations of

unlabelled human growth hormone and human PRL. Bovine growth hormone was used

as a negative control; unlike human growth hormone, bovine growth hormone is unable

to bind PRL-Rs (Goffin et al., 1996). Bovine growth hormone failed to compete for

binding with ,2T-human growth hormone; minimal displacement of binding was observed

at the high concentration (95.24 pmol) used thus verifying the lactogenic specificity of the

receptor.

85



Chapter 3 Cloning of the marmoset

c 2100-*
o c
F oE o
O H-£ O 75 ^
r- vP

O O)

or-g 50-
c c

§oIs25-
TS.

(/)

0=j I—r -1-

2■1 0 1

log unlabelled hormone (nM)

~i

3

Figure 3.6: Competitive displacement of l25I-human growth hormone by human growth
hormone (■), human PRL (▼) and bovine growth hormone (•) in total particulate
fractions of human 293 cells transiently transfected with the marmoset PRL-R cDNA.

Scatchard plots for human growth hormone were linear (Figure 3.7), confirming

the expression of a single species of receptor. Mean binding affinities (Ka) were 3.6 ±

0.07 nM'1 and maximum binding sites (Rmax) were 7.55 ± 2.06 xlO11 M. The data

obtained in these studies is comparable to the data published for the human PRL-R

(Boutin etal.,1989).
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Figure 3.7: A representative Scatchard plot for the binding of l25I-human growth
hormone to the total particulate fraction of human 293 cells transiently transfected with the
marmoset PRL-R cDNA.
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The intracellular signalling pathway associated with the marmoset PRL-R was

investigated by conducting co-transfection experiments with the marmoset PRL-R cDNA

and human Jak2 cDNA or the Stat5 responsive LHRE-TK-Luciferase reporter construct.

Western blotting was performed to ascertain whether PRL signalling via the PRL-R is

associated with Jak2 phosphorylation. Proteins from transfected cells were initially

immunoprecipitated with the anti-Jak2 antibody and subsequently subjected to western

blotting analysis with the anti-Jak2 or the anti-phosphotyrosine antibodies. Immunoblot

analysis with the anti-Jak2 antibody (Figure 3.8 A) demonstrates equal abundance of Jak2

protein in cells stimulated with or without PRL. Reactive bands of approximately 125kDa

corresponding to Jak2 were detected in samples stimulated with or without ovine PRL.

This is reflective of an equal transfection and translation efficiency of the Jak2 cDNA in

both treatments. However, immunoblot analysis with the anti-phosphotyrosine antibody

(Figure 3.8 B) demonstrates a substantial increase in the level of Jak2 phosphorylation

following stimulation with ovine PRL.

(A) Anti-Jak2

+ oPRL

-Jak2

(B) Anti-PY -Jak2

Figure 3.8: Western blot analysis of 293 cells co-transfected with the marmoset PRL-R
cDNA and human Jak2 cDNA. The transfected cells were incubated without (-) or with
(+) ovine PRL. Cellular proteins were immunoprecipitated with anti-Jak2 antibody and
utilised for Western blotting. (A) Immunoblot of cellular proteins probed with the anti-
Jak2 antibody. Reactive bands of approximately 125kDa corresponding to Jak2 were
detected in samples incubated without (-) or with (+) ovine PRL. (B) Immunoblot of
cellular proteins probed with anti-phosphotyrosine (PY) antibody, a reactive band of
approximately 125kDa corresponding to phosphorylated Jak2 was detected at an
increased level in the sample incubated with (+) ovine PRL.
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Co-transfection of 293 cells with the marmoset PRL-R and the Stat5 responsive

LHRE-TK-Luciferase reporter gene construct led to 9.06 ± 0.47 fold induction of

luciferase gene activity following stimulation with ovine PRL. This is similar to the fold

induction of luciferase activity (8.55 ± 0.5) in the cells that were transfected with the

human PRL-R (Figure 3.9). 293 cells have been used extensively to investigate the

intracellular signalling pathways of the PRL-R (Sotiropoulos et al., 1996; Pezet et al.,

1997a). Previous experiments have demonstrated that the individual transfection of the

vectors used in these studies or the transfection of vectors without a cDNA insert, fail to

induce luciferase gene activity (personal communication with M Edery).
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Figure 3.9: PRL induced transactivation of the LHRE-TK promoter by marmoset (red)
and human (blue) PRL-R cDNA. Values (mean ± SEM from 3 independent experiments)
represent fold induction of luciferase activity in cells stimulated with ovine PRL. The
luciferase assay was performed on cell lysates and values normalised for (3-galactosidase
activity.

Ribonuclease protection assays were performed to determine in-vivo PRL-R

expression in a number of tissues collected from marmoset monkeys. A protected band of

the expected size, which corresponds to the PRL-R, was detected in the adrenal, liver,

kidney, pituitary, uterus and oviduct (Figure 3.10).

Marmoset
PRL-R

Human
PRL-R
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Figure 3.10: A representative ribonuclease protection assay using 10gg of total RNA
from adrenal, liver, kidney, pituitary, uterus and oviduct. RNA was hybridised to a
317bp marmoset cRNA probe (between 482-799 base pair) and an 18S antisense cRNA
probe which controls for variability in RNA loading.

3.4 Discussion

This study reports the molecular cloning of the marmoset monkey long form PRL-R

cDNA. The marmoset PRL-R mature protein is encoded by 598 amino acids excluding

the 24 amino acid signal peptide. Sequence comparison with the long form human PRL-R

revealed a high degree of sequence homology. The human long form PRL-R is also

encoded by 598 amino acids and shares 93% base pair and 89% amino acid sequence

homology with the marmoset PRL-R (Boutin et al., 1989). In contrast, the long form rat

PRL-R is encoded by 591 amino acids and shares only 61% base pair and 61% amino

acid sequence homology with the marmoset PRL-R (Shirota et al., 1990). Interestingly,

the regions of homology between the marmoset PRL-R and those of other species are

predominantly within the extracellular domain which include the 5 cysteines residues and

WSxWS motif (Boutin et al., 1989; Kelly et al., 1991). The 5 cysteines are essential for

high affinity ligand binding. The involvement of the 5 cysteines in ligand binding has

been demonstrated in the rat PRL-R. Site directed point mutations introduced into the first

4 conserved cysteine residues inhibits hormone binding. However, mutation of the last

cysteine residue does not effect the affinity of binding thus raising a question about the
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exact function of this residue (Rozakis-Adcock and Kelly, 1991). The WSxWS motif

(tryptophan, serine, any amino acid, tryptophan and serine) is located proximal to the cell

membrane. The WSxWS motif is also thought to facilitate high affinity ligand binding by

forming the floor of the binding crevice (Miyazaki et al., 1991; Rozakis-Adcock and

Kelly, 1992). Site directed substitution of alanine residues into the WSxWS motif reduces

hormone binding affinity of the receptor by 23-fold (Rozakis-Adcock and Kelly, 1992).

The intracellular domains amongst PRL-Rs of different species are less conserved.

The marmoset PRL-R intracellular domain shares 89% amino acid sequence homology

with the long form human PRL-R, whereas amino acid sequence homology with the long

form rat PRL-R is only 52%. Regions of homology include the two conserved Box 1 and

Box 2 regions. The regions of limited amino acid homology are possibly not required for

intracellular signalling of the PRL-R. Box 1 and Box 2 are present within the intracellular

domains of long form PRL-Rs of all species and are thought to confer PRL intracellular

signalling. Box 1 is a membrane proximal region composed of 8 amino acids highly

enriched in prolines and hydrophobic residues (Ren et al., 1993). The Box 1 region is

critical for signal transduction and is regarded to be the site where Jak2 interacts with the

receptor (Lebrun et al., 1995; Pezet et al., 1997a). The importance of the Box 1 region for

Jak2 phosphorylation and signalling was demonstrated using the rat PRL-R. Site directed

substitution of alanine residues within the Box 1 region decreases Jak2 tyrosine

phosphorylation, diminishes the interaction between the PRL-R and Jak2 and reduces

signalling to a Stat5 responsive reporter gene construct (Pezet et al., 1997a). In contrast,

the importance of Box 2 in PRL intracellular signalling remains to be clarified (Bole-

Feysot et al., 1998). Box 2 is a region of hydrophobic residues that are negatively

charged followed by positively charged residues and is less conserved between cytokine

receptors. Interestingly, the Box 2 region is absent from PRL-R short forms and it has

been suggested that this region may regulate isoform specific gene transcription (Bole-

Feysot et al., 1998; Kline et al., 1999).

The data presented in this chapter confirm that the cloned cDNA encodes the

marmoset PRL-R. In-vitro expression of the cDNA demonstrate that the receptor binds
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lactogenic hormones with comparable affinity to the human PRL-R (Boutin et al., 1989).

Furthermore, the marmoset PRL-R, similarly to other long form PRL-Rs, is associated

with the Jak/Stat signal transduction pathway (Ihle and Kerr, 1995; Goffin and Kelly,

1996). Co-transfection of the marmoset PRL-R cDNA leads to rapid phosphorylation of

Jak2 following stimulation with PRL. Moreover, the data demonstrate the association of

Stat5 with the marmoset PRL-R. The Stat5 responsive reporter gene construct used in this

study contains six copies of the lactogenic hormone response element (LHRE;

(Sotiropoulos et al., 1996) which is a component of the (3-casein gene promoter. The role

of Jak2 and Stat proteins in PRL signal transduction has been well characterised. To

induce an intracellular response, a single PRL molecule dimerizes two membrane bound

long form receptors, resulting in the formation of an active hormone receptor complex

(Goffin and Kelly, 1996). Receptor dimerization brings two Jak2 molecules together

resulting in Jak2 activation by trans-phosphorylation (Lebrun et al., 1994; Rui et al.,

1994). The conserved Box 1 region is thought to adopt a specific folding that facilitates

Jak2 interaction with the PRL-R (Lebrun et al., 1995). In the case of the marmoset

receptor, the sequence motif in Box 1 is conserved, suggesting that Box 1 may also be the

site where Jak2 interacts with the marmoset PRL-R. Activated Jak2 will subsequently

phosphorylate Stat proteins and the membrane bound receptor (Pezet et al., 1997b).

Cytoplasmic Stat proteins are recruited via their SH2 domain to the phosphotyrosine sites

on the receptor or are directly recruited by Jak2 (Ihle and Kerr, 1995; Goffin and Kelly,

1996). Phosphorylated Stat proteins, of which Statl/Stat3/Stat5 have been found to be

associated with the PRL-R, form homo or heterodimers. Stat dimers subsequently

translocate to the nucleus and regulate the transcription of PRL target genes (DaSilva et

al., 1996).

Recently, a human PRL-R intermediate form was cloned from the T47D breast

cancer cell line (Kline et al., 1999). The human intermediate and long PRL-R isoforms

bind PRL with comparable affinity. However, the two isoforms have divergent

intracellular signalling pathways. Only the long form PRL-R phosphorylates Fyn,

whereas both isoforms are comparable in their ability to activated Jak2. In-vivo, variable
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co-expression of the two isoforms is observed in human tissues. This has prompted the

suggestion that the two isoforms may have divergent functions in-vivo (Kline et al.,

1999). In order to investigate whether an intermediate isoform of the PRL-R is expressed

in the marmoset monkey, we have replicated the experimental approach that was

employed to isolate the human intermediate isoform (Kline et al., 1999). However, using

this approach with cDNA from a number of marmoset tissues (data not shown) we have

failed to clarify whether different isoforms of the PRL-R are expressed in the marmoset

monkey.

Ribonuclease protection assays demonstrate that numerous marmoset tissues,

including reproductive tissues, express PRL-Rs. The wide tissue distribution of the PRL-

R has been documented in a number of species including human (Bole-Feysot et al.,

1998; Kline et al., 1999). PRL, signalling via the PRLR, regulates a diverse range of

biological processes, which include steroidogenesis within the adrenal, cell proliferation

and induction of growth factors within the liver, water and electrolyte balance within the

kidney, proliferation of pituitary cells and differentiation of glandular epithelial cells

within the endometrium (Bole-Feysot et al., 1998; Jabbour et al., 1998). The data

obtained in this study suggest, similarly to what has been deduced in other species, that

PRL signalling via its receptor, facilitates numerous biological functions in the marmoset

monkey including reproduction.

In conclusion, a cDNA encoding the marmoset PRL-R was cloned by RT-PCR.

The marmoset PRL-R is comparable to the human PRL-R in sequence, binding affinity

and association with the Jak/Stat signal transduction pathway. In addition, ribonuclease

protection assays demonstrate that numerous marmoset tissues, including reproductive

tissues express PRL-Rs. These data strongly suggest that this non-human primate species

is a suitable model for investigating the role of PRL in reproduction.
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Chapter 4 PRL & PRL-R expression in the uterus

4.1 Introduction

PRL is synthesised by human endometrial stromal cells during the mid-late secretory

phase of the menstrual cycle. PRL synthesis commences with the first signs of

decidualisation and subsequently decreases at menses (Maslar and Riddick, 1979). In the

non-pregnant human endometrium, increased PRL synthesis is correlated with increased

decidual cell size and PRL expression is commonly used as a marker for functional

decidualisation (Wu et al., 1995). In the event of pregnancy, decidual cells proliferate and

differentiate (Ben-Jonathan et al., 1996). In addition, PRL synthesis increases following

implantation, reaches a peak at 20-25 weeks of pregnancy, and reduces towards term (Wu

et al., 1995; Tanaka et al., 1996).

Decidual PRL has an identical amino acid sequence to pituitary PRL (Takahashi et

al., 1984) which confers similar chemical, immunological and biological characteristics

(Tomita et al., 1982). However, the mRNA transcripts of decidual and pituitary PRL

differ; sequence comparison revealed that the decidual transcript is 150bp longer in the 5'-

untranslated region. Moreover, decidual PRL utilises an alternative promoter that is located

5.8kb upstream of the pituitary promoter (Gellersen et al., 1989). Alternative promoter

usage confers tissue specific transcription of PRL in the decidua and pituitary (Gellersen et

al., 1989). In the pituitary, PRL gene expression is regulated by a number of factors

including bromocriptine, dopamine, thyrotropin releasing hormone and oestrogen via the

transcription factor Pit-1. Pit-1 is mandatory for pituitary PRL expression (Ben-Jonathan

et al., 1996) and in humans a point mutation in the Pit-1 gene results in a pituitary

deficiency of PRL expression (Holl et al., 1997). Pit-1 has a N-terminal transactivating

domain and a POU homeodomain, which interact with three Pit-1 binding sites present on

the human pituitary PRL proximal promoter. Sequence analysis of the human decidual

PRL promoter confirmed the presence of two consensus Pit-1 binding sites (Gellersen et

al., 1989; Gellersen et al., 1994). However, Pit-1 is not expressed within the

endometrium and none of the factors that control pituitary PRL gene expression, regulate

decidual PRL gene expression in endometrial tissue explants or endometrial
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stromal primary cell cultures (Golander et al., 1979; Huang et al., 1987; Gellersen et al.,

1994). Furthermore, in-vitro transfection studies unequivocally demonstrate that Pit-1 is

unable to activate the decidual PRL promoter in endometrial stromal cells (Gellersen et al.,

1994).

PRL gene expression within endometrial stromal cells is thought to be controlled by

progesterone (Gellersen et al., 1994; Reis et al., 1999). The up-regulation of PRL gene

expression by progesterone has been demonstrated in-vitro in endometrial explants

(Maslar and Ansbacher, 1986) and in-vivo in human females (Reis et al., 1999). In-vitro

studies demonstrated that the incubation of proliferative phase endometrial explants with

exogenous progesterone for 2-5 days increased the level of PRL gene expression (Maslar

and Ansbacher, 1986). Similarly, treatment of women with medroxyprogesterone acetate

for 10 days dramatically up-regulates PRL gene expression as confirmed by IHC (Reis et

al., 1999). However, more recent studies suggest that progesterone is a weak inducer of

PRL expression. It is postulated that progesterone influences PRL gene expression

indirectly by inducing the expression, or posttranscriptional modification, of trans-

activators which subsequently activate PRL gene expression (Gellersen et al., 1989;

Gellersen et al., 1994). This hypothesis was deduced from IHC studies which

demonstrated that progesterone receptors are expressed at a minimal level in PRL

producing stromal cells, whereas expression was observed at a higher level in non-

decidualised stromal cells (Wang et al., 1994). The hypothesis that progesterone

influences PRL expression indirectly has been strengthened by in-vitro studies. Uterine

SKUT-1 sarcoma cells were co-transfected with a reporter gene construct containing the

human decidual PRL promoter and a progesterone receptor expression vector. Transfected

cells were subsequently incubated with medroxyprogesterone acetate, which failed to

activate the decidual PRL promoter (Gellersen et al., 1994). In the endometrium, PRL

gene expression is thought to be regulated by a ligand that signals via cAMP. In-vitro,

decidualisation of endometrial stromal cells can be induced in the absence of progesterone

by agents that elevate the level of intracellular cAMP (Telgmann et al., 1997). In addition,
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recent studies have demonstrated that a synergy exists between cAMP and

medroxyprogesterone acetate in the activation of the decidual PRL promoter (Brosens et

al., 1999). It is hypothesised that progesterone functions in cAMP primed cells to down

regulate the progesterone receptor, which enables the advancement of decidualisation

(Brosens et al., 1999).

The exact function of PRL in the non-pregnant and pregnant uterus is not clarified.

In the non-pregnant human uterus, PRL-Rs have been localised to the stromal and

glandular compartments of the mid-late secretory phase endometrium (Jabbour et al.,

1998; Jones et al., 1998). In the event of pregnancy, PRL-R expression is maintained and

is localised to the decidua, chorionic cytotrophoblast, placental trophoblast and the

amniotic epithelium (Maaskant et al., 1996). The co-ordinated temporal pattern of

expression of both PRL and its receptor in the non-pregnant and pregnant uterus have led

to the suggestion that PRL may be involved in the establishment and maintenance of

pregnancy. It is hypothesised that PRL may influence epithelial cell function/differentiation

and direct gene transcription in the glandular compartment of the human endometrium.

Genes up-regulated within endometrial glands are unknown, but may function to promote

implantation and/or trophoblast proliferation (Jabbour et al., 1998).

The following experiments were performed to establish whether PRL is associated

with normal uterine function in a non-human primate species (the marmoset monkey). The

PRL and PRL-R genes were localised in the uterus of the non-pregnant marmoset

monkey. In addition, the pattern of expression of the PRL and PRL-R genes across the

ovulatory cycle was investigated.
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4.2 Experimental procedures

4.2.1 Ribonuclease protection assay

Ribonuclease protection assays (RPA) were performed to investigate PRL-R mRNA

expression across the ovulatory cycle in the uterus of the marmoset monkey. Uterine

tissue was collected from animals within the proliferative (n=3) and mid-late secretory

phases (n=3) as described in section 2.2.4 and total RNA was subsequently extracted

(section 2.3).

4.2.1.1 cRNA probe production

For RPA, the pCR®II plasmid containing the 317bp fragment of the marmoset PRL-

R cDNA (generated as described in section 3.2.8.1) was linearised using EcoRV as

described in section 3.2.8.1. The linearised plasmid (lpg) was then incubated with SP6

RNA polymerase to produce an antisense cRNA probe as described in section 2.9.1. To

control for variability in RNA loading, an 18S antisense cRNA probe was also produced

(section 2.9.1).

4.2.1.2 RPA reaction

Total RNA (50gg) from uterine samples (section 4.2.1) and yeast RNA (n=2) were

subsequently precipitated with the 317bp marmoset PRL-R and 18S cRNA probes

(section 2.9). The RPA experiment was then performed as described in section 2.9.

