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Abstract

The function of prolactin in human breast cancer was studied using four different

approaches. First, purification and characterization of the prolactin receptor from breast

cancer cells indicated that the receptor has a molecular mass of 88 000 Da, 67 000 Da

being protein, and the other 21 000 Da presl'mably carbohydrate. Secondly, proiactin

was tested for mitogenic activity in breast cancer in vitro. No consistent mitogenic

responsc to prolactin could be demonstrated in these expcriments. Thirdly studies upon

the regulation of the prolactin receptor in breast cancer cells indicated that the prolactin

receptor is stimulated by lactogen, estrogen and progesterone at the protein level.

Estrogen, progesterone, thyroid hormone, and forskolin (but not lactogen) increase

prolactin receptor steady state RNA levels, and the phorbol ester PMA and retinoic acid

inhibited receptor RNA levels. However, effects at the RNA level were of a much lesser

magnitude than effects at the protein leveL Mechanisms other than transcriptional

regulation alone are likely involved in prolactin receptor regulation. Fourtlùy, prolactin

receptor and prolactin inducible protein 1gross cystic disease fluid protein

(PIP/GCDFP-15) RNA levels were exarnined in breast cancertumors. Highly significant

correlations were observed between the prolactin receptor and the progesterone receptor;

the prolactin receptor and PIP/GCDFP-15; and PIP/GCDFP-15 and progesterone

receptor.
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Résumé

Le rôle de la prolactine dans le cancer du sein chez l'humain a été étudié selon quatre

approches. Premièrement, la purification du récepteur de la prolactine à partir des

cellules cancéreuses du sein, de même que l'étude de ses caractéristiques portent à croire

que le récepteur a une masse moléculaire de 88 000 Da, dont 67 000 Da serait protéique

et les 21 000 Da restant, se composeraient probablement d'hydrate de carbone.

Deuxièmement, nous avons testé la prolactine pour connaître son activité mitogénique

sur les cellules cancéreuses du sein et ce, in vitro. Cependant, allcun effet significatif de

la prolactine n'a pu être démontré par ces expériences. Troisièmement, nous avons

étudié la régulation du récepteur de la prolactine chez les cellules cancéreuses du sein.

Cette étude nous indique que le lactogène, l'estrogène, et la progestérone stimulent le

récepteur de la prolactine au niveau protéique. La progestérone, l'estrogène, l'hormone

thyroïdienne, et forskolin (mais non le lactogène) stimule le récepteur de la prolactine au

niveau de l'état d'équilibre de l'ARN, et l'acide rétinoïque, et l'ester de phobol inhibent le

récepteur de la prolactine. Cependant, les effets au niveau des ARN étaient de moindre

magnitude que ceux observé au niveau des protéines. Des mécanismes autres que la

seule régulation de la transcription sont également impliqués dans la régulation du

récepteur de la prolactine. Quatrièmement, le niveau des ARN du récepteur de la

prolactine et du prolactin inducibleprotein / gross cystic disease j/uid protein

(PIP/GCDFP-15) a été examiné dans les tumeurs cancéreuses du sein. Des corrélations

hautement significatives furent observées entre le récepteur de la prolactine et le

récepteur de la progestérone, entre le récepteur de la prolactine et le PIP/GCDFP-15 et

enfin, entre le PIP/GCDFP-15 et le récepteur de la progestérone.
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Contributions to Original Knowledge

The following novel findings and observations have been demonstrated in this thesis.

1. A method for purification of the human prolactin receptor from breast cancer

tissue was developed. It was discovered that the human prolactin receptor \Vas

unique in that it was much more labile than the prolactin receptor from the rabbit

or rat.

2. The human prolactin receptor was shown to have a molecular mass of

88 000 Da by chemical crosslinking of the receptor to 125I_hGH.

3. Immunoprecipitation of human prolactin receptor showed that the major species

of prolactin receptor after purification had a molecular mass of 38 000 kDa

4. Sequence analysis indicated that the human receptor lacks the normal third

potential glycosylation site. It was shown that the absence ofthis site in the

receptor from the rat could not reproduce the uniquely labile nature of the human

receptor.

5. Lactogens were shown to stimulate prolactin receptor binding in breast cancer

cells.

6. Progesterone, estrogen, thyroid hormone, and forskolin have significant

stimulatory activity on prolactin receptor steady state RNA levels. Retinoic acid,

and PMA have significant inhibitory activity on prolactin receptor steady state

RNA levels. Lactogen, insulin, IGF-I, EGF, TGF~, had no significant regulatory

activity at the RNA level. With the exception ofprogesterone, the magnitude of

regulation at the RNA level was less than 2-fold. This contrasts sharply with the

effects of estrogen, and especially lactogen, at the prolactin receptor protein

level, where the magnitude ofinduction at the protein level is much greater than

the degree of induction at the steady state RNA level. These observations point

to the existence ofregulatory mechanisms beyond the regulation of prolactin

receptor rnRNA.

7. Prolactin receptor RNA was measured in breast cancer tumors. A highly

signjficant correlation between levels ofprolactin receptor and PIP/GCDFP-15

RNA was observed. In addition a highly significant correlation between levels of

prolactin receptor and progesterone receptor was observed.
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Prolactin was first characterised for its lactational activity in rabbits in 1928,' and

was first purified from the pituitary in 1932'> Since its discovery, a great diversity of

actions for prolactin have been identified. In the last 15 years, knowledge of the receptor

for prolactin has accumulated, starting with the development of binding assays, then

purification schemes, and recently the DNA sequence isolation.

This Introduction discusses the biological actions of prolactin, reviews what is known

about the structure and function of the prolactin receptor, what is known about the

regulation ofthe prolactin receptor, and examines the possible role for prolactin in

breast cancer. In this way, the research reviewed here provides the context in which the

experiments described in the following sections were perforrned.

Biological Actions
There are at least 85 different functions for prolactin in the vertebrate subphylum.3

These actions can be classified into seven categories:

1. Osmoregulation

2. Ectodermal and Integument Effects

3. Reproduction and Lactation

4. Metabolism

5. Morphogenesis

6. Growth

7. Behavior

8. Immunoregulation

The earliest function for prolactin was that ofosmoregulation in fish, and many of

prolactin's functions can be regarded as specializations of this action, the most farniliar

example being the mammary gland, which is derived from the sweat glands.

1
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Osmoregulation

Osmoregulation controlled by prolactin is most clearly observed in fish: Prolactin

acts to prevent sodiwn loss from the plasma into the water environment, an action wJùch

is especially important in frt"~h-water fish.s Prolactin also reduces the water permeability

of the gills, intestinal tract and urinary bladder of fish.6In mammals, there is evidence

that prolactin similarly regulates the flow of fluid: milk in the mammary gland,7 urine

in the kidney,8,9 perspiration by the sweat gland,'O and cerebral spinal fluid through the

choriod plexus ofthe brain. '1 The presence ofprolactin receptors in the chorion laeve of

the placenta has led to the speculation of an osmoregulatory function there as well. '2•
l3

Ectodennal and Integument Effects

Prolactin's functions in skin are diverse. In addition to the osmoregulation that occurs

across the skin, prolactin plays a role in skin pigmentation, mucus, nasal, sebaceous, and

preputial gland secretions, and feather and haïr development.14

Reproduction and Lactation

Prolactin stimulates secretions of the male's and fema1e reproductive tissues, and

participates in gametogenesis, steroidogenesis, and gestation. In the male prolactin

stimulates the growth ofthe laterallobe of the prostate by up-regulating androgen

receptors in tJùs tissue,'6 although prolactin action may be independent ofandrogens. 17

Prolactin also stimulates growth ofthe seminal vesicles. t8 In the testes prolactin

up-regulates LH receptors in rats,'9,20 though, in hyperprolactinemic men there is a

reduced testicular response to hCG.21 In women, hyperprolactinemia can cause

amenorrhea and infertility.22,23 Treatment ofpatients with bromocryptine, wJùch

suppresses prolactin secretion, is an effective treatment in 80-90% of cases." In the

ovary prolactin is both luteotropJùc and luteolytic. That prolactin is luteolytic has been

demonsttated in rats treated with bromocryptine: in these animais the ovaries are

eularged due to an accwnulation ofcorpora lutea. In animais treated tJùs way, ifa single

prolactin injection is given, the ovaries do not appear enlarged and contain a normal

nwnber of corpora lutea.2S Prolactin is necessary for the normal development ofthe

follicle.26,27 It directly regulates a,-macroglobulin expression in granulosa cells during

2
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corpus lutewn formation,28 and has been observed to up-regulate LH receptors, and to

support progesterone synthesis.29JO Others. however. have found prolactin to have the

opposite effect on both LH receptor regulation and progesterone synthesis.31 .'2 The

confusion over the precise action ofprolactin in the ovary is most likely due to the fact

that other hormones and the timing of these variou. signais have important effects on

prolactin's function.

Lactation can be said to occur in two classes of vertebrates- in mammals and in birds.

although in birds it is not a feature common to the whole class, and the production of

crop milk is not traditionally thought of as lactation. The pigeon is the classical model

for the production ofcrop milk in birds,33 and recently 4 cDNA clones have been

isolated that encode separate milk proteins. rnRNA levels of three of the clones are

induced 2-3 fold by prolactin, but for the forth there is an induction of 70 fold.34

Breast development involves severa! steps, from the stimulation of growth and

partial differentiation during sexual maturation, to the final differentiation of the gland

during gestation, and the maintenance oflactation during the period of suckling.3S

Ablation and replacement experiments in the 1950's showed that mammary gland

development and lactation could be produced only in the presence of a combination of

hormones: estrogen, progesterone, cortisol, thyroid hormone, placentallactogens,

insulin and prolactin.36 In vitro and in vivo studies indicate that attachment factors and

cell-cell interactions are also important.37J8 Depending upon the species, prolactin plays

a role in the growth and development of the mammary gland as well as in the synthesis

of the various milk proteins, oflactose and ofmilk lipids. For example, casein rnRNA

levels are increased by prolactin both by transcriptional activation and increased rnRNA

stability,39.40 Prolactin usually requires insulin and cortisol in cultures in order to have its

action, although depending upon the specific milk protein and upon the species tested,

prolactin alone can be sufficient.41 It is interesting to note that lactation (with normal

nutritional content) can occur outside of the normal progression ofevents in women

who experience hyperprolactinemia, or hyperstimulation of the nipple.42 Nipple

stimulation results in the release of oxytocin and f3-endorphin which in turn stimulate

PRL re1ease.43.44.4S
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Metabolism

During lactation, prolactin may induce metabolic changes, especially on fat

metabolism.46,47,4'

Morphogenesis

A morphogenic action is seen in the amphibians. Prolactin retards metamorphosis

from the larval to the adult form by antagonizing thyroid hormone induction.49 In newts,

the second metamorphosis, a return to larval characteristics which are needed for

breeding (which takes place in the water) is induced by prolactin.so Prolactin also elicits

the reproductive "water drive" behaviour in these species.SI

Growth

Prolactin's mitogenic action is seen in the pigeon crop sac,52 rnammary gland,S3

intestine,S4 seminal vesicles,ss~6 and follicles,s7 in the ~ cells of the pancreas,ss cells of

the immune systernS9 and liver,60 though the effect in liver is controversial.61 One way in

which prolactin stimulates cell growth is through the stimulation ofornithine

decarboxylase, the rate lirniting enzyme in polyamine synthesis. Prolactin has been

shown to regulate omithine decarboxylase activity in mammary gland explants, liver,

kidney, brain, adrenals, spleen, thymus, and heart.62 Prolactin may also contribute to

growth through the induction ofinsu1in-like-growth factor-l (lGF-l).63

Behavior

As cited above, prolactin induces the newt species to return to the water habitat for

breeding. Most ofprolactin's behavioural effects are associated with reproduction, and

often require the presence of estrogen and progesterone to occur. Such actions include

migration in birds,64 and parental behaviour in fish,6S birds, and mammals66,67

Immunoregulation

The earliest clue that prolactin was important in immune function came from the

observation of involution ofthe thymus and reduced immune responsiveness in

hypophysectomized rats.".69 If, in these animais, prolactin was replaced by a pituitary

allograft, or by injection, immune function returned to a normal state.70 More
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specifically, prolactin has been shown to stirnulate the thymus to release thymulin in

rnice." Prolactin also seerns to play a raie in the development the of immune secretions

of the mammary gland.n The best in vitro model of prolactin function in the immune

system is the rat lymphoma cel1line Nb2,73 which is dependent on prolactin for growth.

Recent1y, the immediate-early response gene interferon-regulatory factor-I was shown

to be transcriptionally regulated by prolactin in these cel1s.7' Co-workers at the

Laboratory of Molecular Endocrinology have determined that the prolactin receptor in

the Nb2 cel1s is a truncated mutant, which never the less maintains its biological

activity.75 It may be this truncation that gives the Nb2 receptor its 4-fold greater affinity

for prolactin. Other actions ofprolactin in the immune system have recently been

reviewed.76

Prolactin Receptor and its Regulation

Binding of Prolactin to its Receptor

Prolactin binding sites have been found in many tissues, (refer to Table 1) and for

severa! of these tissues the physiological role ofprolactin is unknown. The first binding

assay was developed in 1973 using a rabbit marnrnary gland cel1 membrane

preparation.77 These experiments showed that human growth hormone (bGH) could bind

to the lactogen receptor, thus confirrning earlier studies that primate growth hormones

could have lactogenic activity.78 It has recent1y been discovered that hGH binds

lactogenic receptors only in the presence ofzinc ions: zinc supplies a positive charge in

the receptor binding domain that is necessary for high affinity binding.79 Non-membrane

bound soluble prolactin receptors have been found in cytosol fractions,80 and in rnilk.RI

The kinetics ofprolactin-receptor dissociation are slow: the energy required for

dissociation, at 25 degrees C, is about 2.S-fold higher than that needed for association.82

Therefore, binding sites must be desaturated with a chaotropic agent (concentrated

MgCl2) to determine the total number ofreceptor sites in a tissue.83 Studies of the factors

which perturb prolactin/receptor binding and of the thermodynamics of prolactin

binding suggest that hydrophobic interactions are the principle force involved in

b· din 82 84ID g.,
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• Table 1. Tissue Distribution of Prolactin Receptors

TISSUe ••••••• •••,•••••• Species •••• •••• Reference

107
lOS
109
1I0
63
III
1I2
113
1I4
84,ll5,1I6,ll7
1I8,lI9,I20
12l
122
104
123,124,125
93,126
92,127
l28
129
130,131
132,133
78,134
135
136
97-
1I8
1I8
137,ll7

85.86
lIfT
88,89,90,91,92
93,94
82
82
95
96,97
98
99
Il
100
101
102
103
104
105
106

Rat ......•....•
Hwnan .....••.
Hmnan ...••..•
Rat •......•••.•
Rat .•••••......
Rat ..•••.......
Rat •.••........
Python ..••••.•
FI&i. crllapia) •..•.....
Rat .•••••.....•
Rabbit •••......
Cow .
Mink •.........
Python ......•.
Frog .
Toad ....••••.•
Xenopus .
Tùapia •.......
CaJp ...•••.••.
Meuse .
Cow .
Shcep •.•••••••
Hatnsler ...••••
Rabbit ..••...••
TIIapia .•...•••
EeI •.••••••..••
CaJp ...•••••.•
Xenopus ..••••••..•••

Kidney •..•.•••...•

Adipose .• ...••..• •••. .••...•. Shcep ••...•••.
.... Rabbit .
AdrcnaI .. .•.....• Rat ...••...
.... Fig ...••.......
.... Cow .
.••. ...• ..•• ••••••.• ..•• ••.••.•. Shcep •.....••.
.... Meuse .
.•.. •... RalJbit .
•... ..•. •••. •...•.•. •••. Hatnsler .•.••..
Brain . Hwnan •.......
•.. Choriod Plexus .......• Rabbit ....••..•
...• •... .••....• •••. •••••... Xenopus .
.... ..•....• •.•. ...• Toad ...•••..•.•••....
..•• •... ...• •••••••. Rat ...•.............••
•.• EpcndymaJ Iining 3rdvcntriclc ...•.•• Rat ..•• ....•••
••• HypothaJamus •... •••• ••••••.. ..••••• RalJbil, Rat ........•••
... H}pothaIamus, Subsfantia Nigra RalJbit .....••.•
... Gill Tilapia ..•••..•
hnmUllCS~

... Mast CclIs •..• ..•• .•.. ..••••.• .•....•
•.. EIj1hrocytcs,Lymphocytes .
..• Lymphocytes . . .
..• Lymphoma .......•.•.........
... Thymocytes .. •... .... ...••..•
... Monocytes ••.. ••.. •••••••.
... Macrophages . ••••....
Intestine .. . .

Uvcr .

•

•

•

6



Uterus .

Salivmy Gland ... .... ••.• .......•
.Skin ..•.........••........•.......

Testis ••... ..•............•
LeydigTumor ........••........•.

•

•

•

•

Lung .....••......

Manunary Gland

Ovary ••••••..••••

Pancreas .•••••••••
PIaœnla •.••...•••
Prostate .••........

Tumour .
Tumour .
Tumour ..•.....•....

•• f3-CeIIs .

Frog .. 115.138
Tllapia 117.139
Guinca Fig 140
Rat .... SUH.l-l2
Rabbi! 1-l3
Rat 1-l-l.l-l5
Rat 146.1-l7.1-l81-l9.
Dog ISO
Hmnan 151.152,15315-l
Meuse 155.156
Cow .. 132,133.157
Rat 92,115.158
Fig 9-l.159.l60
Rabbi! 97,161,16U62
S1lœp 86.163,16-l165
Tammar Wallaby 166
Rat .... 88,167.168.169
Rabbi! 97,170
Hmnan 171.172,173
GuincaFig 17-l
Hamster 175
Mous: 176
Mink.. 177
Tilapia 114
Rat .... 178,179,ISO,181
Hmnan 182,183,184,185
Human Tumors 186,187
Hmnan BPH .. 188
Rat .... 91,189,190,191
Hmnan 192
Xcnopus 127,137
Fish (frilUIUs) • 193
Rat 194,195,196,197
Rat 198
Hamster 199,200
Human 201
TIlapia 202
Rabbi! • 87,203,204
Fig .... 205,206
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After prolactin binds to the plasma membrane, it is rapidly intemalized into internai

membrane vesic1es (endosomes). il then gradually moves into the Iysosomal

compartment where the hormone receptor complex is degraded.207,20'.209 Lysosomotropic

agents (which interfere with Iysosomal functioning) delay receptor down regulation,

which thus appears to be due to receptor internalization and degradation.2lo

Prolactin Receptor Purification

Many laboratories have purified the prolactin receptor, and depending upon the

techniques used, different results have been obtained (refer to Table 2). The fust

purification protocols used ligand affinity purification. The relative molecular weight of

the receptor have been estirnated by gel chromatography, hyèïodynamic properties

during centrifugation, and by SOS-PAGE. One puzzling feature ofthese experiments

was the large differences in the molecular weights reported for the receptor. These

differences may have derived in part from the methods used during purification. For

example, gel chromatography gave the largest molecular weights for the receptor. This

was thought to be due to a quality of the detergents used to solubilize the receptor which

can form micelles ofdifferent sizes in association with the receptor. Il was also

suggested that the receptor might exist in a complex with other proteins. SOS-PAGE

under reducing conditions, which completely denatures protein yielded much smal1er

molecular weights. However, even with this technique, differences in receptor size were

observed. The recent discovery of the unusual dimer conformation of the hGH binding

protein with hGH could shed sorne light on the discrepancy ofreceptor sizes reported in

the past,211212 since receptors could exist as monomers, dimers or even oligomers. Once

the receptor was partial1y purified, monoclonal antibodies were made,!41 which

permitted the use of more effective immuno-affinity purifications. Material purified in

this way was eluted as a 42 000 kDa band from SOS-PAGE gels and microsequenced,213

providing the information needed for the fust isolation of the cONA sequence for the

receptor.214

8



• Table 2. Molecular Weight Estimates of Purified

Prolactin Receptor

23'

23'

•

•

•

Tissue ••••••• • Detergent... Size...... Method '" .•.. Reference
Rabbit Mammaty .•. Triton X-l00 220 000 Chromatography '"
Frog Liver TritonX-lOO •... 170000 Chromatogrnphy :\(1

Rabbit Mammaty Zwittergent....... 320000 Chromatogrnphy :m

Rat Liver ,.. TritonX..lOO 99800 ....•. Chromatography :nl

Mouse Livcr ..••. CHAPS.. 37000 SOS--PAGE :I~

Mous: Livcr ..... CHAPS.. 37 000 Chromatography...... '"..
Rabbit Mammaty •.. TritonX..lOO 35000 SDS-PAGE ~l

Frog . TailFm .•.... TritonX..lOO 47100 H)'drodynamic :::
Rat .•• Livcr •.... ••. 0iAPS 340 000 •••... Chrotnatography ::.'
Rat Liver .•...... TritonX-lOO 73 000 Hydnxlynamic ~

Rabbit Mammaty CHAPS.. 42000 SOS-PAGE... :w

Rabbit Mammaty ..• CHAPS.. 32000 SD5-PAGE ,.. :2t>

Mouse Livcr •.... CHAPS.. 37000 S05-PAGE ,.. m
Human PIaœnla CHAPS.. 37 000 SOs-PAGE ... . ..
RMbit Mammaty CHAPS (SmM) . 74000 Chromatography nA

.... (7.5mM). 36800 andHydnxlynamic .
Rat . Ovary .••••.•• TritonX..lOO ..•• 88000 .....• SDS-PAGE ••...... w

.... 41000 S05-PAGE .. .

.... 180 000 Chromatography .. ..

.... 300 000 Chromatography .. .
Rat Livcr TritonX-l00 92000 Hydnxlynamic .
.... 87 000 SOs-PAGE .
.... 40000 S05-PAGE .
.... 35000 S05-PAGE ..
Pig Mammaty CHAPS .. 45000 S05-PAGE .
Rat . 0vaIy TritonX-l00 80000 S05-PAGE ..
.... 40000 ..
.... 34000 .
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Cloning of Prola~tinReceptors

From cDNA c10ning experiments it is now known that there are several different

sizes of prolactin receptor, which vary according to the species and the tissue examined.

The prolactin receptor has now been c10ned from the rat liver/06 ovary,233.234 and the

Nb2 Iymphoma,23S rabbit,236 mouse,231 human,238 and from the cow (Krivi G ;in press).

These studies show that there are two main forms of prolactin receptor: long and short

form (refer to Figure 1). The short form (291 amino acids) first c10ned from the rat

liver, has an extracellular region of 21 0 amino acids, a transrnembrane sequence of 24

amino acids and a short intracellular domain of57 amino acids. The long form in the

rat, cloned from the ovary (591 amino acids) has the same extracellular domain with a

longer intracellular sequence of 357 amino acids.

When the expression of the prolactin receptor gene is examined, a number of mRNAs

of varying sizes are found. The number of transcript sizes varies with the species and

tissue studied. In the rat, a short form specific probe hybridizes almost entirely to a

transcript of 1.8 kb, whereas the long form specific probe hybridizes to three transcripts

of2.5 ,3.0, and 5.5 kb.233 In the liver the majority of the mRNA is the 1.8 kb size, and in

the ovary, which contains mostly long form, the three longer bands are prevalent.

