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RESUME 

Afin d'élucider la structure et la fonction du récepteur de la 

prolactine, nous avons eu recours aux techniques de biologie moléculaire. 

Après l'échec du criblage de banques d'expression des ADN complémentaires 

avec des anticorps poly- et monoclonaux, nous avons utilisé des sondes 

dtoligonucléotides correspondant aux séquences en acides aminés de 

fragments du récepteur pour isoler l'ADN complémentaire du récepteur de 

la prolactine du foie de rat. A l'aide de ce clone, la régulation de 

l'expression du récepteur de la prolactine 

l'ontogénèse a été étudiée dans le foie de 

par l'oestrogène et durant 

rat femelle et a révélé un 

double contrôle pré-traductionnel et traductionnel. Finalement, l'ADN 

complémentaire du récepteur humain a été isolé. Il code pour une longue 

forme de récepteur (598 a.a.) comparativement à celle du foie de rat (291 

a.a.). Les deux formes présentent des régions d'identité marquée avec le 

récepteur de l'hormone de croissance. Ceci suggère que les gènes des 

récepteurs de la prolactine et de l'hormone de croissance forment une 

famille. 
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ABSTRACT 

To elucidate the structure and the function of the prolnct\n 

receptor, 1 have used molecular biologic1\1 techniques. AHer unsuccessful 

screening of expression cDNA libraries with poly- and monoclonal 

antibodies, synthetic oligonucleCltide probes, dt~duced tr'om trypti(' 

fragment sequences of the purified receptor, were used to isolate the rat 

liver prolactin receptor cDNA. Using this cDNA,the regulution of 

prolactin receptor expression by estrogen treatment and during 

ontogenesis was studied in female rat liver and revealed bath pre-

translational and translational control of the receptor. Finally, the 

human prolactin receptQr cDNA was isolated. It encodes a long form of 

receptor (593 aa) compared to the rat liver receptor (291 aa). Both farms 

present regians of strong identity with the growth hormone receplor, 

suggesting that prolactin and growth hormone receptor genes form fi 

family. 
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In Chapter 7, the candidat~ was responsible of aIl the experiments 

except for the initial screening of the human hepatoma library which was 

done by Dr. Edery and Miss Lesueur who obtained the HI cDNA clone. The 

candidate was helped by Dr. Shirota for sequencing, by Dr. Jolicoeur ~ho 

prepared the T-47D library, by Mr. Gould who prepared the T-47D cells and 
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Miss Ali who prepared the human chorion laeve and T-47D mRNAs. The 

candidate prepared the manuscript. 
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The development and function of multicellular organisms depends on 

the abil i ty of cells ta communicate with each other. Three ways of 

communication are used by the cells: (1) indirect signalling by secreted 

chcroicals (local chemical Mediators, hormones or neurotransmitters); (2) 

direct signalling by plasma membrane-bound molecules, and (3) direct 

3 

sib~alling via g~p junctions. 

signaIs, cells must possess 

specifie. Most receptors 

On the other hand, to respond to these 

high affinity receptors that are very 

are cell surface proteins since the 

extracel1ular signal cannot penetrate the cell. The main exceptions are 

intracellular receptors that bind the steroid and thyroid hormones, since 

these signalling molecules are lipid-soluble and can pass through the 

cell membrane. As prolactin i5 a water-soluble hormone, we will focus 

the present review on cell surface receptors. The steroid and thyroid 

hormone receptor superfamily has been the subject of an excellent recent 

review (Evans, 1988). 

Our knowledge of the structure and function of the receptors bas 

literally exploded during the last five years due tfl the use of 

recombinant ONA technology. Indeed, receptors are proteins that are 

difficult to purify or characterize due to their low level of abundance. 

However, the isolation of receptor cONAs has permitted the determination 

of the primary structure o~ more than a hundred receptors (see table I). 

It i8 interesting ta note, howev~r, that when we undertook the isolation 

of the PRL receptor cDNA in 1984, the field was in its infancy and only 

the structure of the following elght membrane receptors had been 

obtained: the EGF receptor (Lin et al., 1984; Ullrich et al., 1984; Xu 

et al., 1984); the LDL receptor (Yamamoto et al., 1984); the 
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transferrin receptor (Schneider et al., 1984: McLelland et al., 1984); 

the IL-2 receptor (Leonard et al., 1984; Nikaido et al., 1984; 

Cosman et a] ., 1984); the nicotinic acetylcholine receptor (Nod<l et il) ., 

1982, 1983a, 1983b; Ballivet et al., 1982); the Na channel El (Noda et 

al., 1984); the Rhodopsin (Nathans and Hogness, 198/,); and the T ce Il 

receptor (re!viewed in Davis and Bjorkman, 1988). The first intracell\llar 

receptor to be isolated was the glucocorticoid receptor in 1985 

(Hollenberg et al., 1985), which opened the field of the steroid and 

thyroid honnone receptor superfamily. The Nobel prize in Medicine was 

awarded to two of these groups: Brown and Goldstein in 1985 for the LDL 

receptor and Tonegawa in 1987 for the T ce Il receptor. 

The isolation of receptor cDNAs has been achieved in rnany cases in 

the absence of any protein purification by using innovative techniques, 

taking advantage of known biological properties of the receptor and using 

tricks of rnolecular biology. In fact the methodo1ogy used to clone 

receptor cDNAs can be divided into two general classes: (1) the nucleic 

acid hybridization techniques, and (2) the gene expression techniques. 

1.1. NUCLEIC ACID HYBRIDIZATION 

1.1.1. Partial amino acid sequences 

The c1assical method that has been used most successfully to isolate 

the majority of the cDNA clones requires purification of the receptor to 

homogeneity. Peptide fragments are obtained by tryptic or cyanogen 

brornide digestion and the amino acid sequence of several peptides is 

obtained. Complementary oligonucleotides can be synthesized either as ~ 

mixture of short oligonucleotides (~14-25 nucleotides) representing most 
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or aIl the mRNA sequences that May code for the corresponding stretch of 

the peptide or as a single long oligonuc1eotide (""'25-60 nuc1eotides), 

where the bases are chosen in accordance to the published frequency 

tables of codon usage for a particular speeies. The oligonueleotides are 

labcllpd and used as probes to screen cDNA libraries. The libraries are 

usually made from mRNAs extraeted from tissues or cells enriched in the 

receptor of interest and size-selected to obtain full length cDNAs. 

Àgt10 is the vector most often used, sinee it i5 very efficient (Huynh 

et al., 1985). Two more rounds of screening are usually necessary to 

obtain isolation ot the positive cDNA clones. The advantages of this 

method are its reliability and its specificity. Its main disadvantage i5 

the diffieulty of obtaining a pure reeeptor and a usable peptide fragment 

for which the degeneracy of the genetie code is not too great. 

1.1.2 Homologous cDNA or oligonucleotides 

It is now r.lear that receptors can be grouped into different 

families with common sequences or structures. By using complementary 

synthetic oligonucleotides eorresponding to those regions, it is possible 

to screen genomie or cDNA libraries at different stringencies to obtain 

hybridizing clones representing different members of a reeeptor family. 

A typieal example of such a method is the recent isolation of the 

androgen reeeptor using an oligonucleotide corresponding to the highly 

conserved DNA binding region of other steroid hormone receptors (Chang et 

al., 1988; Lubanu et al., 1988). Alternatively, a fragment or an entire 

homologous cDNA clone ean be used 

adrenergie cDNA probe permitted thp. 

as a probe at low stringeney. A P2 

isolation of the serotonin 5-HT1A 

5 
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receptor cDNA (Kabilka et al., 1987) and the Dl dopamine reccptor cDNA 

(Bunzaw et al., 1988). Moreover, receptor cDNA or oligonucleotide probps 

are frequently used ta obtain the same receptor cDNA but in a different. 

species by using low-stringency conditions. The advantage of this 

technique i8 the ease with which the probes can be obtained, but the 

problem is the divergence in sequen.:es found between species 

evolutionarily distant, or between members of the same receptor family, 

rendering the cross-hybridization difficult. 