4.2.2 In-situ hybridisation

In-situ hybridisation (ISH) was performed to localise the PRL-R within the

marmoset uterus and to investigate gene expression across the ovulatory cycle. Uterine

samples were collected as described in section 2.2.4 from animals within the proliferative

(n=4) and mid-late secretory (n=4) phases of the ovulatory cycle.
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4.2.2.1 Plasmid linearisation for cRNA probe production

The pCR®II-TOPO plasmid (Invitrogen) containing the marmoset PRL-R cDNA

(isolated as described in section 3.2.1), was linearised (section 2.7.3.2) with restriction

enzymes to generate sense and antisense cRNA probes. For the generation of sense cRNA

probes, 2pg of the PRL-R plasmid vector was linearised by incubating for 2 hours at 37°C

with 20U of SacI in Sad reaction buffer (lOmM Tris-HCl [pH 7.5], 7mM MgCl2, 50mM

KC1, ImM DTT and 0.05mg/ml BSA) made up to 20jul with ddH20. For the generation of

antisense cRNA probes, 2gg of the PRL-R plasmid vector was linearised by incubating

for 2 hours at 37°C with 20U of EcorV in EcorV reaction buffer (6mM Tris-HCl [pH

7.9], 6mM MgCl2, 150mM NaCl, ImM DTT and 0.05mg/ml BSA) made up to 20pl with

ddH20. Following linearisation, plasmid DNA was purified (section 2.7.3.3), analysed by

agarose gel electrophoresis (section 2.4.1) and the DNA concentration determined by

spectrophotometry (section 2.4.2).

4.2.2.2 cRNA probe production

cRNA probes were subsequently produced by in-vitro transcription using the

Riboprobe® In-vitro Transcription systems kit (Promega) following the manufacturers

instruction. For cRNA probe production, lpg of the Sad and EcorV linearised plasmids

were incubated separately for 15 minutes at room temperature in a reaction mix that

contained transcription buffer (40mM Tris-HCl [pH 7.9], 6mM MgCl,, 2mM spermidine

and lOmM NaCl), 4mM DTT, 40U RNase inhibitor and 6.4U of Klenow fragment.

Thereafter, 0.4mM each of rATP, rCTP and rGTP, 8^M rUTP, 50gCi 33P-UTP and 20U

of the appropriate RNA polymerase (T7 for sense or SP6 for antisense) were added and

the samples were incubated at 37°C for 1 hour. Following the 1 hour incubation, the

appropriate RNA polymerase was replaced and the 1 hour incubation period was repeated.

Subsequently, 1U of RNase-free DNase and 20gg of tRNA (from bakers yeast) were

added and samples were incubated for 15 minutes at 37°C. Thereafter, cRNA probes were
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hydrolysed by the addition of 5gl of 1M NaHC03 [pH 10.5] and DEPC H20 to a final

volume of 50gl followed by incubation at 65°C for 10 minutes. cRNA probes were then

purified (as described in section 2.7.3.3) and resuspended in 50gl DEPC H20. The activity

of 2x1pi aliquots of both cRNA probes was analysed by liquid scintillation spectroscopy.

The average of the samples was determined, and the volume of the radiolabelled cRNA

probe required to give lxlO6 cpm was calculated.

4.2.2.3 Tissue preparation and fixation

Uterine samples (section 4.2.2) were cut to 5gm tissue sections using a Cryostat,

thaw mounted onto RNase free TESPA coated slides (Superfrost plus) and stored at -70°C

until required. For ISH, tissue sections were brought to room temperature by heating with

a hairdryer for 1 minute and then fixed for 5 minutes in 4% (w/v) formaldehyde in PBS.

Subsequently, the tissue sections were washed for 5 minutes in 2x SSC (single strength

SSC contains 150mM NaCl and 15mM Sodium Citrate [pH 7.0]) and then incubated for

10 minutes with shaking in 0.25% acetic anhydride in 0.1M Triethanolamine-HCl [pH

8.0]. Thereafter, tissue sections were washed for 2 minutes in 2x SSC and then

dehydrated by incubating for 2 minutes each in 60%, 80% and then 95% ethanol, which

was diluted using DEPC H20. Tissues sections were then air dried for 1 hour.

4.2.2.4 cRNA probe hybridisation to tissue

Hybridisation buffer (9% [w/v] dextran sulphate, 45% deionised formamide,

540mM NaCl, 54mM sodium citrate, 44.6mM DTT, 0.9x Denhart's solution and

500gg/ml tRNA) containing IxlO6 cpm in 40gl of sense or antisense cRNA probe was

prepared and subsequently placed (40gl) on the tissue sections. Coverslips, prepared from

Gelbond film (Flowgen), were placed on the tissue sections to inhibit evaporation of the

hybridisation buffer. Tissue sections were placed in a humidified chamber, containing

filter paper dampened with 50% formamide in lx SSC, and incubated overnight at 55°C.
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4.2.2.5 Post hybridisation washes

Following the overnight incubation, coverslips were removed and surplus and non-

specifically bound cRNA probe was removed from the tissue by incubating for 15 minutes

at room temperature in 4x SSC. Thereafter, tissue sections were incubated for 15 minutes

at room temperature in 2x SSC and then incubated at 37°C for 30 minutes in 2x SSC

containing lOpg/ml RNase A. Tissue sections were then washed for 30 minutes each at

room temperature in 4x SSC, 2x SSC and then O.lx SSC. Subsequently, tissue sections

were dehydrated by incubating for 2 minutes each in increasing concentrations of ethanol

(60%, 80%, and 95%) and then air dried for 1 hour. When dry, the tissue sections were

heated to 45°C and then dipped in prewarmed (45°C) NTB3 emulsion (Eastman Kodak) in

the dark. Emulsion coated slides were stored in a humidified light proof polyacetyl black

box (Lamb's laboratory supplies) for 1 hour at room temperature prior to storage at 4°C

with silica gel for 4 weeks.

4.2.2.6 ISH development

For ISH development, slides were incubated in the dark at 15°C for 15 minutes in

Kodak D19 developer (Eastman Kodak) and then washed in ddH20 for 2 minutes.

Subsequently, tissue sections were fixed by incubating at 15°C for 10 minutes in Kodak

polymax fixer (Eastman Kodak), washed in ddH20 for 15 minutes and then rinsed in

running tap water for 15 minutes. Thereafter, tissue sections were counterstained as

described in section 2.10.3. Tissue sections were analysed for probe hybridisation under

dark field and light field using an Olympus BH2 microscope (Leitz) to determine the area

of tissue where the probe had hybridised.
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4.2.3 Immunohistochemistry for PRL and PRL-R

Immunohistochemistry (IHC) was performed to localise PRL and the PRL-R within

the marmoset uterus and to investigate expression across the ovulatory cycle. Uterine

samples for IHC were collected (section 2.2.4) from animals in the proliferative (n=4) and

mid-late secretory (n=4) phases of the ovulatory cycle. Following collection, tissue was

promptly fixed as described in section 2.2.4. IHC was performed using the nitro-blue

tetrazolium (NBT) detection method as described in section 2.10.4. For the PRL IHC, a

1:150 dilution of the rabbit polyclonal PRL antibody, raised against human PRL (Dako,

[A0569]), was used. For the PRL-R IHC, a 1:25 dilution of the rabbit polyclonal R120

PRL-R antibody was used. The R120 antibody was raised against the peptide sequence of

the rat PRL-R extracellular domain and was kindly donated by Dr PM Ingleton, University

of Sheffield, Sheffield, UK. Control sections were incubated with non-immune rabbit

serum (Dako) at the same protein concentration as the primary antibodies.

4.3 Results

The temporal patterns of expression of the PRL and PRL-R genes were investigated

in the marmoset monkey uterus across the ovulatory cycle using an array of techniques.

PRL expression, as assessed by IHC, was minimal during the proliferative phase (Figure

4.1, A) and was up-regulated during the mid-late secretory phase of the cycle (Figure 4.1,

B). Expression of the PRL gene was localised to the stromal compartment of the

endometrium (Figure 4.1, C). No PRL immunostaining was detected in the glandular

compartment of the uterus (Figure 4.1, C).
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Figure 4.1: Expression of PRL in the marmoset endometrium. Minimal PRL
immunostaining is observed during the proliferative phase (A), whereas intense
immunostaining is apparent in the stromal compartment during the mid-late secretory
phase (C). B (proliferative phase) and D (mid-late secretory phase) are tissue sections
incubated with nonimmune sera (negative controls). Scale bar =50pm.

PRL-R expression in the marmoset uterus was assessed by ribonuclease protection

assay (Figure 4.2) in-situ hybridisation (Figure 4.3) and immunohistochemistry (Figure

4.4) using tissue collected across the ovulatory cycle. Ribonuclease protection assays

(Figure 4.2) demonstrated that the PRL-R was expressed at a minimal level during the

proliferative phase within the marmoset uterus (Figure 4.2, PI, P2 and P3). However,

PRL-R expression was dramatically up-regulated during the secretory phase of the

ovulatory cycle (Figure 4.2, SI, S2 and S3).
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P1 P2 P3 S1 S2 S3
• • - PRL-R

Figure 4.2: RPA conducted using 50pg of total uterine RNA collected during the
ovulatory cycle and a 317bp homologous PRL-R cRNA probe. The integrity and the
relative amount of total RNA was determined using a ribosomal 18S cRNA probe. P is
proliferative (PI, P2 and P3 are day 3, 3 and 5 of the proliferative phase, respectively) and
S is mid-late secretory phase (SI, S2 and S3 are day 11, 13 and 16 of the secretory phase,
respectively).

ISH and IHC were employed to localise the site of PRL-R RNA and protein

expression within the marmoset uterus (Figures 4.3 and 4.4). PRL-R mRNA was minimal

during the proliferative phase (Figure 4.3, A), however expression was up-regulated

during the secretory phase of the ovulatory cycle (Figure 4.3, D). In contrast to PRL

(Figure 4.1, C), PRL-R expression was localised predominately to the glandular epithelial

cells. In addition, the PRL-R was expressed within the stromal cells (Figure 4.3, D).
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Figure 4.3: ISH of PRL-R expression in the marmoset uterus across the ovulatory
cycle. A and B demonstrate that the PRL-R is not expressed during the proliferative phase
(darkfield and lightfield, respectively). C is a proliferative phase section incubated with the
sense probe (negative control). D and E demonstrate that PRL-R is expressed at an
increased level by the glandular epithelial and stromal cells during the mid-late secretory
phase (darkfield and lightfield, respectively). F is a mid-late secretory phase section
incubated with the sense probe (negative control). Scale bar =50pm.

IHC confirmed further the site and temporal pattern of expression the PRL-R gene

within the marmoset uterus across the ovulatory cycle (Figure 4.4). The PRL-R protein

was expressed at a minimal level during the proliferative phase (Figure 4.4, A). However,

expression was dramatically up-regulated within the glandular epithelium during the

secretory phase (Figure 4.4, C), as had been demonstrated by RPA and ISH for the PRL-

R mRNA (Figures 4.2 and 4.3). In addition, PRL-R immunostaining is present within the

stromal compartment during the mid-late secretory phase (Figure 4.4, C).

104



Chapter 4 PRL & PRL-R expression in the uterus

Figure 4.4: PRL-R expression in the marmoset endometrium as investigated by IHC.
Minimal PRL-R immunostaining is observed during the proliferative phase (A), whereas
intense immunostaining is apparent within the glandular epithelial and stromal cells during
the mid-late secretory phase (C). B (proliferative phase) and D (mid-late secretory phase)
are tissue sections incubated with nonimmune sera (negative controls). Scale bar =50pm.

4.4 Discussion

The data presented herein demonstrate that both the PRL and PRL-R genes are

temporally expressed in the marmoset uterus during the ovulatory cycle. Expression of

both genes was minimal during the proliferative phase and increased during the mid-late

secretory phase. However, PRL and PRL-R expression were localised predominately to

the stromal and glandular epithelial compartments, respectively. In addition, the PRL-R

was expressed within stromal cells during the mid-late secretory phase. Similar results
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have been documented recently in the non-pregnant human (Jikihara et al., 1996; Jones et

al., 1998; Jabbour et al., 1998) and baboon (Frasor et al., 1999) endometrium.

The temporal expression of PRL during the secretory phase by the endometrial

stromal cells is thought to be influenced indirectly by progesterone (Gellersen et al., 1994;

Reis et al., 1999). However, the factors influencing PRL-R expression in the

endometrium are not completely understood. The pattern of expression of the PRL-R gene

in the marmoset and human endometrium suggests that progesterone may also regulate

gene expression. However, in the endometrium this is unlikely to be a direct regulatory

effect because of the divergence in the temporal pattern and site of the expression of

progesterone receptors and the PRL-R (Garcia et al., 1988; Lessey et al., 1988; Einspanier

et al., 1998). Progesterone receptor expression in the marmoset and human endometrium

is maximal during the proliferative and early secretory phases and declines rapidly in the

mid-late secretory phase (Garcia et al., 1988; Lessey et al., 1988; Wang et al., 1994;

Einspanier et al., 1998). By contrast, PRL-R expression is minimal during the

proliferative phase and is dramatically up-regulated during mid-late secretory phase in the

marmoset and human endometrium (Jones et al., 1998; Jabbour et al., 1998). Moreover,

progesterone receptors during the secretory phase localise predominately to the stromal

compartment, whereas PRL-Rs are localised within the glandular compartment of the

marmoset and human endometrium (Garcia et al., 1988; Lessey et al., 1988; Wang et al.,

1994; Jabbour et al., 1998; Einspanier et al., 1998). However, a positive effect of

progesterone on PRL-R gene expression has been reported previously in primary

mammary epithelial and breast cancer cells. The incubation of mammary cells with

progesterone increases the number of PRL-R on the surface of these cells (Sakai et al.,

1979). In addition, it has been reported that the incubation of the T-47D breast cancer cell

line with progesterone for 24 hours results in a 2 fold increase in the level of PRL-R

mRNA (Ormandy et al., 1992).

It is possible that PRL may direct the transcription of its own receptor in the

marmoset endometrium. This is supported by the close temporal expression of both genes
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in the marmoset and human uterus (Jones et al., 1998; Jabbour et al., 1998). Recently, it

has been suggested that PRL may induce expression of the PRL-R in an autocrine fashion

in endometrial stromal cells. In-vitro culture of endometrial stromal cells with

medroxyprogesterone plus estradiol induces decidualisation and the subsequent expression

of PRL and the PRL-R (Jikihara et al., 1996). PRL has been demonstrated to up-regulate

the expression of the PRL-R in an autocrine fashion in other tissues including pituitary

adenomas (Ciccarelli et al., 1995), the hypothalamus (Muccioli and Di Carlo, 1994) and

lactating mammary gland (Bohnet et al., 1977; Djiane et al., 1977). In pituitary adenomas,

a correlation between the number of PRL-Rs and the serum concentration of PRL was

observed; patients with elevated serum PRL had an increased number of PRL-Rs present

within the pituitary (Ciccarelli et al., 1995). Similarly, in the rat hypothalamus, a

correlation between serum PRL and the number of PRL-Rs is observed; treatment with

exogenous PRL leads to an up-regulation in hypothalmic PRL-R gene expression

(Muccioli and Di Carlo, 1994). In the post-partum period, the increase in serum PRL is

thought to up-regulate PRL-R gene expression within the mammary gland. In the rat,

bromocriptine treatment during the post-partum period reduces the level of PRL in serum

and the number of PRL-R in the mammary gland. In addition, the injection of exogenous

PRL increases PRL-R gene expression in the rat mammary gland (Bohnet et al., 1977).

The site and temporal expression of PRL and the PRL-R in the marmoset uterus

suggest that PRL may influence glandular epithelial function in a paracrine fashion.

Furthermore, PRL signalling via the PRL-R may influence epithelial cell

function/differentiation and direct gene transcription in the glandular compartment of the

endometrium at the time of predicted conception. Genes up-regulated within endometrial

glands are unknown, but may function to promote implantation and/or trophoblast

proliferation (Jabbour et al., 1998).

The requirement of PRL for proper uterine decidualisation and

implantation/establishment of pregnancy has been demonstrated recently in humans. This

is particularly evident in women with recurrent miscarriage. A subgroup of these women
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have a prevalence of antiphospholipid antibodies in their sera, which are causatively

associated with pregnancy failure. Antiphospholipid antibodies are thought to be

associated with fetal death, severe preeclampsia and intrauterine growth retardation. It has

been suggested that antiphospholipid antibodies compromise pregnancy outcome in these

women by perturbing decidualisation of endometrial stromal cells and inhibiting PRL

secretion (Pierro et al., 1999). The hypothesis that antiphospholipid antibodies inhibit

decidualisation and PRL secretion was confirmed in-vitro. Treatment of endometrial

decidual cells with serum collected from females that were positive for antiphospholipid

antibodies inhibits PRL secretion (Pierro et al., 1999).

The mechanisms regulating trophoblast implantation are not fully clarified. Once the

trophoblast has adhered to the endometrium it must break through the endometrial

basement membrane to ensure successful implantation and placentation (Huang et al.,

1998). The trophoblast invasive process requires remodelling of the endometrial

extracellular matrix, which is facilitated in part by matrix metalloproteinases (MMPs)

(Huang et al., 1998). PRL may promote trophoblast implantation by regulating and/or co¬

ordinating the expression of MMPs and tissue inhibitor of metalloproteinases (TIMPs)

within the endometrium and invading trophoblast cells. PRL has been associated with the

regulation of MMPs in reproductive tissues. Hirsch et al. 1999 have observed increased

expression of MMP-1 and TIMP-1 in the rat ovary with the onset of the naturally

occurring preovulatory PRL surge. Interestingly, expression of MMP-1 and TIMP-1 is

reduced when the preovulatory surge of PRL is blocked by bromocriptine treatment.

However, the expression of MMP-1 and TIMP-1 is restored to control levels when

bromocriptine treatment is combined with a PRL replacement injection on the afternoon of

prooestrous (Hirsch et al., 1999).

PRL may also regulate the process of implantation via its effect on the local uterine

immune environment. In the non-pregnant secretory phase human endometrium, uterine

specific CD56+ natural killer cells increase in number within the stromal compartment at

the predicted time of conception (King and Loke, 1990; Klentzeris et al., 1992). These
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cells are presumed to play a crucial role in the implantation process and maintenance of

early pregnancy. The hypothesis that CD56+ natural killer cells function in implantation

and early pregnancy is strengthened by the observation that lymphocyte function from

infertile women is impaired when compared with those collected from women with proven

fertility (Shahani et al., 1996). Moreover, infertile females have reduced CD56+ natural

killer cells in their endometrium (Klentzeris et al., 1994). The biological mechanisms that

result in the increased number of the CD56+ cells in the endometrium at the predicted time

of conception are still not clarified (King and Loke, 1990). However, it is reasonable to

speculate that PRL may play a crucial role in regulating the growth of these cells in-situ.

PRL is a powerful immunoregulatory agent and PRL synthesis in the human endometrium

is elevated at the time of recruitment and proliferation of these cells into the uterus.

Moreover, PRL-R are expressed by the majority of leukocytes in the peripheral circulation

(Yu-Lee, 1997); although whether uterine specific CD56+ natural killer cells retain

expression of the PRL-R remains to be determined.

In conclusion, these experiments confirm the expression of PRL and its receptor in

the marmoset uterus. The expression of both genes is minimal during the proliferative

phase. However, both PRL and PRL-R gene expression are up-regulated during the mid-

late secretory phase of the ovulatory cycle. Overall, these data strongly suggest that PRL is

involved in uterine function of non-human primate species such as the marmoset monkey

and outline the suitability of this species for investigating the role of PRL in the primate

implantation process.
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5.1 Introduction

To elicit a physiological response, a single PRL molecule dimerizes two membrane

bound receptors to from an active hormone receptor complex (Goffin and Kelly, 1996).

The formation of the active hormone receptor complex results in the activation of receptor

associated Jak2 molecules by trans-phosphorylation (Lebrun et al., 1994; Rui et al.,

1994). Jak2 subsequently activates the Mitogen activated protein (MAP) kinase and/or the

Jak/Stat signal transduction pathway. PRL-R long, intermediate and short isoforms are

associated with the MAP kinase pathway, however, only long and intermediate PRL-Rs

activate the Jak/Stat signal transduction pathway. It is suggested that divergent signalling

pathways through the different PRL-R isoforms enable PRL to regulate numerous

physiological processes (Das and Vonderhaar, 1995). In addition, it has been postulated

that the short form of the receptor functions in-vivo to modulate the effect of PRL on target

cells by forming inactive heterameric receptor complexes with the long form PRL-R

(Lesueur et al., 1991; O'Neal and Yu-Lee, 1994).