Transcripts were observed in female liver, prostate, kidney, ovary, adrenal and

mammary gland. One other shorter size band of 0.6 kb appears in the testis, albeit the

significance ofthis particular band is puzzling, since this size is too short to code for the

fulllength protein.214 These different sized mRNAs result from alternative splicing of

one primary transcript. Analysis of the structure of the receptor gene revealed the

existence ofone gene composed of at least Il exons which spans more that 70 kb of

DNA.239 The difference between the long and short forms is in the last two exons: exon

Il encodes the short form, and exon 10 encodes the long form. In the rabbit four

transcripts have been observed, three major transcripts of 2.7, 3.4, and 10.5, and a minor

form of 6.2 kb. These bands were present and expressed in the same ratios in ail tissues

tested. No short form ofthe receptor was found in the rabbit. Ail four bands encoded the

long form of the receptor with differences existing only in the 3' and 5' non-coding

regions.2'
OTranscripts were identified in adrenal, rnarnmary gland, ovary, jejunum,

10
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uterus, liver, kidney, pancreas, testis and seminal vesicle. In the hurnan, transcripts sizes

of2.5, 3.0, and 7.2 have been reported in the T-47D breast cancer cellline and in

chorion laeve.214 In the mouse, oruy the short form of the receptor has been cloned,

though recently larger transcript sizes which may correspond to a longer form have been

reported to exist in marnmary gland (M. Edery, P.A Kelly: personal communication).

Transcripts were also identified in liver, ovary, marnmary gland, and intestine.24'

In the species examined to date, the short form has been found oruy in the rat and

mouse, where it is the most abundant transcript.242 It is the long form that has been

cloned in the rabbit, cow and the human. It is possible to speculate that there is a

connection between the existence ofthe short form in rats and mice and the large

number of liver receptors in these two species since in other species which do not have

the short form ofreceptor, the abundance ofprolactin receptors in the liver is lower.

The prolactin receptor in the rat ovary was reported to have a consensus sequence for

an ATP/GTP binding site.D4 This could imply endogenous kinase activity for the

prolactin receptor. However, careful analysis of this sequence by Southern blotting,

PCR, and SI nuclease analysis failed to detect the sequences required for such a site,243

confirming the sequence published in the first report for the rat long form sequence.233

When PCR analysis was performed on reverse transcribed RNA obtained from the

prolactin dependent Nb2 rat lymphoma cellline, a single band was seen that was neither

the short nor the long form. Sequencing ofclones obtained from an Nb2 cDNA library

revealed a protein of 393 amino acids, which appeared to be due to a deletion of594 bp

in the intracellular domain ofthe long form. Therefore, the Nb2 cellline possesses a

unique version ofthe prolactin receptor. Could this mutation in the intracellular domain

explain the higher affinity of the receptor seen in this line? The observation that the Nb2

prolactin receptor is actually a mutant receptor could question the meaningfu1ness ofits

use as a model system for the function ofprolactin in the immune system.

The prolactin/growth hormone receptorfamily. The comparison ofthe sequence of

the prolactin receptor with other sequences known at that rime suggested that the

prolactin receptor was closely related to the growth hormone receptor.214 Both receptors

have two regions of simi1arity in the extracellular domain, each with a pair ofcysteines.

These two regions probably play a crucial role in the conformation ofthe binding site of

the receptor. When these cysteines are replaced by serine the resulting protein looses its
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ability to bind the ligand.244 Ellman analysis of proteolytic fragments of the growth

hormone receptor detennined that the cysteines within these two regions formed

disulfide bridges.2
'
S The other regions of similarity, both extracellular and intracellular,

shared in the prolactin receptor of different species, are present in the growth hormone

receptor as weil (see Fig. 1.). A great dea1 of work has gone into the identification of the

amino acids involved in hormone receptor interactions that is beyond the scope of this

review.211Z'2Z46Z.7Z4SZ49 Despite the similarity of the growth hormone receptor to the

prolactin receptor, no membrane bound growth hormone receptor short form has been

identified. However, a growth hormone binding protein that is produced from an

alternately spliced exon, that replaces the transmembrane and intracellular domains has

been identified.250 Thus short and long forms ofboth prolactin and growth hormone

receptors exist, one being a cellular receptor, the other, a circulating binding protein.

The presence ofthe two forms ofprolactin receptor explains to sorne degree the

variation in rnolecular weights observed during the purification of the receptor protein.

Glycosylation is another factor which contributes to receptor apparent molecular mass.

Mutational analysis of the short form ofthe rat prolactin receptor indicates that each of

the three potential glycosylation sites Asn3s, Asnso, and Asn'os are glycosylated, the

three together contributing 8 000 of the 42 000 Da molecular mass of the receptor.244

The extent to which glycosylation contributes to receptor size seems to vary with the

from ofreceptor, or the tissue in which the receptor is expressed. For example

purification of the rat ovary prolactin receptor gave a binding subunit with a molecular

weight of 80 000 in the presence ofreducing agents232 (refer to Table 2). This protein is

probably the translation produet of the long form ofthe receptor, which codes for a

68 000 Da molecular mass protein. Thus, the portion of this receptor that is

carbohydrate is ;: 12 000 Da.

Mechanism of Action

Contrary to hopes at the time, the sequence information obtained for the prolactin

receptor provided little new information about how the receptor transduces its signal to

the intracellular region ofthe cell. The receptor was clearly not a member ofthe

tyrosine kinase family of receptors, nor of the seven transmembrane domain family of

G-protein linked receptors. The mechanism ofprolactin receptor action is still unknown.

13
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Like many other receptors, it appears that one of the first events to occur after

prolactin binding is receptor dimerization. It may be that the sole role of prolactin in

signal transduction is to cause the formation of receptor dimers. Antibodies to the

receptor, which, because of their two antigen binding sites, cause dimerization, are able

to stimulate milk gene expression in the mammary gland,251 and mitogenesis in Nb2

cells.2s2

X-ray crystallographic data ofhuman growth hormone in complex with the human

growth hormone receptor extracellular domain show a receptor dimer surrounding one

ligand molecule ofhGH.212 In this configuration, one ofthe receptors was in a slightly

higher position compared to the other, and, if the extracellular structure can be applied

to the fuliiength receptor containing a transmembrane and intracellular domain, it

would appear that dimerization causes one of the receptors to shift upward from the

plane ofthe plasma membrane.211 This change in position ofone receptor in relation to

the plasma membrane might be enough to transduce the binding signal.

As previously noted, once prolactin is bound, the ligand is intemalized and degraded

in lysosomes. This process seems to be unimportant for signal transduction in the

mammary gland, since lysosomotropic agents do not interfere with milk protein

induction by prolactin.253 It is unlikely, therefore, that this degradation might release a

factor which would act as a second messenger to convey an intracellular signal.

However, mitogenesis in the immune system might involve another pathway. In the

T-helper lymphocyte clone L2 and in splenocytes, prolactin and prolactin receptor have

been observed to translocate from the extracellular milieu into the nucleus. This was

demonstrated with indirect immunofiuorescence using antiserum to both prolactin and

the prolactin receptor,2S4 and with colloidal gold electron microscopy.25S This is

contrary to autoradiographie measurement of 125I_PRL in T-47D cells which indicate

very little prolactin near the nucleus.256 The presence ofprolactin in the nucleus seems

to be involved in prolactin action in Nb2 cells since transfection of these cells with a

prolactin construct containing a nuclear translocation sequence from the SV40 large T

antigen (which directs the protein to the nucleus) stimulates cell growth.257 Another

report has suggested that prolactin interaets with a putative nuclear receptor in the rat

liver to activate protein kinase C.25S
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In Nb2 cells, prolactin has been shown to involve activation of protein kinase C,

259.260.261.262 cellular protein phosphorylation263.264 mobilization of calcium 254,2" a '/H'

antiporter activiti66.267 phospholipid metabolism268.269.270 and G proteins, where chemical

crosslinking studies suggest an association between prolactin receptor and G

proteins.271 .272.273 In addition ,prolactin has been shown to activate growth related genes

such as c_myC>65,274 c_fos,275 hsp70 homologue,276 ~ -actin ,266 and IRF-I.277

Prolactin has also recently been shown to increase cytosolic free calcium in the

liver.278 In the pigeon crop sac, one of the proteins induced by prolactin is a member of

the calpactinl1ipocortin family.279

. In the mammary gland, production ofmilk proteins is only partially regulated by

cyclic nucleotides,280.281 and prostaglandins.282 There seems to be no evidence for a role

of protein kinase C in milk protein regulation, as has been demonstrated in the Nb2

cells. From studies of growth honnone signalling,283 protein kinase C can stimulate

ornithine decarboxylase activity in mammary gland explants but not milk protein

expression,284 and phorbol esters or inhibitors ofprotein kinase C have no effect on

casein synthesis.285

Considering the diversity ofprolactin's actions, it is possible that there is more than

one pathway by which prolactin binding is signalled to the cell interior. Another aspect

of prolactin physiology which complicates the search for second messengers is

prolactin's usual requirement for the coordinated signaling of severa! honnones at once.

The effects of cyclic nuc1eotides or prostaglandins upon milk proteins, for instance, rnay

be important, but their effects probably are due to the influence of other honnones.

FunctionaI Assays

In order to identify pathways which might be involved in prolactin signal

transduction, a good in vitro system is necessary. Efforts to establish functional assays

from mammary tissue have been largely unsuccessful. This rnay be due to the

requirement of extracellular rnatrix and a complex honnonal environment for a normal

response in these cells to be observed. Mammary tumour cells, although less fastidious,

rarely produce mi1k proteins in measurable quantities. (see in vitro studies ofbreast

cancer). Therefore, some engineering has been necessary to obtain a functional system:

prolactin receptor cDNA and a fusion gene containing the regulatory sequences of a
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responsive gene Iinked to a reporter gene were co-transfected into host cells. This has

been successfuI in transfections of the J3-lactoglobuIin promoter coupled to

chloramphenicol acetyltransferase (CAT) in Chïnese hamster ovary cells. In serum free

media prolactin can sinduce a 12-20 fold induction ofCAT activity.286 In the presence of

prolactin, the long form of the receptor can give an induction of 17 fold, yet the short

form of the receptor has no activity in this assay. Therefore, it is probably the

long-form of receptor which transduces the lactogenic signal in the mammary gland. In

another functional system in CHû cells, using cotransfections of the rat J3-casein

promoter linked to CAT, the natura1 deletion mutant found in Nb2 cells was able to

induce CAT activity.287 It appears that the 198 amino acids that are missing from the

Nb2 receptor are not absolutely required for receptor signalling, at least in the case of

mitogenesis and milk protein regulation. The function ofthe short form ofprolactin

receptor remains unknown. It could form heterodimers with the long form ofreceptor in

sorne cells and promote activity, or alternatively, act to block activity by competing with

the long form for prolactin binding.

Mutational analysis of the receptor has been carried out using the J3-lactoglobuIin

system. When the intracellular domain, including the transmembrane anchor, were

transfected there was no binding ofprolactin to these cells and no induction of CAT

activity. Transfections with the sequence for the extracellular domain alone, produced a

soluble binding protein with a 10-fold higher affinity, but also failed to induce CAT

activity. However when the two constructs were transfected together, CAT was induced

to a simi1ar extent as the wild-type long form.288 These experiments indicate that both

the extracellular and the intracellular domains of the receptor are necessary for signal

transduction. Yet these experiment pose a question: how is it that normal signal

transduction can occur despite the uncoupling ofthe extracellular and intracellular

domains? .

The Prolactin/Growth Hormone Cytokine Receptor Family

Simi1ar experiments, where the truncated soluble binding domain was able to

transmit ligand signal to an intracellular end response, have been performed with the

interleukin-6 receptor (IL-6-R}.289 Activity ofthis receptor was shown 10 occur by

association with another membrane protein via an interaction in the extracellular
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domain. Cloning of this associated protein, and subsequent transfection experiments

have established Ûlat Ûle associated protein, known as gp130, converts Ûle interleukin-6

receptor from a low affinity to a high affinity state, and Ûlat it is gp 130 itselfwhich

transduces IL-6 binding into an intracellular signal.290 Interestingly, gp130 has regions

which are sunilar to Ûle prolactin and groWÙl hormone receptors. Indeed, many of Ûle

cytokine receptors have been shown to contain Ûlese common regions.29\ These include

Ûle receptors for granulocyte colony-stirnulating factor (G_CSF_R),292 erythropoietin

(Epo_R),293 granulocyte rnacrophage-colony stirnulating factor (GM_CSF_R),294 Ûle p75

or ~-chain ofinterleukin-2, (IL_2?95 IL_3_R,296 IL-4-R,297 IL_5,298 IL_6,299 IL-7/ooÛle

IL-6-R associated protein gp130 (IL-6-Rb),279 Ûle GM-CSF-R associated protein

(GM-CSF-Rb),301 ciliary neurotrophic factor receptor (CNTF_R),302 and leukernia

inhibitory factor receptor (LIF_R).303 (see Figure 2 for a schematic diagram of Ûle

cytokineiprolactinlgroWÙl hormone receptor farnily). The arrows in Figure 2 indicate

two common motifs found in Ûle farnily: Ûle two cysteine repeats and Ûle WSXWS

sequence. One oÛler molecule which is not a receptor contains Ûle cysteine regions and

Ûle WSXWS motif: Ûle p40 subunit ofnatura! \ciller cell stirnulatory factor (NKSF).l"·

This factor could be a natura! example of Ûle experimental signaling of Ûle extracellular

soluble domain ofÛle IL-6-R through Ûle gp130 subunit.290 Ali ofÛle receptors in Ûle

family share Ûle two cysteine regions near Ûle N terminal of Ûle extracellular domain;

Ûlese cysteines form disulfide bridges in Ûle groWÙl hormone receptor molecule, so Ûlis

is probably Ûle case for a1l Ûle family members. The WSXWS motif, usually found near

Ûle transmembrane region, is common to a1l family members except Ûle groWÙl

hormone receptor (YGEFS). The function ofÛle WSXWS motif is still unknown,

alÛlough it is tempting to speculate Ûlat it might be important in binding of Ûle Ct and ~

forms of receptors. Point substitutions by alanine or replacement of Ûle prolactinreceptor

WSXWS motif with Ûle groWÙl hormone homologue results in a reduction in Ûle

binding affinity ofthis mutant receptor.305 Sirnilar studies on Ûle IL-2 receptor indicate

Ûlat high affinity binding and signal transduction requires Ûle presence of this motif in

the ~_subunit.306 Perhaps Ûle prolactin receptor associates with anoÛler subunit to

produce a high affinity state, in a way similar to Ûle IL-2-R,295 IL-3-R,296 IL-5-R,298

IL-6-R,288 and GM-CSF-R.294 This possibility is consistent wiÛl Ûle crystal strueture of
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the human growth hormone receptor-ligand complex which indicates that the WSXWS

motif lies on the outside surface, away from the ligand binding and receptor

dimerization surfaces.211 Despite the number ofreceptors which belong to this family,

only the LIF-R and gp130 share common sequences in the cytoplasmic domain, the rest

all differ. Could it be that each receptor has a unique mechanism for transduction, or is

it more likely that signalling passes through a gp130-like associated protein?

Receptor Regulation

Just as prolactin action usually depends upon the co-ordinated action of several

hormones, the regulation ofthe receptor is a complex interplay ofmany hormonal

signals. The review ofthe regulation of prolactin binding by Shiu307 illustrates this

situation. In general, receptor regulation depends upon the species, the sex, the tissue,

and the physiological stage. For instance, estrogen induces and testosterone inhibits

binding in rat liver, but in the testis, kidney and adrenal, the opposite applies (refer to

Table 3). As was true in the past, most of these studies have been performed in vivo so

that whether hormonal manipulation leads to direct or indirect effects is unc1ear.

One example of this, is the effect ofgonadotropins on PRL-R regulation. In cyc1ing

hamsters, the proestrous gonadotropin surge was accompanied by a loss of prolactin

binding in both the interstitium, the follicular thecae, and granulosa ceUs.308 If the

gonadotropin surge was blocked by phenobarbitol, prolactin binding did not drop. In rat

mammary gland, the contrary was true: prolactin binding was highest during estrous",309

yet, in the rat liver, receptor number remained constant.3lO In the rat testis, FSH and LH

can increase prolactin binding, but a gonadotropin releasing hormone agonist reduces

prolactin binding.311 Photoperiod regulates receptor number in the hamster testis, with

short day long nights causing a marked reduction in prolactin receptors.312 In the Syrian

hamster, gonadotropins have been shown to be involved in this decline, but in the

Djungarian hamster, no such effect could be demonstrated.m'The use of in vitro models

may not alleviate the situation, for factors such as the state of differentiation ofthe ceU

model, the influence ofextraceUular matrix, and the possibility that responses to test

hormones might differ in the presence of other hormones make in vitro studies

cumbersome.
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Treatment speàes Thsue Etrect Method Reference
Estrogen .. '" Rat........ Liver.. Î RNABIOlIing 314
.... ... Rat ........ Î Binding .. .
.... '" Rat Liver.. Î Binding 315,316,317
.... '" Rat........ Liver.. Î 318
(Tamo,arcn) '" Rat Liver .. .j. • .
.... .... .... Mammuy = Binding 319
.... '" Mousc Prostate .j. Binding 320
.... Tcstis . .j. .. .
.... Hwnan (in vitro brcast Ca) .. EFM-19 Î Binding 321
.... Pig Granulosa Î Binding 322,323
Progcslcrone Rat Liver.. .j. Binding 324,325
.... Rat Mammuy .j. Binding 326
.... '" Pig Granulosa Î Binding 323
........... Hwnan (1iIvitrobrcastCa) •. EFM-19 .j. Binding 321
........... Hwnan (in vitro breast Ca) .. T-470 Î Binding 327,328,329
TcstoslCrone Rat........ Liver.. .j. Binding 330,315,316,317
.... .... .... Pig ........ Granulosa.... Î Binding 323
........... Hwnan (in vitro brcast Ca) .. EFM-19 Î Binding • .
Cortirol Rat........ Liver.. .j. Binding 331
.... Rat........ Kidney .j. ....• Binding 332
.... Rat ........ Adrenals .j. ..... Binding .. .
Dict: GIUC05C Rat........ Liver.. .j. ••••• Binding 333
.... '" Fat,ProIcin.... = .. .
.... Glucagon . Î . ..
.... Mammuy '" = .
Thyroid . (hypo) Rat Liver.. .j. Binding 334
... . (hypo) Rat........ Liver.. .j. •..•. Binding 335
.... (h}pcr) .•.. Î . ..
.... '" (hypo) '" Rat........ Prostate Î Binding 117
.... •••. Adrenal Î . .
.... Kidney .j. . .
.... ..•• ..•• Tcstis .j. .. ..
....... (hypo) •••• '" Rat Mammuy '" .j. Binding 336
....... (hyper)... Î .
Gnm1hHormone Rat........ Liver.. Î Binding 337,338,339
.... '" Rat Liver.. Î RNABIOlIing • 340
.... Î Binding .. .
.... '" Rat In Vitro Hepatocytes .. Î Binding 341
.... '" Rat........ Liver •• Î RNABIOlIing 342
Prolaclin •• •....... ••• Rat Liver.. .•••••• Î Binding 315
.... '" Rat Liver.. = Binding 337,338,339
.... Rat........ Liver.. Î Binding 343,344
.... Ratln Vitro Hepatocytes .. Î Binding 341
... brolllOCl)'pline '" Rat........ Liver.. ....... .j. Binding 319
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• '" bromoc:ryptine Hamster . Testis .
Adrcnal ..
Liver ..

.j. ..... Binding .......

;;;;;: .

98

•

••

•

... bro~PRL .. Testis . Î .. ..

.... .... .... ........ Adrcnal = .. .

.................... Liver Î ..

.... Hamster .. Testis Î 312

.... Tùapia Gill, Kidncy .. Î Binding 106

.... Rabbit Mamma1y Î Binding 326
Somatoslalin Rat Liver.. .j. Binding ...... 345
.... .... .... Rat Twnor Prostate.. .j. Binding 346
lJIorFSH Hamster Testis Î Binding 312
bCG ...... Rat Testis Î Binding 347
lRRH agonist Rat Testis .j. Binding 311
FSH ...... Rat Testis . Î Binding 301

. lRRH.... RatTwnor Prostate.. .. . .j. Binding ...... 187
PMA Rabbit Mamma1y ;: Binding 348
.... Mouse Mamma1y .j. Binding 349
.... Rat Nb! œIls .j. Binding 350
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In general, prolactin receptor binding and RNA levels in the liver are increased by

estrogen, This effect is sex specific, for even if estrogen is given to maIe rats the

response to estrogen is less than in females.317 This effect is established neonatally, for if

newbom male rats are castrated, estrogen injection in the adult resembles the female

response, whereas if testosterone is adrninistered during the tirst three days to castrated

newboms, the maIe pattern is rnaintained. Just as prolactin fimction differs with the

tissue, the regulation of the receptor appears to depend on the tissue: tarnoxifen

treatrnent in rats reduced liver receptors nurnbers but had no effect on the nurnber of

marnrnary gland receptors.31S

Prolonged treatrnent ofrats with high doses of medroxyprogesterone acetate (MPA)

reduced prolactin binding in rat liver. However, this was probably due to the lowered

levels of estrogen and prolactin in these animaIS.
324 If estrogen replacement was given to

these animais, prolactin receptor levels were not decreased, but increased due to the

estrogen.32S ln the rnarnrnary gland, progesterone was shown to antagonize the induction

of prolactin receptors by prolactin itself. However, no direct effect ofprogesterone on

prolactin binding was shown.326 In the T-47D breast cancer cellline, progesterone has

been shown to increase prolactin receptor binding, however in the EFM-19 cellline

progesterone decreased binding. (refer to Table 3)

Diet also seerns to regulate liver prolactin receptors: glucose feeding for three days

caused a 57% reduction in hepatic prolactin binding, but no change in bGH binding.

When a dose of glucagon which did not alter serum glycemia was adrninistered to these

animaIs, prolactin binding was higher than in animaIs with glucose alone. It is possible

that binding is lower in glucose fed rats, since glucose lowers serum glucagon levels.333

Regulation at the RNA Level. Analysis of mRNA levels for the prolactin receptor

have been perforrned in the rat. In rat liver the developmental expression ofprolactin

receptor was studied. Prolactin receptor mRNA was undeteetable in fetuses and

neonates. On day 21 mRNA levels start to rise until day 40, when they plateau. The

expression of the receptor parallelled mRNA levels, except that receptor binding

continued to rise to over twice the day 40 levels, even when RNA levels rernained

constant. This same difference between RNA and receptor binding was observed in
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animals stimulated by estrogen. In adult female rats, mRNA levels rose 3-fold on day 3

and then were stable, however receptor binding continued to rise up to at least day 7.)14

In immune cells, prolactin receptor mRNA steady state levels are increased 2 fold in

cel1s stimulated with IL-2 or concanavalin-A.254 This contrasts with the 7 fold induction

ofprolactin receptor protein measured by flow cytofluorometry. The cytofluorometric

data suggests that the increase in prolactin receptor levels is associated with cel1

activation and growth.

In rat mammary gland, both the long and the short form of the receptor are found.

mRNA levels are quite low in virgin females and remain so until the end ofpregnancy,

when levels increase?42 Surprisingly, there is a much greater induction of the short form

than of the long form, with the short form comprising 70% of the mRNA on day 5 of

lactation. From day five onward short form mRNA declines, but the long form

continues to increase until day 15, when it too starts to decline. In the Iiver, the pattern

is different. In this tissue, the short form accounts for 85% of receptor mRNA and

mRNA levels start to increase half-way through pregnancy, reaching a maximum near

birth. During lactation PRL-R mRNA falls to levels lower than that found in virgin

animals. Receptor binding in the mammary gland displays the sarne pattern as in the

liver. Even though mRNA levels peaked at day 15 and were declining by day 20, the

binding levels continued to increase. There are severa! questions which arise from these

studies. How is it that steady state levels of short and long forms have different pattern

of regulation? Why do receptor protein levels increase even when steady state mRNA

levels are constant or declining? The responses are probably re1ated to differing

transcriptional regulation, to independently regulated mRNA stability, and to sorne form

oftranslational regulation.