1.1.3. DifferentiaI hybridization 

In this method a cDNA library, usually made with a plasmid vector, 

is screened on duplicates with two different probes: the "positive" cDNA 

probe made from mRNAs containing the receptor mRNA and the "negative" 

cDNA probe made from mRNAs in which the receptor mRNA is absent. After 

hybridization with labelled probes, the autoradiographs of both 

replicates are matched in search for signaIs reacting only with the 

positive probe and not with the negative probe. The positive clones are 

picked, grown and rescreened. This technique was used to clone the cDNA 

encoding the ~ subunit of Torpedo acetylcholine receptar (Ballivet et 

al.,1982). In this case, the positive probe was prepared from Torpedo 

electric organ 18-208 poly(A)+ RNA, enriched for the subunit of interest, 

while the negative probe was prepared from poly(A)+ RNA from Torpedo 

brain, devoid of this prctein. For cloning the transferrin receptor, 

Schneider et al. (1983) enriched the mRNA used for the positive probe by 

immunopurification of polysames and used the polysomal RNA which failed 

to bind ta the protein-A column as template for the negative probe. 
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Although this method is attractive for receptors for which no 

purification has been.achieved or no antibody is available, it remains 

cumbersome and very difficult to apply for low abundance receptors, where 

screening of a large number of clones is neces5ary ta find a positive 

clone. 

1.1.4. cDNA subtraction 

The principles of this method are the same as for the preceding 

technique except that the differential hybridization is made at the 

level of the probe instead of at ~he level of the screening. A positive 

cDNA probe i5 prepared and hybridized with an excess of tlu> negàtive 

poly(A)+ mRNA. The single-stranded, subtracted cDNA lS separated from 

the non-specifie hybrid double-stranded cDNA by using hydroxyapatite 

chromatography, and used to screen a cDNA library. The isolation of the 

T-ecll reeeptor followed this experimental strategy, exploiting the faet 

that Band T-cells differ in only a small fraction of their gene 

expression (Iledrick et. al.. 1984; Chien et al., 1984). The eDNA probe 

made from T-cell mRNA was hybridized and hydroxyapatite-selected with B-

ce 11 mRNA. Many runs of subtraction are usua lly neeessary to make 

specifie probes. 

The advantage of this technique is the same as for the differential 

hybridization and allows screening of a large number of clones in a 

1 ibrary. However, its suceess depends on the specificity of the 

subtracted cDNA probe. In other words, the perfect match between the 

"positive" and the "negative" mRNAs except for the receptor rnRNA which 

should be present only in the "positive" RNA. 
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1.1.5. Chromosome walking 

This is a well-known têchnique which has been applied only r~cently 

in the field of receptors to isolate the K+ channel cDNA (Kambet et al., 

1987; Hauman et al., 1987; Papazian et al., 1987). In tact, H is the 

geneties of Drosophila melanogaster that allowed this approaeh. The 

Shaker locus, which was known to be important for K+ channel funetion was 

first cyto logically localized on a region on the X chromosome (Tonouye et 

al., 1981). A cDNA clone, unrelated to Shaker but which hybridized in 

this region, was used ta begin a chromosomal walk, that is, to obtain 

from libraries of genomic DNA, a set of overlapping c1or,es containing DNA 

from this region. The walk was or~ented by in situ hybridization of 

cloned DNA to polytene chromosomes. Rearrangem~nts in Shaker mutants 

have been mapped to a sequence of the genome by Southern blot dnalysis 

and in situ hybridization. Coding sequences were then idelltified by using 

the genomic DNA of this segment to sereen cDNA libraries and to i501ate 

cDNA clones for the K+ channel. This i5 a very useful technique ta detect 

a low-abundance receptor but limited to more primitive organislil:' where 

the genetic studies are well-detailed. 

1.2. EXPRESSION SYS1~S 

1.2.1. Immunosc~eening 

Mainly two E.Coli expression vectors have been used for this 

purpose: the plasmid puce (Helfman et al., 1983) and the phage Âgtll 

(Huynh et al., 1985) which has supplanted the former for its high 

efficiency. Both vectors utilize the promoter of the Lae Z gene which is 

a strong E.coli promoter . In the case of 19t11, ft unique EeoRI eloning 
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site ls located at the 3'end of the Lac Z gene. When a library is made 

and plated on E.coli, cDNA inserts cloned into this site in the proper 

orientation and reading frame, resul t in the production of exogenous 

protein fused to p-galactosidase. The antigens produced are transferred 

onto nitrocellulose filters and then probed with antibody to detect the 

desired recombinant. This technique has been used successfully for at 

least a dozen of receptors (see Table 1) and, remarkably, four of them by 

the group of Lodish (Spiess et al., 1965; Spiess and Lodish, 1985; 

Mueckler et al., 1985; Kopito and Lodish, 1985). This approach is rapid 

and useful for isolatillg cDNAs corresponding ta receptors for which good 

antibodies are available. However, i t is dependent on the specifici ty 

of the antibody and its capacity to recognize 

protein. Moreover, its efficiency is only 

a fusion p-gal-receptor 

one-sixth that of the 

hybridization techniques, since to be expressed, the cDNA must be in the 

right orientation (one-half) and in the right cading frame (one third). 

1.2.2. Gene transfer 

This method is now well-established ilnd has been the subject of 

excellent reviews (Ruddle, 1985; Kavathas, 1905). It has been especially 

popular for T-ceU surface antigens, for which specifie monoclonal 

antibodies were available (Kavathas and Herzenberg, 1983; Kavathas et 

al., 1984; Littmûn et al., 1985; Maddon et al., 1985). However t only 

two hormone receptors (transferdn and NGF receptors) have Leen isolated 

using thir technique. Typically mouse L celis deficient in thymidine 

kinase activity are used as recipients for DNA-mediated gene transfer. 

These cel1s are cotransformed with humant high-molecular weight DNA, and 

the cloned herpes thymidine kinase gene. The transformants are first 
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selected for the expression of donor TK activity. This population is 

enriched fram cells that have taken up large amounts of humùn DNA. The 

TK+ transformants are screened for the expression of the receptor of 

interest. In aIl the cases, except for the Na+jH+ antiportcr, monoclonal 

antibodies were used in canibination with an immunological rosette assay 

or with a fluarescence-activated celi sorter (FACS) ta isolate the 

positive transformants. In the case of the Na+jH+ antiporter, Sardet et 

al. (1989) selected the positive celis by an acid-Ioading test. An 

additional round of transformation and selection is neces5ary to purge 

the human DNA fragments unrelated ta the receptor of interest fram the 

cells. A genamic DNA library is then made from the secondary 

transformant DNA and probed w:th human middle repetitive DNA (ALU), in 

order to locate the human DNA fragmen+~ encoding the receptor. These 

genomic fra~nents can be used as probes ta screen a cDNA library to 

isolate the receptor cDNA. Alternatively, the cDNA library can be 

screened with a subtracted cDNA pr~p~ that i5 produced by using the DNA 

made tram the RNA of the secondary transformants hybridized to an excess 

of mRNA of the non-transformant cells. The advantages of this method are 

the direct isolation of the receptor genomic sequences and the generation 

of expression transformants that permit study of structure-function 

relationships at an early time of the cloning process. On the other 

hand, the application of this approach is possibly limited by the size of 

the gene and the possibility that the simultaneous transfer of more than 

one gene is required to ensure the expression of the selected phenotype. 
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1.2.3. Direct expression in Xenopus oocytes 

A ncw method was recently ùevised to avoid the use of antibodies or 

oligonucleotide probes to clone receptor cDNAs (Levitan, 1988). In this 

approach, poly (A)+ mR~A is size-fractionated and used to make a cDNA 

library in a plasmid or phage containing a RNA polymerase promoter. This 

allows the synthesis of RNA in vitro from the cDNAs. Synthetic RNA 

derived from pools of clones are injected into oocytes that are assayed 

for sensitivity to the ligand, usually by voltage-clamp recording of 

ligand activated currents. A pool of cDNA clones giving a positive 

response is identified and progressively subdivided into smaller pools 

(sib selection) until a single positive clone is obtained. This method 

has been successfully applied for two neurotransmitter receptors and the 

Na+/glucose co-transporter (Masu et al., 1987; Julius ~t al., 1988; 

Hediger et al., 1987). However, not aIl receptors can be easily cloned 

by this approach, since the oocyte does not allow expression of aIl 

receptors. Another problem arises with multi-subunit receptors and 

receptors with a long RNA size, for which expression would be impractical 

in this system. 

1.2.4. Direct expression in COS cells 

This method combines sorne advantages of the two preceding ones. It 

appeared in 1987 (Seed 1987; Seed and Aruffo, 1987), and is based on a 

vector designed to direct high-Ievel expression of cloned cDNA Molecules 

in mammalian cells and also used ta transform E. coli. A cDNA library is 

constructed using this vector. The library plasmid DNA is transfected 

transiently in COS-7 cells. Cells expressing the receptor of interest 

are usually selected with monoclonal antibodies and selected by FACS or 
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panning. The episomal DNA of the positiv~ transfectants are recovered, 

expanded in bacteria, subjected to three or more rounds of expression and 

selected to obtain a pure cDNA clone. This has been successfully used 

for sorne receptors of the immunoglobulin superfamily (Seed and Aruffo, 

1987; Yamasaki et al., 1988; Sims et al., 1989) as weIl as for sorne 

adhesion proteins (Bevilacqua et al., 1989; Stamenl<ovic et al., 1989). 