The MAP kinase signal transduction pathway is a cascade of serine/threonine

kinases, that confers the mitogenic effect induced by PRL from the cell membrane to the

nucleus of PRL responsive cells. The MAP kinase pathway involves a number of signal

transduction proteins including; SHC (SH domain containing protein), Sos (son of

sevenless), Grb2 (growth factor receptor binding protein 2), Ras (Harvey and Kristen rat

sarcoma protein) Raf-1 (MAP kinase kinase kinase) and MEK (MAP kinase kinase).

Following the binding of PRL to the PRL-R, phosphorylated SHC, a membrane

associated adapter protein that functions in mitogenic signalling pathways, associates with

the PRL-R. SHC association with the PRL-R is accompanied by the recruitment of the

Grb2-Sos protein dimer to the plasma membrane. The Grb2-Sos dimer interacts with SHC

phosphotyrosine residues via Grb2 SH2 domains (Erwin et al., 1995). Grb2 contains 2

SH3 domains, which facilitate the association with the Sos proline rich domain (Erwin et

al., 1995). Sos induces guanine nucleotide exchange at the monomelic G-protein Ras,

which in turn activates Raf-1 (Das and Vonderhaar, 1996). Thereafter, Raf-1
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phosphorylates MEK, which subsequently phosphorylates MAP kinase inducing its

activation. MAP kinase translocates to the nucleus and induces the phosphorylation of a

number of transcription factors such as Myc (avian myelocytoma protein) or Jun (Ju-nana)

which function to regulate the cell cycle (Seth et al., 1992; Das and Vonderhaar, 1995).

The phosphorylation ofMAP kinase by PRL has been demonstrated in-vitro and in-vivo.

In-vitro studies were conducted using NIH-3T3 fibroblasts, which were transfected with

the human long form PRL-R or the mouse short form PRL-R expression vectors.

Transfected cells were subsequently stimulated with PRL and confirmed that PRL,

signalling via both isoforms of the PRL-R, increased the level of MAP kinase

phosphorylation (Das and Vonderhaar, 1995). Similarly, in-vivo studies confirmed the

association of the MAP kinase pathway with PRL signal transduction (Piccoletti et al.,

1994). Treatment of rats with PRL lead to rapid phosphorylation of MAP kinase in the

liver (Piccoletti et al., 1994).

The activation of the Jak/Stat signal transduction pathway by the long form PRL-R

has been extensively studied. To induce an intracellular response, PRL binds to its

membrane bound receptor, which results in the rapid phosphorylation of Jak2 (Rui et al.,

1994). Activated Jak2 subsequently phosphorylates cytoplasmic Stat proteins and the

membrane bound PRL-R (Pezet et al., 1997b). Phosphorylated Stat proteins, of which

Statl, Stat3 and Stat5 have been shown to be associated with the long form PRL-R, form

homo or heterodimers and translocate to the nucleus. Within the nucleus, Stat dimers bind

to y-Interferon activation sites (GAS) on the promoters of PRL target genes and regulate

the level of gene transcription (DaSilva et al., 1996). The activation of the Jak/Stat signal

transduction pathway by PRL has been demonstrated in-vivo in a number of tissues

including rat ovaries (Ruff et al., 1996), rat mammary gland (Jahn et al., 1997) and

human endometrium (Jabbour et al., 1998). In the ovary, the injection of PRL into

pseudopregnant rats results in tyrosine phosphorylation and subsequent nuclear

translocation of Stat5 (Ruff et al., 1996). In the mammary gland, the injection of ovine

PRL into the rat activates the Jak2/Stat5 signal transduction pathway, resulting in Stat5
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activating the endogenous (Tcasein promoter (Jahn et al., 1997). More recently, the

temporal phosphorylation of Jak2, Statl and Stat5 proteins has been demonstrated in the

human endometrium (Jabbour et al., 1998). Treatment of secretory phase human

endometrium with exogenous PRL results in rapid initiation of the Jak/Stat signalling

pathway.

In-vitro studies have suggested that the MAP kinase and Jak/Stat signalling

pathways converge at the level of Stat proteins (Ihle, 1996a). Activated MAP kinase can

induce the DNA binding or transcriptional activation of Stat proteins (Ihle and Kerr, 1995)

and it has been demonstrated that Statl, Stat3 and Stat5 contain the MAP kinase consensus

sequence (Ihle, 1996a). Moreover, it is hypothesised that activated MAP kinase associates

with the PRL-R and phosphorylates Stat proteins that are recruited to the receptor complex

(Ihle and Kerr, 1995). However, there is no evidence that MAP kinase phosphorylates

Stat proteins in-vivo (Ihle, 1996a).

In the previous chapter we have outlined and demonstrated the temporal pattern of

expression of PRL and the PRL-R in the marmoset uterus. The following set of

experiments were designed to investigate the functionality of the PRL-R in the marmoset

uterus and its association with the Jak/Stat signal transduction pathway.

5.2 Experimental procedures

5.2.1 Immunohistochemistry for Jak2, Statl and Stat5

Immunohistochemistry (IHC) was performed to localise Jak2, Statl and Stat5

proteins in the marmoset uterus and to assess expression of these proteins across the

ovulatory cycle. Uterine samples were collected, as described in section 2.2.4, from

animals in proliferative (n=4) and mid-late secretory (n=4) phases of the ovulatory cycle.

Following collection, tissue was promptly fixed in Bouins solution as described in section

2.2.4. IHC for Jak2 and Statl were conducted with the nitro-blue tetrazolium (NBT)

detection method (section 2.10.4) and the DAB (3,3'-diaminobenzidine) detection method
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(section 2.10.3) was performed for Stat5. For the Jak2 IHC, a 1:25 dilution of the rabbit

polyclonal antibody (Autogenbioclear) was used. The anti-Jak2 antibody was raised

against the mouse peptide sequence corresponding to amino acids 758 to 776. For the

Statl IF1C, a 1:50 dilution of the rabbit polyclonal antibody (Autogenbioclear) was used.

The anti-Statl antibody, which reacts with Statlaand Statip, the 2 variant forms of Statl,

was raised against the human peptide sequence from amino acids 688 to 710. For the Stat5

IHC, a 1:50 dilution of the mouse monoclonal antibody (Autogenbioclear) was used. The

anti-Stat5 antibody, which reacts with Stat5a and Stat5b, was raised against the human

peptide sequence from amino acids 759 to 775. Control tissue sections were prepared for

each primary antibody, using non-immune IgG at the same IgG concentration as the

primary antibody. The non-immune IgG used was from the animal in which the primary

antibody was raised (Autogenbioclear).

5.2.2 In-vitro tissue culture and Western blotting for Jak2,

Statl and Stat5

In-vitro tissue culture and Western blotting were performed to investigate the

association of Jak2, Statl and Stat5 proteins with the PRL intracellular signal transduction

pathway in the marmoset uterus.

5.2.2.1 In-vitro tissue culture

Uterine tissue samples were collected during the mid-late secretory phase (n=3) as

described in section 2.2.4. Following collection, the myometrium was removed, the

remaining tissue was minced using dissection scissors and then washed with 5mls of

PBS. Thereafter, the tissue was resuspended in 5mls of RPMI 1640 medium and

incubated for 3 hours at 37°C. The tissue was subsequently split into 5 equal aliquots. One

aliquot, the control, was centrifuged for 1 minute at 12000 x g and the supernatant was

discarded. The tissue was then snap frozen in dry ice and stored at -70°C until required.
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The other 4 aliquots were incubated at 37°C with 400ng/ml human PRL (NIDDK-NIH)

for 5, 10, 15 or 20 minutes. Following the required incubation period, samples were

centrifuged for 1 minute at 12000 x g and the supernatant was discarded. Thereafter, the

tissue samples were snap frozen in dry ice and stored at -70°C until required. Proteins

were subsequently extracted from the tissue as described in section 2.11.1. The protein

concentration was determined for each sample as described in section 2.11.2.

5.2.2.2 Immunoprecipitation with anti-phosphotyrosine

antibody

Extracted proteins, from each time point (section 5.2.2.1), were immunoprecipitated

with the mouse monoclonal anti-phosphotyrosine antibody (Affiniti), which was raised

against mouse phosphotyrosine. For immunoprecipitation, proteins (50gg) from each time

point were made up to a volume 500gl with ddH20. Thereafter, 500gl of precipitation

buffer (1% Triton x-100, 150mM NaCl, lOmM Tris-HCl [pH 7.4], ImM EDTA, 0.2mM

Sodium Vanadate and 0.2mM phenylmethylsulfonylfluoride), and 5pg of the monoclonal

anti-phosphotyrosine antibody (Affiniti) were added. Samples were incubated overnight at

4°C. The following day, 50gl aliquots of rat anti-mouse IgG2b Dynabeads (Dynal) were

added to clean 1.5mls tubes. Thereafter, 200pl of washing buffer (PBS plus 0.1% BSA)

was added to resuspend the Dynabeads and the washing buffer was removed by magnetic

separation. Subsequently, the samples that were prepared for immunoprecipitation were

added to an aliquot of the washed Dynabeads and phosphorylated proteins were isolated

by magnetic separation. Immunoprecipitated proteins bound to the Dynabeads were

washed 3x with 200|d of washing buffer and resuspended in 20^,1 of sample buffer

(125mM Tris-HCl [pH 6.8], 4% SDS, 2.5% dithiothreitol, 20% glycerol and 0.05%

bromophenol blue). Samples were then incubated at 95°C for 5 minutes. Thereafter,

proteins were size separated on a 7.5% polyacrylamide resolving gel and then transferred

to PVDF membrane (sections 2.11.3 and 2.11.4).
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5.2.2.3 Immunoblotting for Jak2, Statl and Stat5

Immunoblot analyses were performed as described in section 2.11.5 using anti-Jak2

(1:50 dilution), anti-Statl (1:20 dilution) or anti-Stat5 (1:200 dilution) primary antibodies

(as used for IHC, section 5.2.1). Briefly, membranes were incubated overnight at 4°C in

blocking buffer, for 2 hours with the required primary antibody and then for 1 hour with

the required horseradish peroxidase conjugated secondary IgG antibody (section 2.11.5).

Immunodetected phosphorylated proteins were revealed by chemiluminescence as

described in section 2.11.5. To assess the non-specific binding of the secondary

antibodies and obtain negative controls, membranes were stripped of immunocomplexes

(section 2.11.6) and then incubated in blocking buffer as described in section 2.11.5.

Thereafter, the membrane was incubated with the required secondary antibody, the

incubation stage with the primary antibody was omitted, and immunodetected proteins

were revealed by chemiluminescence. The results obtained (data not shown) demonstrated

that the Jak2, Statl and Stat5 bands obtained were specific and were not observed when

the primary antibody was omitted from the immunoblot analysis procedure.

5.3 Results

The data presented in this chapter describe the association of Jak/Stat signal

transduction proteins with the PRL-R in the marmoset uterus. Initially, IHC was utilised

to localise the Jak2 (Figure 5.1), Statl (Figure 5.2) and Stat5 (Figure 5.3) proteins. Jak2

(Figure 5.1) was predominately localised to the glandular epithelial compartment, as was

observed for the PRL-R (Figures 4.3 and 4.4). Within the glandular compartment,

cytoplasmic and nuclear Jak2 immunostaining was apparent. In addition, Jak2 staining

was observed within the stromal compartment (Figure 5.1, C). Interestingly, Jak2

expression was minimal during the proliferative phase (Figure 5.1, A) and was

dramatically up-regulated during the mid-late secretory phase (Figure 5.1, C).

116



Chapters PRL intracellular signalling

Figure 5.1: Jak2 expression in the marmoset endometrium as investigated by IHC.
Minimal Jak2 immunostaining is observed during the proliferative phase (A), whereas
intense immunostaining is apparent within the glandular and stromal compartments during
the mid-late secretory phase (C). Jak2 immunostaining is observed within the cytoplasm
and nucleus (C). B (proliferative phase) and D (mid-late secretory phase) are tissue
sections incubated with nonimmune IgG (negative controls). Scale bar =50pm.

IHC also confirmed the expression of Statl within the marmoset uterus. Statl was

expressed at a minimal level during the proliferative phase (Figure 5.2, A) and was up-

regulated during the mid-late secretory phase (Figure 5.2, C). Statl expression was

localised predominately in the glandular epithelial cells, as was previously observed for the

PRL-R (Figures 4.3 and 4.4).
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Figure 5.2: Statl expression in the marmoset endometrium as investigated by IHC.
Minimal Statl immunostaining is observed during the proliferative phase (A), whereas
intense immunostaining is apparent within the glandular compartment during the mid-late
secretory phase (C). B (proliferative phase) and D (mid-late secretory phase) are tissue
sections incubated with nonimmune IgG (negative controls). Scale bar =50pm.

Similarly, the Stat5 protein was localised within the marmoset uterus by IHC.

Limited Stat5 immunostaining was observed during the proliferative phase (Figure 5.3 A),

whereas intense immunostaining was detected within glandular epithelial and stromal cells

during the mid-late secretory phase (Figure 5.3, C).
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Figure 5.3: Stat5 expression in the marmoset endometrium as investigated by IHC.
Minimal Stat5 immunostaining is observed during the proliferative phase (A), whereas
intense immunostaining is apparent within the glandular and stromal compartments during
the mid-late secretory phase (C). B (proliferative phase) and D (mid-late secretory phase)
are tissue sections incubated with nonimmune IgG (negative controls). Scale bar =50pm.

To investigate the functionality of the PRL-R in the marmoset uterus and its

association with Jak/Stat protein phosphorylation, we conducted short term in-vitro culture

studies. Marmoset uterine tissue was collected during the mid-late secretory phase and

subsequently cultured with exogenous PRL. Stimulation of mid-late secretory phase

uterine tissue with exogenous PRL resulted in the rapid phosphorylation of Jak2 (Figure

5.4, A). A reactive band of approximately 125 kDa, corresponding to Jak2, was detected

in samples after stimulation with PRL for 10 minutes (Figure 5.4, A). Statl and Stat5

phosphorylation were also observed following the stimulation ofmid-late secretory uterine
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tissue with PRL. Reactive bands of approximately 84/91 kDa and 94 kDa, corresponding

to the two variant forms of Statl (Statip and Statla) and Stat5 respectively, were detected

within 15 and 20 minutes of stimulation with PRL (Figure 5.4, B and C).

0 5 10 15 20
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Figure 5.4: Tyrosine phosphorylation of Jak2, Statl and Stat5 by human PRL in mid-
late secretory phase marmoset uterine tissue. Uterine tissue was incubated with 400ng/ml
human PRL for 0, 5, 10, 15 and 20 minutes. Proteins were immunoprecipitated with anti-
phosphotyrosine antibody and subsequently immunoblotted with Jak2, Statl or Stat5
antibodies. Jak2 phosphorylation was detected after 10 minutes (A), Statl
phosphorylation was detected after 15 minutes (B) and Stat5 phosphorylation was detected
after 20 minutes (C) of stimulation with human PRL.

5.4 Discussion

PRL relays its physiological response on target cells by binding to its membrane

bound receptor. PRL binding activates the receptor associated Jak2, which subsequently

phosphorylates MAP kinase and/or Stat proteins. Thereafter, activated MAP kinase or Stat

proteins translocate to the nucleus and regulate the level of gene expression (Bole-Feysot

et al., 1998).
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The activation of Jak/Stat proteins by PRL via the long form PRL-R has been

extensively studied (Bole-Feysot et al., 1998). Jak2 is constitutively associated with the

PRL-R at the Box 1 region. Site directed substitution of alanine residues into the Box 1

region of the rat PRL-R demonstrated that the last proline of Box 1 is critical for Jak2

association and subsequent activation (Pezet et al., 1997a). Following the binding of PRL

to the PRL-R, Jak2 is rapidly activated by transphosphorylation of the tyrosine at amino

acid position 1007 (Findiori and Kelly, 1995; Feng et al., 1997). Following activation,

Jak2 phosphorylates ICD tyrosine residues, which function to recruit Stat proteins to the

PRL-R. Once recruited, Stat proteins bind to the receptor complex via their SH2 (SRC

[rous sarcoma protein] Homology 2) domain and are subsequently phosphorylated at

tyrosine 694 by Jak2 (Gouilleux et al., 1994; Pezet et al., 1997b). Following

phosphorylation, the SH2 domain facilitates Stat protein dimerization and the subsequent

binding to the promoters of PRL target genes (Ihle, 1996b).

The data obtained in these studies demonstrate that PRL signalling in the marmoset

uterus is linked to the Jak/Stat signalling pathway in-vivo. Jak2, Statl and Stat5 proteins

were localised within the glandular epithelial cells of the marmoset endometrium; the site

where the PRL-R was predominately expressed (Figures 4.3 and 4.4). Moreover, Jak2,

Statl and Stat5 proteins were rapidly phosphorylated following stimulation of marmoset

uterine tissue with exogenous PRL. This is similar to what has been reported recently for

the human endometrium. In the human endometrium, IHC co-localised the

Jak2/Statl/Stat5 signal transduction proteins with the PRL-R to the glandular

compartment. In addition, short term culture of human endometrial tissue with human

PRL resulted in the temporal phosphorylation of Jak2/Statl/Stat5 proteins (Jabbour et al.,

1998). These data have prompted the suggestion that PRL signalling via the Jak/Stat signal

transduction pathway may influence epithelial cell function/differentiation and direct gene

transcription in the glandular compartment of the human endometrium. Genes up-regulated

within endometrial glands are unknown but may function to promote implantation and/or

trophoblast proliferation (Jabbour et al., 1998). The data obtained in this study strongly
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suggest similar intracellular signalling of the PRL-R in the marmoset and human uterus.

Jak2 and Stat5 proteins were also expressed within the stromal compartment of the

endometrium. The ISH and IHC studies outlined in chapter 4 demonstrate PRL-R

expression within the stromal compartment of the marmoset uterus (Figures 4.3 and 4.4).

This has also been observed in the human endometrium (Jikihara et al., 1996; Jones et al.,

1998; Jabbour et al., 1998). Thus, Jak2 and Stat5 proteins within the stromal

compartment of the marmoset uterus possibly function to confer the intracellular signalling

pathway of the stromal PRL-R. IHC also localised Jak2 within the nucleus of the

glandular epithelial cells. Jak2 expression within the nucleus has also been observed in

pancreatic islet cells; although the function of nuclear Jak2 within these cells is not known

(Sorenson and Stout, 1995). The data obtained in this chapter suggest a novel nuclear role

for Jak2, in addition to the cytosolic function, within the glandular epithelial cells of the

marmoset uterus.

As detailed in chapter 4, a co-ordinated temporal pattern of gene expression was

observed for PRL and the PRL-R. The data reported herein demonstrate a similar temporal

pattern of expression of Jak2/Statl/Stat5. The regulation of expression of Jak/Stat proteins

is not clarified. It is tempting to speculate that steroid hormones may up-regulate

Jak2/Statl/Stat5 expression in the secretory phase of the ovulatory cycle. Similarly, PRL

during the secretory phase may regulate Jak2/Statl/Stat5 gene expression in a paracrine

fashion to ensure the co-ordinated expression of its receptor and signal transduction

proteins. However, the regulated expression of Jak2/Statl/Stat5 by steroids or PRL has

not been demonstrated and requires further investigation.

The significance of the phosphorylation of different Stat proteins in the marmoset

and human endometrium remains to be elucidated. In-vitro studies have demonstrated that

the effect of different Stat proteins may vary with the target gene being analysed.

Comparative studies have demonstrated that Statl and Stat5 proteins can act both as

positive and negative regulators of gene transcription. This has been demonstrated in CHO

cells that were co-transfected with the Nb2 PRL-R cDNA, Stat5 or Statl cDNA and
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reporter gene constructs that contained the IRF-1 or (3-casein promoter region. In this

elegant experimental model, Stat5 acts as a positive regulator of PRL-induced transcription

of the p-casein promoter. Whereas, PRL-induced transcription of the IRF-1 promoter is

inhibited by Stat5 and promoted by Statl (Luo and Yu-Lee, 1997). Interestingly, site

directed substitution of alanine residues into the DNA binding domain of Stat5

demonstrated that DNA binding is not required for the inhibition of IRF-1 gene

expression, suggesting that Stat5 inhibits IRF-1 gene transcription via protein-protein

interactions (Luo and Yu-Lee, 1997). Future studies in the primate endometrium may

elucidate the complex interplay between the different phosphorylated Stat proteins in the

regulation of expression of PRL target genes.