Prolactin in Breast Cancer
Breast cancer is unusual in that the development ofbreast cancers and their cure may

rely on hormonal signals. The current view is that oncogenesis develops from mutations

in the genes involved in the regulation of growth. Carcinogenic mutations can occur in

genes involved in the mechanics ofmitogenesis, genes involved in mitogenic signal
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transduction, and genes which act as inhibitors of growth. Estrogen is the primary

honnonal cause ofbreast cancer developement and growth. The preferred method of

treatrnent for breast cancer after surgery involves antiestrogens. Antiestrogen therapy is

successfuI because approximately 60% ofbreast cancers retain their dependence upon

environrnental growth signais (estrogen) and respond to such therapy.351 Antiestrogen

therapy is also widely used because it has a low toxicity. The success of the therapy has

stimulated a search for other honnonal factors which might play a raIe in breast cancer

growth. Since prolactin is required for normal mammary gland funetion, its role in

turnor development has received attention.

Animal Models

Experimental breast cancer modeJ.s in rats clearly indicate that prolactin is the major

factor implicated in the induction and maintenance ofturnors. Rats that receive pituitary

grafts (which secrete large quantities ofprolactin) have a higher incidence ofmammary

turnor fonnation than control animaIs.3S2 The growth of spontaneous turnors in rat is

inhibited by treatment with bromocryptine.3S3 Mammary gland turnors induced by the

carcinogen 7,12-dimethylbenz(a)anthracene (DMBA) are also dependent upon prolactin.

Pituitary grafts354 and drugs which increase prolaetin levels increase turnor growth.3SSJ56

Hypophysectomy and ergot drugs (like bromocryptine) reduce the number and size of

these turnors.3S7
J58J59 The growth of such turnors can be reinstated in

hypophysectomized animaIs by reinjeetion with prolaetin. Ithas also been observed that

there is a direct correlation between serum prolaetin levels and the incidence of

carcinogen induced turnors in various strains ofrats.360 It may be that in carcinogen

induced turnors the prolactin receptor plays a role: the level ofprolactin receptor in

DMBA induced turnors is threefold higher than in normal laetating mammary glands.'"'

This may be due to differences in the processing of the honnone receptor complex after

internalization.362

Clinical Studies

• "/'-.,

Hyperprolactinemia: The observations made in rat mammary gland cancer stimulated

the study ofthe role ofprolactin in human breast cancer. Ifprolaetin was a factor in the

progression ofnormal breast tissue toward a cancer staie, it is Iikely that higher serum
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prolactin levels would be an indicator ofrisk. However, a clear relationship between

circulating prolactin levels and breast cancer incidence has not been observed.'6JJ" J"

High serum prolactin is more likely to cause galactorrhea. One study reported the

presence ofbreast lumps Ù1 five patients with hyperprolactinemia. The breast tissue was

benign dysplasia showing seeretory vesicles in the epitheliallayer. In two cases the foci

resembled lactating breast tissue.'66

However, il has been observed that patients with high serum prolactin levels tend not

to respond as weIl to hormonal therapy and have a reduced survival time.'67J"J" The

same observation has been made in patients treated with chemotherapy.370 In metastatic

breast cancer, there is a significant elevation in serum prolactin levels compared with

non-metastasized disease. Hyperprolactinemia was associated with 88% ofcases of

progressive disease. In patients who experienced severa! cycles ofremission and relapse,

prolactin levels increased with each relapse. Prolactin levels returned to normal after

remission in chemotherapy treated patients.371 There is a significant correlation between

prolactin blood levels and estrogen and progesterone receptors in these patients. Patients

with estrogen and progesterone receptor negative tumors had higher circulating levels of

prolactin.3n Another group found this to be true only between serum prolactin and

estrogen receptors.373 Clearly, prolactin blood levels can serve as a prognostic indicator

or response and survival in previously identified breast cancer patients.374J75

The significance ofprolactin's role, however, is unclear. Are elevated prolactin levels

a causal factor in disease progression, or are high prolactin levels a response to other

factors? For example, mastecomy causes an increase in serum prolactin that lasts several

months.376J77 The degree ofprolactin elevation has been positively correlated to tumor

size.378 There are means by which breast physiology may influence prolactin secretion,

for example though nipple stimulation (see Biological Activities: Reproduction and

Lactation). It can be speculated that metastasizing breast cancer perturbs breast

physiology in a way which stimulates prolactin release. However, whatever these

findings mean to the physiology ofprolactin and breast cancer, the relationship is clear:

that the least favourable prognosis is associated with the highest levels of circulating

prolactin.379
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Pr%~~din Receptors in Breast Cancer: Prolactin receptors have been measured in

breast cancer tumors."03S1382383.31l43RS."6 When the amount ofprolactin binding was

compared with estrogen receptor and progesterone receptor, more tumors contained

prolactin receptors than steroid receptors,387388 though this was not the case in ail

studies.394 Studies on the levels ofprolactin receptor in tumors showed that tumors with

the highest prolactin binding tended to have the lowest steroid receptor binding.389 This

contrasts with results obtained by others who found that, although prolactin binding did

not correlate with serum levels of prolactin, estrogen or progesterone, there was a

positive correlation between prolactin and steroid receptor levels.390391392388 However ,a

ten year study with 308 patients found no correlation between prolactin receptors and

estrogen or progesterone receptors.393

This same study found that prolactin receptors had no independent prognostic

significance when tested by Cox analysis. Also, prolactin receptors were not a

prognostic indicator ofresponse to tamoxifen treatment. Desaturation of endogenous

ligand from tumor prolactin receptors showed that, while oruy 43% oftumors had

positive free receptors, 72% oftumors were receptor positive after receptor

desaturation.394 ln this study, neither free nor total prolactin receptors correlated with

overall survival. However, prolactin receptors (total) correlated with improved relapse

free survival in patients with positive lymph nodes, although, when tested by Cox

analysis neither free receptors nor total receptors had independent prognostic

significance.

It has been reported that prolactin receptors are more frequently detected in stage

three breast cancer compared to stage one, or two39S
• In this study, recurrence free

survival rime was not related to prolactin receptor, but prolactin receptor positive

patients had a poorer overall survival.

Hormone Therapy: Many clinical trials have been performed to examine whether

serum prolactin suppressing drugs could improve prognosis in breast cancer. There has

been little success. For a review ofthis work refer to Nagasawa.363 More recent work

has shown that bromocryptine treatment has no effeet on tumor prolactin binding, but

sJgnificantly increases estrogen receptor levels in the premenopausa1 subgroUp.396 A

study which tested for differences in response between tamoxifen treatment and
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tamoxifen plus bromocryptine treattnent, found no differences in response rate or

overa1l survival.388 Ifbromocryptine was given five days prior to and three to ten days

after surgery, there was a significant reduction in prolactin levels and in the S-phase

fraction of tumour cells. It was thought that this might be important in controlling the

proliferation ofmicrometastatic cells shed during the time of surgery.397 A case report

of a patient with advanced breast cancer, chemotherapy resistance, and

hyperprolactinemia who went into remission following bromocryptine treattnent

stimulated a follow-up study with 18 patients with similar disease. Patients were given

bromocryptine as well as continued chemotherapy. One patient had a partial remission

which was thought to be due to a delayed response to chemotherapy and not to

suppressed prolactin levels. It was concluded that prolactin did not serve to restore

tumor sensitivity to chemotherapy.398 Another study that examined the effect of

bromocryptine in hyperprolactinemic patients with metastatic disease also showed no

response to bromocryptine.J99

One critique ofpast work is that these studies failed to take into account that human

growth hormone is also lactogenic and therefore growth hormone leve1s must also be

controlled. In a trial often patients with advanced disease, when treated with both

bromocryptine and somatostatin analogue to reduce both prolactin and growth hormone

levels, one patient experienced disease stabilization consisting ofless than 50%

regression of skin nodules and pleural effusion, a decline in CEA titer, and an improved

performance status lasting 7 months.4OO Another possible confounding factor is the

observation that the hormones estradiol, progesterone, and prolactin in breast fluid may

be concentrated up to a hundred fold greater than serum levels.40I
,402

Normal Breast Development

The development of the breast can be divided into 5 stages.403 To begin with, surface

epithelial cells descend into the mesenchyme, differentiate to form the nipple, and a

rudimentary set of duct forms, which are composed oftwo cell types: an epitheliallayer,

and a stromallayer. These structures are formed during fetaI development and rernain

static until puberty, when a second round of growth and differentiation occurs. A fmal

round ofgrowth and differentiation takes place during pregnancy. Breast growth and

development, both in puberty and pregnancy, is under hormonal control. Breast growth
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in puberty is c10sely linked to the rise in serum estradiol which is triggered by changes

in the pattern of GnRH pulsatile secretion of the pituitary.404,405

Breast growth during puberty occurs rnostly in the stromal connective and adipose

tissues. In the post pubertal breast, epithelial tissue comprises at most only 20% of

breast volume41J6 At the end ofpuberty, the development of stroma! elements is

complete, but there is extensive growth and differentiation ofglandular epithelial tissue

starting in the second trimester of pregnancy. This is due, again, to the action of

estrogen (mitogenesis) and the effect of progesterone (differentiation).407,40s Histological

studies of nulliparous and involuted parous breast tissue reveal a much higher proportion

of two-Iayered epithelium in nulliparous breast, and it has been proposed that the

underlaying second layer may consist of stem cells which would grow in response to the

hormonal conditions surrounding pregnancy.406It is thought that these cells, due to their

latent mitogenic potential may be the cell type from which breast cancers are likely to

arise.

The role of prolactin in breast growth is unclear. Increases in serum prolactin occurs

only late in puberty, after the star! ofbreast growth.409 In cases ofmacromastia in boys,

prolactin levels were normal.410 Pituitary hormones have a direct role in breast

development, since, in girls with gonadal dysgenesis, estrogen treatment can produce

normal breast development when hypothalamo-hypophyseal function is normal, but, in

cases ofgonadotropin deficiency estrogen therapy is insufficient.411 This pituitary factor

is probably not prolactin. In primates, bromocryptine suppression ofprolactin to

undetectable levels in the serum had no effect on mammary gland development in

Macaca nemestrina or Macaca mulatta.412 Sorne pituitary factor is important, however,

since hypophysectomy interferes with gland development, even in estrogen replaced

animals. However, lactogen replacement in these animals with hGH made no difference

in breast development in estrogen treated animals. When estrogen was given with an

extract of human pituitary in hypophysectomized animals, normal development was

seen.413

In Vitro Studies

Prolactin Receptors On Cultured Breast Cancer CeIIs: Prolactin receptors were tirst

documented in the T-47D, MCF-7, BT-474, MDA-MB-23l, Hs578T and HBL-IOO cell
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lines. Receptor levels were three rimes higher in the T-47D line than the next highest

prolactin receptor expressing cellline, MCF_7.414 Histochemical analysis ofprolactin

binding sites on T-47D cells determined that prolactin receptor number was

heterogeneous: there was a range of staining intensity with sorne cells showing no

staining at all. Similar results were seen by autoradiography. After a one hour

incubation with prolactin, most grains were observed near the cytoplasm and very few

in the nucleus.2S6 Studies of the specificity ofbinding in T47-D and MCF-7 cells showed

that hGH bound slightly better than hPRL, with placenta1lactogen and rat prolactin

affinities being an order ofmagnitude 10wer.41S

When binding studies were performed on a number of breast cancer celllines,

prolactin receptors were observed in the MCF-7, R27, R98, T-47D, ZR-75-1, BT-474,

MDA-MB-361, and MDA-MB-134 celllines but not in the MDA-MB-157,

MDA-MB-330, MDA-MB-23l, BT-20, Hs578T, HBL-lOO celllines.39o This study

found a significant positive correlation between estrogen receptors and prolactin

receptor in these celllines. In T-47D cells, prolactin receptor levels were increased by

progesterone,416.417 and this effect could be blocked by the antiprogestin RU486.418

Human growth hormone causes a down regulation of prolactin binding, but only at

concentrations of500 nglmL or more. This is in disagreement with previous work.41S
•

More recent1y the EFM-19,'19 and VHB_1420 cells lines have been deve10ped and have

been shown to contain prolactin receptors.

Cell Growth and Other Responses

Severa! studies have examined the regulation of growth in normal human mammary

ePithelium in vitro. Estrogen is mitogenic in normal human mammary epithelial cells,

and this can be blocked by anti-estrogens.421 Estrogens had effects on cel! morphology

in normal cells in a way similar to tumor cells, however estrogen did not stimulate the

secretion ofp52 (a factor thought to be involved in metastasis) in normal cel!s.422

Linoleic acid is mitogenic when co-cultured with EGF and insulin. This effect was

probably mediated via prostaglandin synthesis, since indomethacin was able to abolish

this effect. Linoleate had no effect in co-cultures ofEGF, insulin and cortisol.

Normal mammary cells were found to produce a growth inhibiting factor that was

capable ofinlul>iting breast cancer cell growth. Organ cultures ofnormal breast
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examined for a-Iactalbumin production responded to prolactin. One biopsy from

pregnant breast produced 200 times more than normal breast. Of ten breast turnors, six

produced a-Iactalbumin but none responded to prolactin.424

Numerous studies support the concept that breast cancer ceUs loose their

responsiveness to prolactin for milk protein production.424 When a-Iactalbumin levels

are measured in normal or turnor tissue from the breast, 80% of turnors contained less

a-Iactalbumin than normal tissue from the same subject.42S In the breast cancer ceUlines

BT-20, BT-474, SW527, SW613, MCF-7, EVSA-T, and ZR-75-1, prolactin did not

stimulate a-Iactalbumin production.417"26 However, sorne turnors retain responsiveness.

In 22 organ cultures of nomtal breast, a-Iactalbumin production could not be induced,

whereas in organ cultures of turnors, 3 out of33 samples responded to prolactin.

a-Iactalbumin is more likely to be found in differentiated turnors such as lobular

carcinoma.427 No correlation could be found between serum a-Iactalbumin levels and

prolactin receptors in turnor samples"28 or between a-Iactalbumin staining in tumors

measured by immunohistochemistry and serum prolactin levels.429 As for lipid synthesis,

in the ceUline T-470 progesterone stimulated triglyceride synthesis and prolactin did

not alter this action ofprogesterone.43o In another study, prolactin did have a stimulatory

effect on lipid drop accumulation in T-470 ceUs.43
!

. Prolactin was found to stimulate the secretion of several proteins in T-470 ceUs. The

major protein, known as prolactin inducible protein (PIP),432 is identical to gross cystic

disease fluid-15 (GCOFP-15t33 and secretory actin binding protein (SABP),.34 and has

been identified in breast fluid, saliva, in extracts of the submandibular gland, and

seminal vesicles, in turnors of the breast, prostate, salivary gland, and sweat glands, and

in anmiotic fluid.43s.436 Studies have found that either thirty437 or seventy_four43s or

ninety percent of turnors express this protein and that its expression is significant1y

positively correlated with estrogen receptors.437.438.429 Another study found

PIP/GCOFP-15 expression was restricted to estrogen receptor positive tumors and was

correlated with the presence ofprogesterone receptors.439 However, other reports find no

correlation with estrogen receptors, but confirmed a positive correlation with

progesterone and androgen receptor.440 Others have reported a high number of positive
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samples in breast cancers except in tumors without apocrine features in which only 23%

oftumors were positive..... ' These authors found no correlation with estrogen receptors,

but noted a positive correlation between PIP/GCDFP-15 and lyrnph node involvement.

A study which compared tumor grade with immunohistochemical staining for

PIP/GCDFP-15 showed a significant decrease in PIP/GCDFP-15 from grade 1 tumors to

grade 3 tumors.....2 Il was noted that tumors that responded to therapy tended to have

high estrogen receptor and low PIP/GCDFP-15, thus suggesting that PIP/GCDFP-15

could serve as a marker for estrogen receptor positive tumors that don't respond to

treatrnent. In a pilot study, a patient given four recurrent injections ofbaboon

anti-PIP/GCDFP-15 antibody experienced partial regression of subcutaneous metastatic

growths without toxicity.....3

After it was discovered that PIP/GCDFP-15 was regulated by prolactin, it was also

determined that hydrocortisone, and dihydrotestosterone:44 stimulated PIP/GCDFP-15

expression in T-47D cells.....5 In the ZR-75-1 cellline, estrogen reduced the expression

ofPIP/GCDFP-15 and the progesterone agonist RS020 counteracted this effect.446

PIP/GCDFP-15 levels have a negative relation to estrone glucuronide in breast cyst

fluid.....7 PIP/GCDFP-15 also correlates positively with epidermal growth factor in breast

cyst fluid.448

That elevated serum prolactin levels can serve as an indicator of poor prognosis

suggests the possibility that prolactin might be involved in metastasis. In a study that

examined whether prolactin effected basement membrane digestion by breast cancer

lines, a serum factor was observed to inhibit digestion in the most active celllines. No

hormonal treatrnent, including hGH altered basement membrane digestion by T-47D

cells.....9

Just as a pituitary factor is necessary for normal or primate mammary gland

development, similar results have come from experiments with hurnan breast cancer

cells transplanted into athymic nude mice. Tumors growth could be stimulated by

estrogen, but co-transplantation with a prolactin and growth hormone secreting pituitary

tumor enhanced the estrogen effect.450.451 Yet purified prolactin or hurnan growth

hormone was not able to duplicate this effect in T-47D tumors.452 Furthermore,

conditioned media from this pituitary tumor stimulated the growth ofsevera! breast

cancer celllines in serum free cultures.453 However, when the MCF-7 cellline was used
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to make turnors in these animals, prolactin seemed to have a very slight effect, though

significance was not reported.4S4

Growth ofNormal Mammary Epithelium In Vitro: Several studies have examined

prolactin-induced growth in normal breast epithelial cultures. In primary monolayer

cultures form normal breast and turnor tissue, prolactin reduced the cell population

doubling time in both normal and turnor tissue, though more often in normal than in

tumor tissue.411 Another study ofprimary cultures ofmammary epithelial cells in serum

free medium found that, in the presence ofhydrocortisone, insu1in, epidermal growth

factor, and cholera toxin (IHEC), a combination ofprogesterone and prolactin had no

effect on cell growth, but, if either insu1in or EGF was removed from the lHEC

medium, the progesterone/prolactin combination did have an effect416 In expiant

cultures, insulin supported 3H-thymidine incorporation and human prolactin was able to

stimulate 3H-thymidine incorporation on top ofthe insu1in effect.417 Another study of

expiant cultures that examined the effects of prolactin, hydroxycoritsone, progesterone,

hCH, and insu1in found that the combination of insu1in and hydroxycortisone with the

addition ofprolactin was mitogeniC.418 One study used slices ofnormal tissue

transplanted into athymic nude mice and examined growth by an autoradiographic

analysis of labelling with 3H-thymidine. Human placenta1lactogen (hPL) alone had no

stimulatory effect, but treatments ofhPL together with estrogen significantly augmented

the growth response seen with estrogen alone.419 It should be noted that in these

experiments were done in tissue explants or primary cultures, and that most often

prolactin was able to stimulate cell growth only in the presence of other factors.

Growth ofTumors In Vitro In six ofthirty-eight (16%) tumor slice cultures, prolactin

stimulated thymidine incorporation. Only a fraction of prolaetin receptor positive

turnors responded by DNA synthesis. No relation was found between this response and

the presence of estrogen or progesterone receptors or the stage ofdisease of the

patient460 These results confirm earlier work which showed that 15% ofbreast tumors

incorporated 3H-thymidine, when prolaetin was added with insu1in in turnor expIant

cultures.461 An early study demonstrated that 32% of organ cultures had increased

pentose-shunt activity after oPRL incubation, when compared to uncultured control

tissue.462 In organ cultures ofbenign turnors, hPL alone (5ug/mL) had mitogenic

aetivity, whereas oPRL at a similar concentration had no effect,463 Specificity for human
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lactogen was also reported in a primary culture of a single turnor which responded to

human prolactin or growth hormone, but not to ovine prolactin:64 However, in the

clonogenic assay, oPRL significantly stimulated colony formation in 12 out of 17

turnors.465 Taken together, these studies suggest that prolactin can have a mitogenic

action in a subset of breast turnors, especially in the presence of other hormones.

Established breast cancer celllines have also been tested for growth stimulation by

prolactin. Prolactin was found to stimulate the growth of the celllines BT-20 and

734B.455 In the CAMA-l cellline, prolactin alone had no growth stimulating activity,

but it had a significant potentiating effect on estrogen stimulated growth. Prolactin was

found to stimulate cell growth in the EFM-19 cellline in the presence of thyroxine and

insulin.466 Seven out often celllines developed in that lab also responded to prolactin:67

In serum free experiments with the MCF-7 cellline grown on extracellular matrix

support, dexamethazone, insulin, thyroid hormone and prolactin together significantly

inhibited growth.463 Prolactin alone or in combination with other hormones was not

tested. Another study of serum free conditions identified a cocktail of physiological

concentrations ofinsulin, transferrin, EGF, prostaglandin F2a., and cold-insoluble

globulin, that permitted MCF-7 cells to grow in a way identical to 10% fetal bovine

serum.469 The addition of prolactin to this culture had no effect. Another study also

reported prolactin had no mitogenic effect on the MCF-7 cells:7°On the other hand,

when fetal bovine serum was extensively stripped ofendogenous prolactin with dextran

coated charcoal, human prolactin was able to elicit a response in the MCF-7 cells.471

Overall, these of the data suggest that prolactin is able to stimulate the growth of

normal rnammary tissue and of sorne breast cancer turnors under certain conditions.

Prolactin is more likely to be mitogenic in experiments that use tissue explants, primary

cultures, or at the least, early passages ofestablished cultures. There is a tendency for

established celllines 10 evolve with passaging and sensitivity to prolactin may be a

feature ofbreast cancer cell cultures which is 1051. Specific conditions may be required

to elicit prolactin response in vitro, since prolactin is often observed to function only in

the presence ofother hormones including estrogen, progesterone, thyroid hormone,

insulin, and hydrocortisone. Unlike the case ofNb2 cells which have an absolute

dependence on PRL for growth, no such cellline from normal or neoplastic breast tissue

has been isolated. The literature provides a mixed review ofthe importance ofprolactin
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in breast cancer cell growth. There are reports of growth stimulation by prolactin in

breast cancer, but this far from true in ail cases. One wonders how many negative

studies have gone unpublished.
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Chapter 2. Prolactin Receptor:

Protein Characterization, and

Sequence Analysis

Materials and Methods
Studies were perfonned on the established cellline T-47D.472 Earls modified eagles

medium, fetal and newbom bovine serum, NUNC culture plastics, and restriction

enzymes were obtained from Gibco/BRL Canada (Burlington ON). Standard laboratory

chemicals were obtained from Fisher Scientific Montreal, PQ, or from BDH (Ville St

Laurent, P.Q.). Falcon culture ware was obtained from Fisher. Keyhole limpet

hemocyanin, HEPES, EDTA, BSA, PMSF, Tris-HCI sodium metaperiodate,

chloramine-T, sodium cyanoborohydride, benzamidine, leupeptin, control pore glass,

Triton X-IOO, Triton X-114, Lubrol PX, digitonin, ABTS and estradiol were obtained

from Sigma (St. Louis, Mo). Sephadex G-IOO, protein-A affigel-IO, and

benzamidine-sepharose 6B were obtained from Pharmàcea (Baie D'Urfe, Quebec).

DeoxyBIGCHAP, CHAPS, CHAPSO, Brij-3S, and sulfoEGS, were obtained from

Pierce (Prof. Diagnostics, Edmonton, AB). Pansorbin, and the Zwittergent series of

detergents were obtained from Calbiochem, SanDiego CA. 96-well filter plates were

obtained from Millipore (Mississauga, ON). Sodium 125Iodide was obtained from ICN

Chemicals, Mississauga, ON. Taq polymerase was purchased from Perkin Elmer

(Canada), Rexdale ON, and reverse transcriptase was obtained from Life Sciences Inc.,

St Petersburg Fi. Ovine prolactin was obtained from the NIADDK and human growth

honnone was a generous gift from Dr. H. Friesen (University ofManitoba).
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Cell Culture

A subclone ofthe T-47D cellline containing the highest amount ofprolactin binding

sites was grown in gram quantities in Cell Faetories (NUNC) for purification

experiments. Cells were cultured in 2L EMEM with 5% fetal bovine serum, 5%

newborn bovine serum, 10 mM HEPES, 100 pM estrogen, and 10 ng/mL ovine

prolactin, and harvested with 5 mM EDTAlPBS. The cell pellets were weighed and

frozen at -SO°C.