A major convenience of this method and the preceding one is the recovery 

of the DNA of interest in a form that contains the necessary sequences 

for surface expression. Moreover, the use of a high-efficiency cDNA 

expression vector allows the receptor ta accumulat€' at high levels on 

cell surface, compared to the gene transfer technique, where the genomic 

sequences might fail ta generate sufficient levels of protein. Compared 

to the expression in Xenopus oocytes, expression in COS cells can have 

wider applications, but has the same limitations regarding the expression 

of multi-subunit receptors or high molecular weight receptors. 
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"uscle 

( Rabbit Skelelal IlloDoscreeDiDgJ (1873 ) Ulis et al., (l988) 
Musc le 

al IIbbit Skeletel llluDoscreeDiD,' 115,018'1(1106)'1 Blliseta!., (1988) 
Muele 

l chunel 

Type A Drosophile Bud ebrolosole ViitiD, 70,;00 (616 ) 5 X lnb et al., (1987) 
PapiaiaD et al., (1987) 
Bnlllli et al., (1987) 
Tnpel et aL, (1987) 

Mouse BraÎD BOIO Ion' 56,400 (~9) ) Tetpel et al., (1988) 
lat BraiD e:~ology' 56,~00 (~95 ) Christie et Il., (1989) 

~) Illti,le .el'r.le-.pll.ill tr •• aplrters 

GlltOle traD.porterl 

BraiD/BepGl GT RUIID Bep Cl 1IIIlIDsereeDiD«' H,1l7 (Hl) MuecUer el Il., (1985) 
lat BraÎD IlluDDlereeaiag' 56,133 (~92) ,,1 BirDblul et al., (1986) 

Liver GT BUin Liver BDiology' 57,~99 (m) 5 3 Fukoloto et IL, (1988) 

f lit Liver BOlo logy' 57,000 (511) 1 Thore •• el Il., (1988) 
\. 
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~ lece,ilr S,edes Snree Ci •• itl stratell 'rebh Ilils Cb ... !ehrn~s 
t Br (I.a.) 

1 
Glucose traDsporters 

Gr-lib Roll Il rehl BOIology' 51,933 (496) l 11 layallo et al., (1988) ! 
r. Sh teh 1 luse le 
1 

lUt ht Adi poey te BolOlogy' 54,860 (509) - Jnes et aL, (1989) 
blllrt 

lit Shletal BGIOlogy' H,832 (509) Bifllbaul, (1989) 
luscle Charron et aL, (1989) 

Ma/glucose iabbit lDtestinl SlpressioD' 73,080 (662) - Rediger et al., (1987) 
nti porter lueOIl 

ADioD aDtiporter 

and 3 Rom Spleen IllUDOiC reeDÏag6 103,000 (929) - lopito and Lodish, (1985) 

Cation aDtiporter 
.ro 

....... "t/Bt RaUD GeDOIic GeDe franter 99,354 (8H) - Sardet et aL, (1989) 
ntiporter 

5) 1 .. '"" 

(lat - (t)irtase 

1 Sbep liduy Oligo Z 1ll,177 (1016) - Sbull el al., (1985) 
lit Ira iD Inology3 112,513 (1018) - Sboll et al., (1986a) 

1(+) lat IrBiD BOIO logy' 111,736 (1015) - Sbull et al.. (19861) 

dU lat BraiD BOlOlogy: 111.727 (1013) - Sbull et al., (1986a) 

~ Sheep (i~aey Oligo 1 34,937 (302) - Sbull et al., (1986b) 

-
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le. ,f 
leceptlr !fuies Souce (1.lile atrlteel 'reteil 11111 (b ... leferelce~ 

--(1.1.) ----
Br 

Ion PII.pa 

(8 t - It)ArPas! 

a lat stollch 801010gy' 1l~,01l (1033) Shull nd LiDgrel, (1986) 

Ca lt ATPase 

8101 hitcb Rabbit "usele Oligo 1 109,763 (997) l "acLennlD et II., (1985) 
Fast bitch iabbit Ruade BOiclogy' 110,331 (1001) 3 Brandt et 11., (1986) 

6) 'U JIICti •• 

COllDuin 43 lal Rearl &010 Iogy' ~3,036 (382) Beyer el al., (1987) 

(: ConDerin 32 lat Liver I.luDosereening' 32,007 (283) Paul (1986) 
HUUD Liver o Iigo 1 32,022 IUlar and Gilula, (1986) 
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~ FOOTNOTES 

1 Single oligonucleotide representing the best predicted sequence 

2 Mixture of oligonucleotides representing aIl or several possible 
sequences 

3 Homologous cDNA 

4 Homologous oligonucleotide 

5 Screening a library prepared with the expression vector pues using 
polyclonal antibodies 

6 Screening a library prepared with the expression vector Âgtll using 
polyclonal antibodies 

7 As 6, except that monoclonal antibodies were used for screening. 

8 Direct expression system in Xenopus oocytes 

9 Direct expression system in COS cells 

10 lncludes the signal peptide 

Il Mr of the proreceptor 

12 The immunoglobulin superfamily includes many other families of 
membrane proteins: 

- immunoglobulins 
- T cell receptor complex 
- HHC antigens 
- P2-m associated antigens 
- T cell adhesion Molecules 
- T subset antigens 
- brain/lymphoid antigens 
- immunoglobulin recertors 
- neural Molecules 
- tumor antigen (CEA) 
- Subclass III of TKR 
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The readers are referred to the excellent reviews of Williams and 
Barclay, 1988 for the immunoglobulin superfamily and Davis and 
Bjorkman, 1988 for the T cell receptors. 



CHAPTER 2 

{ .. STRUC'ruRE AND FUNCTION OF MEMBRANE RECEPTORS 
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Our view of membrane receptors has changed considerably dnring the 

last few years, following the discovery of the primary structure of müny 

receptors. In this review, 1 tentatlvely classlfy them into differenl 

families according to their structure and function (SN~ Table 1). 

However, overlap between these classes is often present, and 

modifications will certainly become necessary as more receptor sequenc(>s 

are determined. 1 first divide the membrane receptors into two general 

groups according to the number of transmembrane 14cgion(s): single 

lIIembrane-spanning and multiple membrane-spanning reeeptors. Single 

membrane-spanning receptors can be di vided into at least 5 supel'f ùrnil i es: 

the receptor tyrosine kinase molecules (RTK), the transportcrs, the 

immwl0g1obulin superfamily 1 the adhesion proteins and a miscc llanco\ls 

class of hormone and growth factor receptors. The multiple membrane-

spanl1ing receptors, on the other hand, include at lcast six 

superfami lies: the seven-helix receptors, the ligand dependent ion 

chal1nels, the voltage dependent ion channels, the trdIlsporters, Lhe 

ATPase pumps and the GAP junctions. In this Chapter, 1 will give a 

general overview of each family of membrane receptors and put marC' 

emphasis on thase binding hormones, growth factors or neurotransmitters. 

2.1 Single membrane-spanning receptors 

2.1.1. Receptor tyrosine kinases (RTK) 

The common structural characteristics of this class of rcceptar~ 

inc1ude: a highly glycasylated, cysteine-rich, extracellulûr domain which 

makes them prûtease resistant, a single transmcmbrt1ne damaill of 23-26 

amino acidsi and an intracellular portion which displays extensive 
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sequence homology with the protein tyrosine kinase family (Huntf!r and 

Cooper, 19f1'j). Yarden and Ullrich (19880) further subdivided this family 

into three groups of receptors according ta shared structural features 

(lml homo 1 ogous primary structures (see Fig. 1): 

Subclass l includes the EGF receptor and the HER2/neu gene product 

and i5 characterized by two cysteine-rich sequence repeat regions within 

the ectodomains. 

Subclass II includes the insulin and IGF-l receptors which are 

heterotetrameric structures, comprising two cr and two p subunits that are 

connected by disulfide bonds. The a chains contain the ligand binding 

domain and a single cysteine-rich sequence. 

membrane and carry the TK function. 

The ~ chains span the 

Subclass III includes the two PDGF receptors cr and ~, the CSF-l 

receptor and the c-kit gene product. Instead of the cysteine-rich repeat 

clusters, another type of repeat structure including cysteine residues is 

found in the ectodomain of these receptors. Moreover, the tyrosine kinase 

dama in of the cytoplasmic domain is interrupted by a hydrophilic 

insertion sequence of 77-107 amino acids which is not found in the other 

classes. 