In conclusion, these studies confirm that the function of PRL in the marmoset uterus

is partly linked to the Jak/Stat signal transduction pathway. Jak2/Statl/Stat5 signal

transduction proteins are co-localised by IHC to the glandular epithelial cells, as has been

demonstrated for the PRL-R. Moreover, Jak/Stat proteins are expressed at a minimal level

during the proliferative and are dramatically up-regulated during the mid-late secretory

phase of the ovulatory cycle. The association of Jak/Stat proteins with the PRL-R is

further confirmed following treatment of mid-late secretory phase uterine tissue with

exogenous PRL. Jak2, Statl and Stat5 proteins are temporally and rapidly phosphorylated

in response to PRL. It is important to emphasise that other Stat proteins and signalling

pathways (such as MAP kinase) may be associated with PRL function in the primate

endometrium. Future studies outlining these pathways and their respective target genes

will shed light on the diverse biological roles of PRL within the endometrium.
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Chapter 6 iRF-1 localisation & up-regulation by PRL

6.1 Introduction

PRL is a pleiotropic hormone with over 300 biological functions attributed to it.

However, only a limited number of PRL target genes, which induce the physiological

effect of PRL, have been identified (Bole-Feysot et al., 1998). To-date, PRL target

genes have been identified in the mammary gland, the ovary and Nb2 lymphoma cells.

In the pregnant mammary gland, PRL initiates and maintains milk production via the

regulated expression of a number of PRL target genes including (3-casein, (3-

lactoglobulin and whey acid protein (Chen and Bissell, 1989; Lesueur et al., 1991;

Groner and Gouilleux, 1995; Goupille et al., 1997). In the rat ovary, PRL up-

regulates the expression of the <*2-macroglobulin gene which is involved in tissue

remodelling of the corpus luteum (Dajee et al., 1996; Russell et al., 1996). Another

PRL target gene in the ovary is 30-hydroxysteroid dehydrogenase/A5-A4 isomerase (30-

HSF), an enzyme that facilitates the final stage of progesterone synthesis (Martel et al.,

1990). In an in-vitro model, PRL can activate the 30-HSF promoter in HeLa cells that

were co-transfected with the mouse long form PRL-R cDNA, Stat5 cDNA and a

reporter gene construct containing the 30-HSF promoter. Interestingly, these data

demonstrate that PRL can regulate the expression of a hormone that is essential for the

maintenance of pregnancy (Feltus et al., 1999).

The rat Nb2 T-cell lymphoma cell line, which requires PRL for growth, has been

used extensively to identify PRL target genes. The incubation of Nb2 cells with PRL

for 4 hours results in the up-regulation of a number of genes that stimulate cell

proliferation. These genes include c-myc (avian myelocytomatosis protein), heat shock

protein 70, ornithine decarboxylase, 0-actin (Yu-Lee, 1990) cyclins D2 and D3

(Hosokawa et al., 1994) and Pim-1 (Buckley et al., 1995). In addition, clone

15/RnudC has been identified as a PRL target gene; clone 15/RnudC functions in

nuclear movement during mitosis (Morris et al., 1997). Recently, the technique of

suppression subtractive hybridisation has been employed to isolate PRL target genes

from Nb2 cells. Interestingly, this technique has identified two unknown PRL target
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genes, which may also function in Nb2 cell mitogenesis (Memeth et al., 1998).

Interferon regulatory factor-1 (IRF-1), the transcription factor that regulates the

expression of type 1 interferons (interferon a and (3), has also been identified as a PRL

target gene in Nb2 cells (Yu-Lee et al., 1990). IRF-1 gene expression is regulated via

the Jak2/Statl signal transduction pathway (Wang et al., 1997). Northern blot analyses

has demonstrated that IRF-1 gene expression is ubiquitous in a number of cell lines

and rat tissues and it is proposed that IRF-1 is a multifunctional transcription factor that

induces cellular proliferation and/or differentiation. Recently, IRF-1 has been

described as a PRL target gene in the human endometrium. Incubation of mid-late

secretory phase human endometrium with PRL for 2 hours leads to approximately 3-

fold increase in IRF-1 gene expression (Jabbour et al., 1999).

In the previous chapters we have demonstrated the expression of PRL and the

PRL-R in the marmoset uterus. In addition, the endometrial PRL-R is associated with

the Jak/Stat signal transduction pathway. The following experiments were designed to

investigate the pattern and site of expression of IRF-1 in the mid-late secretory phase

marmoset uterus. In addition, we investigated whether IRF-1 expression is regulated

by PRL in the marmoset uterus.

6.2 Experimental procedures

6.2.1 Western blotting for IRF-1

Western blotting was conducted to determine if the IRF-1 protein was expressed

within the marmoset uterus. Mid-late secretory phase (n=4) uterine samples were

collected as described in section 2.2.4. Uterine proteins were subsequently extracted

(section 2.11.1) and concentration determined as described in section 2.11.2.

Thereafter, 50pg of uterine proteins were immunoprecipitated with the anti-

phosphotyrosine antibody (Affinity) as described in section 5.2.2.2.

Immunoprecipitated proteins were subsequently size separated using a 7.5%

polyacrylamide resolving gel as described in section 2.11.3. Thereafter, proteins were
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transferred to PVDF membrane as outlined in section 2.11.4. Following transfer, the

membrane was immunoblotted as described in section 2.11.5. Briefly, the membrane

was incubated overnight at 4°C in blocking buffer. The following day, the membrane

was incubated for 2 hours with a 1:75 dilution of the primary rabbit polyclonal anti-

IRF-1 antibody (Autogenbioclear) which was raised against the human IRF-1 peptide

sequence from amino acids 306-325. The membrane was then incubated for 1 hour

with the horseradish peroxidase conjugated secondary IgG antibody (section 2.11.5).

Thereafter, phosphorylated proteins were revealed by chemiluminescence as described

in section 2.11.5. To assess the non-specific binding of the primary antibody, the

membrane was stripped of immunocomplexes as described in section 2.11.6.

Immunoblot analysis was then performed as described in section 2.11.5, however, the

membrane was not incubated with the primary antibody. The results obtained (data not

shown) demonstrated that the immunodetected IRF-1 band obtained were specific and

were not observed when the primary antibody was omitted from the immunoblot

analysis procedure.

6.2.2 Immunohistochemistry for IRF-1 and Interferon-p

Immunohistochemistry (IHC) was utilised to localise IRF-1 and interferon-p in

the marmoset uterus. Uterine samples were collected as described in section 2.2.4

from animals in proliferative (n=4) and mid-late secretory (n=4) phases of the

ovulatory cycle. Following collection, tissue was promptly fixed as described in

section 2.2.4. For the IRF-1 IHC, a 1:50 dilution of the rabbit polyclonal antibody (as

used for western blotting, section 6.2.1) was used with the DAB (3,3'-

diaminobenzidine) detection method as described in section 2.10.3. Control tissue

sections were prepared using non-immune rabbit IgG (Autogenbioclear) at the same

IgG concentration as the primary antibody.

IHC for interferon-p was conducted with the nitro-blue tetrazolium (NBT)

detection method (section 2.10.4) and a 1:50 dilution of the rabbit polyclonal antibody

(Autogenbioclear). The anti-interferon-p antibody was raised against recombinant
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human interferon-p. Control tissue sections were prepared using non-immune rabbit

serum (Dako) at the same protein concentration as the primary antibody.

6.2.3 Up-regulation of IRF-1 gene expression by PRL as

assessed by ribonuclease protection assay

6.2.3.1 In-vitro tissue culture

Mid-late secretory phase uterine samples (n=3) were collected as described in

section 2.2.4. Following collection, the myometrium was removed, the remaining

tissue was then minced using dissection scissors and washed with 5mls of PBS.

Thereafter, the tissue was resuspended in 5mls of RPMI 1640 medium and incubated

for 3 hours at 37°C. The tissue was subsequently split into 5 equal aliquots. One

aliquot, the control, was centrifuged for 1 minute at 12000 x g and the supernatant was

discarded. The tissue was then snap frozen in dry ice and stored at -70°C until

required. The 4 other aliquots were incubated in RPMI 1640 medium containing

cycloheximide (lOpg/ml) with or without human PRL (400ng/ml) for 1 or 3 hours at

37°C. Following the specified incubation period, the samples were centrifuged for 1

minute at 12000 x g and the supernatants were discarded. Thereafter, the tissue was

snap frozen in dry ice and stored at -70°C until required.

6.2.3.2 cRNA probe production

For RPA, the pCR®II-TOPO plasmid vector (Invitrogen) containing the 260bp

human IRF-1 cDNA fragment (829-1089bp), was linearised (section 2.7.3.2) to

enable the generation of an antisense cRNA probe. The 260bp human IRF-1 cDNA

fragment was previously subcloned within the laboratory group (Jabbour et al., 1999).

For linearisation, the plasmid vector (2pg) was incubated at 37°C for 2 hours in a

reaction mix containing 20U of Hindlll in Hindlll reaction buffer (6mM Tris-HCl [pH

7.5], 6mM MgCl2, lOOmM NaCl, ImM DTT and 0.05mg/ml BSA) to a final volume
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of 20gl with ddH20. Thereafter, the linearised plasmid DNA was purified (section

2.7.3.3), analysed by agarose gel electrophoresis (section 2.4.1) and quantified

(section 2.4.2). For cRNA probe production, lgg of linearised plasmid was incubated

with T7 RNA polymerase to produce an antisense cRNA probe as described in section

2.9.1. To control for variability in RNA loading, an 18S antisense cRNA probe was

also produced (section 2.9.1).

6.2.3.3 RPA reaction

Total RNA was extracted as described in section 2.3 from uterine samples that

were incubated with or without human PRL (section 6.2.3.1). Thereafter, 5gg of RNA

from each uterine sample and yeast RNA (5pg, n=2) were subsequently precipitated

with the 260bp IRF-1 and 18S cRNA probes as described in 2.9.4. The RPA

experiment was then performed as described in section 2.9.

6.2.3.4 RPA quantification

The relevant amounts of IRF-1 and 18S, expressed as relative density units,

were quantified using a phosphorimager (section 2.9.4). The 18S RNA ribosomal

standard was used to correct loading variations between treatments. The background

IRF-1 expression level was calculated from time point zero, this value was subtracted

from all treated samples. Fold induction of IRF-1 expression, at both time points, was

calculated by dividing the value for the PRL treated sample by the value for the

untreated sample. The data were analysed by one way analysis of variance.
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6.3 Results

The expression of IRF-1 in the marmoset uterus during the mid-late secretory

phase was initially demonstrated by Western blot analysis. In the marmoset uterus,

IRF-1 is encoded by a protein of approximately 48 kDa (Figure 6.1).

S1 S2 S3 S4

|i||tt 48 kDa

Figure. 6.1: Western blot analysis conducted using 50pg of protein isolated from
mid-late secretory phase marmoset uteri (n=4; SI, S2, S3 and S4 are day 10, 11, 14
and 16 of the ovulatory cycle, respectively). The proteins were immunoprecipitated
with an anti-phosphotyrosine antibody, loaded onto a 7.5% polyacrylamide gel,
transferred to PVDF membrane and subjected to immunoblot analysis with a 1:75
dilution of the IRF-1 antibody. IRF-1 in the marmoset uterus is encoded by a 48 kDa
protein.

The IRF-1 protein was localised within the marmoset uterus by IHC (Figure

6.2). Interestingly, IRF-1 expression was localised predominately within the glandular

epithelial cells (Figure 6.2, C) as was observed for the PRL-R (Figures 4.3 and 4.4)

and the Jak2/Statl/Stat5 signalling proteins (Figures 5.1, 5.2 and 5.3). In addition,

IFR-1 expression was localised in stromal cells. IRF-1 expression was minimal during

the proliferative phase (Figure 6.2, A) and was dramatically up-regulated during the

mid-late secretory phase (Figure 6.2, C).
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Figure 6.2: IRF-1 expression in the marmoset endometrium as investigated by IHC.
Minimal IRF-1 immunostaining is observed during the proliferative phase (A),
whereas intense immunostaining is apparent within the stromal and glandular
compartments during the mid-late secretory phase (C). B (proliferative phase) and D
(mid-late secretory phase) are tissue sections incubated with nonimmune IgG (negative
controls). Scale bar =50gm.

In order to investigate the effect of exogenous PRL on expression of the IRF-1

gene, marmoset uterine tissue was incubated in the presence or absence of 400ng/ml

human PRL for 1 or 3 hours. RNA was subsequently extracted from all samples and

used in RPA to ascertain the up-regulation of IRF-1 gene expression by human PRL

(Figure 6.3).

The data from the RPA experiments were quantified and indicated that IRF-1

gene expression was similar following 1 hour culture in the presence or absence of

PRL (24.7 ± 13.9 vs 44.7 ± 28.3 arbitrary units for uterine tissue cultured in the
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presence or absence of PRL respectively). However, culture of uterine tissue with

PRL for 3 hours resulted in an increase in IRF-1 expression (152.7 ± 60.1 vs 58.0 ±

10.3 arbitrary units for uterine tissue incubated in the presence or absence of PRL

respectively). The fold induction of IRF-1 expression was significantly increased

(P<0.05) following stimulation with PRL for 3 hours (Figure 6.4; 0.4 ± 0.2 vs 2.4 ±

0.5 fold induction following stimulation with PRL for 1 and 3 hours respectively;

values are mean ± SEM).

1 2 3 4 5

I # * • I 18s
Figure. 6.3: The effect of PRL on IRF-1 gene expression in the mid-late secretory
phase marmoset uterus. IRF-1 expression in each sample was analysed by RPA using
5pg of total RNA and a 260bp human IRF-1 cRNA probe. The integrity and the
relative amount of total RNA was determined using a ribosomal 18S cRNA probe. The
figure is a representative RPA from one animal (day 15 of the ovulatory cycle). Lane 1
is RNA from untreated tissue (control), lane 2 and 3 are RNA from tissue incubated
with or without PRL for 1 hour respectively. Lane 4 and 5, are RNA from tissue
incubated with or without PRL for 3 hours respectively.

Treatment

Figure 6.4: The fold induction of IRF-1 expression was significantly increased
(P<0.05) following stimulation with PRL for 3 hours (0.4 ± 0.2 vs 2.4 ± 0.5 fold
induction following stimulation with PRL for 1 [blue] and 3 hours [red] respectively;
values are mean ± SEM).
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IHC was also performed to localise interferon-p within the marmoset uterus

(Figure 6.5). Interferon-p was predominately localised to the glandular compartment,

as was observed for the PRL-R (Figures 4.3 and 4.4), Jak/Stat signalling proteins

(Figures 5.1, 5.2 and 5.3) and IRF-1 (Figure 6.2). Interestingly, interferon-p

expression was minimal during the proliferative phase (Figure 6.5, A) and was

dramatically up-regulated within the glandular compartment during the mid-late

secretory phase (Figure 6.5, C).

B

Figure 6.5: Interferon-p expression in the marmoset endometrium as investigated by
IHC. Minimal interferon-p immunostaining is observed during the proliferative phase
(A), whereas intense immunostaining is apparent within the glandular compartment
during the mid-late secretory phase (C). B (proliferative phase) and D (mid-late
secretory phase) are tissue sections incubated with nonimmune serum (negative
controls). Scale bar =50pm.
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6.4 Discussion

The binding of PRL to the PRL-R activates a specific series of signalling events

within the cell, which results in the regulated expression of PRL target genes. The data

presented herein demonstrate that IRF-1 gene expression in the marmoset uterus is

associated with the PRL intracellular signalling pathway. IRF-1 expression in mid-late

secretory phase marmoset uterus was initially confirmed by Western blotting and IHC.

IRF-1 in the marmoset mid-late secretory phase uterus is encoded by a 48 kDa protein.

This is similar to what has been reported in other cell types (Watanabe et al., 1991).

IHC demonstrated that IRF-1 expression was co-localised to the glandular

compartment of the endometrium with the PRL-R (Figures 4.3 and 4.4), Jak2 (Figure

5.1), Statl (Figure 5.2) and Stat5 (Figure 5.3) signalling proteins. IRF-1 expression

was also localised within the stromal compartment and this may be associated with

stromal PRL-R (Figures 4.3 and 4.4). The role of PRL in the expression of IRF-1 in

the marmoset uterus was investigated by conducting short-term culture of marmoset

uterine explants with exogenous PRL. The culture studies confirm that expression of

IRF-1 in the mid-late secretory marmoset uterus is regulated by PRL. Similar data have

been reported recently in the human endometrium; IHC co-localised IRF-1 with the

PRL-R to glandular compartment of the human endometrium. Moreover, short term

culture of human endometrial tissue with exogenous human PRL results in the up-

regulation of IRF-1 gene expression (Jabbour et al., 1999). It is suggested that

decidual PRL, synthesised by human endometrial stromal cells, binds PRL-Rs present

within the glandular compartment and regulates the transcription of PRL target genes

such as IRF-1 (Jabbour et al., 1999). The data obtained in this study strongly suggest

similar regulation of the IRF-1 gene in the marmoset and human uterus.

The induction of IRF-1 gene expression by PRL has been extensively studied in

the PRL responsive Nb2 cells. In Nb2 cells, PRL induces a biphasic transcription of

the IRF-1 gene in a single cell cycle. IRF-1 gene expression is rapidly induced after

15-60 minutes stimulation with PRL as part of an early G1 activation event. Gene

expression reaches a peak at 1 hour and subsequently declines to the basal level at 4
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hours. The second rise in IRF-1 gene expression is observed at 8 to 12 hours during

early S phase (Yu-Lee, 1997). Biphasic transcription of IRF-1 in Nb2 cells is mediated

by multiple PRL response regions present on the IRF-1 promoter and up-stream 5'

flanking DNA. Transfection studies and promoter deletion analysis have outlined the

regions that promote biphasic transcription of the IRF-1 gene. In these studies, Nb2

cells were transfected with a reporter gene construct that contained the coding region of

chloramphenicol acetyl transferase (CAT) linked to 1.7, 1.3, 0.6 or 0.2 kb 5' IRF-1

flanking DNA fragments. Expression of the 1.7 kb 5' flanking DNA exclusively

induces IRF-1 biphasic gene expression. Whereas the 0.2 kb IRF-1 promoter mediates

the rapid G1 phase induction of IRF-1 gene expression. The 0.2 and 1.7 kb IRF-1

promoter regions contain gamma interferon activation sequences (GAS); Statl proteins

have been reported to bind these sequences and up-regulate IRF-1 gene expression

(Stevens and Yu-Lee, 1994; Wang et al., 1997). Due to limited tissue obtained from

one marmoset uterus, we were unable to investigate whether PRL induces biphasic

gene expression of IRF-1. However, the data reported in this chapter confirm that

IRF-1 gene expression is induced and up-regulated following 3 hours stimulation

within PRL.

The role and target genes of PRL induced IRF-1 in the uterine glandular

epithelium of the marmoset uterus remain to be ascertained. The site and temporal

pattern of expression suggest that IRF-1 influences glandular epithelial cell function

and differentiation at the time of predicted conception. It is reasonable to speculate that

IRF-1 regulates the expression of genes that function in trophoblast attachment and

proliferation. In the endometrium following conception, regulated proliferation and

differentiation of trophoblast cells is required for successful implantation and the

establishment of pregnancy. IRF-1 recognition site are present on the promoters of a

number of genes that function in the regulation of cell growth including p53,

interlukin-4, interlukin-5 and the interlukin-7 receptor (Tanaka et al., 1993). IRF-1

binding sites are also present on the promoters of the cell adhesion molecules V-CAM

(vascular cell adhesion molecule) and E-cadherin (Yu-Lee, 1997) which may be
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candidate genes that promote trophoblast adhesion to the endometrium in preparation

for the invasive process. Whether IRF-1 regulates the expression of the above genes in

the endometrium remains to be elucidated.

Another possible target gene for IRF-1 in the primate endometrium is interferon-

(3. IRF-1 has been shown to bind and subsequently activate the transcription of the

interferon-p promoter region (Miyamoto et al., 1988). In the endometrium,

immunohistochemistry studies confirmed the expression of interferon-p in the

glandular compartment of the marmoset uterus. Interestingly, interferon-p displays a

similar temporal pattern and site of expression as was observed for the PRL-R,

Jak/Stat proteins and IRF-1. Interferon-p was originally identified as an antiviral agent.