Prolactin Binding

Hormone iodinations were perform using a modification ofthe Hunter- Greenwood473

method. A low quantity ofchloramine-T (500ng in 10 J,lL) was added to a solution

containing hormone (5 J,lg in 10 J.lL ammonium bicarbonate 0.05M), sodium phosphate

buffeT (25 J.lL of a 3.0 M solution), and Na 1251 (750 J,lCi in l5J,lL ~O). The reaction

was allowed to proceed for 4 min. after which incorporated iodine was separated from

free on a sephadex G-75 (0.9 x 60 cm) column. Specific aetivitiy of iodinated hormone

ranged from 45 to 100 J,lCi/J,lg.

Binding on whole cells was performed in the following way. Cells were harvested

with a rubber policeman, pooled and 2 million cells per tube were incubated in a binding

buffer containing 500 J.lL ofEMEM which had been de-gassed and pH re-equilibrated

to pH 7.5 with 50 mM HEPES and 0.1% BSA; 100000 cpm of 1251_hGH, and for

nonspecific binding tubes, 1J,lg of cold oPRL.

To make microsomes, frozen cell pellets were thawed in microsome buffer

containing Tris-HCl (25mM) pH 7.4, magnesium chloride (25mM), PMSF (1mM),

benzamidine (10 mM), and Leupeptin (7ug/mL), and homogenized with a Brinkman

polytron at the setting "50" for 3 borsts of30 seconds while on ice. The homogenate

was centrifuged at 100 000 x g in a Sorval ultracentrifuge for 1 br at 4°C. Microsomes

from cultured cells were produced by another simpler method. The c~il pellet was

resuspended in microsome buffer an then treated to two cycles of freezing at -80°C and

thawing. Cell membranes were collected from this preparation by ultracentrifugation, or

for small samples, by centrifugation in a microcentrifuge at 18 000 rpm for 30 min. at

4°C.
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Binding was performed with buffer containing TRIS (25mM) pH7.4, magnesium

chloride (25mM), and .1 % BSA, with 100000 cpm of ml_hGH, plus 1 Ilg/mL of cold

oPRL for nonspecific binding tubes, with a final volume of 500 ilL. 1251-hGH was used

as the labelled ligand instead of 12'I_hPRL, since hGH was more easily iodinated and

proved to be more stable. The binding reaction was allowed to incubate between 15 to

18 h. For solubilized receptors, binding was carried out in the above buffer containing

detergent: 0.2% for Triton X-IOO, and 4 mM for deoxyBIGCHAP. Four mL of cold

buffer was added to the binding reaction followed by centrifugation at 4000 x g for 15

minutes, and decanting to remove the bound 12S1-hGH from the unbound. For solubilized

receptor, bound was separated from free by the addition of500 ll1. of 0.1 % y-globulin in

O.lM phosphate buffer (pH 7.4) and 1 mL of24 % polyethylene glycol, followed by

vortexing, and centrifugation at 4000 x g for 15 min. Samples were counted in a LKB

gamma counter. A microsomal protein concentration of 400 Ilg/tube was used in all

binding experiments (refer to Figure 3). Protein concentration was determined by the

method of Lowry. 474

Purification

The cell pellets, frozen at -80·C, were thawed in microsome buffer, and homogenized

with a polytron. The resulting pellet was resuspended in microsome buffer and used

immediate1y or and frozen at -80·C. Solubilizations were performed on the microsome

pellet resuspended in microsome buffer plus 10 mM deoxyBIGCHAP detergent. at a

concentration of 10 mg/mL for 30 min at 20·C with gentle agitation. The solubilized

supematant was then colleeted by centrifugation at 100 000 x g for 1 hr. at 4·C.

Solubilized receptors were 10aded onto a benzamidine-sepharose 6B protease affinity

co1umn (Pharmacea), and then onto a hGH affinity co1umn. Figure 4 shows a schematic

diagram ofthe purification protocol.

Coupling ofhGH to control pore glass followed the protoco1 of Spencer.47S Control

pore glass was activated with 10 mL of 0.1% sodiummetaperiodate at 20·C for 30 min,

then washed with 20 mL of co1d water. 10 mg ofhGH and 5 mg of sodium

cyanoborohydride in 5 mL ofPBS was added to the gel and incubated overnigltt at 4·C

with gentle agitation. After washing the gel again with 20 mL of cold water, uncoupled
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Protein Curve for T-47D Microsomes

Figure 3. Binàifi;;~t)n T-47D microsomes was done at different concentrations of

protienltube to determine the optimal concentration ofprotein to use in

binding experin ::nts. A concentration of 400 ug/tube was chosen.
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sites were blocked with 10 mL of 1 M ethanolamine, containing 5 mg sodium

cyanoborohydride, and incubated for 48 h at 4°C with gentle agitation. Finally the gel

was washed three with three cycles cf5 mL sodium acetate 0.5 M pH 4.0, and 5 mL

Tris-HCI 25 mM pH 8.5, NaCI O.5M. The gel was then washed with urea 6M, and

rnagnesium chloride 4M, and finally equilibrated with severa! washes of Tris-HCl 25

mM deoxyBIGCHAP.

Solubilized receptor (50 mL) was loaded on the hGH affinity column at 20 mL/h at

20°C, then washed with 30 mL of dBC buffer (microsome buffer with 10 mM

deoxyBIGCHAP), 20 mL of dBC buffer containing NaCI O.5M, and another 30 mL of

dBC buffer. The receptor was eluted from the column with 5 mL ofMgCI2 4M

containing deoxyBIGCHAP 15 mM. Refractive index readings were taken on 1mL

fractions to determine the MgC~ front, and fractions containing MgCl2 plus the fraction

immediately before the MgCI2 peaic were pooled and loaded cnte a large sephadex

G-IOO column. G-IOO fractions (1.5 mL) were measured for binding and positive

samples were pooled and used for Scatchard analysis. The binding assays for the

magnesium eluted fractions was incubated for only 6h, and for the G-100 fractions for

only 3h at 30°C in order to minimize the rime between the elution and the Scatchard

analysis binding. Scatchard analyses were performed under the standard optimal

conditions of 16 hr at 20°C.

Monoclonal Antibody Productian

Methods used in immunizations and hybridoma production have been previously

descrlbed. '41 Immunizations were performed with severa! forros ofhuman prolactin

receptor antigen. Briefly, immunizations were performed with 10 /lg ofprotein, four

rimes, at intervals of 2 weeks. Fusions were made with the SP2/0 celllines by the PEG

method. Before the human prolactin receptor was purified, immunizations were

performed using T-47D microsome preparations. Immunizations were also performed

with preparations ofpartialIy purified prolactin recepto!, and with a sYnthetic peptide

o (ELAVEVKQPEDRKPY) corresponding to amino acids 108 to 122 ofthe mature

prolactin receptor sequence. A peptide hapten was produced by conjugation to keyhole

limpet hemocyanin by the glutaraldehyde method.476
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Hybridoma supematants were screened by binding inhibition, immunoprecipitation,

and whole cell ELISA. Binding assays were carried out with T-470 microsomes in a

way similar to a standard binding except that in place of the cold prolactin used for

nonspecific measurement, hybridoma supematant was used.

Immunoprecipitation assays were performed once a successful solubilization protocol

was determined. Solubilized T-470 membranes and 12SI-hGH were incubated ovemight

at 20 oC to produce a hormone-receptor complex. Aliqouts of complex containing

100000 cpm of I2SI_hGH and 250 Ilg of solubilized membrane protein were combined

with 100 IJ,L of hybridoma supematant and incubated ovemight at 4°C. Then pansorbin

(20IlL) was added and incubated with the hormone-receptor-antibody complex for 30

min at 20 oC whereupon 4 mL binding buffer, containing 4 mM deoxyBIGCHAP, was

added. The samples were then centrifuged at 4000 x g, decanted, and counted.

ln the whole cell ELISA, T-470 cells were harvested in EOTNPBS, washed in PBS,

and added to 96-well filter plates at 200 000 cells per well. These cel1s were incubated

in 250 ilL ofhybridoma supematant for 60 min at 4°C. After washing the cells 3 rimes

in 4°C PBS, 150 IJ,L of 1:500 dilution of goat anrimouse-Ig-HRP conjugated antibody in

PBS was added and incubated for 60 min at 4°C. After 5 washings in cold PBS, ABTS

in a buffer containing O.IM sodium citrate pH 4.2, 0.2 M sodium chloride, and 1 IJ,L/mL

30% hydrogen peroxide, was added and incubated for 20 min. The colored reaction

product was measured by spectrophotometry at 415 nm in a 96 wel1 plate reader (Flow,

Mississauga ON).

Immunoprecipitation

Immunoprecipitations were performed with iodinated partially purified human

prolactin receptor. Protein-A affigel-IO (25IJ,L) was washed in buffer (HEPES 25 mM

pH 7.4, NaCl150 mM, Triton X-100 1%, MgCI2 25 mM,leupeptin 7 IlglmL) and then

incubated with 20llL ofanti rat prolactin receptor rabbit serum or non-immune serum

rabbit serum for 2 h at 20°c. The gel was washed 4 times with buffer, then

5 000 000 cpm of iodinated partially pure hurnan prolactin was added to the

nonimmune serum coated gel sample, and incubated with receptor for 3 h at 20°C. The

41



•

•

•

•

supematant from this step was incubated with the anti-receptor serum coated gel

ovemight at 4°C with gende agitation. Both gels were washed once each with HEPES

50 mM pH 8.0, Triton X-IOO 0.2%, SDS 0.1%, NaCl 500 mM; then HEPES 50 mM pH

8.0, Triton X-100 0.2%, SDS 0.1%, NaCl150 mM; and final1y HEPES 50 mM pH 8.0,

Triton X-1 00 0.2%, SDS 0.1 %. The samp1es were then loaded onto reducing

SDS-PAGE, and visualized by autoradiography.

Crosslinking

Chemical cross1inking ofthe human prolactin receptor to I2SI_hGH was carried out on

T-47D ceUs on 100 mm2 plates. CeUs were cultured in 10% LSNBS for 2 days before

cross1inking, then were rinsed 2 times with binding buffer (EMEM containing 25 mM

MgC12, 10 !!M ZnC~, and 50 mM HEPES, and diluted with water to keep the correct

osmo1arity). Binding was performed for 3h at 20°C with 5 000000 cpmlmL I2SI_hGH in

3.5 mL ofbinding buffer. To a second plate, 11lglmL ofunlabeUed hGH was added for

the deterrnination ofnonspecific binding. The cells were washed 2 times with ice cold

PBS, and incubated for 30 min on ice with the crosslinker sulfoEGS. Then the cells

were washed, 3 times in cold binding buffer and scraped off the plates with 5 mL buffer

containing HEPES 10 mM, EDTA 1mM, PMSF 1mM, benzamidine 10 mM, leupeptin

7 IlglmL, and glycine 1 M. The cells were spun, resuspended in the same buffer without

the glycine, and an aliqout was loaded onto reducing SDS/PAGE.

Sequence Ana1ysis

Amino acid comparisons ofgrowth hormone receptors and prolactin receptors were

performed with the DOS based PC-GENE collection ofanalysis algorithms

(IntelliGenetics Inc., Mountain View, CA). These algorhithms are designed to compute

probable secondary structure ofa protein given the primary amino acid sequence.

Sequence alignment was performed using the alg"rithm by Higgins,477 with a k-tuple

value of 1, a gap penalty ofS, a window size of 10, an open gap cost of 10, and a unit

gap cost of 10. Secondary structure analysis was performed with algorithms by Garnier

(using a helix coefficient of-75 and an extended coefficient of _88)478 Gascuel (using a

helix coefficient of 1.2311, and extended coefficient of 1.545lt79 Novotny,480 and
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Karplus .48\ Hydrophobicity anaiysis was perfonned with the algorithms of Rao;'" and

Kyte.483 In addition a homology scan upon the rat, human, and rat prolactin receptors

was perfonned manually with a window size of 20 amino acid, counting only identical

amino acids between the three sequences.

Transfections

Transfections were perfonned using the calcium phosphate precipitate method.

COS-7 cells were grown in P-150 flasks in DMEM supplimented with 10% fetal bovine

serum. At 50% confluency the media was replaced with 18 mL DMEM containing

2.5% serum, plus 2 mL ofa solution containing 125 mM calcium phosphate in HBS,

plus 25 Ilg of vector DNA. After 4 h the cells were exposed for 3 min to 15% glycerol

in DMEM, then washed with 2 rimes 10 mL ofDMEM whereupon the cells were

cultured in media containing 10% fetai bovine serum. Cells were harvested two days

after transfection. Transfections were made using the pECE expression vector.484

Polymerase Chain Reaction Mutagenesis

Mutagenesis upon the human prolactin receptor cDNA was perfonned. Oligomer

primers were synthesized with a Biosearch DNA synthesizer, and purified by PAGE

followed by CI8 reverse phase batch chromatography. Primers were chosen to remove

the 3' and S' untranslated regions of the human prolactin receptor cDNA, and to produce

a perfect Kozak48S consensus sequence. H 103 was the S' primer which contained 5

substitutions, to produce the Kozak sequence and a Sai 1 restriction enzyme site. H 106

was the 3' primer and contained an Eco RI restriction enzyme site.

H 103 GAG AAG GTC GAC ACC ATG GAG GAA AAT GTG GCA TCT GCA ACC G

H 106 CAT TCG AAT TCG TCA AGC TAT CAG TC

PCR wasperfonned on 100 ng ofhuman prolactinreceptor cDNA and 100 pmol

each ofpurified primers for twenty cycles with an annealing ternperature of 45°C,in a

buffer containing Tris-HCl (10mM), KCl (50mM) and MgC~ (5mM). The PCR product

was digested with the restriction enzymes Sai 1and Eco RI and then ligated into the

pECE veetor which also had been digested with Sal 1and Eco RI. The selected
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recombinant clones were sequenced by the dideoxy-chain tennination method486 to

confirm the correct form of the new insert.

PCR was performed on reverse transcribed T-47D RNA. Five J.1g ofT-47D RNA in

a buffer with Tris-HCI (50 mM) pH 8.3, KCI (75 mM), MgCI2 (3 mM), and DTT (10

mM) was reverse transcribed.. The equivalent of 1 J.1g of RNA was used in the PCR

reaction, using conditions similar to those described above except the reaction was

performed for 30 cycles.

Results

Cell Culture

The use of cell factories was an effective way to produce large quantities of cells.

Typically, T-47D cells were subcultured with 20 T-175 flasks into 2 cell factories once

a week, with an average cell harvest of4.5g. Each gram of cells contained an average of

2.56x108 cells and produced an average of 58.9 mg ofmembrane protein. Cell cultures

grown for use in binding or purification were harvested with 5mM EDTAlPBS since

trypsin digestion destroyed prolactin binding.

Prolactin Binding

Previous reports indicated that the T-47D cellline contained the highest amount of

prolactin binding.414 This was confirmed in our binding experiments. It was determined

that binding experiments using cell membranes, produced either by homogenization or

by freeze-thawing, were more effective than binding experiments using whole live cells.

This is due presumably to receptors present in intracellular compartments which become

accessible in membrane preparations. The T-47D cellline was cloned to isolate cells

with the highest binding: binding among clones ranged from 0.5 to 1.7 % in the whole

cell binding assay. The clone with the highest binding was used for all further

purification work. Figure 3 shows a typical binding assay with T-47D microsomes.
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From this experiment, it was determined that 400 J.lg/tube of T-47D membrane protein

would be used for further binding studies.

Purification

Attempts were made to optimize solubilization of the human prolactin receptor.

Lubrol PX, Brij-25, the Zwittergent series, Triton X-114, Triton X-IOO, CHAPS,

CHAPSO, deoxyBIGCHAP, and digitonin were tested for there effectiveness in

solubilizing receptor. Sorne detergents such as Triton X-IOO, and the larger Zwittergent

detergents were more effective in the solubilization ofprotein from T47-D membranes,

but left the solubilized fraction with negligible specific binding ofligand. Figure 5

shows that this was due to high nonspecific binding values which were observed in

bindings with solubilized receptor. The human prolactin receptor seems to be much

more labile than the rat or rabbit receptor and easily looses its biological activity. The

detergent CHAPSO produced good specifie binding, but later Scatchard analysis

revea1ed that this detergent produced a large increase in affinity and actual receptor

number was lower than with receptor solubilized with CHAPS. The detergent which

was best able to preserve receptor binding was deoxyBIGCHAP (see Table 4). The yield

ofreceptor was low, however, the amount ofreceptor extracted being less than half of

that present in microsomes. It was determined later that digitonin also gave a stable

extraction of prolactin receptor. Receptor solubilizations for purification were

performed with deoxyBIGCHAP.
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FigureS.

Prolactin Binding to Microsome and Solubilzed T-47D
Receptor

T-47D microsomes were solubilized with 1% triton X-IOO and CHAPS

20mM with la mg/mL microsomal protein. Binding was done with

101000 cpm 125I_hGH. Proteinconcentrations in the binding assays were

1110 ofthe amount ,ecov~;~din the solubilized supematant: 101 ug/tube

for triton X-100 ass:oy, and 165ug/tube for CHAPS. For reference,

binding upon the original microsomal fraction at 400ug/tube protein was

performed.
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• Table 4. Comparison of Chaps and DeoxyBIGCHAP

Solubilizations

•
"- ..-

•

•

No. Sites1mg Total No. Sites AIlinitvK, (oM)

deo."YB1GCHAP 74.7 744.012 0.22

ŒIAPS 96.6 669.438 0.52

Once the receptor was solubi1ized, it was 10aded cnte a benzamidine-sepharose 6B

co1umn, connected in series to a hGH affinity co1umn. The co1umn was washed and

e1uted with 4 M MgC12• Figure 6 shows receptor e1ution from the affinity co1umn.

Fractions 3 to 6 were poo1ed and 10aded cnte a G-100 co1umn for desalting and further

purification. Figure 7 shows the protein (measmed by spectrophotometry at 280 nm)

and the specific binding of fractions collected from the G-100 co1umn. Fractions 19 to

32 were poo1ed and used for Scatchard analysis .

The affinity of the pro1actin receptor increases following purification, with a K..t of

1.6 nM for homogenate and a Kd of 0.5 nM for purified, as can be seen from Figure 8.

Table 5 presents the data collected from Scatchard analysis for homogenate, microsome,

solubi1ized and purified fractions from one pro1actin receptor purification. The

procedure started with 13.4 g ofpacked T-47D cells and ended with 1.97 mg ofpartially

purified receptor with a purity of0.12%. The final recovery ofreceptors from the

homogenate was 25.8% with a purification factor of 130.
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FractionNa.

Eluted of the hGH affinity column with 4M MgC~.The refraction index

indicates the concentration ofMgC~.

Magnesium Chloride Elution
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Figure 7. Fractions frOID the MgC~ elution were pooled and loaded onto a G-I00

column for desalting. The binding assay was performed at 30°C for 3 h.

Scatchard analysis was performed on pooled fractions 19 te 32.
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• Human Prolactin Receptor Purification Scatchard Analysis
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Figure 8. Scatchard analysis of human prolactin receptor from different steps of the

purifiaction procedure. The homogenate series contained SOOJ-lg

protein/tube, microsome series 300J-lg/tube, solubilized 90J-lg/tube, purified

1:4 4.8J-lg/tube, and purified 1:8 2.4J-lg/tube. Scatchards were done with

J2SI-hGH and cold hGH.
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• Table 5. Purification Data

Fraction Protei No. Sites No. Sites AflinityK" Purification Recovery
n(mo) (finollmg) (fino!) (oM)

Homogenau: 990 107 105903 1.6 1:1 looJ)%

Microsome 770 125 96250 1.4 1:1.2 90.9"10

Solubilizcd 381 200 76160 1.1 1:1.9 71.9"10

Purificd 1.97 13878 27340 0.5 1:130 25.8%

•
Purity = SxM

P Where Sis Number of Sites

Mis Molecular Weight

•

•

Purity = 27340 x 1O-lsmol x 88000g/mol =0012
.00197g .

=0.12%

Monoclonal Antibody Production

Monoclonal antibody production using T-47D microsomes as antigen was attempted

on two different occasions. Screening with the whole cells ELISA produced many

positive clones, though none showed activity to the prolactin receptor when determined

by binding inhibition. The same was true for monoclonals raised to a partially purified

receptor preparation. When :nonoclonals were made to the synthetic peptide

(ELAVEVKQPEDRKPY) severa! clones possessed high affinity for the peptide when

tested in ELISAs with the peptide antigen, yet no interaction with the prolactin receptor

could be observed in binding inhibition, immun'~l'recipitation, or immuno-blotting

experiments.
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Immunoprecipitation and Crosslinking

Crosslinking of the prolactin receptor to live T-47D cells with 12l1-hGH produced

severa! bands on reducing SDS/PAGE. It can be seen in Figure 9 that these bands

correspond to specifie binding of 12sI_hGH to receptor since in the presence of excess

cold hGH these bands are absent. Based on a measurement of an aliquot of the binding,

specifie binding was 3.4% of the 12SI-hGH added, and nonspecific binding comprised

9% ofthe total amount of bound radioactivity.

Determination of the relative molecular weight of the receptor, requires that the

relative molecular weight of hGH must be subtracted from the weight of the hormone

receptor complex observed on the gel. Katoh,226 determined that under reducing

conditions the relative molecular weight of oPRL was 27 200, compared to 23 600 with

non-reducing conditions, an increase in apparent molecular weight of3 600. If hGH

behaves in a similar manner its relative molecular weight under reducing conditions

would be 25 000, though since growth hormone has only 2 disulfide bonds compared to

3 for prolactin this can only be an estirnated mobility. If it is assumed that the hormone

receptor complex contains only one molecule ofligand the lowest possible relative

molecular weight of the receptor itselfwould be 88 000 (refer to Table 6 for the relative

molecular weights calculated from the other specifie bands).

•
Table 6. Relative Molecular Weights of Crosslinked

Bands

•

Rf Honnone 290 000 235000 205000 137000 125 000 113 000
Reœptor Comp1ex

Rf WtthHonnone 265000 210000 180 000 112000 100 000 88 000
Subtrncled

The molecular weight of the protein component of the human prolactin receptor

without the signal sequence is 66 888. This would suggest that the portion of the

receptor composed of carbohydrate would have a relative molecular weight of 21 000.

Immunoprecipitation of iodinated partially purified human prolactin receptor with the

anti-rat prolactin receptor polyclonal antiserum "212", revealed a band of molecular
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• Crosslinking of hPRL Receptor
ColdhGH: - +
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•
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113~ III
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•

•

Figure 9. Human pro1actin receptor from T-4ID cells was crosslinked to iodinated

12S1_hGH with EGS, and then run on SDS-PAGE, and exposed for 2 weeks

with intensifying screens. After subtraction ofthe mass of the hormone

from the hormone receptor comp1ex the strongest band of mo1ecular mass

113 000 would have a size of 88 000.
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weight 38000 (refer to Figure 10). This band is specifical1y adsorbed, since no such

band was observed when normal rabbit serum was used. When iodinated partially

purified human pro1actin receptor was run on SDS/PAGE a number of bands were seen,

confirming the 10w degree ofpurity calculated for this purification protocol.

Sequence Analysis

The sequence ofthe human, rabbit and rat pro1actin receptors were compared and

analyzed using severa! different methods. Since the human pro1actin receptor is

extreme1y labile (it has a much greater tendency to 100se its bio10gical activity following

membrane solubilization or treatment with concentrated MgCI2) the following questions

were asked: could an interspecies analysis of prolactin receptor sequences point to sorne

difference which could explain the unique features of the human prolactin receptor?