It has been shown for subclasses l and II that within a specific 

subclass, the receptors share antigenic cross-reactivity and sorne binding 

of each other's specifie ligand. The RTKs bind diverse growth factors 

and transduce a broad range of signaIs leading to cell growth and 

proliferation. In addition, non-proliferative metabolic and cellular 

effects are described for sorne ligands. Ligand binding activates the 

cytoplasmic kinase domains leading to autophosphorylation and to 

phosphorylation of various cellular 
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FIG. 1 Receptor tyrosine kinase family 
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domains 

extra cellular 

transmembrane 
tyrosine kinase 
(insertio:!) 

C-tail 

AlI members and their known viral oncogenic counterparts are 
schematically shown. Hatched regions represent cysteine-rich repeat 
domains, and closed boxes indicate the tyrosine kinase domains. Closed 
circles represent individual cysteine residues in the extracellulilr 
portions of subclass III RTKs (Yarden and Ullrich, 1988, p. 3114). 
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substrates (Hunter and Cooper, 1985). The discovery of retroviral 

oncogenes products which are modified RTKs was a major step toward the 

understùnding of the crucia! role played by RTKs in cell regulation (see 

Fig. 1 and Table 1). 

Structure-function re1ationships have been studied in detail for the 

EGF receptor by using mutagenesis and chimeric receptors coupled to celi 

transfection studies. Such studies have revealed that domain III, which 

is flanked by the two cysteine-rich repeat clusters, is a major ligand-

binding domain (Lax et al, 1989). It has been suggested that the 

extracellular domain has a negative regulatory role on the kinase 

activity. Indeed, amino-terminal truncations identified in v-erb B 

(Downwarj et al., 1984; Ullrich et al., 1904) and v-kit (Yarden et al., 

1987) lead to constitutive kinase activation. The tyrosine kinase 

activity can be completely abolished by replacement mutations of the 

lysine residue at the ATP binding site of both the EGF receptor (Chen et 

al., 1987; Honegger et al., 1987) and the insulin receptor (Ebina et al., 

1987; McClain et al., 1987; Chen et al., 1987). Analyses of these 

mutants have shown that a functional tyrosine kinase is essential for the 

diverse biochemical effects of EGF and insulin, including rapid 

alterations in intracellular calcium, activation of gene transcription 

and the ultimate stimulatory effects on cell proliferation. 

While autophosphorylation of tyrosine residues appears to play a 

l'ole in activation of the receptor-associated tyrosine kinase activity 

for the insul in recept.),' (Rosen et al., 1983; Yu and Czech, 1986; Klein 

et al., 1986), the situation is less clear for the EGF receptor. Gill 

and colleagues (Bertics and Gill, 1985) have presented evidence 
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suggesting that autophosphorylation enhances the kinase activity, 

whereas Waterfield and colleagues have reported that it has no eff(~ct 

(Downward et al., 1985; Gullick et al., 1985). On the other hand, a 

negative feedback loop induced by EGF is produced by phosphorylation of 

the receptor at serine and/or threonine residues. The juxtamembrane 

threonine residue (thr 654) appears to be the major target site of 

protein kinase C phosphorylation ûnd heterologous regulûtion (Hunter et 

al., 1984; Davis and Czech, 1985). 

Finally, evidence is growing in favour of an allosteric receptor 

oligomerization model for the signal transduction of the EGF receptor and 

the other RTKs (Schlessinger, 1988a). ln such a model, receptor-receptor 

interactions, stabilized by ligand binding, would bring about the 

activation of the tyrosine kinase by allosteric subunit interaction. 

Moreover, it has been demonstrated that autophosphorylation can be 

mediated by intermolecular cross-phosphorylation within an oligomeric 

r~cevt~r complex (Honegger et al., 1989). Schlessinger (1988b) further 

proposed a more general model that includes activation by heteroligomeric 

interactions between receptors with different ligand specificities or 

with accessory proteins which would modulate receptor activity. This is 

parlicularly interesting for the PDGF-receptor, for which two homologolls 

forms bind the three PDGF dimers AA, AB and BB, with different affinities 

offering many different interactions. 

Exactly how the receI>tor kinases ultimately transmit their signal is 

still uncertain. The first possibility involves a phosphoryldtion 

cascade where the activated RTK phosphorylates one or more cellular 
.,.. 

substrates. Severai endogenous substrates for the insulin receptor have 
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been uncovered (Kahn and White, 1908; Czech et al., 1988). However, no 

clear, physiologically relevant, candidé,te has emerged. The second 

possibility is the mediator hypothesis where the receptor 

autophosphorylation is a requisite step for allosteric interaction of the 

receptor with an etfector system which mediates signalling pathways. In 

the case of the I-R, this secop-dary effector can be a glycosyl­

phosphatididyl inositol-phospholipa~e C that has been recently shown to 

generate phospholipid-derived intraeellular signalling substances (Low 

and Saltiel, 1988; Farese, 1988; Standaert and Pollet, 19t18). In the 

case of PDGF-R, the activated receptor is physically associated with a 

phosphatidylinositol kinase that is involved in the production of novel 

inositol phosphate second messengers mediating the mitogenic action of 

PDGF (Coughlin et al., 1989; Auger et al., 1989). 

It is probable that many mechanisms of action are necessary to explain 

the various effects elicited by the binding of the growth factor receptor 

tyrosine kinases. 

2.1.2 Single membrane-spanning transport ers 

This class of membrane receptors constitutes an heterogenous 

structural group where the functional aspect is the common denominator. 

Indeed the main function of these receptors is the translocation of 

proteins by endocytosis of the ligand-receptor complex via coated pits. 

The ligand is dissociated from the receptor in the acjdic environment of 

endosomie vesicles (Tycko and Maxfield, 1982) and following segregation 

of receptor from the ligand in tubular vesicles (Geuze et al., 1983). 

These vesicles divide, delivering ligand to lysosomes and receptors back 
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to the ceU surface (Willingham and Pastan, 1(80). Except for the IGF­

II/M6P-R, none of these receptors is thought ta transduce a signal Ly 

binding the ligand. The determination of the primary structure of the<;p. 

transporters did not reveal a striking consensus sequence, but aIl 

display a very short cytoplasmic domain, which sugg\.;sts that the 

transmembrane and the cytoplasmic domains are only involved in anchoring 

the receptor to the membrane. However, sorne subclasses can be 

distinguished according ta the amino acid sequence. The first includes 

the LDL receptor and the LDL-receptor-related protein (LAP). The LDL 

receptor is a multidomain protein. More than one-haH of the 

extracellular domain is composed of two types of cysteine-rich repeats 

(Südhof et al., 1985). One type is present in seven copies at the N­

terminal and is homologous with complement. The first repeat bind~ 

calcium (Van Oriel et al., 1987), and the othee six bind regions of the 

apo-B100 and apo-E that are p~riched in basic residues (Esser et al,., 

1988). The second type of repeat, pr~sent in three copies, is 

homologous to EGF and is required for acid-dependent ligand dissociation 

and recycling of the receptor (Davis et al., 1987). A region near the 

transmembrane domain is highly glycosylated and the cytoplasmic domain 

contain a signal for clustering in clathrin-coated pits (Russell et al., 

1984). The LAP is thought to be the apo-E receptor. It contains similar 

domains to the LDL receptor (see Fig. 2). These are arranged in a manner 

resembling four copies of the ligdnd binding and the EGF-precursor 

homologous region of the LDL-receptor. The EGF precursor, LDL receptor 

and LAP are aIl remarkably similar over a 400-amino acid region (see 

Fig. 2). Surprisingly, many other membrane-bound or secreted 
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Œ1Œl cysteine-nch domams H YWrD repea t • membrane spanning segment 

FIG. 2 Homologous domains between LRP, LDL-R and EGF precursor 

The LRP has been broken into four pieces to emphasize the 
~imi1arity with the other molecules. Boxes A represent the class A 
cysteine-rich motifs, homologous to complement, boxes B, the class B 
cysteine-rich motifs, homolugous ta EGF and the vertical lines, Tyr-Trp­
Thr-Asp repeats (Herz et al., 1989, p. 4122). 
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glycoproteins contain Ef,F repcats inc1uding a subclass of adhesion 

proteins calI ed ledin, EGF, complement-ce llular adhesion mo lecu tes (LEC­

CAM, see Table I). Although the role of the EGF domain in most cases 

remains unknown, sorne have been shawn ta bind directly to ather proteins 

(Johnston et al., 1989). 