However, recent studies have demonstrated an important role for interferon-p in

regulation of cell growth (Meager, 1998). The control of proliferation of the invading

trophoblast cells is presumably one mechanism of regulating the degree of endometrial

invasion. Under-invasion of trophoblast cells can lead to defective placentation and the

failure to develop a normal uteroplacental blood supply, which culminate in clinical

conditions such as preeclampsia during pregnancy. Jabbour and Critchley (2001) have

proposed that PRL may regulate trophoblast cell function and degree of invasion in the

endometrium possibly through expression of interferon-p. Future studies are required

to elucidate whether PRL up-regulates the expression of interferon-p in the primate

endometrium.

In conclusion, these experiments confirm the expression of IRF-1 in the

marmoset uterus. IRF-1 expression is localised within the glandular epithelial cells, the

site where the PRL-R and Jak/Stat proteins were expressed. IRF-1 is expressed at a

minimal level during the proliferative phase and is dramatically up-regulated during the

mid-late secretory phase of the ovulatory cycle. In addition, these studies confirm that

IRF-1 is a PRL target gene in the marmoset uterus; exogenous PRL up-regulates IRF-

1 gene expression during the mid-late secretory phase. The target genes for PRL

function via IRF-1 in the marmoset uterus remain to be elucidated. However, the IHC

studies suggest that interferon-p may be a target gene of IRF-1 in the marmoset uterus.
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7.1 General discussion

This thesis reports on the expression and signalling pathway of PRL and the PRL-R

in the non-pregnant uterus of the common marmoset monkey (Callithrix jacchus). These

studies were designed to establish whether PRL is associated with uterine function in the

marmoset monkey and to determine whether the marmoset monkey is a suitable model to

investigate the role of PRL in human uterine function.

Initially, the marmoset PRL-R was isolated from adrenal RNA by reverse

transcription PCR. This was attempted in order to establish the functional similarities

between the marmoset and human PRL-R. The data obtained demonstrate the transcription

of the long form PRL-R in this primate species. The marmoset PRL-R shares 93% base

pair and 89% amino acid sequence homologies with the human PRL-R cDNA. Moreover,

the marmoset PRL-R retains all the conserved receptor sequences that have been shown

previously to be essential for ligand binding, structural integrity and signal transduction.

Following isolation, the putative marmoset PRL-R cDNA was assessed for its

functional characteristics in-vitro. Transfection studies confirmed the expression of a

receptor that has high binding affinity to human PRL and human growth hormone. In

addition, the marmoset PRL-R, similarly to the human PRL-R, was found to be associated

with the Jak2/Stat5 signal transduction pathway. In-vivo PRL-R expression in the

marmoset monkey was assessed by ribonuclease protection assay and detected in a

number of tissues including female reproductive organs. This suggests that PRL signalling

via the PRL-R regulates numerous biological functions in the marmoset monkey including

reproduction.

The pattern of PRL and PRL-R gene expression were investigated in the uterus of

the non-pregnant marmoset monkey. Immunohistochemistry localised PRL to the stromal

compartment of the endometrium. Expression of PRL was minimal during the proliferative

phase and was up-regulated during the mid-late secretory phase of the ovulatory cycle. In-

situ hybridisation and immunohistochemistry localised the PRL-R to the glandular

epithelial and stromal compartments of the endometrium. Similar to PRL, PRL-R
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expression was minimal during the proliferative phase and was dramatically up-regulated

during the mid-late secretory phase. The temporal pattern of PRL-R gene expression in the

marmoset uterus across the ovulatory cycle was further confirmed by ribonuclease

protection assay.

The role of Jak2, Statl and Stat5 in the intracellular signalling pathway of PRL were

also assessed in the marmoset uterus. Immunohistochemistry localised Jak2/Statl/Stat5

proteins to the glandular epithelial compartment, the site where the PRL-R was expressed.

Jak2, Statl and Stat5 proteins were more abundant during the mid-late secretory phase.

Moreover, Jak2, Statl and Stat5 proteins were temporally phosphorylated following

short-term culture of marmoset uterine tissue with human PRL.

Finally, the pattern of expression of the IRF-1 gene and the effect of exogenous

PRL on transcription of IRF-1 were investigated during the mid-late secretory phase. IRF-

1 in the marmoset uterus was encoded by a protein of 48 kDa. Immunohistochemistry

localised the IRF-1 protein to the glandular epithelial compartment, as was observed for

the PRL-R and Jak2/Statl/Stat5 proteins. Moreover, incubation of mid-late secretory

phase uterine tissue with PRL for 1 and 3 hours resulted in 0.4 ± 0.2 and 2.4 ± 0.5

(P<0.05) fold induction of IRF-1 gene respectively.

These studies confirm the expression of both PRL and its receptor in the uterus of

the marmoset monkey. Expression of both genes is up-regulated during the mid-late

secretory phase of the ovulatory cycle. PRL function in the marmoset uterus is linked to

the Jak/Stat signalling pathway leading to the regulation of expression of PRL responsive

genes such as IRF-1. Previous studies in our laboratory have demonstrated similar

temporal pattern of expression and localisation of PRL and the PRL-R in the human

endometrium (Jones et al., 1998; Jabbour et al., 1998). In addition, Jak/Stat proteins are

temporally phosphorylated by PRL and IRF-1 has been identified as a PRL target gene in

the human endometrium (Jabbour et al., 1998; Jabbour et al., 1999). These data suggest a

similar intracellular signalling pathway for PRL in the endometrium of the marmoset

monkey and human.
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The exact role of PRL in the marmoset and human uterus is still not clarified. The

site and temporal pattern of expression of both suggest that PRL, in a paracrine fashion,

influences glandular epithelial cell function and differentiation at the time of predicted

trophoblast implantation (Figure 7.1).

Figure 7.1: The paracrine role of PRL in the marmoset endometrium. PRL, produced
by endometrial stroma cells, binds to the PRL-R expressed by glandular epithelial cells.
Ligand binding activates PRL intracellular signalling pathways, such as the Jak/Stat
pathway and/or the MAP kinase pathway, resulting in the regulated expression of PRL
target genes (adapted from Jabbour and Critchley, 2001).

The hypothesis that PRL functions in the implantation process was strengthened

following the generation ofmice, which lack the PRL gene or the PRL-R gene (Horseman

etal.,1997; Ormandy etal.,1997). Female mice with a homozygous null mutation of the

PRL gene or the PRL-R gene are sterile due to a failure of embryos to implant into the

endometrium. It was initially suggested that these animals were sterile due to altered PRL

signalling in the endometrium, which may be crucial for the implantation process

(Horseman et al., 1997; Ormandy et al., 1997). However, it has been recently suggested

that PRL and PRL-R knockout female mice are sterile due to lack of PRL signalling via the

ovarian PRL-R (Binart et al., 2000). In rodents, decidualisation occurs following

fertilisation and is dependent on estrogen and progesterone that is secreted by the ovary. In

Glandular dp-regulation of
epithe

Stroma y
PRL

Paracrine

signalling

140



Chapter 7 General discussion

the ovary following fertilisation, PRL signalling via the PRL-R induces progesterone

synthesis (Galosy and Talamantes, 1995). Due to the mutation of the PRL-R, the ovaries

of PRL-R knockout females fail to produce progesterone. Furthermore, implantation in the

PRL-R knockout mouse can be rescued following progesterone administration (Binart et

al., 2000; Reese et al., 2000). Although, it is important to emphasise that progesterone

administration can rescue implantation in the PRL-R knockout mouse model, the majority

of animals can not maintain full-term pregnancy. Mice carrying the null mutation for the

PRL-R gene consistently abort on day 12.5 of pregnancy (Binart et al., 2000). These

observations suggest that in the mouse, PRL signalling via the PRL-R is not required for

implantation. However, PRL intracellular signalling is essential for maintenance of

pregnancy (Binart et al., 2000).

The use of the PRL-R knockout mouse, to compare the possible role of PRL in

human implantation has limitations. Recent studies have demonstrated that the PRL-R in

the mouse is not expressed at the time of predicted implantation. PRL-R expression in the

wild type mouse is low to undetectable on days 1 to 2 of pregnancy and is up-regulated on

days 6-8 of pregnancy. Hence, PRL-R expression in the mouse is induced subsequent to

trophoblast implantation, which occurs on day 4.5 (Reese et al., 2000). In contrast, the

PRL-R is up-regulated in the human and marmoset endometrium at the predicted time of

conception, which suggests PRL signalling via the PRL-R functions in the primate and

human implantation process (Jones et al., 1998; Jabbour et al., 1998).

7.2 The role of PRL in the endometrium

As mentioned previously, the exact function of PRL in the non-pregnant and

pregnant primate uterus remains to be elucidated. It is hypothesised that PRL may

influence epithelial cell function/differentiation and direct the transcription of genes within

the glandular compartment that regulate (a) trophoblast implantation and invasion, (b) the

uterine immune environment at the predicted time of conception and/or (c) angiogenesis

during pregnancy.
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7.2.1 Trophoblast implantation and invasion
The mechanisms that promote trophoblast implantation are not fully clarified.

Following adherence of the trophoblast to the endometrium, the trophoblast cells penetrate

the endometrial basement membrane to ensure successful implantation and placentation

(Huang et al., 1998). Trophoblast invasion requires remodelling of endometrial

extracellular matrix, which is achieved in part by matrix metalloproteinases (MMPs)

(Huang et al., 1998). It is possible that endometrial PRL promotes invasion by regulating

the expression of MMPs and tissue inhibitor of metalloproteinases (TIMPs). In the rat

ovary, PRL is suggested to increase the expression of MMP-1 and TIMP-1 with the onset

of the naturally occurring preovulatory PRL surge. Interestingly, the expression of MMP-

1 and TIMP-1 is reduced following bromocriptine treatment, which suppresses prolactin

synthesis/release from the pituitary gland (Huang et al., 1998). Future work, will elucidate

the possible role of PRL in regulating the expression of MMPs and TIMPs in the

endometrium.

7.2.2 Regulation of the uterine immune environment
PRL may also promote implantation by regulating the local uterine immune

environment. In the non-pregnant secretory phase human endometrium, uterine specific

CD56+ natural killer cells increase in number within the stromal compartment (King and

Loke, 1990; Klentzeris et al., 1992). These cells are presumed to play a crucial role in the

implantation process and maintenance of early pregnancy. The factors and/or mechanisms

that promote migration and/or proliferation of CD56+ cells in the endometrium at the

predicted time of conception are still not known (King and Loke, 1990). It is reasonable to

speculate that PRL regulates CD56+ cell recruitment and proliferation in the endometrium.

PRL is a powerful immunoregulatory agent (Yu-Lee, 1997) and PRL synthesis in the

human endometrium is elevated at the time of migration and/or proliferation of CD56+ cells

into the endometrium (Maslar and Riddick, 1979). Moreover, PRL-Rs are expressed by

the majority of leukocytes in the peripheral circulation (Yu-Lee, 1997). Future studies
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may elucidate whether uterine specific CD56+natural killer cells express the PRL-R and if

PRL is associated with their function in the endometrium.

7.2.3 Regulation of angiogenesis during pregnancy

Recently, it has been suggested that PRL may play a central role in the angiogenic

process at the time of implantation (Jabbour and Critchley, 2001). Angiogenesis is

required during implantation to develop the placenta. Impairment of vascular development

results in early pregnancy loss, preeclampsia and intrauterine fetal growth retardation

(Yasuda et al., 1998; D'Angelo et al., 1999). Interestingly, in-vitro and in-vivo studies

have demonstrated that 24 kDa PRL signalling via the classical PRL-R is angiogenic,

whereas, the 16 kDa N-terminal fragment of PRL is anti-angiogenic. The exact molecular

mechanism by which the 16 kDa inhibits angiogenesis has not been clarified. It is

postulated that the 16 kDa fragment inhibits angiogenesis via an independent receptor

(Struman et al., 1999). The concept that PRL mediates angiogenic and antiangiogenic

effects via independent receptors is supported by the observation that 24 kDa human PRL

can not compete with the 16 kDa fragment for binding sites on endothelial cells.

Moreover, the 16 kDa fragment of PRL does not compete with 24 kDa PRL for binding to

PRL-R long or short isoforms (Struman et al., 1999). The 16 kDa N-terminal fragment of

PRL is generated from 24 kDa PRL by cathepsin-D enzymatic cleavage. A possible role

for PRL in placental angiogenesis is supported by the observation that cathepsin-D is

expressed in the human endometrium during the normal menstrual cycle and at the

uteroplacental interface during pregnancy (Earl et al., 1989; Bergqvizt et al., 1996).

7.3 Conclusions

In conclusion, these studies have confirmed that PRL function in the marmoset

uterus is linked to the Jak/Stat signalling pathway leading to the regulation of expression

of PRL-responsive genes such as IRF-1. The site of expression of PRL, PRL-R and IRF-
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1 in the marmoset uterus suggest that PRL may influence glandular epithelial function and

direct gene transcription in these cells in a paracrine fashion. The data presented in this

thesis is comparable to the data reported recently in the human uterus (Jabbour et al.,

1998; Jabbour et al., 1999) and strongly suggest that the marmoset monkey may provide a

useful tool to investigate the role of PRL in human uterine function during implantation

and early pregnancy.
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These studies have confirmed that the marmoset and human endometrium are similar

in the expression of PRL and PRL-R genes and association with the Jak/Stat signal

transduction pathway. Here we propose that the marmoset monkey provides a unique

model to study PRL intracellular signalling during the process of implantation and early

pregnancy.

Future areas of research should focus on the role of PRL in angiogenesis during

pregnancy. Studies should elucidate whether (a) 16 kDa PRL is cleaved in the

uteroplacental unit and (b) specific 16 kDa receptors are expressed at this site. Such data

will lead to improved clinical therapies to treat vascular dysfunction during pregnancy.

This research would complement research interests in the unit, which are investigating the

regulation of angiogenesis in the corpus luteum of the marmoset monkey (Dickson and

Fraser, 2000).

In the studies outlined in this thesis, we observed that the marmoset PRL-R was

associated with the Jak/Stat signalling pathway. Future studies should fully elucidate the

diversity of signalling events associated with the PRL in the marmoset endometrium.

These will lead to a better understanding of the specific intracellular events and target

genes that may promote the pleiotropic effects of PRL in the primate endometrium at the

time of implantation.

Finally, one would expect that specific antagonists for the PRL-R may become

available in the future. Using the marmoset monkey as a model, these antagonists will

provide a useful tool to asses in-vivo the role of PRL in the primate implantation process.
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Appendix I

lx TBE buffer

Loading buffer

Soc medium

Luria Bertani (LB) agar plates

LB broth

Bouins Reagent

89mM Tris-borate

2mM EDTA

30% w/v glycerol
0.25% w/v bromophenol blue
0.25% w/v xylene cyanol FF
0.5 M EDTA, [pH 7.0]

20g Bacto-tryptone
5g Bacto-yeast extract
lOmM NaCl

2.5mM KC1

lOmM MgCh, in 1 litre

15g agar

lOg Bacto-tryptone
5g Bacto-yeast extract
lOg NaCl [pH 7.0], in 1 litre

lOg Bacto-tryptone
5g Bacto-yeast extract
lOg NaCl [pH 7.0], in 1 litre

500ml 40% formaldehyde
100ml acetic acid

2 litres saturated picric acid
(filter before use)
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Appendix II

Company City Country
Affiniti Exeter Exeter UK
Amersham Pharmacia Biotech Ltd Buckinghamshire UK
Ambion (supplied by AMS Biotechnology) Oxon UK
Anachem Ltd Luton UK

Autogenbioclear Wiltshire UK
BDH Poole UK
Bio-Rad Hercules UK
Biosoft Cambridge UK
Camlab Cambridge UK

Cellpath Hemel Hempstead UK
Clonetech Cambridge UK

Coming Science Products High Wycombe UK
DAKO High Wycombe UK

Dupont NEN Stevenage UK

Dynal Wirral UK
Eastman Kodak (supplied by Sigma) Poole UK

European Collection of Cell Cultures Wilts UK

Flowgen Rockland, ME USA

Genosys Pampisford UK
Gibco Paisley UK

Hybaid Basingstoke UK

Invitrogen Leek The Netherlands
IKA Labortechnik Frankfurt Germany
Lamb's laboratory supplies London UK
Leitz Wetzlar Germany
Milipore Watford UK
National Diagnostics Manville, NJ USA
NIDDK-NIH Baltimore, MD USA
Novex California USA
Parke-Davis Veterinary Pontypool UK
Perkin Elmer Cetus Inc Rockland, ME USA
PE Applied Biosystems Warrington UK

Polysciences Inc Warrington UK

Promega Southampton UK

Qiagen Crawley UK
Rhone Merieux Harlow UK
Santa Cruz Biotechnology California USA
SAPU Carluke UK

Sigma Poole UK

Storm, Molecular Dynamics Sunnyvale, CA USA
Tissue-Tek Slough UK

Upstate Biotechnology New York USA
Watman, Maidinstoke, UK Maidinstoke UK
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Localization and Signaling of the Prolactin Receptor in
the Uterus of the Common Marmoset Monkey
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ABSTRACT
This study investigated the expression and signaling pathway of

PRL and its receptor in the non-pregnant uterus of the common
marmoset monkey. Immunohistochemistry localized PRL expression
to the stromal compartment of the endometrium. Expression was
minimal during the proliferative phase and was up-regulated during
the mid to late secretory phase of the ovulatory cycle. In situ hybrid¬
ization and immunohistochemistry localized expression of the PRL
receptor to the glandular epithelium of the endometrium. Similar to
that of PRL, PRL receptor expression was minimal during the pro¬
liferative phase and was dramatically up-regulated during the se¬
cretory phase. The temporal pattern of PRL receptor gene expression
in the marmoset uterus across the cycle was further confirmed by
ribonuclease protection assay. The roles ofJanus kinase-2 (JAK2) and
signal transducer and activator of transcription-1 (STAT1) in the
intracellular signaling pathway ofPRL were also assessed in the mid
to late secretory phase. JAK2/STAT1 proteins were localized in the
glandular epithelial compartment, and both proteins were temporally
phosphorylated in response to PRL. Finally, the pattern ofexpression

ofthe interferon regulatory factor-1 (IRF-1) gene and the effect ofPRL
on transcription of IRF-1 were investigated during the mid to late
secretory phase. IRF-1 expression in the marmoset uterus was en¬
coded by a protein of 48 kDa and was localized to the glandular
epithelial compartment, as was observed for the PRL receptor and
JAK2/STAT1 proteins. Moreover, incubation of mid to late secretory
uterine tissue with PRL for 1 and 3 h resulted in 0.4 ± 0.2- and 2.4 ±
0.5-fold (P < 0.05) inductions of the IRF-1 gene, respectively. These
studies confirm the expression of both PRL and its receptor in the
uterus of the marmoset monkey. Expression of both genes is up-
regulated during themid to late secretory phase ofthe ovulatory cycle.
PRL function in the marmoset uterus is linked to the JAK/STAT
signaling pathway, leading to the regulation of expression of PRL-
responsive genes such as IRF-1. The site of expression of PRL, PRL
receptors, and IRF-1 in the marmoset uterus suggest that PRL may
influence glandular epithelial function and direct gene transcription
in these cells in a paracrine fashion. (J Clin Endocrinol Metab 85:
1711-1718, 2000)

PRL IS SYNTHESIZED by human endometrial stromalcells during the mid to late secretory phase of the
menstrual cycle. PRL synthesis commences with the first
signs of decidualization and subsequently decreases at men¬
ses (1). In the event of pregnancy, PRL synthesis increases
after implantation, reaches a peak at 20-25 weeks of preg¬
nancy, and decreases toward term (2, 3). Decidual PRL has
an identical amino acid sequence as pituitary PRL (4), which
confers similar chemical, immunological, and biological
characteristics (5). However, decidual PRL uses an alterna¬
tive promoter located about 6 kb upstream of the pituitary
PRL start site (6). Alternative promoter sites confer cell-spe¬
cific regulation of transcription of the PRL gene in the pitu¬
itary and uterus (6, 7).
The exact function of PRL in the non-pregnant and preg¬

nant uterus has not been clarified. In the non-pregnant hu¬
man uterus, PRL receptors have been localized to the stromal
and glandular compartments of the mid to late secretory
phase endometrium (8, 9). In the event of pregnancy, PRL
receptor expression is maintained and is localized to the
decidua, chorionic cytotrophoblast, placental trophoblast,
and the amniotic epithelium (10). The coordinated temporal
pattern of expression of both PRL and its receptor in the
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h.jabbour@ed-rbu.mrc.ac.uk.

non-pregnant and pregnant uterus suggest that PRL may be
involved in the establishment and maintenance of preg¬
nancy. PRL function in the human uterus is linked in part to
phosphorylation of Janus kinase (JAK) and signal transducer
and activator of transcription (STAT) proteins. JAK/STAT
proteins have been co-localized with the PRL receptor in the
glandular compartment of the endometrium and are tem¬
porally phosphorylated in the glandular epithelial cells after
stimulation with PRL (8). These data have prompted the
suggestion that PRL may influence epithelial cell function/
differentiation and direct gene transcription in the glandular
compartment of the human endometrium. Genes up-regu¬
lated within endometrial glands are unknown, butmay func¬
tion to promote implantation and/or trophoblast prolifera¬
tion (8). The importance of PRL in the implantation process
has been demonstrated in female mice with a homozygous
null mutation in the PRL receptor gene. In this model, female
mice are sterile, and their uteri are refractory to implantation
(11).
The following study was designed to establish whether

PRL is associated with normal uterine function in a non-

human primate species, the commonmarmosetmonkey. The
pattern of expression of the PRL and PRL receptor genes was
investigated in the uterus of the non-pregnant marmoset
monkey. In addition, PRL intracellular signaling in the non¬
pregnant uterus was analyzed by investigating the phos¬
phorylation of JAK2 and STATI proteins after short term
culture of marmoset uterine tissue with PRL. The effect of
exogenous PRL on the transcription of interferon regulatory
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factor-l (IRF-1) was assessed using uterine tissues collected
during the mid to late secretory phase of the ovulatory cycle.
The demonstration of regulation of IRF-1 expression by PRL
in the uterus may provide some insight into the possible
target genes and diverse functions that PRL regulates in the
endometrium.