Algorhithms were used which compute probable secondary structure of a l'roteins given

the primary amino acid sequence. These analyses indicated that there were severa!

regions of the human pro1actin receptor with a propensity for secondary structure which

differed from those ofboth the rabbit ar.d the rat (refer to Table 7). Only differences

which existed between the human, and both the rabbit and the rat together are indicated

in Table 7. Specifically, the region centred around amino acid 50 is more hydrophobic

than the rat and rabbit receptors as determined by the methods of Rao et al"·2 and Kyte

et al,483 and has a greater propensity for forming an a-helix as determined by the

methods of Rao (refer to Figure Il), and of Gascuel et al."7 The second region,

surrounding amino acid 95 is less likely to form a ~-sheet or ~-tum as determined by

Novotny et al"·o or an extended configuration as calculated by Gascuel, and more likely

to take an a-helical configuration as determined by Novotny, Gascuel, and Garnier et

al178 (refer to Figure 12). Il is unlikely that these computed propensities indicate that the

human recept~r contains a-helicies where the other receptors do not, especially since

x-ray crystailographic data indicates that for the human growth hormone receptor there

are no a-helices in the extracellular domarn.212 However these computations do indicate

how the primary sequence ofthe human prolactin receptor could result in the increased

instability of this protein compared to the receptor in other species. A third region
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• Immuno-adsorbtion of Purified Human PRL-R

•

•
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Figure 10. Purified human prolactin receptor was iodinated and adsorbed to protein

A- coated affigel coated with either immune or nonimmune rabbit serum.

The first lane contains unadsorbed iodinated partia11y purified human

prolactin receptor, lane two contains the material in lane one adsorbed to

the anti-rat PRL-R polyclonal antloody 212, and lane three is similar to

lane 2 using normal rabbit serum.
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Buried Helix Analysis: Rat, Rabbit, and Human Sequences
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Figure 11. Rat, rabbit and human sequences were analyzed by the algorythm of Rao

to predict burried helix formation. Differences between rat, rabbit and

human sequences are apparent near amino acid 50, and 200.
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Garnier Helix Analysis on Rat Rabbit and Human PRL-R
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Figure 12. Sequences for the rat, rabbit and human prolactin receptor were examined for

probable a-helix configurations with the algorhithm of Garnier. The human

receptor differs from the rat and rabbit in the region from amino acid 70 to

amino acid 100.

•
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• spanning from amino acid 195 to 205 is more hydrophobie in the human than in the

rabbit or rat (determined by the methods ofNovotny, Rao, and Kyte). A region, centred

around amino acid 210 has much less chain flexibility compared to the rat and rabbit

sequences as when analysed by the algorithm of Karplus and Schulz. Figure 13 shows

the degree of conservation in the amino acid sequence for the prolactin receptor between

the human rabbit and rat. Figure 14 is an alignment ofPRL and GR receptor sequences

using the method of Higgins et al.477

AminoAcid Cbaracterislic Type ofAnaIysis Tcndcncy in Human
Position AnaIyzcd

60-70 Hydrophobicily Novotny Lcss

90-100 Hydrophobicily Novotny Lcss

195-205 Hydrophobicily Novotny Greater (opposite)

210-215 Hydrophobicily Novotny Lcss

70-95 a.-Hcli.x Novotny Greater

100-110 ct-Helix Novotny Greater

80-100 ~-Tum Novotny Lcss

7().g() ~-Sbeet Novotny Lcss

6Q.8S Extended Gascucl-+<JoImaId Lcss

75-100 ct-Helix Gascucl-+<JoImaId Greater

45-55 ct-Hclix Gascucl-+<JoImaId Greater

190-195 FIe.oabilily Karpus+5hu1z Lcss (opposite)

8O-~OO Tum Garnier Lcss

95-110 Tum Garnier Lcss

165-175 Tum Garnier Lcss (opposite)

85-95 RandomCoii Garnier Lcss (opposite)

80-105 ct-Hclix Garnier Greater (opposite)

40-70 BuriedHelix Rao+Argos Greater (opposite)

195-210 BwriedHelix Rao+Argos Greater

•

•

•

Table 7. Protein Structure Analysis

57



•
Homology Scan of the Human, Rabbit, and Rat Long

fonu Recptors
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Figure 13. Scan of the identity between the human rabbit and rat prolactin receptors.

Comparisons were done upon the amino acid sequence of the mature

protein with a window size of 20 amino acids.

•
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• Protein Sequence Alignment for PRL and GH

Receptors

•

mGHBP ------TPATLGKASPVLQRINPSLGTSSSG·~RF'~CR:~~I
RGHBP FPGSGATPATLGKASPVLQRINPSLRESSSG
mGHR ------TPATLGKASPVLQRINPSLGTSSSG'KPRFTKI
rGHR FPGSGATPATLGKASPVLQRINPSLRESSSG'~~IK
hGHR FSGSEATAAILSRAPWSLQSVNPGLKTNSSKE
rbGHR FSGSEATPATLGRASESVQRVHPGLGTNSSG,KPOCFTOCI
PGHR FSGSEATPAVLVRASQSLQRVHPGLETNSSG~~i~
bGHR FSGSEATPAFLVRASQSLQILYPVLETNSSGm
chGHR LSASDD----------LLQW------------
rbPRLR --------------------------QsPPG
hPRLR --------------------------QLPPG
rPRLR2 --------------------------QsPPG
rPRLRNB2 --------------------------QsPPG
rPRLRl --------------------------QsPPG
mPRLRl --------------------------QsPPG .~~~~:1~~:

* *******

44
50
44
50
50
50
50
50
28
24
24
24
24
24
24

*0 *00.0 * 0* 0*******00** *
mGHBP TEGDNPDLKTPGSIQL SQRQAARIAHEWTQE 94
RGHBP TEGDDHNLKVPGSIQL --------IAHEWTPE 92
mGHR TEGDNPDLKTPGSIQL SQRQAARIAHEWTQE 94• rGHR TEGDDHNLKVPGSIQL --------IAHEWTPE 92
hGHR TDEVHHGTKNLGPIQL RRNTQ--------EWTQE 92
rbGHR TDGVHHGLKSPGSVQL IRRNTQ--------EWTQE 92
PGHR TDGVRHGLQSPGSIQL IRRSTQ--------EWTQE 92
bGHR TDVANHSLQSPGSVQ IRRDI------------QE 88
chGHR TDG---KVTTSGTIQL SDE------------D 63
rbPRLR RPGADGGL--PTNYTL -----EGETITH------ 60
hPRLR RPGTDGGL--PTNYSL -----EGETLMH------ 60
rPRLR2 NPGTDGGL--PTNYSL K-----EGEKTTY------- 60
rPRLRNB2 NPGTDGGL--PTNYSL SK-----EGEKTTY------ 60• rPRLRl NPGTDGGL--PTNYSL SK-----EGEKTTY------- 60
mPRLRl NPGSDGGL--PTNYSL K-----EGEKNTY------ 60

0**0**** ****0*** 0 ***0 0 •• ***

•

mGHBP
RGHBP
mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
rPRLRNB2
rPRLRl
mPRLRl

IKLTTNGDLL--­
IKLTTNGDLL--­
IKLTTNGDLL---­
IKLTTNGDLL--­
IKLTSNGGTV---­
IKLTNNGGMV--­
IKLTSNGGTV--­
IKLTSNGGIV---­

:LANKDEVF--­
IITVNATNQMGSSVS

!*~iRTttlIMMVNATNQMGSSF
IITVNATNQMGSSS
IITVNATNQMGSSS
IITVNATNQMGSSS

SKQ IWKI IITVNATNEMGSST
.0*00**0* 0**0 ********** **

KCFTVDE
KCFTVDE
KCFTVDE
KCFTVDE
KCFSVDE
KCFSVEE
KCFSVEE

CFSVED
KCFSVDE
RYVDVTY
LYVDVTY
LYVDVTY
LYVDVTY
LYVDVTY
LYVDVTY

E -

140
138
140
138
138
138
138
134
109
109
109
109
109
109
109
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273
261
289
287
286
286
286
282
259
250
250
250
250
250
250

240
238
240
238
238
238
238
234
209
204
204
204
204
204
204

190
1BB
190
188
188
188
188
184
159
158
158
158
158
158
158

HGPI RQRSFEKYSEFSEVLRVIFPQTNI
HSPIW RQR~FEKYSEFSEVLRVTFPQMDT

HGPI RQRSFEKYSEFSEVLRVIFPQTNI
HSPIW RQRSFEKYSEFSEVLRVTFPQMDT
MDPIL KQRNSGNYGEFSFoVLYVTLPQHSQ
MDPVL RQRSSEKYGEFSEVLYVTLPQMSP
MDPVL RQRNSEKYGEFSEVLYVTLPQMSP
MDP QRNTEKYGKFSEVLLITFPQMNP
LEPRL RQRTSEKFGEFSEILYVSFTQAGI
HFA -DHGFWSVWSPESSIQIPN---
HFA -DHGYWSAWSPATFIQIPS---
HFTGH KP-DHGYWSRWSQESSVEMPN---
HFTGH KP-DHGYWSRWSQESSVEMPN---
HFTGH -DHGYWSRWSQESSVEMPN---
HFTGH PGQKYLVQ -DHGYWSRWGQEKSIEIPN---
**0.0**0**000*0*******0**** ***0** **000 000*0

-LEACEEGTKSGTKSNSQHPHQEIDNHLYHQLQRIRHP------------
-LAACEEGTKFGPKFNSQHPHQEIDNHL----------------------
-LEACEEDIQF LIIIFGIFGVAVMLFVVIFSKQQRIKMLILP VP
-LAACEEDFRF LIIIFGIFGVAVMLFVVIFSKQQRIKMLILP VP
-F-TCEEDFYF IIIFGIFGLTVMLFVFLFSKQQRIKMLILP VP
-F-TCEEDFRF LIIIFGIFGLTVMLFVFIFSKQQRIKMLILP VP
-F-ACEEDFRF LIIIFGIFGLTVILFLLIFSKQQRIKMLILP VP
-S-ACEEDFQF LIIIFGILGLAVTLYLLIFSKQQRIKMLILP VP
EFVHCAEEIEF LVVVFGVCGLAVTAILILLSKQPRLKMLIFP VP
DFTMKDITV-- FVAVLSTIICLIMVWAVAL-KGYSMVTCIFP VP
DFTMNDTTV-- SVAVLSAVICLIIVWAVAL-KGYSMVTCIFP VP
DFTLKDTTV-- lVAILSAVICLIMVWAVAL-KGYSMMTCIFP VP
DFTLKDTTV-- lVAILSAVICLIMVWAVAL-KGYSMMTCIFP VP
DFTLKDTTV-- IVAILSAVICLIMVWAVAL-KGYSMMTCIFP VP
DFTLKDTTV-- IVAVLSAVICLIMVWAVAL-KGYSMMTCIFP VP
***00*0** ** **0**00****0****** *****0**********

mGHBP
RGHBP
mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
rPRLRNB2
rPRLR1
mPRLR1

mGHBP WTLLNISLTGIRGDIQV
RGHBP WTLLNISLPGIRGDIQV
mGHR WTLLNISLTGIRGDIQV
rGHR WTLLNISLPGIRGDIQV
hGHR WTLLNVSLTGIHADIQ
rbGHR WTLLNVSLTGIHADIQ
PGHR WTLLNISLTGIHADIQ
bGHR WTLLNISLTEIHADIL
chGHR WTLLNTSQTGIHGDIQ
rbPRLR -TLEVKHPEDRKPYL·onn~.

hPRLR -AVEVKQPEDRKPYLWI
rPRLR2 -TLEVKQLKDKKTYL.~=
rPRLRNB2 -TLEVKQLKDKKTYLW
rPRLR1 -TLEVKQLKDKKTYL
mPRLR1 -TLEVKQLKDKKTYL.WVI~

00***0 0*0*0***0** ***00*000**0*0

mGHBP
RGHBP
mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
rPRLRNB2
rPRLR1
mPRLR1

•

•

•
•

•
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mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
rPRLRNB2
rPRLRl
mPRLRl

mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
RPRLRNB2

EEVNTILGIHDNYKPDFYNDDSWVEFIELDIDEAD

~
III1!iIEEVNTILGIHDNYKPDFYNDDSWVEFIELDIDDADEEVNTILAIHDSYKPEFHSDDSWVEFIELDIDEPD

EEVNTILAIQDSYKPEFYNDDSWVEFIELDIDDPD
EEVNTILAIHDNYKHEFYSDDSWVEFIELDIDDPD
EEVNTILAIHDNYKHEFYNDDSWVEFIELDIDDPD
DEVNSILASHDNYKTQLYNDDLWVEFIELDIDDSD

SEELLSAFGCQD-FPPTADCEDLLVEFLEVDDSEDQ
SEELLSALGCQD-FPPTSDYEDLLVEYLEVDDSEDQ
SEELLSALGCQD-FPPTSDCEDLLVEFLEVDDNEDE
SEELLSALGCQD-FPPTSDCEDLLVEFLEVDDNEDE
PSKYKVDLYLALPGGFOKLDNAGELDy--------­

KI FDT E SILWCSILOLTSLVKIPTTEFLCDL-----------
******0*********.****0***. *.**0*0******0*****0**0

----VDEKTEGSDTDRLLSNDHEKSAGILGAKDDDSGRTSCYDPDILDTD
------EKTEESDTDRLLSDDQEKSAGILGAKDDDSGRTSCYDPDILDTD
------EKTEESDTDRLLSSDHEKSHSNLGVKDGDSGRTSCCEPDILETD
------EKTEGSDTDRLLSNSHQKSLSVLAAKDDDSGRTSCYEPDILEND
------EKTEGSDTDRLLNNDHEKSLTILGAKEDDSGRTSCYEPDILETD
------EKTEGSDTDRLLSNDHEKSLNIFGAKDDDSGRTSCYEPDILEAD
------EKNRVSDTDRLLSDDHLKSHSCLGAKDDDSGRASCYEPDIPETD
QLMPAHSKEHSGPGMKPTDLDPDNDSGRGSCDSPSLLSEKCEEPQANPST
HLMSVHSKEHPSQGMKPTYLDPDTDSGRGSCDSPSLLSEKCEEPQANPST
RLMPSHSKEYPGQGVKPTHLDPDSDSGHGSYDSHSLLSEKCEEPQAYPPT
RLMPSHSKEYPGQGVKPTHLDPDSDSGHGSYDSHSLLSEKCEEPQAYPPT
0**0 ****0000*0*** ****0***0**0**0************0*0.

339
337
336
336
336
332
309
299
299
299
299
291
289

385
381
380
380
380
376
353
349
349
349
349

o 00 0

•
mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
RPRLRNB2

FHTSDMCDGTLKFRQSQKLNM-EADLLCLDQKNLKNLPYDASLGSLHPSI
FHTSDMCDGTSEFAQPQKLKA-EADLLCLDQKNLKNSPYDASLGSLHPSI
FNANDIHEGTSEVAQPQRLKG-EADLLCLDQKNQNNSPYHDACPATQQPS
FNASDGCDGNSEVAQPQRLKG-EADLLCLDQKNQNNSPYHDVSPAAQQPE
FNANDVCDGTAEVAQPQRLKG-EADLLCLDQKNQNNSPSNDAAPATQQPS
FHVSDMCDGTSEVAQPQRLKG-EADISCLDQKNQNNSPSNDAAPASQQPS
FSASDTCDAISDIDQFKKVTEKEEDLLCLHRKDDVEALQSLANTDTQQPH
FHTPEVIEQ-PEKPKANVTHTWDPQTISLVGK----MPYLSVNGSKSSTW
FYDPEVIEK-PENP--ETTHTWDPQCISMEGK----IPYFHAGGSKCSTW
LHIPEITEK-PENPEANIPPTVDPQSTN---------PNFHVDAPKSSTW
LHIPEITEK-PENPEANI--------------------------------

434
430
429
429
429
425
403
394
392
389
366

TQTVEENK-PQPLLSSETEATHQLASTPMSNPTSLANIDFYAQVSDITPA
TLTMED-K-PQPLLGSETESTEQLPSTPMSSPVSLANIDFYAQVSDITPA
VIQAEKNR-PQPLPTEGAESTHQAAHIQLSNPSSLSNIDFYAQVSDITPA
VVLAEEDK-PRPLLTGEIESTLQAAPSQLSNPNSLANIDFYAQVSDITPA
VILAEENK-PRPLIISGTDSTHQTAHTQLSNPSSLANIDFYAQVSDITPA
VILVEENK-PRPLLIGGTESTHQAVHTQLSNPSSLANIDFYAQVSDITPA
TSTQSESRESWPPFADSTDSANPSVQTQLSNQNSLTNTDFYAQVSDITPA
PLLQPGQHNTNSPYHNIADMCKLATS--------LDKIDKDALQSSKTTE
PLPQPSQHNPRSSYHNITDVCELAVGPAGAPATLLNEAGKDALKSSQTIK
PLL-PGQHMPRSPYHSVADVCKLAGSPVNTLDSFLDKAEENVLKLSKALE•

mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
h?RLR
rPRLR2
RPRLRNB2

o 00 0 0 * 00 000 0

*00 0000*0 *00 0

483
478
478
478
478
474
453
436
442
438
366
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• mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
RPRLRNB2

•
GGDVLSPGQKlKAGIAQGNTQRE---VATPCQENYSMNSA--YFCESDAK
GGVVLSPGQKlKAGLAQGNTQLE---VAAPCQENYSMNSA--YFCESDAK
GSVVLSPGQKNKAGMSQCDMHPE---MVSLCQENFLMONA--YFCEADAK
GSVVLSPGQKNKAGNSQCDAHPE---VLSLCQTNFIMDNA--YFCEADAK
GSVVLSPGQKNKAGISQCDMHLE---VVSPCPANFIMDNA--YFCEADAK
GNVVLSPGQKNKTGNPQCDTHPE---VVTPCQANFIVDTA--YFCEVDAK
GSVVLSPGQKSKVGRAQCESCTE---------QNFTMDNA--YFCEADVK
AAGEEKATKQREVESSHSKAEQDTGWLLPKEKPPFISPKPLDYVEIHKVN
SREEGKATQQREVESFHSETDQDTPWLLPQEKTPFGSAKPLDYVEIHKVN
T-GEEEVAKQKGAKSFPSDK-QNTPWPLLQEKSPTVYVKPPDYVEIHKVN
--------------------------------------------------.* *********

528
523
523
523
523
519
492
486
492
486
366

*0*0 00 Cl 00 Cl 0**0,*0*******00
mGHR KCIAVARRMEATSCIKPSFNQEDIYITTESLTTTA-QMSETADIAPDAEM 577
rGHR KClAAAPHMEATTCVKPSFNQEDIYITTESLTTTA-RMSETADTAPDAE- 571
hGHR KCIPVAPHIKVESHIQPSLNQEDIYITTESLTTAA-GRPGTGEHVPGSEM 572
rbGHR KCIAVAPHVDVESRVEPSFNQEDIYITTESLTTTA-ERSGTAEDAPG~~M 572
PGHR KCIAMAPHVEVESRLAPSFNQEDIYITTESLTTTA-GRSATAECAPSSEM 572
bGHR KYIALAPHVEAESHVEPGFNQEDIYITTESLTTTA-GRSGTAEHVPSSEI 568
chGHR KCIAVISQEEDEPRVQEQSCNEDTYFTTESLTTTGINLGASMAETPSMEM 542
rbPRLR KDGALSLLLKQKENGDQTGKAGTPETSKEYAKVSRVMDNNILVLVQDPGA 536
hPRLR KDGALSLLPKQRENSGKPKKPGTPENNKEYAKVSGVMDNNILVLVPDPHA 542
rPRLR2 KDGVLSLFPKQRENN-QTEKPGVPETSKEYAKVSGIMDNNILVLVPDSRA 535
RPRLRNB2 -----------------------------------------LVLVPDSRA 375

***0***0 **0**0 00 ,*0*0**00******* 0*********0,*0 '*

•
•
•

mGHR
rGHR
hGHR
rbGHR
PGHR
bGHR
chGHR
rbPRLR
hPRLR
rPRLR2
RPRLRNB2

SVPDYTTVHTVQSPRGLILNATALPLPDKKNFPSSC-------GYVSTDQ
PVPDYTTVHTVKSPRGLILNATALPLPDKKKFLSSC-------GYVSTDQ
PVPDYTSIHIVQSPQGLILNATALPLPDK-EFLSSC-------GYVSTDQ
PVPDYTSIHIVQSPQGLVLNAASLALA----------------------­
PVPDYTSIHIVQSPQGLVLNATALPLPDK-EFLSSC-------GYVSTDQ
PVPDYTSIHIVQSPQGLVLNATALPLPDK-EFLSSC-------GYVSTDQ
PVPDYTSIHIVHSPQGLVLNATALPVPEK-EFNMSC-------GYVSTDQ
QNVALFEESTKEAPPSPSQNQAEKDLSSFSTAPSDCRLQQGGLDYLDPAC
KNVACFEESAKEAPPSLEQNQAEKALANFTATSSKCRLQLGGLDYLDPAC
QNTALLEESAKKAPPSFEADQSEKDLASFTATSSNRRLQLGRLDYLDPTC
QNTALLEESAKKAPPSFEADQSEKDLASFTATSSNRRLQLGRLDYLDPTC
0*0* 0***0,*0**** 000,*0**0,*00*0000,*0 *** '* ******0*

620
614
614
599
614
610
584
586
592
585
425

****0
mGHR LNKIMQ 626
rGHR LNKIMQ 620
hGHR LNKIMP 620
rbGHR LNKILP 620
PGHR LNKIMP 620
bGHR LNKIMP 616
chGHR LNKIMP 590
rbPRLR FMHSLH 592
hPRLR FTHSFH 598
rPRLR2 FMHSFH 591
RPRLRNB2 FMHSFH 393

'* **Cl,*

Figure 14. The sequence alignment was pt.~ormed

upon the mature protein sequences of

published growth hormone and prolactin

receptors. Boxes indicate amino acid that

are the same in both PRL and GH

receptors; * indicates an amino acid

identity, and 0 indicates a conservative

divergence within each of the PRL and

GH receptor groups.
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Comparison of the PRL-R's among different species revealed that the number of

potential N-linked glycosylation sites is normally three, and that these three sites are in

identical positions among most species. However, the human receptor is different, as the

third site has a glycine in place ofasparagine, and therefore lacks the normal third

glycosylation site (see Table 8). However, there is a potential site at Asn"lIl, although it

is unlikely that this site is glycosylated, since it lies only one amino acid away from the

putative transmembrane domain, and the threonine which completes the

"Asn-Xaa-SerfThr" glycosylation signal, lies buried in the membrane. Therefore, it is

likely that the human receptor is glycosylated at only two positions. As mentioned in the

Introduction, studies indicate that all three potential glycosylation sites of the rat

prolactin receptor are glycosylated, and that the degree ofglycosylation may differ

between either the short and long form of the receptor, or the tissue in which the

receptor is expressed.

In order to see if the third glycosylation site might play a role in the susceptibility of

the receptor to lose activity during solubilization, thrce different prolactin receptor

species were tested for their stability in the detergents Triton X-lûû (1 %), and

deoxyBIGCHAP (lûmM). These were the rat short form receptor wild type (F3) in

pECE; the rat mutant receptor (d3) containing an asparagine to aspartic acid substitution

to remove the third glycosylation site; and the human prolactin receptor from T-47D

cells. Figure lS indicates that the absence ofthe third glycosylation site in the rat

receptor has no effect of the biological activity of this receptor in the presence of

detergents. Thus, it is unlikely that the instability of the human receptor can be

explained by the absence of glycosylation at this site.
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• PRL-R Stability in Detergent

80
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•
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!TI Triton X-lOO

T-47D

•

•

Figure 15. Three different prolactin receptor species were tested for their stability in

the detergents Triton X-IOO (1%), and deoxyBIGCHAPS (10mM): Rat

(the rat short form receptor wild type in pECE); Rat d3 (rat short form

with an asparagine to alanine substitution that removes the third

glycosylation site); T-47D (untransfected wild type human prolactin

receptor from the T47-D cellline).
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• Table 8.