A second c;ubc1ass of transporters include the IGF-II/M6P receptol 

and the cation-dependent M6P recertor (see Table 1). Molecular cloning 

and biochemical studies have revealed that the IGF-II receptor and the 

cation-independent M6P receptor ace the same prote in (Morgan et al., 

1987; Roth et al., 1987; Tong et al., 1988; MacDonald et al., 1987; 

Kiess et al., 1988). The primary structure of this rcceptor reveals a 

large ectodomain made up of fifteen repeat sequences containing a highly 

conserved pattern of 8 cysteine residues and a small region homalogous t.o 

the collagen-binding domain of fibronectin. Despite the fact that 

IGF-II has a similar structure to insulin and IGF-I and can interact with 

their receptors, its receptor has nothing in common with the RTKs. IGF-II 

and M-6-P bind to separate sites on the protein and can reciprocally 

modulate the binding of the other ligand (Roth et al., 1987; MacDonald 

et al., 1937; Kiess et al., 1989; Rogers and Hamlilerman, 1989). 

Moreover, there is recent evidence suggesting that IGF-II can stimulate a 

response through its own receptor (Roth, 1988; Rogers and Hammerman, 

1989). A serum form of this receptor repres~nting a truncated focm in 

the carboxyl-terminal domain has been detected recently lMacDonald et 

al., 1989). The CD M6P receptor is a smalt receptor with an 

extracellular domain made up of a sequence that closely resembles one 

repeat unit of the IGF-II/M6P receptor. 
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( Two other transporters. the transferrin reeeptor and the 

üsialoglyeoprotein receptor, do not belong to a specifie subclass, but 

eé1C:h is among those rare membrane proteins with the earboxyl-terminus 

outsidc ant! the amino-terminus insi.de. Neither contain a cysteine-rich 

region. Two related peptides, Hl and H2, comprise the human ASGP-R, and 

transfection studies have shown that the co-expression of both forms i5 

necessary to bind or internalize the ligand, suggesting that the ASGP-R 

is a muitichain hetero-oligomer (Shia and Lodish, 1989). On the other 

hand, the primary structure involved in the endocytosis of the 

transferrin receptor has been studied by mutagenesis studies by Kühn and 

colleagues (Rothenberger et al., 1987; Iasopetta et al., 1988). These 

studies revealed that the endocytosis of the transferrin reeeptor 

requires the cytoplasmic domain but not its phosphorylation site. The 

cytoplasmic domain plays an active role by providing an assembly site for 

coated pit formation. 

2.1.3 Miscellaneous 

Receptors in t~is category do not share sequence homology with other 

classes of receptors nor between each other. The mechanism of signal 

transduction upon hinding to the ligand is not known for any member of 

this group. However, it appears that each receptor, for which functional 

transfection studies in a heterologous cell system have been performed, 

required the prespncc of anather cell specifie subunit or cofactor ta 

form high affinity reeeptor. The best characterized of these receptors 

is the I:~2 recept0r. The high affinity receptor on T lymphocytes 

eonstitutes a bimolecular complex consisting of a 55 kD and a 70-75 kD 

chain. 
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The 55 kD component (1L-2 Ra) is the well-deflned Tac antigen present in 

large numbers on activdted T and B cells. The receptor has hc~n cloned 

(see Table 1) and shawn to bind Il-2 with low-ùffinity when trunsfecteù 

in non-lymphoid cells devoid of th~ 70-75 kD chain (Greene ~t al., 19n~; 

Hatakeyama et al., 1985; Nishi et al., 1988). A 70-75 kD eomponent (IL-

2-R(3) has been identified by crosslinking studies with lùbelled 1 igand 

and found to be expressed in limited numbers on both resting and 

activated T-cells (Sharon et al., 1986; Tsudo et al., 1986). Alone IL-

2-R(3 binds IL-2 with intermediate affinlty but interaction with the 1L-2-

Ra results in the high affinity receptor. Functional studies suggest that 

the 70-75 kD chain transduces the T-cell proliferation signal whereas the 

55 kD chain serves as a helper binding site (Lowenthal and Green, 1987; 

Siegel et al., 1987). The eventual cloning of the 70-75 kD chain will 

clarify this question. 

Similarly, the ability to generate high ùffinity NGF receptors by 

transfection of the cloned NGF receptor cDNA is limited only to selected 

cells that are derived from the neural crest. This suggests that another 

subunit present only in this population of cells may be required for the 

formation of the high affinity state (Johnson et al., 1986; Hempstead et 

al., 1989). 1t is possible that the IL-2-RP as weil as this second NGF 

receptor chain will belong to the family of RTKs, since their ultimate 

effect on cell regulation is similar. The transtection of the human 

interferon- r receptor cDNA is another example of the need for cell­

specifie cofaetors in receptor function, since transfeeted mouse eells 

were not sensitive to human 1FN- 0 , although they displayed the same 

binding properties as human cells. This goes along weil with the 
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observùtion that in mouse-human somatic cell hybrids, human IFN- effects 

wen~ only observed when human chromosome 21 was present in addition to 

chromosome 6 (Jung et al., 1987), suggesting a requirement of additional 

elements for generating biologie response. Such a requirement is not 

necessary for atrial natriuretic peptide receptor, since its recent 

cloning has shown that i t is composed of an extracellular ligand-binding 

domain and intraeellular guanylate cyclase catalytic domain (Chinkers et 

al., 1989). The ANP-clearance (ANP-C) receptor is a truncated form of 

the ANP-R as it contains a homologous ligand binding domain with a short 

cytoplasmic tail that does not include the cyclase domain (Fuller et al., 

1988), suggesting that this receptor is in fact a transporter. On the 

other hand, the cytoplasmic domain of the ANP-R is homologous to the 

501uble lorm of guanylate cyc1ase and to the protein tyrosine kinase 

domain of the PDGF receptor. 

Finally, the cloning of the growth-hormone receptor failed to 

provide clues about its mechdnism of signal transduction (Leung et al., 

1987). This receptor sequence is not related to known tyrosine-kinase 

growth-factor receptors, or to any other known proteine On the other 

hand, the work of Leung et al. revealed that the serum protein that binds 

GH probably represents the extracelluar domain of the receptor produced 

either by proteolytic cleavage or altered processing of a precursor of 

the receptor mRNA. The establishment of functional studies should 

determine if this cloned receptor alone is sufficient to Mediate GH 

action, or if additional subunits are required. 
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2.1.4. Immunoglohulin superfamily 

Members of this superfamily contain one or man}' immunoglobul in-like 

domains recognized by sequence identity and by the formation of a common 

three-dimensional structure consisting of two antipardllel 

together by a disulfide bond (Willians and Barclay, 

~ sheels held 

1988). These 

structures are grouped into three categories called V-set, Cl-set ilnd C2-

set, according to the putative pattern of ~-strands approximating to a V­

or C- domaine The distinction between the Cl and C2-sets is based on 

differences in sorne conserved sequence patterns In most cases, the 

rnajority of the dornain sequences are encoded within one exon, suggesting 

an important functional role for these structures. The common structure 

concerns only the extracellular sequence, sjnce the trdnsmembrane and 

cytoplasmic domains are mostly completely unrelated and can vary greatly 

in length. 

The immunoglobulin-related receptors commonly form homo- or 

heterodimers that are often stably linked by disulfide bonds. These 

molecules present a diversity of functions but forrn undoubtedly one of 

the key groups in immunity and also in the mediation of ceU surface 

recognition to control the behavior of cells in various tissues. A 

subclass of this farnily includes receptors binding growth factors and 

cytokines. Indeed PDGF receptors and related receptors of the subclass 

III of the RTKs described previously contain 5 Ig-like domains which 

belong mainly to the C2-set (Yarden et al, 1986). Recently two cytokine 

receptors were cloned and shawn to contain such 19-1ike domains. The 

lL-1 receptor possesses 3 of these domains of the C-set type (Sims et 

al., 1988) while the IL-6 receptor has only one C2-set domain (Yamasaki 
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ct al., 1908). Interestingly, these receptors differ frorn the IL-2 

receptor which does not contain an 19-1ike domain. They differ also fram 

the subclass III RTKs, since they do nat have a cytoplasrnic tyrosine 

kinase élctivity and their mechanism of signal transduction is unknown. 

2.1.5. Adhesion proteins 

This superfamily of transmembrane glycaproteins participate in cell­

matrix and ceii-celi adhesion in various physiologically important 

processes. Functionally speaking, it includes sorne members of the Ig 

superfarnily but based on the structural organization it can be divided 

into at least three families. The first is the integrin farnily which is 

composed of heterodirneric adhesion molecules consisting of non-covalently 

associated cr and ~ chains (Hynes, 1987). It can be suhdivided into three 

subclasses based on the sharing of a common P chain (that is Pl' P2 and 

P3). a and p suounits of a given receptor are not closel) related. The 

f3 SUbullit contains four repeats of a fort y amino acid cysteine-rich motif 

and a short cytoplasmic domain, while the a-subunits are numerous and, 

for sorne of them, are c1eaved post-translationally ta give a heavy and a 

light chain linked by disulfide bonding. Sorne of these receptors 

recognize the tripeptide sequence Arg-Gly-Asp (RGD), which is cornillon ta 

many extracellular ligands (Ruoslahti and Pierschbacher 1986), but 

integrin specificity is nat limited to this recognition signal. 