Materials and Methods

Animals and tissue collection

Animals used for these studies were adult femalemarmosetmonkeys
(Callithrix jacchus) housed at theMedical Research Council Reproductive
Biology Unit Primate Center. All procedures were in agreementwith the
Animals (Scientific Procedures) Act of 1986. The ovulatory cycles of the
animals were monitored by twice weekly measurements of plasma
progesterone concentration (12) for a number of cycles before use. The
proliferative phase was defined as the period when the plasma proges¬
terone concentration was 12 nmol/L or less. Day 1 of the secretory phase
was when the progesterone concentration rose above 30 nmol/L and
was followed by a sustained increase. The secretory phase has three time
points: early secretory phase (days 2-4), midsecretory phase (days
8-10), and late secretory phase (days 14-20). Tissues used in this study
were from animals within the proliferative phase or the mid to late
secretory phase (days 10-16 of the secretory phase; day 0 being the
estimated day of ovulation). At the required stage of the cycle, animals
were killed, and uteri were promptly removed. Uterine samples for in
situ hybridization (proliferative phase, n = 4;mid to late secretory phase,
n = 4) were submerged in Tissue-Tek (Miles, Inc., Slough, UK), snap-
frozen in isopentane precooled with dry ice, and stored at —70 C until
required. Uterine tissues collected for ribonucleic acid (RNA; prolifer¬
ative phase, n = 3; mid to late secretory phase, n = 3) or protein (mid
to late secretory phase, n = 4) extractionwere snap-frozen on dry ice and
stored at -70 C until required. For immunohistochemistry, uterine
samples (proliferative phase, n = 4; early secretory phase, n = 4; mid to
late secretory phase, n = 4) were fixed by immersion in Bouin's reagent,
followed by processing and paraffin embedding. For the in vitro culture
experiments, mid to late secretory phase uterine samples (total n = 6)
were finely dissected, washed in phosphate-buffered saline (PBS; Sigma,
Dorset, UK), and incubated in the required volume of RPMI 1640 me¬
dium (Sigma) before stimulation as detailed below.

In situ hybridization

Complementary RNA (cRNA) probes for in situ hybridization were
produced with the Riboprobe In Vitro Transcription Systems Kit (Pro-
mega Corp., Southampton, UK) as described previously (8), using 1 p,g
sense or antisense linearized plasmid containing the full-length mar¬
moset PRL receptor complementary DNA (cDNA) (13), 50 p.Ci
[a-33P]UTP (NEN Life Science Products, Hounslow, UK), and 20 U of the
appropriate RNA polymerase (T7 or SP6, Promega Corp.). cRNA probes
were then hydrolyzed in 100 mmol/L NaHC03 (pH 10.5) at 65 C for 10
min, precipitated and resuspended in diethylpyrocarbonate-treated
HzO, and the activities of two 1-p.L aliquots were analyzed by liquid
scintillation spectroscopy. The average of the samples was determined,
and the volume of the radiolabeled probes required to give 1 X 106 cpm
was calculated. Uterine cryostat sections (5 /xm) were thaw-mounted
onto ribonuclease (RNase)-free 3-aminopropyltriethooxy saline (Tespa,
BDH, Poole, UK)-coated slides. Tissue sections were fixed for 5 min in
4% (vol/vol) formaldehyde in PBS, acetylated in 0.25% acetic anhydride,
subsequently dehydrated with increasing concentrations of ethanol
(60%, 80%, and 95%), and air-dried.
Hybridization of sense or antisense cRNA probes to uterine tissue

was performed overnight at 55 C in hybridization buffer (9%, wt/vol)
dextran sulfate, 45% deionized formamide, 540 mmol/L NaCl, 54
mmol/L sodium citrate, 44.6 mmol/L dithiothreitol, 0.9 X Denhardt's
solution, and 500 /xg/mL transfer RNA) with a probe concentration of
1 X 106 cpm. Surplus and nonspecifically bound cRNA probe were
subsequently removed from the tissue by washing in 4 X SSC (single
strength SSC contains 150mmol/L NaCl and 15mmol/L sodium citrate,
pH 7.0) followed by 2 X SSC for 15 min at room temperature. The tissue
was then incubated at 37 C for 30 min in 2 X SSC containing 10 /xg/mL

RNase A, followed by washing with 4 X SSC, 2 X SSC, and 0.1 X SSC
for 30 min each at room temperature. Tissue sections were dehydrated
with increasing concentrations of ethanol (60%, 80%, and 95%), air-
dried, and dipped in NTB3 emulsion (Eastman Kodak Co., Cambridge,
UK) at 45 C in the dark. Emulsion-coated slides were stored in a hu¬
midified light-proof box for 1 h before storage at 4 C with silica gel for
4 weeks. After this period, slides were developed in the dark using D19
developer (Eastman Kodak Co.) and fixed with Polymax fixer (Eastman
Kodak Co.) at 15 C.

RNase protection assay

RNA was extracted from uterine tissue using Tri-Reagent (Sigma).
Antisense cRNA probes were produced as previously described (8). The
PRL receptor cRNA probe was generated from a 310-bp cDNA fragment
(515-833 bp) of the marmoset PRL receptor cDNA. To control for vari¬
ability inRNA loading, an 18S antisense cRNA probewas prepared from
18S cDNA (Ambion, Inc., AMS Biotechnology, Oxon, UK) as previously
described (8). The activities of two l-/xL aliquots of each cRNA probe
were determined by liquid scintillation spectroscopy. The averages ob¬
tained were used to determined the volume of the radiolabeled probe
required to give 2 X 105 cpm for the PRL receptor cRNA probe and 2 X
10 cpm for the 18S cRNA probe.

The RNase protection assay (RPA) was performed using the RPA III
kit (Ambion, Inc.). Briefly, total RNA (50 /xg) from proliferative phase
uteri (n = 3), mid to late secretory phase uteri (n = 3), and yeast RNA
(n = 2) were precipitated with both cRNA probes, resuspended in
hybridization buffer, heated to 95 C for 5 min, and incubated overnight
at 42 C. The next day, nonhybridized, single stranded RNA was digested
in all uterine RNA samples and one of the yeast controls by the addition
of 5 U RNase A and 200 U RNase T1 in RNase buffer. RNase buffer alone
was added to the other yeast sample. All samples were incubated at 37
C for 30 min. Yeast RNA was used as a reaction control in the presence
or absence of RNase digestion to establish the specificity of the hybrid¬
ization reaction and the size of the unprotected RNA fragment. Samples
were then precipitated, resuspended in loading buffer, heated to 95 C
for 4 min, and loaded onto a 5% (vol/vol) denaturing polyacrylamide
gel. Subsequently, the gel was dried at 80 C and exposed to an auto¬
radiographic film (Eastman Kodak Co.) or quantified using a phos-
phorimager (Storm, Molecular Dynamics, Inc., Sunnyvale, CA).

Immunohistochemistry
Uterine sections (5 fxm) were floated onto glass slides coated with a

2% solution of 3-aminopropyltriethoxy silane in acetone and dried over¬
night at 50 C. Sections were dewaxed with Histoclear (National Diag¬
nostics,Hull, UK), rehydrated with decreasing concentrations of ethanol
(100%, 96%, and 70%) followed by washes (two, 5 min each) in Tris-
buffered saline (50mmol/L Tris-HCl, pH 7.4, and 0.85% NaCl). The nitro
blue tetrazolium detection method (14) was used with the PRL, PRL
receptor, JAK2, and STAT1 antibodies and the diaminobenzidine
method with the IRF-1 antibody (8). The antibodies used were rabbit
polyclonal anti-human PRL (1:150 dilution; A0569, DAKO Corp., High
Wycombe, UK), anti-rat PRL receptor (R120; 1:25 dilution; donated by
Dr. P. M. Ingleton, University of Sheffield, Sheffield, UK), anti-mouse
JAK2 (1:25 dilution; sc-278, Autogen Bioclear, Wiltshire, UK), anti-hu¬
man STAT1 (1:50 dilution; sc-346, Autogen Bioclear), and anti-human
IRF-1 (1:50 dilution; sc-497, Autogen Bioclear). Control sections were
incubated with non-immune rabbit serum (DAKO Corp.) or non¬
immune rabbit IgG (Autogen Bioclear) at the same protein or IgG con¬
centration as the primary antibody. Color reaction was developed by
incubation in Tris-MgCl2 buffer [100mmol/L Tris (pH 9.5), 100mmol/L
NaCl, and 50 mmol/L MgCl2] containing the substrates for alkaline
phosphatase [337.5 /xg/mL nitro blue tetrazolium, 175 /xg/mL X-phos-
phate (5-bromo-4-chloro-3-indolylphosphate), and 1 mmol/L levami-
sol] or in 50 mmol/L Tris-HCl (pH 7.4) containing 0.05% (wt/vol)
diaminobenzidine and 0.01% hydrogen peroxide.

In vitro tissue culture and Western blotting for JAK2
and STAT1

Uterine tissues collected during the mid to late secretory phase (n =
3) were resuspended in 5 mL RPMI 1640 medium (Sigma) and then split
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Fig. 1. Expression of the PRL and PRL receptor genes in the marmoset endometrium. Minimal PRL immunostaining is observed during the
proliferative phase (A), whereas intense immunostaining is apparent in the stromal compartment during the mid to late secretory phase (B).
C, Mid to late secretory phase endometrium incubated with non-immune sera (negative control). PRL receptor expression was investigated by
in situ hybridization (D-I) and immunohistochemistry (J-L). D andE demonstrate that thePRL receptor isnot expressed during the proliferative
phase (darkfield and lightfield, respectively). F, A proliferative phase section incubated with the sense probe (negative control). G and H
demonstrate PRL receptor expression in the glandular epithelial cells during the mid to late secretory phase (darkfield and lightfield,
respectively). I, Mid to late secretory phase section incubated with the sense probe (negative control). Limited PRL receptor immunostaining
was observed during the proliferative phase (J), whereas intense immunostainingwas evidentwithin the glandular epithelium during the mid
to late secretory phase (K). L, Mid to late secretory endometrium incubated with non-immune sera (negative control). Scale bars, 50 /xm.

into five equal aliquots. One aliquot was snap-frozen in dry ice at the
beginning of the experiment and used as a control. The other four
aliquots were cultured with 400 ng human FRL (hPRL SIAFP-B2, do¬
nated by NIDDK, NIH) at 37 C for 5,10,15, and 20 min and then stored
at -70 C. Proteins were extracted as described previously (8). Proteins
(50 pig) from each sample were immunoprecipitated overnight at 4 C
with 5 pig mouse monoclonal anti-phosphotyrosine antibody (Affiniti,
Exeter, UK) and precipitation buffer [1% Triton X-100, 150 mmol/L
NaCl, 10 mmol/L Tris-HCl (pH 7.4), 1 mmol/L ethylenediamine tet¬
raacetate, 0.2mmol/L sodium vanadate, and 0.2mmol/L phenylmeth-
ylsulfonylfluoride]. Immunoprecipitated phosphorylated proteins were
isolated by incubationwith 50 /xLDynabeadsM-450 rat anti-mouse IgG2
(DynAl, Wirral, UK) and were separated using a DynAl MPC magnet.
Proteins were then washed three times in PBS containing 0.1% BSA,

resuspended in 20 piL sample buffer [125mmol/L Tris-HCl (pH 6.8), 4%
SDS, 2.5% dithiothreitol, 20% glycerol, and 0.05% bromophenol blue],
boiled for 5min at 95C, and run on a 7.5% polyacrylamide resolving gel.
Proteins were transferred onto a polyvinylidene difluoride membrane
(PVDF; Millipore Corp., Watford, UK) and subjected to immunoblot
analysis. Membranes were blocked overnight at 4 C in blocking buffer
[5% (vol/vol) normal donkey serum diluted in washing buffer (50
mol/L Tris-HCl, 150 mmol/L NaCl, and 0.05% (vol/vol) Tween-20)].
Subsequently, membranes were incubated for 2 h at room temperature
with JAK2 (1:50) or STAT1 (1:20) antibodies (as used for immunohis¬
tochemistry) diluted in blocking buffer. Membranes were subsequently
incubated for 1 h with donkey anti-rabbit secondary IgG antibody con¬
jugated to horseradish peroxidase (1:2000; Amersham Pharmacia Bio¬
tech, Aylesbury, UK). Proteins were revealed by chemiluminescence
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(ECL kit, Amersham Pharmacia Biotech) following the manufacturer's
instructions.

Western blotting for IRF-1
Western blotting was conducted to determine the expression of IRF-1

protein in the marmoset uterus. Proteins were extracted as described
previously (8) from uterine tissue collected during the mid to late se¬
cretory phase (n = 4).Mid to late secretory phase animals onlywere used
for the IRF-1 studies, as the data indicated that PRL receptors were only
expressed during the mid to late secretory phase. A total of 50 /xg of each
protein sample were immunoprecipitated with anti-phosphotyrosine
antibody (as before). Proteins were loaded on a 7.5% polyacrylamide
resolving gel and transferred to a PVDF membrane. The membrane was
immunoblotted using a rabbit polyclonal anti-human IRF-1 antibody
(1:75 dilution, as used for immunohistochemistry).

P1 P2 P3 S1 S2 S3

"****► - PRL-R

• * - 18S

Fig. 2. RPA conducted using 50 /xg total RNA collected during the
ovulatory cycle and a 310-bp homologous PRL receptor cRNA probe.
The integrity and the relative amount of total RNA were determined
using a ribosomal 18S cRNA probe. P, Proliferative phase (n = 3); S,
mid to late secretory phase (SI, S2, and S3 are days 11, 13, and 16 of
the secretory phase, respectively).

In vitro tissue culture and induction of IRF-1 expression
by PRL

Uterine samples collected from mid to late secretory phase animals
(n = 3) were finely dissected, resuspended in 5 mL RPMI1640 medium
(Sigma), and split into five equal aliquots. One aliquot (time zero) was
immediately snap-frozen at —70 C in dry ice and used as a control. The
other four aliquots were incubated in RpMI 1640 medium (Sigma) con¬
taining cycloheximide (10 /xg/mL; Sigma) with or without human PRL
(400 ng/mL) for 1 or 3 h at 37 C. After the specified incubation period,
the samples were snap-frozen in dry ice and stored at — 70 C until
required. RNA was extracted using Tri-Reagent (Sigma) and was used
for RPA to assess the up-regulation of IRF-1 expression by PRL. Anti-
sense cRNA probes were produced as detailed previously (8), using a
HmdIII-linearized plasmid containing a 260-bp cDNA fragment (829-
1089 bp) of the human IRF-1 cDNA and 18S cDNA. Total RNA (4 /xg)
from each sample and yeastRNAwashybridized with 2 X 105 cpm IRF-1
cRNA probe and 2 X 104 cpm 18S control probe. The relevant amounts
of IRF-1 and 18S, expressed as relative density units, were quantified
using a phosphorimager. The 18S ribosomal standard was used to cor¬
rect loading variations in RNA between treatments. The background
IRF-1 expression level was calculated from time zero; this value was
subtracted from all treated samples. The fold induction of IRF-1 expres¬
sion, at both time points, was calculated by dividing the value for the
PRL-treated sample by the value for the untreated sample. The datawere
analyzed by one-way ANOVA.

Results

The temporal pattern of expression of the PRL and PRL
receptor genes were investigated in the marmoset uterus
across the ovulatory cycle using an array of techniques. PRL
expression, as assessed by immunohistochemistry, was min¬
imal during the proliferative (Fig. 1A) and early secretory
phases (data not shown) and was up-regulated during the
mid to late secretory phase of the cycle (Fig. IB). Expression
of the PRL gene was localized to the stromal compartment
of the endometrium (Fig. IB). No PRL immunostaining was
detected in the glandular compartment of the uterus. PRL
receptor expression was assessed by RPA (Fig. 2) in situ
hybridization (Fig. 1, D-I) and immunohistochemistry (Fig.
1, J-L) using tissue collected across the ovulatory cycle. PRL
receptor expression was minimal during the proliferative
and early secretory (data not shown) phases and was up-
regulated during the mid to late secretory phase of the ovu¬
latory cycle. However, in contrast to PRL, PRL receptor ex¬
pression was localized predominantly to the glandular
epithelial cells (Fig. 1, G and K, in situ hybridization and
immunohistochemistry, respectively).
The role of the JAK/STAT signal transduction proteins in

the intracellular signaling pathway of PRL was also assessed

in the marmoset uterus. Only mid to late secretory phase
uterine tissue was used in these experiments, as this was the
phase inwhich PRL and PRL receptors were expressed in the
uterus. Both JAK2 and STAT1 were localized by immuno¬
histochemistry (Fig. 3, A and C, respectively) to the glandular
epithelial compartment, as was observed for the PRL recep¬
tor. In addition, the association of the JAK2/STAT1 proteins
with PRL intracellular signaling was investigated after short
term culture of marmoset uterine tissue with PRL. Stimula¬
tion of mid to late secretory phase uterine tissue with PRL
resulted in rapid phosphorylation of JAK2. A reactive band
of approximately 125 kDa corresponding to JAK2 was de¬
tected in samples after stimulation with PRL for 10 min (Fig.
4A). Similarly, STAT1 phosphorylation was observed after
stimulation of mid to late secretory uterine tissue with PRL.
Reactive bands of approximately 84/91 kDa corresponding
to the two variant forms of STATI were detected within 15
min of stimulation with PRL (Fig. 4B).
Western blot analysis initially confirmed expression of

IRF-1 in the mid to late secretory phase marmoset uterus. In
the marmoset uterus, IRF-1 is encoded by a protein of ap¬
proximately 48 kDa (Fig. 5). Moreover, IRF-1 expression in
the secretory uterus was localized to the glandular epithelial
cells (Fig. 3E), as was observed for the PRL receptor and its
signaling proteins JAK2/STAT1 (Fig. 3, A and C). To inves¬
tigate the effect of PRL on expression of the IRF-1 gene,
marmoset uterine tissue was incubated in the presence or
absence of 400 ng/mL PRL for 1 or 3 h. IRF-1 expression was
similar after 1-h culture in the presence or absence of PRL
(24.7 ± 13.9 vs. 44.7 ± 28.3 arbitrary units for uterine tissue
cultured in the presence or absence of PRL, respectively).
However, culture of uterine tissue with PRL for 3 h resulted
in an increase in IRF-1 expression (152.7 ± 60.1 vs. 58.0 ± 10.3
arbitrary units for uterine tissue incubated in the presence or
absence of PRL, respectively; Fig. 6A). The fold induction of
IRF-1 expression was significantly increased (P < 0.05) after
stimulation with PRL for 3 h (Fig. 6B; 0.4 ± 0.2- vs. 2.4 ±
0.5-fold induction after stimulation with PRL for 1 and 3 h,
respectively; mean ± sem).