Receptors

Potential Glycosylation Sites in Prolactin

•

•

•

Mouse G G L P T N Y S L T Y

Rat G G L P T N Y S L T Y

Rabbit G G L P T N Y T L T Y

Human G G L P T N Y S L T Y

Mouse Y 1 1 Y V N A T N E M

Rat Y 1 1 T V N A T N Q M

Rabbit Y 1 1 T V N A T N Q M

Human Y 1 M M V N A T N Q M

Mouse P E P P R N L T L E V

Rat P E P P R N L T L E V

Rabbit P D P P V N L T L E V

Human P A P P L
,.

L A V E V, <

Altemate Site 3 S D F T M N D T T V W

inHuman Membrane~

Polymerase Chain Reaction

The polymerase chain reaction was used to modify the sequence of the human

prolactin receptor cDNA (see "Transfections" below). PCR was a1so performed on

reverse transcribed T-47D RNA with primers from the 3' and S' untrans1ated regions, to
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determine if there was any variation in the size of the receptor rnRNA in these cells.

Multiple sizes of prolactin receptor RNA are seen in these cells, yet Figure 16 shows

that all of these forms appear to result in a transcript containing a coding region of

uniform size. Therefore the differences in size of the severa! RNA species probably

results from differences in either the 5' or 3' untranslated regions.

Transfections

Transfections with the human prolactin receptor using the pECE vector in COS-?

cells gave very low binding near to that of COS-? untransfected COS-? controls. This

contrasted with experlments using the rat PRL-R with the same vector and cellline,

where specific binding of 30% oftotal radioactivity was routinely obtained. In an

anempt to improve transfection of the human receptor, mutations were introduced into

the cDNA using PCR, to produce a complete Kozak4SS sequence, and second to remove

the 5' and 3' untranslated regions from the pECE/hPRL-R construct. Unfortunate1y, no

improvement in specific binding was observed in transfections with this construct.

Therefore it is unlikely that the untranslated regions, or the incomplete Kozak sequence

have an inhibitory effect on the expression of the receptor.
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PCR Analysis of the Coding Region ofT-47D RNA

•

•

+- 2.1 kbp

•

Cool T-47D MN
RNA Std

Figure 16. PCR analysis ofT-47D RNA. Primers fromposition 213 and 2318 of the

cDNA sequence were used to l-ll'duce a PCR product spanning the full

length of the coding region. The controllane c~ntained a reverse

transcription reaction containing no RNA.
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Specificity of Binding of 12sI_hGH to T-47D Membranes
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Figure 17. Binding specificity of 12sI_hGH ta the T-47D membranes. The

standard binding proceedure with the addition 1 Ilg of cold hormone for

the calculation of specifie binding.
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Discussion

Purification

One of the most difficult aspects ofpurifying the human prolactin receptor was

deterrnining the optimal conditions for receptor solubilization. The binding observed

with solubilized receptor had a much higher nonspecific binding than for membrane

bound receptor. The high nonspecific binding was not due to an effect of the detergent

on the Iig~d, since binding experirnents using the sarne ligands and detergents with rat

liver prolactin receptor had excellent specific binding despite high nonspecific binding

(refer to Figure 15). Higher nonspecific binding with solubilized receptor could be due

in part to the way in which bound labelled ligand was separated from free: precipitation

of the ligand receptor complex with polyethylene glycol. Solubilizations were routinely

perforrned with deoxyBIGCHAP, since it was the detergent that best preserved receptor

activity.

During purification, a benzamidine-sepharose 6B protease affinity precolurnn was

included, since this colurnn incre:lsed the yield of the rat prclactin receptor.213 In pilot

experirnents, the final purified fraction contained no prolactin binding activity.

Purification was therefore attempted without any lengthy manipulation such as dialysis,

or delay such as overnight storage on ice or freezing. Binding assays of the MgCI2

elution and G-IOO elution fractions were incubated for 6 hr and 3 hr, respectively, at

30°C in order to reduce the time between the colurnn elutions and the Scatchard analysis

binding. These short incubation rimes produced a low arnount of specific binding

compared to values which could have been obtained at optimum conditions of 15 to 18

hr incubation at 20°C. Using this rapid approach, however, it was possible to oblain

biological activity in the purified fractions. The yield ofthis purification was only 130

fold. In comparison, the yield observed for rat receptor purification using a sirnilar

ligand affinity purification technique was between 300 to 500 fold. 141 The lower degree

ofpurification and the low recovery (25%) for the human receptor is probably due to its

tendency to loose binding activity during purification.
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Monoclonal Antibody Production

Approximately 4000 hybridoma supematants were tested for reactivity to the human

prolactin receptor. The lack of successs of these procedures can be explained in two

ways. First, the fusions utilized T-47D membranes, which sîmply did not contain

lmough antigen to produce a useful immune response: ooly 0.0000001 % of membrane

protein was prolactin receptor. Secondly, hybridoma supematants were screened by

binding inhibition using T-47D membranes, which often gave a specifie binding no

higher than 5.0%. It is thus probable that some weak antibodies were missed. Specifie

binding to T-47D microsomes improved after it was discovered that hGH had better

binding to the hurnan prolactin receptor in the presence of zinc ions.7
• Thirdly,

screening by binding inhibition detects ooly antibodies with epitopes near the hormone

binding domain, thus antibodies to other regions of the receptor were not detectable.

As for the fusion performed with the peptide ELAVEVKQPEDRKPY, severa!

antibodies had high affinity for the peptide itself (by ELISA), but none had binding

activity to the native receptor from T-47D cells. Comparison ofthe human prolactin

receptor with th.: human growth hormone receptor (refer to Figure 14) revea!s that this

region in the growth hormone receptor comprises amino acids 136 to 152. In the human

growth hormone receptor, the amino acids in this region are involved in a f3-sheet on the

surface of the molecule which forms the interface between the two receptor molecules in

the hormone receptor complex.212 This surface is composed oftwo noncontiguous

segments of sequence: the region around the turn bet.veen f3-strand C and C', and the

beginning of the f3-strand F.212 Thus, if the huma.'l proi~ctin receptor has a conformation

similar to the hurnan growth hormone, it is possible that the peptide

ELAVEVKQPEDRKPY is part ofan epitope contcining two noncontiguous sequences,

which may explain why antibodies which bound very weIl to the peptide, failed to bind

to the native receptor.

Immunoprecipitation

Immunoprecipitation ofiodinated partially purified human prolactin receptor with the

anti rat prolactin receptor polyc1ona! serum "212" produced a specifie band of38 000,

which probably represents a degradation product of the receptor. Bands ofsimilar size
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have been observed in immunoprecipitation experiments with the pig and rabbit

prolactin receptor.4S7 Tlùs fragment is approximately the right size to be the

extracellular domain of the prolactin receptor which, containing 210 arnino acids. has an

approximate mo1ecular mass of 24 000 Da, plus the speculated size contribution of

glycosylation of 19 000.

On the other hand, sorne evidence suggests that the fragment may not come from the

extracellular domain. If it is supposed that the band seen in the human corresponds to

those seen in the rabbit, it is probable that the break-point among the sequences would

occur in the same place. It is also simplest to suppose that this fragment (which is

relatively large) is produced from a single c1eavage. If the fragment were to start at the

N-terrninal, it would contain the glycosylated segment of the sequence. Since there are

differences in the potential glycosylation sites (the rabbit having three, and the human

most likely having two) the differences in glycosylation would probably produce

fragments of different sizes. Therefore, it is also possible to argue that this fragment

could be derived from the intracellular region.

Crosslinking

Crosslinking of 12SI_hGH to the T-47D prolactin receptor produced severa! bands on

SDS-PAGE. (refer to Table 6). It is unlikely that any of these bands represents the

growth hormone receptor, since binding studies have indicated that 12sI_hGH cannot be

displaced from the binding sites on T-47D membranes by non-lactogenic growth

hormones (refer to Figure 17). It is proposed that the smallest band of 113 000 is a

complex containing one molecule ofhorrnone (25 000) and one molecule of receptor

(88 000). The other bands may be combinations of the ligand and receptor molecules.

Refer ta Table 9 for the possible combinations of receptor and ligand which might

constitute these bands. In particular, the combination of two mo1ecu1es of receptor

(88 000) and one molecule of ligand (25 000) for the band of 205 000 is especially

interesting, since this represents the crystal structure observed in the human growth

hormone binding protein - hGH binding complex. 212 The combinations presented in

Table 9 are only speculative, and other possibilities exist. Other proteins may be

involved ùt ligand binding and signal transduction ofthe prolactin receptor in a manner

•
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• similar to that observed for other cytokine receptors, and therefore may contribute to

sorne of the bands observed in this experiment.

Table 9. Possible Subunit Structure of Crosslinked Bands

•

•

•

Si2cofBand Sublract~(25) PossIble Combinations

290 265 88+88+88+25---289

235 210 100+100+25-"""225

205 ISO 88+88+25=201

137 112 88+25+25=138

125 100

113 88

Associated Proteins

Recent experiments with the IL-6, IL-2, and GM-CSF receptors, have demonsttated

that these receptors depend upon additional associated proteins for full biological

activity. It is therefore possible that the same situation exists for the prolactin receptor.

What evidence is there to support this possibility? Solubilization of the receptor often

leads to an increase in receptor affinity. This could be explained by the influence of

phospholipids and detergents upon receptor confonnation or energy, or by the influence

ofassociated proteins, whose coupling to the receptor may be influenced by detergent.

As was pointed out in the Introduction, the affinity of several cytokine receptors is

influenced by associated proteins, usual1y leading to an increase in receptor affinity for

the ligand.

Cross1inking data, showing multiple high molecular weight specific bands, strongly

points to the possibility of associated proteins existing for the prolactin receptor. For

instance, the second most intense band of235 kDa could be composed ofone receptor

molecule, one hormone moiecule and one gp130 molecule (combined size of 243 kDa),

and if the associated protein was a bit smal1er than 130, the largest band of290 kDa

could be composed ofone hormone molecule, two receptor molecule and one associated

protein.
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Observations made studying the growth hormone receptor have shown that there is a

tyrosine kinase activity which is tightly associated with the receptor.... Testing this

activity with various inhibitors indicated that the kinase is not protein kinase C or A,

casein kinase, or a calciumlcalmodulin-dependent protein kinase, and is probably a

MAP kinase"S9 Other studies have demonstrated that there is a protein with kinase

activity associated with the growth hormone receptor ofmolecular mass 120 kDa. 4
'

0 For

the prolactin receptor, recent work demonstrates the existence of an associated tyrosine

kinase activity which co-precipi..ates with the prolactin receptor in Nb2 ceUs"'1 This

associated protein also has a molecular weight of 120 000.

Anothf.r recent observation suggests the possibility that G proteins may be associated

With the prolactin receptor. [32p]-ADP-ribosylated G-proteins crosslinked to

neighbouring proteins with EGS, a cheIIÙcal crosslinker, possessed immunoreactivity to

an anti-prolactin receptor antisenun.272

Protein Instability

Clearly, there are differences in stability between the prolactin receptor in hurnans

and that found in other species. Both solubilization and MgC~ desaturation greatly

reduce the biological activity of the hurnan receptor. Sequence analysis revealed several

differences in the human receptor. There are three regions ofdivergence, centred around

aIIÙno acids 50, 95, and 200. Essentially, the human receptor differs from other species

in that it is more hydrophobic in these regions and has a greater tendency to form

CL-helices in two of these regions. The fust and third region ofdivergence correspond to

regions oflow aIIÙnO acid conservation as seen in Figure 13.

11lese analyses indicate divergences in the propensity for specific conformations in

the human sequence. The tests used to deterIIÙne these differences compute the

probabilities ofprotein conformation based on the physico-cheIIÙCal properties of the

aIIÙnO acids constituting a sequence, and on the forro such sequences take in known

protein StruCtures. As such, these tests are not concrete, and definite images of the

diffcrences in conformation between the hlllI!an and other prolactin receptors rnay

require x-ray crystallography. Even so, these tests provide a basis for further analysis of

r':ceptor structure by such methods as mutagenesis.
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The human receptor most likely contains only Iwo N-linked glycosylation sites wlùle

the receptors from other species contain three. In spite of tlùs, the contribution of

carbohydrate to the relative molecular weight in the human is 21 000, while in the rat it

is 8 to 12 000. 2J4~44 The absence of glycosylation in the third position is not enough to

explain the human receptor's lability, since, unlike the human receptor, the rat mutant

receptor missing the third site was not adversely affected during Triton X-I00

solubilization (refer to Figure 15). Whether or not the lùgher proportion of carbohydrate

L'1 the human is important here could be tested by deglycosylation sludies, either through

enzymatic removal, or by point mutation removal of the glycosylation sites. In order for

mutational analysis to work however, the difficulty in expressing human receptor in

transfections would have to be overcome.

Human p~olactin receptor instability, and poor binding activity in transfections, could

be explained by an increased dependence upon an associated protein. Il is possible that

solubilization, and MgCl2 desaturation during purification, could remove tlùs associated

protein. Likewise, the COS-7 host ceUs in the transfections performed here might lack

such an associated protein, and thus the ability to produce lùgh affinity binding.
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.' Chapter 3. Prolactin Receptor

Regulation

•

•

•

Materials and Methods

Studies on the regulation of prolactin receptor were perfonned on T-47D cens;"

and, to a lesser extent, on MCF-7 cells.SIS Cell culture reagents, and standard laboratory

chemicals were obtained as indicated in Chapter 2. Phenol red free EMEM, estrogen,

progesterone, testosterone, cortisol, thyroid honnone, PMA, and insulin were obtained

from Sigma Chernical Co., St. Louis, Mo.. EGF, TGF-~, and IGF-I, and T4

polynucleotide kinase were obtained from GibcolBRL Canada, Burlington, ON.

Forskolin and retinoic acid were obtained from ICN Chernicals, Mississauga ON. C IK

Sep-paks and oligomer synthesis reagents were obtained from Millipore, Missisauga,

ON. Nitrocellulose and nylon membranes were obtained from Arnersharn (Arnersharn

Canada Ltd., Oakville, ON). Oligo-dT cellulose, and SI nuclease was obtained from

Pharmacia.

Cell Culture

T-47D cells were routinely cultured in EMEM with 5% NBS and 5% FBS. Prior to

the addition ofhonnones, cells were cultured in phenol red free medium containing 10%

lactogen stripped serum (LSNBS) for two days, with a media change each day. Phenol

red free medium was used to avoid the estrogenic activity of phenol red in cell

culture.492 For the studies of RNA regulation, cells were rinsed with EMEM and

cultured in phenol red free serum free medium, containing EMEM; 0.1% lipid free

BSA; transferrin, 1 llg/mL; glutarnine, 4 mM; pyruvate, 1 mM; inositol, 18.2 llg/mL;

vitarnin B'2' 100 ng/mL; ascorbic acid, 25 llg/mL; CuSO..5H20; 25 ng/mL; Se~03' 1
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ng/mL; and ZnS04-7Hp, 100ng/mL. Serum was stripped of lactogens using the

protocoI of Biswas 471. Steroids were dissolved in 100% ethanol, then seriaily diluted in

50% ethanol in sterile water. Steroids were added to cultures in 50% ethanol with a

concentration and volume such that the final ethanol concentration in the medium was

0.01 %. Cells were cultured either in T-175 tissue culture flasks or P-150 tissue culture

plates.

Prolactin Receptor Protein Measurement

Whole cell binding and Scatchard analysis were performed ill a way similar to that

reported in Chapter 2.

RNA Extraction

RNA was extracted from cultured cells by the acid/phenol method of Chomczynski et

al.493 Five mL ofdenaturing solution (containing guanidinium thiocyanate (GTC) 4 M,

sorlium citrate, pH 7, 25 mM, sarcosyl, 0.5%, and 2-mercaptoethatnol 0.1 M) was added

to e"ch P-150 culture dish. Once the cells were dissolved, this solution was transfered to

a 15 ml. conical centrifuge tube and homogenized for 10 s to cleave the DNA. Then

250 IlL ofsodium acetate 4 M was added, followed by 5.0 mL ofwater saturated

phenol, and 1.0 mL of 49:1 chloroform isoamylalcohol, with vortexing after the

addition of each solution. The mixture was cooled on ice for 15 minutes and then

centrifuged at 3500 rpm at 4°C for 15 min. The aqueous supematant was removed and

mixed with one volume of isopropanol and stored ovemight at -20°C then centrifuged to

precipitate the RNA. The RNA pellet was resuspended in 3 mL of denaturing solution

and precipitated with 2.5 v(,umes ofethanol at -20°C overnight followed by
",".

centrifugation. The RNA p~llet was washed two .time~ in 70% ethanol in water to
"remove any traces of GTC. RNA was measuredoy spectrophotometry at 260 nm. The

ratio of 260/280 was rarely lower than 1.7_

Northern Blotting

T-47D RNA was extracted as above and purified on oligo-dT cellulose.494 Poly A

RNA was loaded ante a 1.2% agarose gel, and transferred to nitrocellulose or nylon

membranes by capillary transfer in 1M sodium chloride. After baking the membranes at
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SO°C for two hours, membranes were prehybridized in hybridization buffer (50%

deionized formamide; sodium phosphate buffer, pH 6.5, 50 mM; sodium chloride, O.S

M; SDS, 0.5%; EDTA, 1mM) containing 500 J.lglmL yeast RNA, and 100 J.lglmL

denatured salmon sperm DNA, for 2 hours. Hybridization was performed in

hybridization buffer ovemight at 42°C with 500 000 cpmlmL of probe. Membranes

were washed 3 times in washing solution containing sodium chloride, 12.5 mM; and

SDS, 0.125%.

Quantitative SI Nuclease Protection Analysis

SI nuclease protection experiments were dO!le with synthetic oligonucleotides based

upon published methods.49S Sequences were chosen which contained no more than three

contiguous A's or T's, since it was found that SI nuclease had background cleavage

activity on double stranded sequences of more that three A's or T's in a row. To ensure

adequate hybridization, probes were no shorter that 40 bp. In order to determine the

efficiency of digestion, a noncomplementary sequence was placed on the 3' end so that

digested and nondigested probe could be resolved after separation on an S%

polyacrylamide sequencing gel. Hybridization of the probes was verified by Northem

blotting with T-47D RNA.

• Table 10. Quantitative 51 Nuclease Protection

Assay Probes

•

HPR3S1 '·CCC:AG=:Gl\l==:AC':==Gl\l~l'GC1IGJl'Gl\i1\G'.t=;C:CI\GG===crAJ·

Table 10 indicates the probes used in the quantitative SI nuclease protection assay.

The sequence in bold indicates the complementary region of the probe and the region in

italics indicates the non-complementary region used to determine the efficiency of

enzyme digestion.

Oligomer sequences were synthesized with a Biosearch Cyclone DNA Synthesizer

(New Brunswick Scientific), and released from the column matrix with incubation for 2
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h in 30% ammonium acetate. The matrix was removed by centrifugation, and the

supematant incubated ovemight at 55°C. Oligomers were then Iyophilized. Purification

of oligomers was performed by PAGE, followed by diffusion elution from the section of

the gel containing the oligo. C,s reverse phase batch chromatography was performed

upon the eluale. A C,s sep-pak was washed with 10 mL acetonitrile, 10 mL methanol,

and 10 mL water whereupon the sample was applied to the column by gravity. The

column was washed with 10 mL water and then the sample was eluted with 60%

methanoI in water.

Purified oligomers were labelled with T4 polynucleotide kinase under conditions

which transferred 32p to 92% of oligomer molecules. 10 J,JL ofoligomer (30 pmol),

15 J,JL of [32p] ATP (7000 Ci/mmol), 3.1 !!L of 10X kinase buffer (containing Tris-HCI

pH 7.6, 500 mM; MgCI2, 100 mM; DIT, 50 mM; sperrnidine hydrochloride, 1 mM;

and EDTA, 1mM) and 3!!L ofT4 polynucleotide kinase were mixed, and incubated for

2 h at 37°C. The labelled oligomer was separated from the free [32p]ATP by

electrophoresis on a 8% nondenaturing polyacrylamide gel, followed by diffusion

elution from the excised band with two volumes of500 !!L water.

Probes were hybridized to 50 !!g of sample total RNA with excess probe (100 000

cpm, or 0.3 ng), in a total volume of30 J,JL, with 9 J,JL of buffer containing sodium

chloride,3 M; HEPES, pH 7.5,0.5 M; and EDTA, pH 8.0, 1mM. Samples were heated

for 10 min. at 75·C, then incubated for 3 h at 70·C.

The samples were then digested. SI nuclease, 550 U, 2 J,JL, was added along with

3 !!L denatured calf thymus DNA, 115 J,JL water, and 150 J,JL ofbuffer containing

sodium chloride, 0.56 M; sodium acetate, pH 4.5, 0.1 M; and zinc sulphate, 9 mM.

Digestion was allowed to proceed for 1hr. at 37°C, whereupon the reaction was

terrninated with the addition of3 J,JL EDTA, pH 8.0, 0.5 M; 1 J,JL transfer RNA,

10 mg/mL; and 700 !!L ethanol. Samples were stored overnight at -20·C. The samples

were centrifuged, and the RNA pellet was resuspended in 10 J,JL sodium hydroxide, to

~hich 10 J,JL formamide loading buffer was then added.
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Samples were loaded onto an 8% sequencing gel, and exposed to Kodak XAR film

for 2 to 7 days. Quantification of samples was perforrned by scanning densitometry, and

values for prolactin receptor rnRNA were norrnalized according to S14 gene expression.

Experiments were carried out using the T-47D cellline, and the abundance of human

prolactin receptor was measured, using the expression of the S14 ribosomal protein

gene'96 as a control. Each experiment was perforrned in triplicate.

Results

Prolactin Receptor Protein Regulation

Figure 18 shows a Northem blot using the HPRIS1 probe, used in the SI nuclease

protection assay to deteet the prolactin receptor rnRNA in T-47D cells. Major bands of

2.8 kb and 3.6 kb were detected. Figure 19 illustrates the quantitative nature of the SI

nuc1ease protection assay using T-47D rnRNA. The darker bands at the top of the figure

are a remnant ofundigested probe. Although it appears intense here it represents a small

fraction of probe added to the reaction rnix. Since the protected fragment was run on a

sequencing gel, it is possible to observe slight variations in the size of the protected

region of duplex DNA. It appears that SI nuc1ease is able to digest the ends of a DNA

duplex during random "breathing" ofthe duplex. Both the remnant of undigested probe,

and the "fuzzy" nature of S1 nuclease digestion are normal observations for this

technique and cannot be avoided.'97

Regulation ofprolactin receptor by prolactin was observed in T-47D cells in whole

cell binding assays. Figure 20 shows the effect of oPKi, on specifie binding of 12SI_hGH

to whole T-47D cells. The percentage ofreceptor occupancy was calculated based on

the affinity of the prolactin receptor measured by Scatchard analysis, and the

concentration ofhormone in the culture media. With high concentrations ofhorrnone in

the culture media, most receptors would have been aIready occupied prior to the binding

assay. Tnerefore, reduced specifie binding could be
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Northern Blot Analysis ofT-47D RNA with SI Nuclease Probe

for Human Prolactin Receptor

~ . - ~'-....