More recent ly two new famil ies of adhesion receptors have been 

discovered (Stoolman, 1989). They are involved in the regulation of 

inflamrnatory and immunological events by the adhesive interaction of 

blood cells and vesse! wall. The first farnily has an unusual prote in 
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mosaic architecture containing an amina termina 1 1 ectin-like dama in, an 

EGF domain and tandem repetitive motifs rclated to those found in 

complement-regulatory proteins. For this reason it is called the LEC-CA!'! 

family (Lectin, EGF, complement-cellular adhesion molecule). The other 

family includes the Hermes/CD44 group and has a potentially significant 

N-terminal homology (rv 30%) with cartilage link proteins which ma~ 

provide a structural basis for interactions with proteoglycans and 

collagen. As mentioned previously, all these receptors seem to pl ay élll 

interactive role at the cell surface and are not involved in the 

transmission of a signal through the cel! membrane although their short 

intracellular domain can interact with the cytoskeleton. 

2.2. MULTIPLE MEMBRANE-SPANNING RECEPTORS 

2.2.1 Seven-helix receptors 

Structurally this superfamily of receptors is characterized by seven 

hydrophobie transmembrane domains and iunctionally by interaction with 

guanine nucleotide binding (G) proteins. These receptors share a complex 

system of signal transduction where they are coupled ta specifie effector 

molecules via intermediary coupling proteins. At the external surface of 

the cel! membrane, they interact with hormones, drugs or sensory stimul i 

such as light. On the other hand, effector Molecules like the adenylate 

cyclase, the cGMP phosphodiesterase, the phospholipase C or the ion 

channels are exposed at the cytoplasmic surface. Int'3rposed between 

both, the G proteins which bind and hydrolyze GTP, aet as coupling 

proteins. Primary structure of these G proteins has revealed rnany types 

corresponding to different effectors (Gilman, 1987). The receptors 
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themselves can be divided into several subtypes that were first 

identified hy thcir nharmacological differences. Determination of the 

DNA sequence of the different "isoforms" of a receptor type reveal 

important differences and shows that they are encoded by different genes. 

These subtypes are even found ta be more numerous than would have been 

expected from c1assical pharmacological studies. For instance, five 

different genes have so far been identified that encode muscarinic 

receptors (Banner et al., 1988), while only two subtypes were expected by 

pharmacological studies. These five subtypes correspond to two 

functional groups according to their effect on PI turnover, cyclase 

inhibition and channel couplings (Peralta et al., 1988; Fuku~a et al., 

1988; Bonner et al., 1988). The existence of subtypes allows tissue 

( specializatian and confers different sensitivities ta the transmitter and 

ta possible modulators, as weIl as alternative transduction pathways for 

different effector systems (Barnard, 1988). In the case of adrenergic 

receptors, the ~l and ~2 subtypes are distributed in different tissues 

but both stimulate the enzyme adenylate cyclase by coupling to a Gs 

protein. The a2 subtype inhibits this enzyme via a Gi protein and the al 

subtype activates the phospholipase C through an as yet poorly 

characterized G protein (Lefkowitz and Caron, 1988). 

Many receptors depicting seven membrane-spanning helices have been 

recently cloned (see Table 1) and comparison of their primary structures 

shows an overall pattern of conservation including the seven hydrophobie 

transmembrane domains, one or more N-linked glycosylation sites on the 

( 
extracellular domains, the first two cytaplasmic loops (CI and CIl) and 

potential sites of regulatory phosphorylation on the cytoplasmic domains 
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Fro. 3 Schematic representation of the seven-helix receptors 

Segments M-I through M-VII are proposed as spanning the bilayer. E­
l, E-II and E-III represent the extracellular connecting loops and C-I, 
C-II and C-III, the connecting loops exposed to the cytoplasmic side of 
the plasma membrane (Lefkowitz and Caron, 1988, p. 4994). 
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(Dohlman et al., 1987 - see Fig. 3). A series of mutagenesis studies of 

the p2-adrenergic reeeptor and studics of chimerie ~1/P2 and a2/P2-

ùdrenergic recpptors suggest that several of the membrane-spanning 

regions, in particular the seventh hydrophobie domain and the conserved 

ASpl13 of the third helix, are involved in the determination of receptor 

subtype specificity. It is thought that there is formation of a ligand­

binding pocket, with determinants for agoni st and antagonist binding 

being distinguishable (Dixon et al., 1987; Kobilka et al., 1987ai Strader 

et al., 1987a; Strader et al., 1988; Fraser et al., 1988; Frielle et 

al., 1988; Kobilka et al., 1988). It has been speeulateè that the C-III 

loap and the carboxyl - terminus probably interact with the different G 

proteins, since they are the most variable cytoplasmic domains allowing a 

variety of specifie couplings. Evidence favoring this hypothesis has 

recently been obtained by the groups of Dixon (Dixon et al., 1987; 

Strader et al 1987b) and of Lewfkowitz (Kobilka et al., 1988; O'Dowd et 

al., 1980). Their mutagenesis studies suggest that the C-terminal 

portion of the C-III loop and the N-terminal segment of the cytoplasmic 

tail are critical for productive receptor coupling to G-proteins. 

Moreover, it seems that the receptors coupled to Gs protein, like the 

~1- and ~ê-adrenergic receptors, have a short C-III loop and a long 

carboxyl-terminus, while the receptors coupled ta G1 (a2 and Mz) or to 

the phospholipase C pathway (Ml), have a long C-III loop and a short 

carboxyl-terminus (Lefkowitz and Caron, 1988). 

Multiple serine and threonine residues loeated at the carbpxyl­

terminus or the C-III loop of the G-protein coupled receptors are 

phosphorylated and are thought ta be responsible for the decrease in 
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responsiveness ta hormonal stimulation. Such a process, called 

desensitization, can either be agonist-independent and trigg~red by 

different hormones or drugs that activate cAMP-dependent protein kinase 

and protein kinase C (hetero logous desensi tization) or agonist. -depennent 

and triggered by the agoni st itself that aetivates a specifie recelJtor 

kinase (homologous desensitization) (Sibley et al., 1987). Such receptor 

kinases have been iso lated for the rhodopsin receptor (Kuhn and Dreyer, 

1972) and the ~2-adrenergie receptor (Benovic et al., 1986). Direct 

evidence that one molecular mechanism of desensitization of these 

receptors involves their agonist-indueed phosphoryldtion has been 

obtained recently by the truncation or the replacement of the serine and 

threonine residues of the carboxyl segment of the ~2-adrenergic receptor 

(Bouvier et al., 1988). 

Finally, an interesting feature of this receptor family coneerns the 

structure of their genes. 

and D2-dopdmine reeeptor 

Indeed 

genes 

white the opsin, 5-HT1 C ' substance K 

contain intronic sequences, the 

adrenergie, muscarinic, 5-HT1A, and angiotensin receptor genes are 

intronl ess in the coding region and contain direct repeats bordering the 

genes. These unusual findings suggest that the intronless genes arise as 

processed genes and raise important questions about the evolution of 

these receptors. 

2.2.2 Ligand-dependent ion channels 

Al! ion ehannels, ligand- or voltage-dependent, are thought to be 

built on a similar structural plan consisting of a roughly symmetric 

arrangement of homologous subunits or domains ar~~~d a central wdter-
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No+ CHANNEL 

NICOTINIC ACh RECEPTOR SUBUNITS 

a p a 8 

GAP JUNCTION 

FIG. 4 Proposed models of functional ion channel complexes 

On the left is shown the proposed transmembrane topology of the 
homologous domains or subunits of the channel with each cylinder 
representing a single transmembrane a helix. On the right is shown a 
hypothetical pattern of packing of the domains or subunits of the 
channel. (Top) The single polypeptide chain of the Na+ channel a 
subunit, containing four homologous domains. (Middle) Pentameric 
structure of the muscle nicotinic ACh-R. (Bottom) Model of a 12-subunit 
complex of the liver gap junction channel (Miller, 198~, p. 1196). 