Discussion

The data presented herein demonstrate that both the PRL
and PRL receptor genes are temporally expressed in the
marmoset uterus during the ovulatory cycle. Expression of
both genes was minimal during the proliferative phase and
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Pig. 3. Immunolocalization ofJAK2 (A), STAT1 (C), and IRF-1 (E) in the mid to late secretory phase endometrium. All proteins are localized
to the glandular epithelium, as was observed for the PRL receptor. B, D, and F are sections incubated with non-immune rabbit IgG (negative
controls) for JAK2, STAT1, and IRF-1 respectively. Scale bar, 50 /mm.

xincreased during the mid to late secretory phase. However,
PRL and PRL receptor expression were localized to the stro¬
mal and glandular epithelial compartments, respectively.
Similar results have been documented recently in the non¬
pregnant human (8) and baboon (15) endometrium. In the
human endometrium, bothPRL and PRL receptor expression
are temporally up-regulated during the mid to late secretory
phase of the menstrual cycle (8). In contrast, in the baboon
only PRL expression is temporally expressed across themen¬
strual cycle; PRL receptor expression is similar during the

proliferative and secretory phases (15). The temporal expres¬
sion of PRL during the secretory phase by the endometrial
stromal cells has been extensively studied (16) and is thought
to be indirectly influenced by progesterone (17, 18). How¬
ever, the factors influencing PRL receptor expression in the
endometrium are not completely understood. The pattern of
expression of the PRL receptor gene in the marmoset and
human endometrium suggests that progesterone may also
regulate PRL receptor gene expression. However, in the en¬
dometrium this is unlikely to be a direct regulatory effect,
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Fig. 4. Tyrosine phosphorylation ofJAK2 and STAT1 by PRL in mid
to late secretory phase uterine tissue. Uterine tissue was incubated
with 400 ng/mL human PRL for 0,5,10,15, and 20 min. Proteins were
immunoprecipitated with anti-phosphotyrosine antibody and subse¬
quently immunoblotted with JAK2 and STAT1 antibodies. JAK2
phosphorylation was detected after 10 min (A), whereas STAT1 phos¬
phorylation was detected after 15 min (B) of stimulation with human
PRL.

S1 S2 S3 S4

48 kDa

Fig. 5. Western blot analysis conducted using 50 pg protein isolated
from mid to late secretory phase marmoset uteri (n = 4; SI, S2, S3,
and S4 are days 10,11,14, and 16 of the ovulatory cycle, respectively).
The proteins were immunoprecipitated with an anti-phosphotyrosine
antibody, loaded onto a 7.5% polyacrylamide gel, transferred to PVDF
membrane, and subjected to immunoblot analysis with an IRF-1
antibody. IRF-1 in the marmoset uterus is encoded by a 48-kDa
protein.

because progesterone receptors do not localize to the glan¬
dular epithelial cells during the mid to late secretory phase
(19,20), and these cells have been shown to be the major site
of the PRL receptor expression. A positive effect of proges¬
terone on PRL receptor expression has been reported pre¬
viously in breast cancer cell lines (21) and primarymammary
epithelial cells (22). It is also possible that PRL may direct the
transcription of its own receptor in the marmoset endome¬
trium. This is supported by the close temporal expression of
both genes in the marmoset and human uterus (8). PRL has
been demonstrated to induce the expression of its receptor in
human endometrial stromal cells (23) and other tissues, in¬
cluding pituitary adenomas (24), lactating mammary gland
(25, 26), and hypothalamus (27).
PRL relays its physiological response on target cells by

binding to its membrane-bound receptor and subsequently
activating JAK2 and different STAT proteins, including
STAT1 and STAT5 (reviewed in Ref. 28). Activated STAT
proteins subsequently translocate to the nucleus and up-
regulate the transcription of target promoters, such as 0-ca-
sein (29), /3-lactoglobulin (30), whey acidic protein (31), a2-
macroglobulin (32), and IRF-1 (33), which mediate
differentiative or mitogenic effects of PRL. The effects of the
different STAT proteinsmay varywith the target genes being
analyzed. Comparative studies have illustrated that STAT5
is a positive regulator of PRL-induced transcription of the

B

Treatment

Fig. 6. The effect of PRL on IRF-1 gene expression in the mid to late
secretory phase marmoset uterus. IRF-1 expression in each sample
was analyzed by RPAusing4 /rg total RNA and a 260-bp human IRF-1
cRNA probe. The integrity and the relative amount of total RNA were
determined using a ribosomal 18S cRNA probe. A, Representative
RPA from one animal (day 15 of the ovulatory cycle). Lane 1, RNA
from untreated tissue (control); lanes 2 and 3, RNA from tissue in¬
cubated with orwithout PRL for 1 h, respectively. Lanes 4 and 5, RNA
from tissue incubatedwith orwithout PRL for 3 h, respectively. B, The
fold induction of IRF-1 expression was significantly increased (P <
0.05) after stimulationwith PRL for 3 h (B; 0.4 ± 0.2- vs. 2.4 ± 0.5-fold
induction after stimulation with PRL for 1 and 3 h, respectively;
mean ± sem).

/3-casein (34) and a2-macroglobulin (35) promoters, whereas,
PRL-induced transcription of the IRF-1 promoter is pro¬
moted by STAT1 and inhibited by STAT5 (34). The data
obtained in this study demonstrate that PRL signaling in the
marmoset uterus is linked to the JAK/STAT signaling path¬
way in vivo. JAK2 and STAT1 proteins co-localized with the
PRL receptor in the uterine glandular epithelium. Moreover,
both JAK2 and STATI proteins were rapidly phosphorylated
after stimulation of marmoset uterine tissue with exogenous
PRL. Similar in vivo phosphorylation of JAK/STAT proteins
after stimulation with PRL has been reported recently in a
number of tissues, including rat ovaries (36), rat mammary
gland (37), and human endometrium (8). These data strongly
suggest similar intracellular signaling of the PRL receptor in
the marmoset and human uterus. Such a suggestion is sup¬
ported further by comparative assessment of the cDNA and
amino acid sequences of the marmoset and human PRL
receptors. Both species share approximately 94% and 90%
homologies in their cDNA and protein sequences, respec¬
tively. Moreover, all of the amino acid sequences that are
essential for ligand binding and signaling are conserved be¬
tween the two species (13).
In this study we also investigated the expression of IRF-1

and the effect of PRL on transcription of the IRF-1 gene in the
marmoset uterus. IRF-1 is a known PRL-responsive gene that
is activated by STAT1 (38). The expression of IRF-1 gene in
mid to late secretory phase marmoset uterus was first con¬
firmed by Western blotting and immunohistochemistry.
IRF-1 was encoded by a 48-kDa protein, as has been observed
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in other cell types (39). Moreover, IRF-1 expression was co-
localized with the PRL receptor and its JAK2/STAT1 sig¬
naling proteins. The role of PRL in the expression of IRF-1 in
the marmoset uterus was investigated by conducting short
term culture of marmoset uterine explants with exogenous
PRL. The culture studies confirm that expression of IRF-1 in
the mid to late secretory marmoset uterus is regulated by
PRL. The sites of expression of PRL, PRL receptor, and IRF-1
in the marmoset endometrium suggest that transcription of
IRF-1 is regulated by PRL in a paracrine fashion. PRL ex¬
pression in the marmoset endometrium is localized to the
stromal compartment, whereas co-localization of expression
of the receptor and IRF-1 is restricted to the glandular epi¬
thelial compartment. The exact role of PRL in the uterus is
still not clarified. The site and temporal pattern of expression
of PRL suggest that it influences glandular epithelial cell
function and differentiation at the time of predicted concep¬
tion and trophoblast implantation. Additionally, the role and
target genes of the PRL-induced IRF-1 in the uterine glan¬
dular epithelium remain to be ascertained. In other biological
models, IRF-1 influences the transcription of numerous tar¬
get genes that facilitate cellular growth, apoptosis, adhesion,
neoplastic transformation, viral resistance, and differentia¬
tion (40, 41). It is reasonable to predict that in the glandular
epithelium PRL, via IRF-1, regulates the expression of an
array of genes that would regulate a multitude of functions
associated with the establishment of pregnancy.
In conclusion, this study confirms the expression of PRL

and its receptor in the marmoset uterus. The expression of
both genes is minimal during the proliferative and early
secretory phases. However, both PRL and PRL receptor gene
expression are up-regulated during the mid to late secretory
phase of the ovulatory cycle. The function of PRL in the
marmoset uterus is partly linked to the JAK/STAT signal
transduction pathway. Moreover, this study confirmed that
IRF-1 is a PRL-responsive gene within the glandular epithe¬
lial compartment. The target genes for PRL function via IRF-1
in the marmoset uterus remain to be elucidated. Overall,
these data strongly suggest that PRL is involved in uterine
function of non-human primate species such as themarmoset
monkey and outline the suitability of this species for inves¬
tigating the role of PRL in the primate implantation process.
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Abstract

This study demonstrates the cloning and in-vitro characterisation of the marmoset monkey (Callithrix jacchus) prolactin
receptor cDNA. The marmoset prolactin receptor cDNA was generated by reverse transcription-polymerase chain reaction using
adrenal RNA and primers designed from prolactin receptor conserved regions. Sequence analysis predicts a mature protein of 598
amino acids exclusive of the 24 amino acid signal peptide. The marmoset prolactin receptor cDNA shares 93 and 61% base pair,
and 89 and 61% amino acid sequence homologies with the long form human and rat prolactin receptor cDNA. respectively. The
marmoset prolactin receptor cDNA sequence retains all the receptor sequences that have been shown previously to be essential
for ligand binding, structural integrity and signal transduction. Transfection of human 293 fibroblast cells with the marmoset
prolactin receptor cDNA (three independent experiments) confirmed the expression of a receptor that has high binding affinity to
human growth hormone (Ka = 3.6 + 0.07 nM ~1 and f?max = 7.55 + 2.06 x 10 ~ 11 M) and human prolactin (Ka = 3.1 ±0.12 nM"1
and Bmix = 2.87 + 0.66 x 10 M). Functionality of the receptor was assessed by co-transfection of 293 fibroblast cells with
marmoset prolactin receptor cDNA and the Jak2 cDNA, or marmoset prolactin receptor and a Stat5 responsive element linked
to the luciferase coding sequence. Incubation of the cells with 18 nM ovine prolactin resulted in rapid phosphorylation of Jak2
as ascertained by Western blotting. In addition, the marmoset prolactin receptor cDNA led to 9.06 + 0.47-fold induction of
luciferase gene activity. This was comparable with the induction observed following transfection with the human prolactin
receptor cDNA (8.55 ± 0.5-fold). In-vivo prolactin receptor expression in the marmoset monkey was assessed by ribonuclease
protection assay and detected in a number of tissues including female reproductive organs. These data confirm the cloning and
functionality of the marmoset prolactin receptor cDNA. The marmoset prolactin receptor shares a high sequence homology with
the long-form human prolactin receptor, and both receptors bind hormones with comparable affinity and confer a similar
intracellular response. The marmoset monkey may provide a useful tool to investigate the role of prolactin in primate
reproduction. © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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I. Introduction

In mammals, the peptide hormone prolactin influ¬
ences a number biological processes that include growth

The sequence reported in this paper has been deposited in the
Genbank/EMBL database with accession number AJ272217.
* Corresponding author.
E-mail address: h.jabbour@hrsu.mrc.ac.uk (H.N. Jabbour).

and development, immune regulation, osmoregulation,
metabolism, behaviour and reproduction (Ben-
Jonathan et ah, 1996; Bole-Feysot et ah, 1998). Re¬
cently, prolactin has been suggested to play a role in the
implantation process and maintenance of pregnancy in
humans and other primate models (Jabbour et ah,
1998; Jones et ah, 1998; Frasor et ah, 1999; Dalrymple
and Jabbour, 2000). However, the exact role of pro¬
lactin in uterine function remains to be elucidated.
Recent studies in our laboratory have demonstrated a
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similar temporal pattern of expression of prolactin and
its receptor in the human and marmoset monkey en¬
dometrium (Jabbour et ah, 1998; Dalrymple and Jab-
bour, 2000). Moreover, in the endometrium of both
species, prolactin elicits a similar intracellular signalling
pathway (Jabbour et al., 1998, 1999; Dalrymple and
Jabbour, 2000). This has prompted the suggestion that
the marmoset monkey may be a suitable model to
investigate the role of prolactin in the primate
implantation.
To elicit a physiological response, prolactin has to

bind to its membrane bound receptor, which is a mem¬
ber of the class 1 cytokine receptor superfamily (Bazan,
1989, 1990). This family includes receptors for erythro¬
poietin, granulocyte-colony stimulating factor, granulo¬
cyte macrophage-colony stimulating factor, growth
hormone, leukaemia inhibitory factor and several inter-
leukins (Bazan, 1990; Kelly et al., 1991). Receptors
within this superfamily share conserved regions in their
extracellular and intracellular domains (Kelly et al.,
1991; Goffin and Kelly, 1996). The prolactin receptor
exists in several isoforms that differ primarily in the
sequence and length of the cytoplasmic domain (Kelly
et al., 1991). The long form of the receptor is well
characterised in several species including human
(Boutin et al., 1989), rabbit (Edery et al., 1989), red
deer (Jabbour et al., 1996) and possum (Demmer,
1999). However, short and long isoforms of the recep¬
tor have been described in rodents and ruminants

(Boutin et al., 1988; Davis and Linzer, 1989; Shirota et
al., 1990; Bignon et al., 1997; Schuler et al., 1997), and
intermediate isoforms have been cloned from the pre-T
lymphoma Nb2 cell line and the T47D breast cancer
cell line (Ali et al. 1991; Kline et al., 1999). Prolactin via
its different receptors has been shown to mediate both
mitogenic and differentiative effects on target cells via
divergent signalling pathways (Ben-Jonathan et al.,
1996; Bole-Feysot et al., 1998). For example, in the
rodent, both prolactin receptor isoforms transduce the
mitogenic properties of prolactin via a MAP kinase
pathway (Das and Vonderhaar, 1995). However, only
the long form of the rat receptor is associated with
Jak/Stat (Janus kinase/Signal transducer and activator
of transcription) phosphorylation and signalling to Stat
responsive promoters (Ihle and Kerr, 1995; Goffin and
Kelly, 1996). The short form fails to activate Jak/Stat
signalling, and this has been attributed to the trunca¬
tion of the cytoplasmic domain (O'Neal and Yu-Fee,
1994).
The following study reports the cloning, sequencing

and in vitro characterisation of the marmoset monkey
prolactin receptor cDNA. This was attempted in order
to establish the sequence/functional similarities between
the marmoset and human prolactin receptors, with the
purpose of establishing whether the marmoset monkey
may provide a useful model for investigating the role of

prolactin in primate reproductive function. The data
demonstrate the transcription of the long form of the
receptor in this primate species, which shares a high
sequence and functional homology with the long-form
human prolactin receptor. Functionality of the mar¬
moset prolactin receptor cDNA was characterised for
binding of prolactin and the signalling pathway, leading
to Jak2 phosphorylation and activation of a Stat5
responsive promoter.

2. Materials and methods

2.1. Animals and tissue collection

Animals used for these studies were female marmoset

monkeys housed at the MRC Reproductive Biology
Unit Primate Centre. All procedures were in agreement
with the Animals (Scientific Procedures) Act 1986. The
ovulatory cycles of the animals were monitored twice
weekly by measuring plasma progesterone concentra¬
tion (Smith et al., 1990) for a number of cycles prior to
use. Tissues used in this study were from animals within
the mid-late secretory phase (Dalrymple and Jabbour,
2000) of the ovulatory cycle. Animals (n = 3) were
sacrificed, and tissues promptly removed, snap-frozen
on dry ice and stored at — 70°C until required. RNA
was extracted using Tri-Reagent (Sigma, Dorset, UK)
following the manufacturer's instructions, and RNA
yields estimated by spectrophotometry at 260 nm.

2.2. cDNA isolation and plasmid construct

cDNA was synthesised from marmoset adrenal RNA
using the Advantage™ RT-for-PCR kit (Clontech,
Cambridge, UK) following the manufacturer's instruc¬
tions. Briefly, 1 pg total RNA was incubated with 20
pmol oligo (dT)18 primer, heat denatured at 70°C for 2
min, followed by incubation on ice. The cDNA was
transcribed by incubation in 50 mM Tris-HCl (pH
8.3), 75 mM KC1, 3 mM MgCl2, 0.5 mM of each
dNTP, 1 U RNase inhibitor and 200 U Moloney-
Murine Feukaemia Virus reverse transcriptase at 42°C
for 1 h. The reaction was terminated by heating to 95°C
for 5 min. For polymerase chain reaction (PCR), the
cDNA was incubated in a reaction mix containing: 1.5
mM MgCl2, GeneAmp PCR Buffer II (50 mM KC1. 10
mM Tris-HCl (pH 8.3); Perkin Elmer Cetus Inc.,
USA) and 25 pmol of 5' and 3' primers. The primers
used were designed from conserved regions within the
long-form prolactin receptor sequence (sense, 5'-GAT-
ACATTTCCTGCAGCAAGAG-3'; and antisense, 5'-
CACGTACTCTGTAGTGTTACCTG-3') that flanked
the receptor from base pair position — 34 to 1935. The
amplification conditions used were 35 cycles of 94°C for
30 s, 54°C for 45 s, 72°C for 60 s and a final extension
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of 72°C for 15 min. The PCR product was ligated into
the pCR®II-TOPO vector (Invitrogen, Leek, The
Netherlands) followed by sequencing in both directions
using a PE Applied Biosystems 373A automated se¬
quencer. To enable investigation of functionality, the
marmoset prolactin receptor cDNA was ligated into the
pcDNA3.1 (Invitrogen) expression vector, followed by
sequencing (as already described) to confirm
orientation.

2.3. Cell culture and transfection of human 293
fibroblast cells

Human embryonic kidney 293 fibroblast cells were

routinely grown in complete medium (Dulbecco's
modified Eagle's medium nutrient F-12, containing 10%
foetal calf serum). For transfection, cells were split 6 h
prior to transfection and incubated in rich medium
(two-thirds Dulbecco's modified Eagle's medium nutri¬
ent F-12, one-third Dulbecco's modified Eagle's
medium containing 4.5g/l glucose and 10% foetal calf
serum). Cells were subsequently transfected using the
calcium phosphate precipitation technique (Southern
and Berg, 1982) with the stated amounts of cDNA. All
cells used in this study were incubated at 37°C with 5%
co2.

2.4. Competitive displacement experiments and
Scatchard analysis

One hundred millimetre culture dishes containing
6 x 106 kidney 293 cells were transfected (three inde¬
pendent experiments) with 5 pg marmoset prolactin
receptor cDNA. Following 24 h expression, cells were
deprived of serum and incubated for a further 24 h. The
cells were harvested by scraping in 1 ml phosphate-
buffered saline (Sigma) and centrifuging at 4°C for 5
min at 2000 x g. Cells were resuspended in 0.5 ml TM
buffer (25 mM Tris-HCl (pH 7.4), 10 mM MgCl2),
lysed by three freeze-thaw cycles, followed by centrifu-
gation at 4°C for 15 min at 15 000 x g. The pellet
obtained, referred to as the total particulate fraction,
was resuspended in 0.5 ml TM buffer and stored at
— 20°C until required. The protein concentration was
determined using the Bio-Rad Protein assay kit II
(Bio-Rad, Hertfordshire, UK).