+- 10 kb

+- 3.6 kb

+- 2.8 kb

Figure 18 Northern Analysis was performed with 17 J.lg of T-47D rnRNA, and probed

with the S1 nuc1ease protection assay probe HPRl S1. Major bands had the

relative size of 10, 3.6, and 2.8 kb, and severa1 minor band of relative size

9.2,8.4,5.9,5.2, and 1.6 kb appeared.
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Figure 19. Three quantities ofT-47D rnRNA were hybridized to the HPRlSI

probe, and digested with SI nuc1ease as described in Materials and

Methods.
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Figure 20. T-47D cens were cultured were cultured in EMEM with insulin (5 ug/mL),

estradiol (1e-l0 M), 5%NBS and 5%FBS for 3 days with various

concentrations of oPRL. cens were washed 1 br. in EMEM, then equal

numbers of cens (determined by hemocytometer) were assayed for

prolactin receptors in a 4 br. whole cen binding assay with 12sI_hGH as

label in a buffer containing EMEM, .1% BSA, and 50 mM HEPES (pH

7A) at 20°C. Receptor occupancy was calculated from the affinity constant

for prolactin binding in microsomes of lA nM.
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attributed to two things, either receptor occupancy, or a reduction in receptor number (or

down regulation). When the calculated percentage occupancy is added to the observed

specific binding, the "theoretical" number ofprolactin receptors appears to increase in a

dose dependent manner even up to 500 ng/mL.

In Scatchard anaIysis, a significant induction of receptor numbers is seen with

estrogen and progesterone. Figure 21 shows that estrogen has a maximum induction of

prolactin receptor at 100 pM, and progesterone has maximal response at 10 nM. When

estrogen and progesterone ~e combined there is an additive effect on receptor induction

with the overaIl highest induction of receptor being observed at concentrations of

estrogen at 1 nM and progesterone at 1 nM.

Prolactin Receptor RNA Regulation

The effects of estrogen, progesterone, cortisol, human growth hormone, insu1in,

thyroid hormone, testosterone, insulin like gr<.'wth factor (IGF-I), epidermaI growth

factor (EGF), transforming growth factor beta (TGF-~), fetal calf serum, phorbol

12-myristate 13-acetate (PMA), forskolin, and retinoic acid were tested for their effect

on the reguIation of human prolactin receptor. Figure 22 shows the effect of hGH and

insulin on receptor expression after 2 days incubation. There were no significant

differences on receptor expression, as determined by single factor ANOVA. Figure 23

shows the effect ofprogesterone and estrogen on receptor expression after three days.

There appears to be sorne change in expression, especia11y in response to progesterone,

although this failed to achieve statisticaI significance at the 0.05 when tested by single

factor ANOVA. However when single treatments were compared against the control, by

the two-sarnple F-test, aIl treatments except estrogen at lx10.10 M were significantly

different at the 0.05 level and progesterone at 2X]O"9 M was significantly different at the

0.01 level. When IGF-I, EGF, TGF-~, and FBS where tested, single factor ANOVA

showed no significant differences among these treatments (refer to Figure 24.)

Figure 25 shows the effects of cortisol, forskolin, retinoic acid and thyroid hormone

on receptor expression. Single factor ANOVA indicated a highly significant difference

(p< 0.005) among treatments. AnaIysis by the two sarnple for variance F-test showed

that thyroid hormone and forskolin stimulation of prolactin receptor RNA was
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Prolactin Receptor Regulation in T-47D Cells

As Determined By Scatchard Analysis
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Figure 21. T-47D cells were cultured for 3 days in phenol red free EMEM with 10%

lactogen stripped serum with various concentrations of estradiol and

progesterone. Scatchard analysis was determined by competition between

'25I_hGH and cold hGH with 400ugltube of ceU membrane preparation.

Error bars indicate the standard deviation around the X intercept of the

Scatchard plot. Significant differences among the treatrnents tested as

determined by the Newman-Keuls multiple comparisons test at the 0.05

significance level are indicated by bars at the bottom of the graph. Bars on

different lines indicate significant differences.
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Figure 22. The effect of human growth hormone (hGH) and insulin on human

prolactin receptor rnRNA steady state levels was tested in the T-47D cell

line. Cultures were incubated in hormone for 2 days. Each treatInent was

performed in triplicate. There were no significant differences among the

treatInents tested as determined by single factor ANDVA.
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Figure 23. Estrogen (E), progesterone (P) and Coritsol (F) were tested for their effect

on the steady state levels ofhuman prolactin receptor rnRNA in T-47D

ceUs. The unit represented is mol/L (M). CeUs were cultured in hormone

for three days. Each treatrnent was performed in triplicate. There was no

significant difference among treatrnents tested as deterrnined by single

factor ANOVA, although a highly (p<0.01) significant difference was found

between progesterone at 2 x 10-9 M and control using the 2 factor for

variance F-test. Significant differences (p<0.05) were indicated for aU

treatments except for estrogen at lx 10-tOM.
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Figure 24. T-47D cells were incubated for 2 days in either 5% FBS, insulin-like growth

factor-l (IGF-l, 10 ng/mL), epidermal growth factor (EGF, 5 ng/mL),

transforming growth factor-~ (TGF-~, 10 ng/mL). Each treatment was

performed in triplicate. There were no significant difference among

treatments as determined by single factor ANOVA.
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Figure 25. For 3 days T-47D cells were cultured in cortisol (F), thyroid hormone

(T3), forskolin (Fn), phorbol-myristol-acetate (PMA), and retinoic acid

(RA). Each treatment was performed in triplicate. Each treatment was

performed in triplicate. A highly significant difference (p<0.005) among

treatments was indicated by single factor ANQVA. The two factor for

variance F-test indicated significant differences between control and

thyroid hormone, forskolin, Phorbol-myristol- acetate, and retinoic acid.
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significant, and that the inhibition of receptor RNA by PMA, <Uld the high dose of

retinoic acid was significant.

Discussion
Prolactin secretion is under complex negative control from the CNS. Prolactin

secretion serves as a signal, a method of communication between the brain and the

distant target organs. Prolactin receptors convey the information contained in the

concentration of serum prolactin to the interior of the target ceIl, where the fmal

response occurs. Prolactin receptor number may therefore be an essential factor in the

modulation of the intensity of prolactin action. Thus it is useful to study the regulation

of prolactin receptor expression in breast cancer cells to further the understanding of the

role of prolactin in breast cancer. Human tissues in general contain low concentrations

of prolactin receptor, breast cancer cells are one ofthe few models which permit fue

study of the prolactin receptor in humans.

The present study shows that the prolactin receptor protein in breast cancer ceIls is

regulated by lactogenic hormones. Treatment ofT-47D cultures with oPRL causes a 5

fold increase in specific binding. This response is probably much greater, since sorne

receptor would not have bound '2sl_hGH, because ofprior occupancy due the oPRL

treatment. The effect of lactogenic hormones on the regulation of prolactin receptor has

been weIl studied in the rat liver, where there has been sorne controversy over whether

or not lactogens do induce prolactin receptors. A number of studies have shown that

prolactin causes both an increase in receptor binding, at low to moderate concentrations,

and a down regulation of receptor binding at high concentrations of the treatment

hormone (Refer to Table 3). These observations were made in both liver tissue from

treated animais and in in vitro experiments on rat hepatocytes. In in vivo experiments,

treatment with bromocryptine reversed this effect. It must be noted, however, that

several studies found an increase in receptor binding only when somatogenic hormones

were tested and found no change in binding when lactogenic hormones were

tested.337J38J39 Lactogenic hormones have also been observed to increase receptor
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binding in rat testis, hamster testis. and Tilapia gill and kidney (Refer ta Table 3).

Prolactin receptor binding in the mammary gland has been shown to be stimulated by

prolactin in pseudopregnant rabbits. The experiment shown in Figure 20 is the first

study to demonstrate that lactogens increase receptor binding in human man1mary tissue.

Figure 22 shows the effect of hGH and insulin on prolactin receptor regulation at the

RNA level. In contrast to the effect seen on receptor protein, lactogens seem ta have no

effect on receptor rnRNA levels in T-47D cells. It has been suggested that prolactin can

regulate RNA b) both transcriptional control, and RNA stability." The results presenred

here demonstrate that prolactin can regulate the number of receptor protein mo1ecules

without producing any marked effects at the RNA leve1, suggesting that prolactin may

produce an effect UpO.l the regulation of translation, or through changes in receptor

protein turnover. Similar observations have been made in other species. For example,

when the normal expression of prolactin receptor wùs studied in female rats, receptor

rnRNA Ievels star! to rise on day 21, and continue until day 40, when they plateau.

Receptor number rose along with RNA leve1s. However, by day 80, receptor number

continued to rise to over twice the day 40 levels, despite a constant leve1 of receptor

RNA.31
' In the same study, in adult female rats treated with estrogen, mRNA leve1s rose

3-fold by day 3 then levelled off, yet receptor binding continued to increase past day 3

up to at least day 7.m In pregnant rabbits, even though rnRNA leve1s peaked at day 15

ofpregnaney, and were deelining by day 20, the binding levels continued to increase."2

The experiment in shown in Figure 21 shows that estrogen and progesterone have a

signifieant stimulatory effeet on prolactin reeeptors in T-47D ceUs. Previous work has

shown that estrogen increases reeeptor number in rat liver (Refer to Table 3). It is

thought that estrogen induces prolaetin reeeptor in the rat liver via an indirect

mechanism, through stimulation of prolactin release at the pituitary. Sinee estrogen was

not able to induee prolaetin receptors in hypophyseetomized rats.n Evidence presented
.-::

here eoneurs with observations made in EFM-19 ceUs that estrogen has a direct effeet on

prolactin receptor number in mammary tissue.

The effeet of progesterone is also seen at the RNA level (refer ta Figure 23).

Progesterone produeed the greatest induction of prolaetin reeeptor RNA of any hormone

tested. There is sorne eontroversy about the aetion of progesterone on prolactin receptor

regulation. It has been demonstrated that progesterone inhibits the ability of prolactin
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injection to increase prolactin binding in pseudopregnant rabbit mammary gland,32.

Blockage of progesterone action by the progesterone antagonist RU 486 produced an

accumulation of prolactin receptor RNA prior to the normal start of prolactin receptor

expression in pregnant rabbit mammary gland,"2 Progesterone has an inhibitory action

on milk protein synthesis, and it has been suggested that the inhibitory action of

progesterone includes an inhibitory effect on prolactin receptor expression. However in

the experiments cited above, progesterone was only shown to counter the induction of

prolactin receptors by prolactin, and so it is unclear from these studies whether the

inhibitory effect of progesterone on prolactin action includes a direct inhibition of

prolactin receptor expression. However, other evidence promotes the notion that

progesterone inhibits the expression ofprolactin receptor. Progesterone at

concentrations of IxIO" and IxIO·· M significantlyreduced specific binding in

comparison to control cultures in the EMF-19 cellline.

Nevertheless, other groups have also observed an increase in prolactin receptor

binding in response to progesterone. AlI these observations share one common feature:

all have been made in the T-47D cellline. Is the T-47D cellline unique? Very few

breast cancer cell 1ines have been tested for regulation of prolactin receptor by

progesterone. Most studies of prolactin receptor in human breast cancer cells have

focused on the T-47D cellline, since this cellline has a relatively high number of

prolactin receptors. It is thus difficult to asses the normal situation: an increase of

prolactin receptor in T-47D cells, or a decrease in prolactin receptor number as seen in

EFM-19 cells. However, there is one unique feature ofT-47D cellline. These cells have

a constituitively high number ofprogesterone receptors. T-47D cells have four copies of

the chromosome containing the progesterone receptor on chromosome Il.498 The

progesterone receptor is under the regulation of estrogen. However, in T-47D cells,

progesterone receptor is expressed in the absence of estrogen, indicating that there may

be sorne abnormality in progesterone receptor expression in at least one ofthese four

copies. What form this abnormality takes, and whether this could effect regulation ofthe

prolactin receptor in these cells is still obscure.

When growth factors and serum were tested for effects on prolactin receptor RNA, as

seen in Figure 24, no significant differences were seen in treatments with EGF, IGF-I,
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TGFI3. or 5% FBS. However in another experiment, PMA had a significant inhibitory

effect on T-47D RNA levels. as seen in Figure 25.

PMA had no effect on prolactin binding in rabbit manlmary expiant cultures. but

inhibited prolactin induction of casein RNA.'4' In rat Iymphoma cel1 Nb2. short tcml

incubation of 4 h caused a 20% increase in cel1 surface receptor number, and a 20%

decrease in intracellular receptor number:99 whereas longer tem incubations inhibited

the level ofprolactin binding.350 In mouse mammary epithelial cell cultures. PMA

caused a 50% reduction in prolactin binding,349 as weil as inhibiting milk protein

expression. In mammary epithelial cells, PMA acts as a mitogen,500 and so cel1s treated

with PMA loose their differentiated characteristics as they move to the proliferative

state. Even in species, such as the mouse, where prolactin is a mitogen in the mammary

gland prolactin receptor numbers are inhibited by PMA. EGF and PMA appear to share

a sirnilar signalling pathway'49, and a1though EGF failed to achieve a statistical

significance in the experinlent in Figure 24, EGF tended to reduced prolactin receptor

RNA expression. It appears that EGF and prolactin have opposing effects in the

mammary gland when it cornes to the regulation of milk proteins and the prolactin

receptor.

Forskolin, an adenyl cyc1ase activating drug, induces prolactin receptor RNA (refer

to Figure 25). It is unknown whether this action is due to the effect of cAMP on protein

kinase A, or to the action of cAMP on one of the cAMP binding protein transcription

factors.

Retinoic acid significantly reduces prolactin receptor expression Olt a dose of 1x10'('

M. This is consistent with the known actions of retinoic acid in the mammary gland.

Retinoic acid inhibits prolactin's morphogenic and mitogenic action in mouse mammary

gland organ cultures.SOI Retinoic acid has little direct effect on mammary physiology,

but rather acts as a permissive factor, modulating the effects of other hormonal signais.

For example, in mouse mammary expiant cultures, retinoic acid enhances EGF

inhibition ofmilk protein expression, and mitogenicity, a1though it has no effect on

these parameters itself.502 However retinoic acid does upregulate EGF receptor

expression in this system.

Thyroid hormone induces prolactin receptor expression in the mousf:, mammary

gland, and does so in T-47D cells as weil (shown in Figure 25). It would be interesting
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to investigate the effect of combinations of retinoic acid and thyroid hormone on

prolactin receptor expression, since although they have cooperative effects in the

induction of MMTV expression/Ol each one alone has opposite effects on the expression

of prolactin receptor. The interactions of retinoic acid and thyroid hormone are

complex, as their receptors both interact with a similar cis element in DNA sequences.

Based on these studies it can be concluded that the prolactin receptor RNA in

mammary epithelia is regulated by extemal signals in only a slight way since changes in

expression did not exceed a 2-fold difference from control. These results indicate that

future research should focus on non-transciptional methods expression regulation such

as the regulation of translation, or changes in receptor protein turnover.

The prolactin receptor sequence contains features which could be involved in the

control of translation. Efficient translation depends upon 5 factors: i.) the m7G cap, ii.)

the sequence adjacent to the AUG (Kozak sequence), iii.) the presence ofupstream

AUG's, iv.) secondary structure, and v.) the leader sequence. The prolactin receptor

transcript rnssess 6 upstream AUG sequences (refer to Table Il). Two ofthese have the

-3 A which in itself is enough to cause most ribosomes to star! trans1ation.S04 The

presence ofupstream AUG's in good context would comp1ete1y prec1ude translation of

the transcript from the normal star! site at 285, if it were not that these AUG's begin

small open reading frames which terminate before position 285. Under these conditions,

reinitiation of translation can occur,S04 though the net effect is a reduction in efficiency

of translation from the downstream AUG at position 285.494 The 5' untrans1ated region

of the human prolactin cDNA is Ge rich, which indicates a tendency to forro secondary

structures. This would have the effect of reducing the efficiency of translation since

recognition of the star! site by the initiation complex could be blocked by secondary

structure, and scanning of the complex along the leader sequence could be slowed by

secondary structure.

Another intriguing feature of the prolactin receptor is the existence of multiple exons

5' to the star! of translation. Each ofthese exons may become the leader sequence in the

mature mRNA through differential splicing, depending upon the tissue (Dr. D. Banville,

persona! communication). An example where this phenomenon leads to regulation of

expression is the rat preproenkephalin mRNA: differences in expression between testes

and brain derive from the use ofdifferent promoters which produce leader sequences.sos
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be stimulated by an extemal cue such as serum, or retinoic acid."'"

A recent analysis ofvertebrate rnRNA's has revealed that many regulatory genes,

such as proto-oncogenes, growth factors, cytokines and their receptors, kinases and

transcription factors, are burdened with Ge rich leader sequences and upstream start

sites. This has lead to the speculation that inefficient translation might be necessary to

control the expression of these important molecules. It is possible that translation of

these trallscripts be regulated by derepression, through phosphorylation of the

translational machinery, or the activation ofhe1icases.s06

• Table 11.

transcript.

Start Sites for Translation in the hPRL-R

•

•

Position -3 +1 Start 4

111-149 e A e A e A A U G U

121-171 A G e u u e A u G U

152-229 e G A e u G A U G U

199-249 e u A U U e A u G G

218-229 e u G A G G A U G e

229-249 u u e e A e A u G A

285-2150 G e e A A e A u G A

Kozak Sequence G e e A e e A U G G

G
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Chapter 4. 8reast Cancer

Responses to Prolactin

Materials and Methods

DABA was purchased from Sigma Chemical. Standard laboratory chemicals were

obtained from Fisher Scientific Montreal, PQ, or from BDH Ville St. Laurent, P.Q..

Studies were performed on the established celllines EFM_19,s07 obtained from the

authors; MCF_IOsOB obtained from the authors; ZR_75_1,s09 HBL_IOO,slO BT-474,S11

MDA-MB-134-Vl,S12 T-47D,472 Hs578T,S13 MDA-MB-231,S12 MDA-MB-36I,SI4

MCF-7,S15 were all obtained from the American Type Culture Collection. Additional

MCF-7,lines were obtained from Dr. B. Vonderhaar, Laboratory ofTumor

Immunology and Biology, Bethesda, Maryland; and the Michigan Cancer Foundation.

MCF-7 cel1s from the American Type Culture Col1ection are designated as MCF-7T,

from Dr. Vonderhaar as MCF-7V, and from the Michigan Cancer Foundation as

MCF-7M. Earls modified eagles medium, and fetal and newbom bovine serum, NUNC

culture plastics, and restriction enzymes were obtained from GibcolBRL Canada

(Burlington ON).

Cel1s were routinely grown in EMEM supplemented with 10 mM HEPES, 10 pM

estrogen, and 10 ng/mL oPRL with 5% NBS and 5% FBS. For growth studies, cells

were plated at a density of 10000 cel1s!cm2 in either serum free medium (see page 78)

or in phenol red free EMEM with 10 mM HEPES, and 5 or 10% LSNBS. Steroids were

dissolved in 100% ethanol, then serially diluted in 50% ethanol. A thousand fold

concentration ofsteroid was added to culture such that the final ethanol concentration in

the medium was 0.01 %.

DNA was measured by a modification of the method of Kissane and Robbins.51
•

Cel1s were harvested in 5 mM EDTA1PBS by scraping with a rubber policeman, and

pel1eted in a desk-top centrifuge. To the cell pellets, 100 ilL ofwater was added, and the
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cell suspension was exposed to two cycles of freezing and thawing to rupture cell

membranes. DABA (100 ~L) was then added to the cell suspension, and to DNA

standards of 100 ~/tube, at a concentration of 0.4 glmL. The samples were gently

mixed, then incubated at 60·C for one hour. Then 2 mL of hydrochloric acid, 1 M, was

added to each tube and fluorescence was measured at an excitation wavelength of 420

nm, and an emission wavelength of 510 nm.

Results
Human breast cancer celilines were tested for mitogenic responsiveness to prolactin.

Figure 26 shows the effect of prolactin and estrogen on the growth of the MCf-7V,

EFM-19, ZR-75-1, and MCf-7T cel1lines.ln this experiment, none of the cel1lines

tested responded to prolactin, whether alone or in ,the presence of 1x10'\O M estrogen. In

the presence of estrogen, the ZR-75-1 cens produced a slight growth response.

Figure 27 shows the responses of the cel1lines T-47D MCF-7T, MCf7V, ZR-75-I,

Hs578T, HBL-IOO MDA MB 361, and MDA MB 23 L A slight but significant response

to prolactin was observed in the MCf-7V and ZR-7S-1 cells. No response was seen in

another MCF-7 subclone, MCf-7T. Estrogen produced significant growth responses in

T-47D, MCF-7V, HBL-IOO, and MDA MB 361 cens. The largest response was a six

fold increase in DNA seen with estrogen stimulation in T-47D cens.

The experiment in Figure 28 was performed to determine if a larger response to

prolactin could be observed in cultures with a lower concentration of estrogen than that

used in Figure 27. No responses to prolactin were observed. However, the MCf-7V, and

T-47D cens lines produced responses to estrogen, even at hlO'" M. To determine if the

amount of lactogen stripped serum could influence responsiveness to prolactin, the

experiment shown in Figure 29 was performed. In this experiment, there was no

significant growth response to prolactin, and it appeal's that a range of concentrations of

oto 5% lactogen stripped serum had no effect on the response of MCf-7V cens
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• Effects of Prolactin on Breast Cancer Cell Growth
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Figure 26. Prolactin growth stimulation in the ZR-7S-I, EFM-l9, MCF-7V (from

Vonderhaar) and the MCF-7T (from the American Tissue Type

Collection). Hormones were added at a concentration of le-lO M for

estradiol, and lOOuglmL for human prolactin, in phenol red free EMEM

with lO% lactogen stripped serum. cells were cultured for 6 days. Each

treatment was performed in triplicate. Bars at the bottom of the graph

indicate significant differences as determined by the Newman-Keuls

multiple comparisons test.
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Estrogen and Prolactin Effects on Breast Cancer Cell Growth
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Figure 27. Breast cancer celllines were cultured in 5% lactogen stripped serum for II

days. Prolactin was added at 100llg/mL and Estradiol at le-9 M and 1e-l0

M. MCf-7T were obtained from the American Tissue Type Collection;

MCf-7V from Dr. Vonderhaar. Each treatment was perfonned in triplicate.

Bars on different lines indicate significant differences as detennined by the

Newman-Keuls multiple comparisons test at the 0.05 significance level.

•
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• Growth of Breast Cancer Cell Lines

Effects ofVarying Concentrations of Estrogen and Prolactin
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Figure 28. Effects of Estrogen and Pro1actin (Estrogen from 1x10'" to 1x10·9 and

human prolactin at 10-100 llg/mL. CeUs were grown for 6 days in phenol

red free EMEM with 5% lactogen stripped serum. Each treatment was

performed in triplicate. Significant differences among the treatments tested

as determined by the Newman-Keuls multiple comparisons test at the 0.05

significance level are indicated by bars at the bottom of the graph. Bars on

different lines indicate significant differences.
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• Prolactin and Estrogen Stimulation of Growth

5% Serum2.5% Seruml%SeromO%Serom

Figure 29. The effect of serum concentration on responsiveness of the MCF-7V

cellline to prolactin and estrogen. Serum was stripped oflactogens as

described in Materials and Methods. Cells were cultured in phenol red

free EMEM. Each treatrnent was performed in triplicate. There were

no significant differences among the treatrnents tested within each

serum group as determined by the Newman-Keuls multiple

comparisons test at the 0.05 significance level.
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to prolactin. An experiment was performed to assess the role ofthyroid hormone and

insulin in the responsiveness of breast cancer cel1s to lactogen. Figure 30 shows no

growth response of breast cancer cel1s to hGH, either alone or in combination with

thyroid hormone and insulin.

In another experiment presented in Figure 31, different breast cancer cel1lines were

cultured together in order to determine if a complimentarity effect could reveal a

mitogenic response to prolactin. First the cel1lines T-47D, MCF-7V, HEL-lOG,

ZR-75-1, and MDA MB 231 were tested alone, with pro1actin, or pro1actin with

estrogen and progesterone. Then the ce111ines were combined, two at a rime, and growth

responses to prolactin, or pro1actin with estrogen and progesterone were measured.