1 
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filled pore (see Fig. 4). However, ev en if this general picture fits 

weil with actual genetie and pharmacologicdl information of a varieiy of 

channels, the muscle-type nicotinic ACh-R is the single case for which a 

functional channel has been shown rigorously to be constructcd in this 

way (Changeux et al., 1984). The ligand-dependent ion chdnnels include 

the muscle and neuronal nACh-R, the GABA receptor and the Glycine 

receptor. All these receptors are oligomers of Mr 250,000-300,000 former! 

by several homologous subunits of Mr 45,000-60,000 encoded by different 

genes. They aIl probably fono a pentameric structure (Langosch et al., 

1988), although a tetrameric, a2P2, structure has been suggested for the 

GABA receptor (Mamalaki et al., 1987). Each subunit contains 4 

transmembrane helices interconnccted by hydrophilic regions. Binding of 

the ligand induces an allosteric conformational change of the oligomer 

that opens the ion channel. In the ~~se of the nACh-R, a ~ationic 

channel, this produces depolarization and an excitation signal while in 

the case of the GABA and glycine receptors, both dnionic channels, this 

produces hyperpolarization and an inhibitor signal. Neurotransmitter-

gated ion channels provide the molecular basis for rapid signal 

transmission (in the millisecond range) at chemical synapses and do not 

employa se-;ond meSS€Lger for this effect. 

The muscle-type nACh-R is considered the prototype of this family of 

receptors. It consists of a pentameric structure made of 4 different 

subunits with a stoichiometry determined as a2pr~. The stoichiometry for 

the other receptors is still uncertain. A summdry of the primary amino 

acid structure of the subuni ts of the musc 1 e type (a 1 ,p 1 , Y , S) and of 

the neuronal type (a2, a3,a4, Nna) of the nACh-R is given in Fig. 5. 
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Ex tracellular M1-M3 Cytoplasmic C-Terminal 

• 
O'BGTx Channel 
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FIG. 5 Homologous domains of the vertebrate nicotinic ACh receptor 
subunits 

The sequences are schematized and aligned to emphasize the 
similarities of the four regions. The broken lines indicate gaps 
introduced to permit alignment of sequences and broken vertical lines, 
the differences in size of subunits sequenced fram diffcrent species. 
The hatched area between the two cysteine residues in the N-terminal 
portion deI imit a highly conserved sequence found in all subunits. The 
star indicates the Cys-Cys pair found in all ACh-binding (a) subunits. 
The proposed region for a-neurotoxin (aBGTx) binding to the muscle al 
subunit is indicated. The hatched boxes represent the proposed membrane­
spanning a-helices (Ml ta M4). Potential sites for asparagine-linked 
glycosylation are indicated with arrows (arrowheads if not present in aIl 
cXdmples of homologous subunits sequenced) (Steinbach and Hume, 1989 p. 
5). 
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They aIl display a high homology in their structural orgauizalion. 

Indeed tbcy all have an extracellular N-terminal end with one or m()rI~ 

potential N-linked glycosylation site and 2 cysteine residues sp.parated 

by 13 conserved amine acids. Another Cys-Cys pair is found only in the 

a-subunits and is proposed to be involved in ACh-binding. This is 

followed by a region conta; ning the first three proposed lIIelllhnme­

spanning a-helices (Ml, M2 and M3), the major cytoplasmic region, whic:h 

is of variable length, and finally a region containing a proposed fourth 

helix (M4) followed by the C-terminal portion. Thus one muscle-type 

nACh-R will bind tWG molecules of ACh since it contains two a-subunits. 

The structure of the three types ot subunits (a, p,Y) of the GAliA 

receptor and of the strychnine subunit of the Glycine receptor that have 

been identified up to now (see Table 1) is very similar. 

It is interesting ta note that transfectian of a single subunit 

allows the formation of a functional homo-ol igomeric channe l complex 

capable of binding both agonist and allosteric modulator drugs. This has 

been shown by the expression in frog oocytes of either the a or P-subu'lit 

of the GABA receptor (Blair et al., 1988; Pritchett et al., 1988b), the 

a4 subunit of the ne.uronal nACh-R (Boulter et al., 1987) and the 

strychnine binding subunit of the glycine receptor (3chmieden et al., 

1989). These results argue that the subunits are similar enough that 

they can substitute for each other. However, certain functiùns of thesc 

receptors necessi tate the presence of specifie subuni ts as demonstrût ed 

recently by the discovery of the '!~ subunit, the co-pxpression ot which 

with al and Pl subunits of the GABA receptor is required for the binding 

of benzodiazepines (Pritchett et al., 1989). 
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( The fOllr subunits of the muscle-type nACh-R have been shown to be 

phosphoryldted in vivo (Vandlen et al., 1979). The phosphorylation is 

catùlyzerl by at leùst 3 known protein-kinases: proteln kinase A,C and 

tyrosine kinase (Huganir and Greengard 1983; Huganir et al., 1984). The 

phosphorylated sites are aIl localized in the major cytoplasmic domain 

between M3 and M4. Moreover, it seems that such phosphorylations can 

increase the desensitization rate of the receptor and play an important 

raIe in the regulation of the receptor t'fiction (Huganir et al., 1986). 

Much attention has been given to a model of the nACh-R ion channel 

with hypothetic regions of the transmembrane domains that might serve to 

line a water-filled pore (Guy and Hucho, 1987). A prominent amphipathic 

helix called "MA helix", found in equivalent positions of aIl four ACh-~ 

( subunits, was proposed to project both positively and negatively charged 

residues into the pore. However, experiments on mutant ACh-R channels, 

where complete deletion of the MA region did not impede the agoni st-

ac+ivated cation conduction, failed to confirm this hypothesis (Mishina 

et al., 1985). Recent studies baseQ on covalent labeling ot the protein 

with open-channel blockers (Hucho et al., 1966; Giraudet et al., 1987) or 

based on site-directed modifications of the ACh-R channel (Imoto et al., 

1988; Leonard et al., 1.980) support the notion that M2 is the Most likely 

region to lüœ the conduction pore. However, many questions remain 

unanswered, an important one being the mechanism used by the ACh-R to 

select specifically against anions. 

2.2.3 Voltage-dependent ion channels 

The voltage-sensitive ion channels Mediate rapid, voltage-gated 
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changes in ion permeability during action potentidls in excituble cells 

and also modulate membrane potential and ion permeabi.1 i ty in many 

unexcitable cells (Catterall, 1988). Contrary ta the 1 ig(lIld-gated 

channels, the channel-forming structur~ of tre voltage-dependent ones are 

apparently encoded in a single, very ldrge polypeptide chain (230-260 

kD). This chain is composed of four homologous domains. each of which 

probably has 6 transmembrane helices designated S1 ta S6 (see Fig. 4). 

Each of the four domains of the Na+ and Ca 2 + channels contains a sequence 

in which several basic residues (Arg or Lys) are present at every thirri 

position and interspersed with hydrophobie residues (see Fig. h). Thi~ 

"S4 sequence" has been postulated ta function as a voltagp sensor 

(Catterall, 1988). The A-type K+ channel is about one-fourth the size of 

the Na+ and Ca 2 + channel-forming subunits and contains the 6 

transmembrane helices, including S4, corresponding ta a single homologolls 

domain of these two receptors (See Fig. 6). By analogy with the other 

two channels, it was proposed that the K+ channel probably exists as an 

oligomer of four subunits. 

Purification of the Na+ and Ca 2 + channels has yielded more than one 

subunit. In the case of the Na+ channel, the large subunit a appears to 

be sufficient ta form functional channels according ta the transfection 

sTurlies (Nada et al., 1986b; Suzuki, 1988). However, the co-expression 

of lower molecular weight subunits appeared ta be necessary to obtain d 

normal rate of ird.ctivation (Auld et al., 1988). On the other hand, the 

channel-farming subunit al of the DHP-sensitive calcium channel is not 

sufficient ta express the Ca 2 + channel in frog oocytes, while it is when 

transfected id the skeletal muscle cells of a line of dysgenic mice 
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Schematic diagram of voltage-sensitive ion channel primary 
structures 

The boxes represent the four domains of the Na+ and Ca 2+ channels 
or the subunits of the K+ channel. Each channel domain or subunit has 
five potentially hydrophobie membrane-spanning sequences (shaded) and one 
S4 sequence (marked abo\e). The different amino and/or carboxyl-terminal 
regions of the various forms of the K+ channel are generated by 
alternative splicing and are illustrated separately. 
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(Tanabe et al., 1988). This suggests that other subunits are nccessary 

for the expression and functioll of the Ca 2 + charmel. One of thcse 

subunits (a2) has recently been characterized and shown to be entirely 

different from the al subunit, since it is fi highly glycosylated prolcin 

with only three hydrophobie segments. 

Unexpectedly, three genes coding for different Na' chûnnels hdve 

been found in the rat brain (see Table 2) and mul UpIe tor"ms of the A-

type K+ channel are generated by alternative splicing at the Shaker locus 

(see Fig. 6). It seems that a multitude of difterent subtypes of the Nat 

and K+ channels can correspond to different cell t)~es and possibly 

different kinetic properties (Jan and Jan, 1989). 