125I-human growth hormone was prepared using the
chloramine-T method, as previously described (Hoc-
quette et al., 1989), and had a specific activity in the
range 75-120 pCi/pg. For the competitive displacement
experiments, 20 pg total particulate fraction in 0.5 ml
assay buffer (25 mM Tris-HCl (pH 7.4), 10 mM MgCl,
and 1% bovine serum albumen (BSA)) was incubated
overnight at room temperature with approximately
50 000 cpm 125I-human growth hormone and an in¬
creasing concentration of unlabelled hormones (be¬

tween 0 and 191 nM for human growth hormone, and
between 0 and 174 nM for human prolactin). Bovine
growth hormone was used as a negative control at one
concentration (191 nM). Non-specific binding was as¬
sessed by incubating 20 pg total particulate fraction in
0.5 ml assay buffer containing excess unlabelled hor¬
mone (191 nM for human growth hormone and 174
nM for human prolactin). Bound and free hormones
were separated by centrifugation at 4°C for 30 min at
3500 x g. The resultant pellets were counted using a
y-counter. The results obtained were plotted and used
for Scatchard analysis as previously described (Djiane
et al., 1977).

2.5. Tyrosine phosphorylation of Jak.2

One hundred millimetre culture dishes containing
6 x 106 kidney 293 cells were co-transfected with 4 pg
marmoset prolactin receptor cDNA and 0.2 pg human
Jak2 cDNA (three independent experiments). Follow¬
ing 24 h expression, cells were deprived of serum
overnight and incubated with or without 18 nM ovine
prolactin (oPRL-16, 30.54 IU/mg; NIDDK, Baltimore,
MD, USA) for 10 min. Cells were then lysed for 15 min
at 4°C in 500 pi lysis buffer (10 mM Tris-HCl (pH
7.5), 5 mM ethylenediamine tetraacetic acid, 150 mM
NaCl, 30 mM sodium pyrophosphate, 50 mM sodium
fluoride, 1 mM Na3V04, 10% glycerol, 0.5% triton
X-100) containing protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 1 pg/ml pepstatin A, 2 pg/ml
leupeptin, 5 pg/ml aprotinin). Lysates were separated
from cell debris by centrifugation at 4°C for 10 min at
15 000 x g. The protein concentration of each sample
was determined using the Bio-Rad Protein assay kit II
(Bio-Rad). Thereafter, 0.5 mg of each protein sample
was resuspended in 1 ml lysis buffer and immunopre-
cipitated using 2 pi (1 pg/pl) rabbit polyclonal anti-Jak2
antibody (raised against amino acid 758-776 of murine
Jak2; Upstate Biotechnology, NY, USA) and 50 pi
Protein A-Agarose (Santa Cruz Biotechnology, CA,
USA) for 2 h at room temperature. Immunoprecipi-
tated complexes were then washed three times with lysis
buffer (as already described) and boiled for 5 min in
sample buffer (125 mM Tris (pH 6.8), 5% SDS, 10%
(3-mercaptoethanol, 20% glycerol). Proteins were sepa¬
rated by SDS-polyacrylamide gel electrophoresis (7.5%
gel), followed by transfer onto polyvinylidene difiuoride
transfer membrane (polyscreen™; NEN Life Science
Products Inc., Boston, MA, USA). The resultant mem¬
branes were incubated overnight in blocking buffer (200
mM NaCl, 50 mM Tris-HCl (pH 7.6), 1% BSA).
Thereafter, membranes were incubated for 2 h at room
temperature with the monoclonal alpha anti-phospho-
tyrosine antibody (raised against phosphotyrosine.
1:10 000 dilution; Upstate Biotechnology) or anti-Jak2
antibody (1:1000 dilution; Upstate Biotechnology),
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which were diluted in antibody buffer (200 mM NaCl,
50 mM Tris-HCl (pH 7.6), 1% BSA, 0.05% Tween 20).
Subsequently, the membranes were incubated for 1 h at
room temperature with anti-mouse (for anti-phosphoty-
rosine, 1:5000 dilution) or anti-rabbit (for Jak2, 1:4000
dilution) immunoglobulin G-conjugated horseradish
peroxidase secondary antibodies, which were diluted in
antibody buffer. Bands were revealed by chemilumines-
ence (ECL kit; NEN Life Science Products Inc.,
Boston, MA, USA).

2.6. Activation of LHRE-TK-luciferase reporter gene
construct

Six well plates containing 0.5 x 106 kidney 293 cells
per well were transfected (three independent experi¬
ments) with 0.05 gg marmoset prolactin receptor
cDNA, 0.1 gg lactogenic hormone response element
(LHRE)-TK-Luciferase cDNA and 0.1 pg pCHl 10 vec¬
tor (P-galactosidase expression vector; Pharmacia, NJ,
USA). The human prolactin receptor cDNA was used
as a positive control and transfected as already de¬
scribed. The reporter gene construct contained six
copies of LHRE and the TK minimal promoter linked
to the coding region of the luciferase gene cDNA
(Sotiropoulos et al., 1996). Following 24 h expression,
cells were incubated for a further 24 h in serum-free
medium with or without 18 nM ovine prolactin, and
subsequently lysed using reporter lysis buffer as recom¬
mended by the manufacturer (Promega, Southampton,
UK). Luciferase gene activity was measured in lysates,
in relative light units and normalised for p-galactosi¬
dase gene activity as described previously (Herbomel et
al., 1984; Pezet et al., 1997a). The data are presented as
fold induction (mean ± S.E.M.) of luciferase gene activ¬
ity calculated from the value for cells stimulated with
prolactin divided by the value for cells not stimulated
with prolactin.

2. 7. Ribonuclease protection assay

The antisense cRNA probe was produced as de¬
scribed previously (Jabbour et al., 1998). The prolactin
receptor cRNA probe was generated from a 317 base
pair cDNA fragment (between base pairs 482 and 799)
of the marmoset prolactin receptor cDNA. To control
for variability in RNA loading, an 18S antisense cRNA
probe was prepared from 18S cDNA (Ambion; AMS
Biotechnology, Oxon, UK) as described previously
(Jabbour et al., 1998). The activity of 2 x 1 pi of each
cRNA probe was determined by liquid scintillation
spectroscopy. The averages obtained were used to de¬
termine the volume of the radiolabelled probe required
giving 2 x 105 cpm for the prolactin receptor cRNA
probe and 2 x 104 cpm for the 18S cRNA probe.
The ribonuclease protection assay (RPA) was per¬

formed using the RPA III kit (Ambion). Briefly, total
RNA (10 pg) from adrenal, liver, kidney, pituitary,
uterus, oviduct (n = 3 of each) and yeast RNA (n = 2)
were precipitated with both cRNA probes, resuspended
in hybridisation buffer, heated to 95°C for 5 min and
incubated overnight at 42°C. The next day, non-hy¬
bridised single-stranded RNA was digested in all RNA
samples and one of the yeast controls by the addition of
5 U RNase A and 200 U RNase T1 in RNase buffer.
RNase buffer alone was added to the other yeast
sample. All samples were incubated at 37°C for 30 min.
Yeast RNA was used as reaction controls in the pres¬
ence or absence of RNase digestion to establish the
specificity of the hybridisation reaction and the size of
the unprotected RNA fragment. Samples were then
precipitated, resuspended in loading buffer, heated to
95°C for 4 min and loaded onto a 5% (vol/vol) denatur¬
ing polyacrylamide gel. Subsequently, the gel was dried
at 80°C and exposed to an autoradiographic film (East¬
man Kodak).

3. Results

This study reports the cloning and sequencing of the
marmoset prolactin receptor cDNA. The marmoset
prolactin receptor open reading frame (Fig. 1) has a

sequence of 1866 nucleotides, which code for 622 amino
acids. The first 24 amino acids of the sequence code for
the classical signal peptide previously associated with
the prolactin receptor. The mature form of the encoded
protein would thus have 598 amino acids consisting of:
(a) an extracellular amino-terminal prolactin binding
domain of 210 residues that contain five cysteine
residues and a WS x WS motif (amino acids 215-219);
(b) a single transmembrane domain of 24 hydrophobic
residues; and (c) an intracellular carboxyl-terminal do¬
main of 364 residues containing the two conserved
regions termed Box 1 (amino acid positions 267-274)
and Box 2 (amino acids 312-324). Sequence compari¬
sons confirmed a high homology between the marmoset
and human prolactin receptor (long form) cDNA se¬
quences. The prolactin receptor in both species consists
of 598 amino acids with 93 and 89% base pair and
amino acid homology, respectively (Boutin et al., 1989),
whereas the rat prolactin receptor is encoded by 591
amino acids and shares with the marmoset prolactin
receptor only 61% base pair and 61% amino acid
sequence homology (Shirota et al., 1990). Interestingly,
the regions of homology between the marmoset and the
rat prolactin receptors are predominantly in the extra¬
cellular domain of the receptor and the outlined con¬
served regions including Box 1 and Box 2. Moreover,
comparisons between the marmoset and human pro¬
lactin receptors with those of other mammalian species
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Fig. 1. The sequence of the marmoset prolactin receptor cDNA, and the predicted amino acid sequence. Conserved extracellular cysteines, the
WS x WS motif (amino acids 215-219), Box 1 (amino acids 267-274) and Box 2 (amino acids 312-324) are underlined and in bold. The
transmembrane domain (amino acids 235-258) is enclosed within a shaded box. The first 24 amino acids correspond to the cleaved signal peptide;
thus, the mature protein is encoded by 598 amino acids.
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Table 1

Interspecies variation in the size of the intracellular domain of the long-form prolactin receptor

Species Size of the mature receptor protein Size of the cytoplasmic domain Reference

Cow 557 323 Scott et al. (1992)
Deer 557 323 Jabbour et al. (1996)
Sheep 557 323 Bignon et al. (1997)
Mouse 589 355 Moore and Oka (1993)
Rat 591 357 Shirota et al. (1990)
Rabbit 592 358 Edery et al. (1989)
Human 598 364 Boutin et al. (1989)
Marmoset 598 364

Possum 601 368 Demmer (1999)

outline a predominant difference in the size of the
intracellular domain (Table 1).
Following sequencing, the functionality of the mar¬

moset prolactin receptor was assessed by in-vitro trans-
fection studies. The binding characteristics of the
receptor were evaluated by competitive displacement
experiments and Scatchard analyses. Fig. 2 shows dis¬
placement curves of l25I-human growth hormone with
increasing concentrations of unlabelled human growth
hormone and human prolactin. Recombinant bovine
growth hormone failed to compete for binding with
125I-human growth hormone; minimal displacement of
binding was observed at the high concentration used
(191 nM), verifying the lactogenic specificity of the
receptor. Scatchard plots for human growth hormone
and human prolactin were linear (data not shown),
confirming the expression of a single species of recep¬
tor. Mean (n = 3) binding affinities (Ka) were 3.6 + 0.07
and 3.1+0.12 nM"1, and maximum binding sites

were 7.55 ± 2.06 x 10" " and 2.87 + 0.66 x
10 M for human growth hormone and human pro¬
lactin, respectively.
The intracellular signalling pathway associated with

the marmoset prolactin receptor was investigated by
conducting co-transfection experiments with the mar¬
moset prolactin receptor cDNA and human Jak2
cDNA, or the Stat5 responsive LHRE-TK-Luciferase
reporter construct. Western blotting was performed to
ascertain whether prolactin signalling via the prolactin
receptor is associated with Jak2 phosphorylation.
Proteins from transfected cells were initially immuno-
precipitated with anti-Jak2 antibody and subsequently
subjected to Western blotting analysis with anti-Jak2 or
anti-phosphotyrosine antibodies. Immunoblot analysis
with the anti-Jak2 antibody (Fig. 3A) demonstrates
equal abundance of Jak2 protein in cells stimulated
with or without prolactin. Reactive bands of approxi¬
mately 125 kDa corresponding to Jak2 were detected in
samples stimulated with or without ovine prolactin.
This is reflective of an equal transfection and transla¬
tion efficiency of the Jak2 cDNA in both treatments.

However, immunoblot analysis with the anti-phospho¬
tyrosine antibody (Fig. 3B) demonstrates substantial
increase in the level of Jak2 phosphorylation following
stimulation with prolactin. Co-transfection of 293 cells
with the marmoset prolactin receptor and the Stat5
responsive LHRE-TK-Luciferase reporter gene con¬
struct led to 9.06 + 0.47-fold induction of luciferase

gene activity following stimulation with prolactin (Fig.
4). This is similar to the induction of luciferase activity
(8.55 + 0.5-fold) in the cells that were transfected with
the human prolactin receptor (Fig. 4).
Ribonuclease protection assays were performed to

determine in-vivo prolactin receptor expression in a
number of tissues collected from marmoset monkeys. A

-10 12

log unlabelled hormone (nM)

Fig. 2. Competitive displacement of 125I-human growth hormone by
human growth hormone (■), human prolactin (▼) and bovine
growth hormone (•) in total particulate fractions of human kidney
293 cells transiently transfected with the marmoset prolactin receptor
cDNA. Total particulate fractions (20 pg) were incubated with 0.5
ng/tube 125I-human growth hormone (50 000 cpm) and an increasing
concentration of unlabelled hormones (between 0 and 191 nM for
human growth hormone, and between 0 and 174 nM for human
prolactin). Bovine growth hormone was used as a negative control at
one concentration (191 nM). The results are expressed as the percent¬
age of specific binding calculated in the absence of unlabeled hor¬
mone (32% of the total radioactivity added). The mean non-specific
binding was 3%. The variation between replicates illustrated was 2%.
The mean variation between experiments (n = 3) was 5.6%.
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(A) Anti-Jak2

(B) Anti-PY 1 -Jak2

Fig. 3. Western blot analysis of 293 cells co-transfected with the
marmoset prolactin receptor cDNA and human Jak2 cDNA. The
transfected cells were incubated without (—) or with (+) ovine
prolactin, cellular proteins immunoprecipitated with anti-Jak2 anti¬
body and utilised for Western blotting. (A) Immunoblot of cellular
proteins probed with the anti-Jak2 antibody. Reactive bands of
approximately 125 kDa corresponding to Jak2 were detected in
samples incubated without (—) or with ( + ) ovine prolactin. (B)
Immunoblot of cellular proteins probed with anti-phosphotyrosine
(PY) antibody. A reactive band of approximately 125 kDa corre¬
sponding to phosphorylated Jak2 was detected at an increased level in
the sample incubated with (+) ovine prolactin.

Marmoset
PRL-R

Human
PRL-R

Fig. 4. Prolactin induced transactivation of the LHRE-TK promoter
by marmoset and human prolactin receptor (PRL-R) cDNA. Values
(mean + S.E.M. from three independent experiments) represent the
induction of luciferase activity in cells stimulated with ovine pro¬
lactin. The luciferase assay was performed on cell lysates and values
normalised for (3-galactosidase activity.
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Fig. 5. A representative ribonuclease protection assay using 10 fig
total RNA from adrenal, liver, kidney, pituitary, uterus and oviduct.
RNA was hybridised to a 317 base pair marmoset cRNA probe
(between base pairs 482 and 799) and an 18S antisense cRNA probe
that controls for variability in RNA loading.

protected band of the expected size, which corresponds
to the prolactin receptor, was detected in the adrenal,
liver, kidney, pituitary, uterus and oviduct (Fig. 5).

4. Discussion

This study reports the molecular cloning of the mar¬
moset monkey long-form prolactin receptor cDNA.
The marmoset prolactin receptor mature protein is
encoded by 598 amino acids excluding the 24 amino
acid signal peptide. Sequence comparison with the long-
form human prolactin receptor revealed a high degree
of sequence homology. The human long-form prolactin
receptor is also encoded by 598 amino acids, and shares
93% base pair and 89% amino acid homology with the
marmoset prolactin receptor (Boutin et al., 1989). In
contrast, the long form rat prolactin receptor is en¬
coded by 591 amino acids and shares only 61% base
pair and 61% amino acid sequence homology with the
marmoset prolactin receptor (Shirota et al., 1990). In¬
terestingly, the regions of homology between the mar¬
moset prolactin receptor and those of other species are
predominantly within the extracellular domain which
include the five cysteine residues and the WS x WS
motif (Kelly et al., 1991; Boutin et al., 1989). The five
cysteines within the extracellular domain are essential
for high-affinity ligand binding (Rozakis-Adcock and
Kelly, 1991) and the WS x WS motif is thought to
provide the correct receptor structure to facilitate lig¬
and binding (Baumgartner et al., 1994). In contrast, the
intracellular domains among prolactin receptors of dif¬
ferent species are less conserved. The marmoset pro¬
lactin receptor intracellular domain shares only 52%
amino acid sequence homology with the long-form rat
prolactin receptor, whereas amino acid sequence ho¬
mology with the long-form human prolactin receptor is
89%. Two conserved regions, termed Box 1 and Box 2,
are present within the intracellular domain of prolactin
receptors of all species. Box 1 is critical for signal
transduction (Pezet et al., 1997a), whereas the exact
function of Box 2 in prolactin intracellular signalling
remains to be clarified (Bole-Feysot et al., 1998). Inter¬
estingly, the Box 2 region is absent from the short form
of the prolactin receptor, and it has been suggested that
this region may regulate isoform-specific gene transcrip¬
tion (Bole-Feysot et al., 1998).
The data obtained confirm that the cDNA cloned in

this study encodes the marmoset prolactin receptor. In
vitro expression of the cDNA demonstrate that the
receptor binds lactogenic hormones with comparable
affinity with the human prolactin receptor (Boutin et
al., 1989). Furthermore, the marmoset prolactin recep¬
tor, similarly to other long-form prolactin receptors, is
associated with the Jak/Stat signal transduction path¬
way (Ihle and Kerr, 1995; Goffin and Kelly, 1996).
Co-transfection of the marmoset prolactin receptor
cDNA leads to rapid phosphorylation of Jak2 follow¬
ing stimulation with prolactin. Moreover, the data pre-
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sented in this study demonstrate the association of
Stat5 with the marmoset prolactin receptor. The Stat5
responsive reporter gene construct used in this study
contains six copies of the lactogenic hormone response
element (Sotiropoulos et ah, 1996), a component of the
P-casein gene promoter. The role of Jak2 and Stat
proteins in prolactin signal transduction has been well
characterised. To induce an intracellular response, a
single prolactin molecule dimerises two membrane-
bound long-form receptors, resulting in the formation
of an active hormone receptor complex (Goffin and
Kelly, 1996). Receptor dimerisation brings two Jak2
molecules together, resulting in Jak2 activation by
trans-phosphorylation (Lebrun et ah, 1994; Rui et ah,
1994). Activated Jak2 will subsequently phosphorylate
Stat proteins and the membrane bound receptor (Pezet
et ah, 1997b). Cytoplasmic Stat proteins are recruited
via their SH2 domain to the phosphotyrosine sites on
the receptor or are directly recruited by Jak2 (Ihle and
Kerr, 1995; Goffin and Kelly, 1996). Phosphorylated
Stat proteins, of which Statl/Stat3/Stat5 have been
found to be associated with the prolactin receptor, form
homo- or heterodimers. Stat dimers subsequently
translocate to the nucleus and regulate the transcription
of prolactin target genes (DaSilva et ah, 1996). The
conserved Box 1 region is thought to adopt a specific
folding that facilitates Jak2 interaction with the pro¬
lactin receptor (Lebrun et ah, 1995). In the case of the
marmoset receptor, the sequence motif in Box 1 is
conserved, suggesting that Box 1 may also be the site
where Jak2 interacts with the marmoset prolactin
receptor.
Ribonuclease protection assays demonstrate that nu¬

merous marmoset tissues, including reproductive tis¬
sues, express prolactin receptors. The wide tissue
distribution of the prolactin receptor has been docu¬
mented in a number of species including human tissues
(Bole-Feysot et ah, 1998). The data obtained in this
study suggest, similarly to what has been deduced in
other species, that prolactin signalling via its receptor
facilitates numerous biological functions in the mar¬
moset monkey, including reproduction. Previous stud¬
ies in our laboratory have demonstrated similar
temporal pattern of expression and localisation of pro¬
lactin and its receptor in the human and marmoset
endometrium (Jabbour et ah, 1998; Dalrymple and
Jabbour, 2000). Moreover, Jak/Stat proteins are tempo¬
rally phosphorylated in both species by prolactin (Jab¬
bour et ah, 1998; Dalrymple and Jabbour, 2000),
suggesting a similar intracellular signalling pathway for
prolactin in the endometrium of both species. These
data along with the high sequence homology for pro¬
lactin receptors of the human and marmoset monkey
strongly suggest that this non-human primate species is
a suitable model for investigating the role of prolactin
in uterine function and reproduction.
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