There was no significant growth response to pro1actin in the cel1lines T-470, MCF-7V,

HBL-lOO, or ZR-75-1, either alone or inmixed cultures. Strangelythe MDA MB 231

cellline produces a mitogenic response to prolactin in this experiment. Tlùs response

could not be repeated in further experiments.

Discussion

Obs<::rvations made by Vonderhaar's group suggested that stripping the serum used in

cel1 cultures of lactogens, with large quantities of dextran coated charcoal, was

necessary to demonstrate an effect ofprolactin on MCF-7 cel1 growth. However, using

this protoco1 , we were unab1e to see any effect ofpro1actin. Dr. Vonderhaar confirmed

that not ail MCF-7 subc10nes responded to pro1actin (persona! communication), and she

kind1y provided the subclone that was used in their studies (MCF-7V). However this

subc10ne produced only minimal and inconstant responses to pro1actin. Further

communication with Dr. Vonderhaar indicated that their subc10ne was changing in its

sensitivity to prolactin in their hands as wel1.

In Figure 26, two subc10nes ofMCF-7 (MCF-7V, and MCF-7T), as wel1 as EFM-19

showed no responsiveness to either pro1actin or estrogen. The ZR-75-1 cellline did

show a slight response to estrogen. Tlùs contrasts with other experiments, such as that in
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• Effect of Lactogen, Thyroid Hormone and Estrogen on

Breast Cancer Cell Growth

MCF-TfMCF-lOMDAMB 231 BT-474

Figure 30. Severa! breast cancer celllines "ere grown in phenol red free EMEM with

10% lactogen stripped serum for 10 days in the presence ofvarious

hormones. Thyroid hormone was added at a concentration of 1e-9 M,

insulin at le-lO M, estradiol at le-12 M and hurnan growth hormone at 200

nglmL. The two MCF-7 celllines come from different sources: MCF-7T

form the American Tissue Type Collection, and MCF-7M from the

Michigan Cancer Foundation. Each treatrnent was performed in triplicate.

Different bars at the bottom ofthe graph indicate significant differences in

growth as determined by the Newman-Kuels multiple comparison test.
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Mixed Culture Responses to Prolactin
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Figure 31. Co-cultures ofbreast cancer celllines were performed to determine if

various celllines could compliment each other in a mitogenic response to

prolactin. A: Separate cell cultures to indicate individual growth responses.

Cells were grown in phenol red free EMEM with 10% 1aetogen stripped

serum for 5 days. Human pro1actin was added at a concentration of 100

ng/mL, esùàdio1 at 1e-10 M and progesterone at 1e-9 M. B: Co-cultures

were seeded with one half each the cell density coœpared to panel A. Each

treatment was performed in triplicate. The symbo1 • indicates a significant

difference determined by the Newman-Kuels multiple comparison test at the

.OSlevel.•
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Figure 27, where the MCF-7 celiline responded to estrogen, even though the MCF-7T.

and ZR-75-1 celilines did not. Differences in the response to estrogen can be explained

in two ways: the nature of cancer celilines mOlY change with time, as is seen \Vith the

evolution of differing characteristics within the MCF-7,'" and Nb2 celilines. The

experiments shown here were performed over the course of several years. Another

variable is the serum used in cell culture. Sorne serum batches have been observed to

inhibit estrogen responses in MCF-7 cells.sI8~19 Although there was sorne variability in

cell responsiveness to estrogen, the conditions used in these experiments resulted in an

up to 6 fold increase in cellular DNA in estrogen treated cultures.

A significant response to pro/actin was observed in MCF-7V cells in one experiment

(refer to Figure 27), although the magnitude of this response was very slight compared

to the stimulation of growth seen with estrogen. ln Figure 26, sorne celilines displayed

a slight although non-significant increase in DNA, in cultures ofprolactin and estrogen

together, compared to prolactin, or estrogen alone. Since prolactin normally exerts its

action in coordination with other hormones, low doses of estrogen were included in

experiments thereafter, in order to mimic in vivo conditions. Since the prolactin

response in the presence of lx10.10 M estrogen was slight, the experiment in Figure 28,

. with a concentration of estrogen of IxIO'" M was performed in order to determine if a

greater response to prolactin could be observed. ln this experiment, no response to

prolactin was seen. Similarly, no response to prolactin was seen at concentrations of

lx10.,2 M (as shown in Figure 29). Figure 29 also shows that the percentage of lactogen

stripped serum made no difference in prolactin responsiveness. Since thyroid hormone

increases prolactin receptor expression, and lactogen stripping of serum also likely

removes many hormones from serum, the experiment in Figure 30 was done. Thyroid

hormone, as weIl as insulin, was added back into the cul~ medium. In the presence of

thyroid hormone and insulin, estrogen was strongly mitogenic in T-47D, and MCF-7M

cells. When lactogen was included in this hormone cocktail, no additional growth was

observed. On the contrary, there was an inhibition of cell growth with the addition of

hGH to these cultures. This raised the intriguing possibility, that lactogen might slow

breast cancer cell growth if it was presented in a context which elicited the

differentiating action ofprolactin. The analysis of this question would require culturing

together a range ofhormones, including, thyroid hormone, insulin, estrogen,
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progesterone, cortisol, and perhaps other factors such as retinoic acid, attachment

factors, and tissue matrix, each of which could have individual effects on cell

proliferation and differentiation. This interesting question therefore, remained outside

the bounds of this study.

Another approach to examining whether cofactors are necessary for prolactin to elicit

a mitogenic action in breast cancer cells is to culture breast cancer cells with other cells.

The products ofother cells may have a complementary action, possibly revealing a

prolactin-induced mitogenesis. Breast stroma! cells would have been the ideal cell type

for such co-cultures, however these cells were unavailable. Therefore, different breast

epithelial cancer celllines were cultured together (refer to Figure 31). In particular, the

highly turnorigenic, steroid receptor negative cellline MDA MB 231, and the

non-cancerous HBL-IOO cells were cultured with the MCF-7V and T-47D celllines. As

was expected, no mitogenic response to prolactin was seen when each cellline was

cultured by itself, with the exception of the MDA MB 231 cellline, which produced a

significant increase in DNA in the presence ofprolactin. This observation was not

confirmed in repeated experiments, andwould have been unusual if confirmed, since

this cellline has neither detectable receptor binding nor RNA hybridization to the

prolactin receptor cDNA. When celllines were cultured together, no mitogenic response

to prolactin was seen. This means that neither the diffusible factors released by these

cells, nor the cell-cell contacts established between these cells had an effect on prolactin

action. Severa! studies have shown that the behavior ofboth normal and turnorigenic

rnarnmary epithelial cells differs in the presence of stroma!, or non-turnorigenic

epithelial cells in the mouse.S20S2IS22 However, the developmental state of the animal

from which normal epithelial and stroma! cells were taken was important. Therefore, in

order to determine if such an effect exists for human breast cancer cells, the stromal

cells would need to be taken form puberta1 or pregnant breast tissue.
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Chapter 5. Prolactin Receptor

Expression in Breast Tumors

Materials and Methods
Materials were obtained as described in previous chapters. Tumors were obtained by

the kindness of Dr. Tremblay at the Royal Victoria Hospital, Montreal; Dr. Pollack at

the Jewish General Hospital, Montreal; and Dr. Duguid, at the Montreal General

Hospital, Montreal. Values for tumor size, lymph node involvement, estrogen receptor,

and progesterone receptor were obtained from hospital records.

RNA Extraction

RNA was extracted from cultured cells by the acidlphenol method of Chomczynski et

al,<93 Depending upon the mass ofthe tumor, from 10 to 25 mL of denaturing solution

(containing guanidinium thiocyanate (GTC) 4 M, sodium citrate, pH 7, 25 mM,

sarcosyl, 0.5%, and 2-mercaptoethatnol 0.1 M) was added to each tumor. The tumors

were homogenized for 30 seconds. Then a 1I20th volume of sodium acetate 4 M was

added, followed by one volume of water saturated phenol, and 1I5th volume of 49: 1

chloroform isoamylalcohol, with vortexing after the addition of each solution. The

mixture was cooled on ice for 15 min. then centrifuged at 3500 rpm at 4°C 15 min. The

aqueous supematant was removed and mixed with one volume of isopropanol and stored

ovemight at _20°C to precipitate the RNA. The RNA pellet was resuspended in 10 mL

ofdenaturing solution and precipitated with 2.5 volumes of ethanol at -20°C ovemight.

The RNA pellet was washed two times in 70% ethanol in water to remove any traces of

GTC. RNA was measured by spectrophotometry at 260 nM. The ratio of 260/280 was

rarely lower than 1.7.
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Measurement of PIP/GCDFP-lS RNA

The SI nuckase protection assay was perfonned as described in Chapter 3, Materials

and Methods, with the exception that samples were processed in quintuplicate, with 10

Ilg of RNA per tube. After hybridization and SI nuclease digestion, samples were

loaded onto an 8% scquencing gel, and exposed to Kodak XAR film for 2 to 10 days.

Quantification of samples was perfonned using a BioImage scanning densitometer

(Millipore, Mississauga, ON). Four samples were processed at once, and the values for

PIP/GCDFP-15, and cyclophilin were nonnalized against an internai control consisting

ofa triplicate sample ofT-47D RNA. The PIP/GCDFP-15 expression was then

nonnalized according to the expression ofthe cyclophilin house keeping gene.S23

•

• Table 12. Quantitative 51 Nuclease Protection

Assay Probes

•

•

PIP3S1 ,.GGCcœClll\CTGCl\GGC'AGl\Gl\.'\COGGI\GCl\GGGTGGCAGGG:=T.l'CAGGTG'·

Table 12 indicates the probes used in the quantitative SI nuclease protection assay

for tumor samples. PIP/GCDFP-15 expression was measured with the PIP3S1 probe,

and CYC1SI, the probe taken from the cyclophi1in house keeping gene. The sequence in

bold indicates the complementary region ofthe probe and the region in italics indicates

the non-complementary region used to determine the efficiency of enzyme digestion.

Measurement of Prolactin Receptor RNA

Prolactin receptor in tumor samples was origina1ly measured by SI nuclease

protection assay, however this method proved to be not sensitive enough to accurately

detect the low levels ofprolactin receptor mRNA in these samples. Therefore, the tumor

RNA samples were remeasured using a semi-quantitative po1ymerase chain reaction

technique.S~4J25

Complirnentary DNA was prepared from 3.21lg of total RNA, 200 units ofMMLV

reverse transcriptase (BRL), and 1 Ilg ofoligo-dT primer in 20 IlL, containing Tris-HCl,
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pH8.3, 20 mM; KCI, 5 mM; MgCI2 5 mM; DIT, 10 mM; 20 units of RNAsin

(Promega) and 1 mM of each dcoxynucleotide. The reaction proceeded at 37°C for 1 hr.

Negative control reactions differed only in that the RNA was replaced by DEPC treated

water. After incubation, the reaction mix was boiled for 5 min. and then chilled on ice to

heat inactivate the enzymes and denature the DNA-RNA duplex.

A three-fold dilution series of six points of the reverse transcription product, starting

at 1 Ilg, was mixed with lx PCR buffer (Tris-HC1, pH 8.3, 20 mM; KCI, 50 mM;

MgCI2, 2 mM; each dNTP, 200 IlM; and 1 unit ofTaq polymerase; plus 50 rnmol of

each of the upstream and downstream primers, in a reaction volume of 50 J.t,L. ln

addition 1 x 10· cpm of the primer Hl 01 was added to the reaction in order to measure

the reaction product. The amplification for the prolactin receptor alone was performed

in a Perkin-Elmer-Cetus thermocycler with denaturation for 30 s. at 94°C, annea1ing for

75 s. at 60°C, and elongation for 90 s. at noc, for 9 cycles. At this point 50 pmol of

each of the cyclophilin primers was added, plus 1 x 10· cpm of the labelled Cy2 primer.

The PCR reaction was continued for another 24 cycles with the same reaction

conditions.

Primers were 32P-Iabeled using 50-100 pmol of primer plus 2J.t,L of 10x buffer

(described in Chapter 3, Materials and Methods), 2 J.t,L ofT4 PNK (BRL), and 10 ilL of

[32p]ATP (7000 Cilmmol). This mix was incubated 1 hr. at 37°C, whereupon another 1

ilL ofenzyme was added and the incubation continued for another 1 hr. at 37°C.

Ten ilL of PCR reaction product was electorphoresed using a 5% non-denaturing

polyacrylamide gel in TBE buffer. After staining with ethidium bromide, the

appropriate bands were excised and the radioactivity was determined by liquid

scintillation in a ~-counter.

-.
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• Table 13. Primer Sequences Used in Semi-Quantitative

peR.

Prolactin Receptor Primers

upstreamPrimer: ...••.. Hl 5 'TGAGGATGCTTTCCACATGAACCc' ,

. H2 5' _-.3'Oownstream Primer: . . •. . .. ...• GTGGCCCCAACTCCT"",-

Length ofamplified sequence: .... ..... .... 324 bp

Downstream Primer: . ••.. C2•
Cyc!ophilin Primers

Upstream Primer: Cl 5'CCGCGTCTCCTTTGAGCTGTTTGCAG"

5'GCTCTCGCTGCAGTTCCCTTTGGGT"

•

•

Length ofamplified sequence: .... ..... .. .. 568 bp

Results

Measurement ofPIP/GCDFP-15 by SI Nuclease Protection Assay

Figure 32 illustrates the quantitation ofPIP/GCOFP-15 and cyc10philin transcript

from increasing amounts ofT-470 total RNA. For experiments performed on tomor

RNA the probes for cyc10philin and PIP/GCOFP-15 were added together to control for

variations in digestion efficiency. PIP/GCOFP-15 was detectable in a11 samples, with the

range being from 720 to 142 924 in arbitrary units, with the mean value being 7773.

Semiquantitative PCR

The expression ofthe transcript for cyc10philin was much higher in tomor RNA than

that for the prolactin receptor. In order to balance the competition for reagents within

the reaction tube, and to bring the intensities of the two produets into the same range,

the polymerase chain reaction was performed with only the primers for prolactin
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• Quantitative 81 Nuclase Protection Assay

Cyclophilin PIP/GCDFP-IS

5 10 20 30 40 !RNA 5 10 20 30 40 IRNA

.tt
• •

Ilg RNA

~PIP/GCDFP

••• •
•••

•
••

••

•••• ••

•

•

~ Cyclophilin

•

Figure 32. T47D total RNA was hybridized to probes for cyclophilin, and

PIP/GCDFP-IS, following the protocol used for quanitification ofhuman

prolactin receptor and S14 RNA indicated.

•
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receptor for 9 cycles, prior to the addition ofthe cyclophilin primers. Figure 33 shows a

typical PCR reaction. The amplified product for cyclophilin produced a band of 568 bp,

and for the prolactin receptor, of 329 bp.

To calculate the expression of prolactin receptor and cyclophilin, a linear regression

was perforrned upon the log,. values of the serial dilution of the reverse transcribed

tumor RNA. The average r value for prolactin receptor and cyclophilin regressions was

0.976, with the lowest r value being 0.886. Figure 34 shows a typical regression plot

for tumor nurnber 6. First, using the regression coefficients for the prolactin receptor,

the signal for 300 ng of total RNA was calculated. Then using the regression

coefficients for cyclophilin, the amount of total RNA needed to produce this same signal

by cyclophilin was calculated. Prolactin receptor expression was expressed as a ratio of

300 ng over the amount of RNA needed to give an equivalent cyclophilin signal. The

converse calculation was also made, and the two ratios were averaged to correct for the

deviation of the slopes from a non-parallel state.

A correction was made for the 9 cycles in which the prolactin receptor mRNA was

amplified alone (theoretically, the prolactin signal would be 29 or 512 rimes greater than

that for cyclophilin in the original tumor RNA).

Relations Between PIP/GCDFP-15 and PRL-RRNA and Other Clinical Markers

Figure 35 shows the relation between six measurements taken from the tumor

samples collected. Turnor size (largest dimension), number ofinvolved lymph nodes,

estrogen receptor (fInol/mg), progesterone receptor (fInol/mg), PIP/GCDFP-15 RNA,

and prolactin receptor RNA. ln order to make comparisons ofeach parameter easier,

adjustments in scale were made.

Linear Regression analysis was used to examine the relationships between each ofthe

parameters measured against PIP/GCDFP-15, and prolactin receptor. As can be seen

from Figure 35, the data for each tumor is incomplete. Not every sample was tested for

estrogen or progesterone receptor, examination of Iymph node status was not always

perforrned. ln this regard, each statistical analysis for correlation was perforrned upon a

subset of tumors which contained data for each parameter, including tumors in which

the parameter measured was undetectable. Significant relationships were found between
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Semi-Quantitative PCR Analysis

of Prolactin Receptor and Cyclophilin RNA

• ~ Cyclophilin
(568 bp)

~ Prolactin
Receptor
(329 bp)

Control Std. 2 6 5 4 3 1

•

•

Dilutions of RNA

Figure 33. Six seriaI dilututions of reverse transcribed breast tumor RNA were

amplified by PCR using primers for cyclophilin and prolactin receptor,

including 1 x 10 6 cpm oflabelled PRL-R and cyclophilin primers to

permit quantitation by ~ emission. Samples were run on a 5%

non-denaturing polyacrylamide gel. The gel was stained with ethidium

bromide, and the bands were excised and counted. Lanes were loaded in

the order shown above to aid in the acurate excision of the lower intensity

bands.
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• PCR Amplification of Prolactin and CycIophilin Transcript

from Breast Tumor RNA

4

• 2 • Prolactin Receptor
ID Cyclophilin

1.09 1.57 2.05

Log RNA (ng)

2.52 3

•

•

Figure 34. Serial dilutions ofreverse transcribed breast turnor RNA were amplified

by peR. 32P-labelled primer permited the measurement of amplification,

and these values were treated to linear regression analysis, as a step in

the calcuiation of prolactîn receptor signal in relation the control

cyclophilin housekeeping gene. The example shown here is from turnor

number seven.
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PIP/GCDFP-15 and progesterone receptor, and PIP/GCDFP-15 and prolactin receptor.

A significant relation was also seen between prolactin receptor and progesterone

receptor. There was no correlation between PIP/GCDFP-15 or prolactin receptor and

estrogen receptor, size, mitotic index, or the number ofinvolved lymph nodes. Table 14

summarizes the results of these statistical tests.

Table 14. Correlations Between PIP/GCDFP-15 or PRL-R and other

Clinical Measurements of Breast Tumors

Measures Tested r p value

PIP/GCDFP-IS vs. Progesterone Receptor 0.563 0.00029

PIP/GCDFP-15 vs. Estrogen Receptor 0.046 0.39

PIP/GCDFP-15 vs. Size 0.0038 0.94

PIP/GCDFP-15 vs. Nodes 0.0039 0.82

PIP/GCDFP-15 vs. Mitotic Index 0.0138 0.71

Prolactin Receptor vs. Progesterone Receptor 0.58 0.000S2

Prolactin Receptor vs. Estrogen Receptor 0.0021 0.87

Prolactin Receptor vs. Size 0.00013 0.97

Prolactin Receptor vs. Nodes 0.019 0.65

Prolactin Receptor vs. Mitotic Index 0.144 0.18

Prolactin Receptor vs. PIP/GCDFP-IS 0.307 0.0089
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Discussion

Technical Considerations

Quintuplicate samples of 10 I!g each, for the measurement of PIP/GCOFP-15, and

prolactin receptor were prepared. However, unlike the T-470 cell 1ine, breast cancer

tumor RNA contained too little prolactin receptor mRNA to be measured by the SI

nuclease protection assay protocol. A more sensitive nuclease protection assay could

involve the use of different probes. Chain extension using ONA polymerase, would

produce a probe with the incorporation of multiple 32P-nucleotides, compared to the

single 32p present introduced by T4 PNK to the oligomer probe used in the present

experiments. The RNase protection assay has the advantage of the use of probes

containing multiple 32P-nucleotides, as weil as the stronger hybridization of RNA-RNA

duplexes, and therefore would be the most sensitive of the enzyme protection assays.

The semi-quantitative PCR protocol was used to measure: prolactin receptor in this

instance because of its sensitivity, and also because it required the use of only small

amounts ofRNA.

For both prolactin receptor and PIP/GCOFP-15, values were expressed in terms of

cyclophilin expression. Cyclophilin was originally characterized for its binding activity

to cyclosporin A, but since then it has been identified as a highly conserved protein

present in ail eukaryotic cells tested and to be identical to peptidyl-prolyl cis-trans

isomerase, an enzyme which assists in protein folding.s26 Although cyclophilin is a

house-keeping gene, there is no definite evidence that the cyclophilin the gene is

expressed to the same degree in ail tumors. However, the use ofthis control gene was

necessary to correct for variations in digestion efficiency in the SI nuclease protection

assay, and to account for possible differences in cell density and necrosis among tumors.

Correlations between PRL-R, PIP/GCDFP-15 and Progesterone Receptor

A highly significant correlation exists between the prolactin receptor and

PIP/GeOFP-15. This is consistent with the stimulatory effeet that prolactin has on

PIP/GCDFP-15 gene expression.44S Prolaetin receptor and PIP/GCOFP-15 expression

were also found to correlate with progesterone receptor expression.
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Previous studies have found that PIP/GCDFP-IS is corre1ated with estrogen

receptor:37
•
438 when measured at the RNA level437

, or by release of PIP/GCDFP-I5 in

expIant cultures.4J
' Other groups failed to observe any significant correlation with

estrogen receptor,441 when measured in expIant cultures,440 or by

immunohistochemistry.441 The present study does not agree with that which measured

PIP/GCDFP-IS at the RNA level. Clearly, there does not appear to be any clear

relationship between estrogen receptor levels and PIP/GCDFP-IS levels. There is one

report which shows that estrogen reduces PIP/GCDFP-lS expression,446 suggesting that

there would be no positive correlation between these pararneters.

Among the tumors tested in the present study, prolactin receptor mRNA expression

correlates with progesterone receptor levels, but not with estrogen receptor levels.

Earlier studies have reported that the prolactin receptor is correlated with the estrogen

recetor,3'O~90~91~92 with one exception.393 The obvious difference in the present study is

that here prolactin receptor was measured at the RNA level, while, in previous studies,

prolactin receptor was measured by receptor binding assay. Studies on the regulation of

prolactin receptor described in this thesis have shown oruy minor changes in prolactin

receptor RNA levels in spite of larger changes in receptor protein levels. Therefore, the

small changes in prolactin receptor RNA may obscure a possible correlation between the

level of prolactin and estrogen receptors.

While prolactin receptor, PIP/GCDFP-IS and progesterone receptor correlate weil,

do they have similar a prognostic significance for breast cancer treatment? In a study of

638 patients, 73% ofpatients who responded to treatment had positive progesterone

receptor, and oruy 23% ofnon-responsive patients were progesterone receptor

positive.S27 For PIP/GCDFP-IS, a significant reduction in histochemical staining was

observed in tumors with advanced (grade III) tumors compared to grade 1 tumors.442

However, tumors which responded to treatment tended to have low PIP/GCDFP-IS.

When total prolactin receptors were measured after desaturation with MgC\" they were

found to correlate with improved relapse free survival494
, although Cox analysis failed to

show that prolactin receptor status was an independent indicator ofprognosis493.494. In

another study, prolactin receptors were correlated with poorer survïval.395 On the whole,

the presence ofprogesterone receptor seems to bode weil for response to treatment.
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However, the is no clear prognostic significance for either PIP/GCDFP-15, or prolactin

receptûr. Therefore, although prolactin receptor, progesterone receptor, and

PIP/GCDFP-15 expression correlate in this study, there does not appear to be a similar

relation in the prognostic significance of these factors.
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