- 2.2.4 Multiple memhrane-spanning transporters -
Receptors in this superfamily consist of a single molecule with 10 

to 12 putative transmembrane segments (see Table 1). The glucose 

transport ers of the Na+-indepelldent type constitutes an important family 

where the different members have 501 or more amina aeid identity and arr 

predicted to have simi lar structures ine 1I1ding 12 hydrophobic, pres\llT1ûbly 

membrane-spanning, regions together with au extracellular loop belween 

the first two heliees and a hydrophilie intracellula~ loop between 

helices 6 and 7. They differ primarily in the leugths and sequences of 

the putative extracellular loop and of the intracellular C-tcrrninûl 

domain, suggesting that these two regions confer functional specificity 

on individual glucose transporters (Kayano et aL, 1988). 

It is interesting ta note that the Na+-dependpl1t glucose trallbporter -
does not share sequence identity with the other glut.ose transpor"t(!rs 
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(Hediger et al., 1987). In tact, it contains 11 putative membrane­

spanning sequences five of which are amphipathic. A similar mixture of 

hydrophobie and amphipa"lhic-sequences are found in both the Cl-/HC03-

antiporter (Kopito and Lodish, 1985) and the Na+/H~ antiporter (Sardet et 

al, 1989). For the last two cases there is a pronounced dichotomy 

between the large hydrophilie and hydrophobie regions. It is postulated 

that the amphipathie he lices ean cl uster ta form an hydr"ophil ie region 

involved in the ion-exchange proeess aeross the membrane bilayer (Rapita 

and Lodish, 1985). Nutagenesis studies should eventually clarify this 

question. 

2.2.5 Ion pumlJs 

These integral membrane proteins direetly couple the hydrolysis of 

ATP to the vectorial 

membrane (Ullrich, 

transport of 

1979). The 

catalytic subuuit (a) and a smaller 

vario\ls cations across the plasma 

(Na+ - K+)ATPase consists of a large 

glyeoprotein subuni t (fj) of unknown 

function. The a-subunit has extensive sequence identity with the 

(H+ - K+ )ATPase and (Ca? +-Mg2 + )ATPase that havE' been recent ly cloned (see 

Table I). It consists of a protein with 6 to 10 putative transmembrane 

he lices and inc1 udes a eonservcd sequence of '" 60 amine acids that spans 

the membrane and is bound at one end by the phosphorylation site and at 

the other by the apparent ouabain binding site. This region is likely to 

be a major component of the energy transdllction system. The ATP binding 

domaill precedes the transmembrane helix H5 and is well-eonserved. The 

most substantial differences occur in the N-terminal region and in the 

transmembrdor domains which probably confer ion specificity (Shul1 et 
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al. , 1985; Shull and Lingre 1 , 1986; McLennan et al., 1985). The 

determinution of the structural and functional domains of the 

(Na+ - K+)ATPase is of major interest, since the receptor binds cardidc 

glycosides, thus the inhibition of the Na+/K+ pump and subsequent 

inotropic action play a crucial role in the therapy of patients with 

heart failure (Allen et al., 1985). 

2.2.6 GAP junctions 

GAP junctions are formed by subunits present on two apposing cell 

membranes. They allow ions and small solutes to pass from one cell to 

the other, thus mediating intercellular communication (Loewenstein, 

1987). The sllbunits (connexins) are assembled into hexamers (connexons), 

joined with connexons in adjacent cells (see Fig. 4). Two connexins have 

been cloned up to now: connexin 43 from the heart (Beyer et al., 1987) 

and connexin 32 from the liver (Paul, 1986; Kumar and Gilula, 1986). 

They are membrane proteins with sequence identity in their four putative 

membrane spanning domains and in their extracellular regions. Each short 

extracellular loops contains three conserved cysteine residues. The 

unique cytoplasmic primary structures of the connexins May confer 

different physiological actions. Recently, Swenson et al. (1989) have 

expressed the connexins in Xenopus oocytes and showed the formation of 

gap junctions between pairs of oocytes injected with the same connexin 

RNA (homomolecular channel) or with two different connexin RNAs 

(heteromolecular channel). The different pairs displayed different 

behaviour. With such molecular biologie tools it will he possible to 

explore the real function of these special channels. 



( 

CBAP'l'ER 3 

.( PROLACTIN AND ITS RECEPTOR 

, 

( 
... 

l 



-

-

-
<1.1> 

54 

3.1 FUllctions of prolactin 

A multitude of biologieal f\lnctions (over 65) have been attrihuhd 

to PRL, an anterior pituitary hormone present in aIl vertebrates (Oprn 

and Nicoll, 1968). Thes1e actions can be c1assified into diff(~rent 

categories (Nicoll, 1980; Meites, 1988): 

a) actions related to salt and water balance; 

b) growth and development effects; 

c) actions on reproductive functions; 

d) metabolic effects: 

e) behavioral effects; 

f) immunoregulation fWlctions; and 

g) actions on ectoderméll and intergumentary structures. 

CElrtain functions like osmoregulation and nesting behavior ar(~ 

predomi nant in certain s'pecies (fish and birds, respectively), but of 

minor lmportance in mammals. On the other hand, PRL has few proven 

functions in mammals. Of these, its actions on mammary gland play a key 

role ,:md have been well-studied. These actions include cell 

multiplication and differentiation. and synthesis of milk proteins. 

lactosH, enzymes, lipid and antibodies (Shiu and Friesen. 1980). Thes(' 

effects are produced by an interaction with other hormones, such as 

estrog·en, progesterone. corticosteroid, growth hormone, placental 

lactogen, insul in and otheJ~ growth factors. The mitogenic effects on the 

mammary epithelium rnay he mediated by a growth factor-like substance 

produ(:ed by the li ver: synlactin (Mick and Nicha Il, 1<)85). The induction 

of milk protein synthesis (casein, a-lactalbumin. whey acidic protein) 

results from two independent phenomena: enhancement of milk protein rnRNA 
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concentration and stimulation of their translation (Houdebine et al., 

1 <)A5 ) • Moreov~r, the accumulation of casein mRNA has been shown to be 

much more pronounced than the increased rate of transcription, suggestillg 

that it results from bath acceleration of transcription and from mRNA 

stdbilizatioh (Teyssot and Houdebine, 1981; Guyette et al., 1979). 

There is no doubt that PRL is the key hormone involved in the 

Inauction and promotion of breast cancer in rodents (Weisch and Nagasawa, 

1977). In rats, numerous spontaneous mammary tumors are seen in old 

femalps, reaching an incidence of 70~ or more in Spra~le-Dawley rats, and 

are correlated with the large elevations in PRL secretion with age. 

Growth of both spontaneous and carcinogen (DMBA)-induced breast cancers 

in the rat is PRL-dependent; raised PRL levels lead to progression and 

lowering of the PRL levels leads to tumor regression. In addition Fisher 

and Fisher (1963) reported that PRL promotes the metastasis of the cancer 

cells in spontaneous rat mammary carcinoma. 

In human the role of prolactin in the development of breast c~ncer 

is controversial (Shiu et al., 1987). Clinical studies examining serum 

levels of PRL and the tumor remission by the use of prolactin-suppressing 

drugs in breast cancer patients, generated conflicting and inconclusive 

results. However, recently a significant report suggested the prognostic 

significance of the measurement of total PRL receptors in human breast 

cancer patients (Bonneterre et al., 1987). In addition, prolactin has 

been shown to induce a specifie protein (PIP: prolactin-inducible 

protein) in human breast cancer cells (Shiu and Iwasiow, 1985). This 

protein is found in human breast cancer biopsies and in the serum of sorne 
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breast cancer patients (Hurphy et al, 1987). No convincing stimulcltory 

effect of PRL on growth of human breast cancer cell lines in vi!EQ has 

been demonstrated. However, a recent report showed that PRL is capable 

of promoting the growth of primary human breast cancer cells taken from 

biopsies in a soft agar clonogenic assay in the absence of serum (Manni 

et al., 1986). This observation~ coupled with the fact that bath T-470 

and MCP-7 ceUs respond to prolactin stimulation when grown as solid 

tumors in nude mice (Leung and Shiu, 1901: Welsch et al., 1981; Shafie 

and Grantham, 1981) suggested that something about the way in which human 

breast cancer cells were cultured may be responsible for the lack of any 

reported prolactin effect. A possible explanation came recently by thf' 

work of Biswas and Vonderhaar (1987) who showed the necessity of using 

charcoai stripped serum in culture medium ta reveal a goad response of 

MCF-7 cells to prolactin in long-term culture. This suggests that bovine 

PRL in fetal serum can camouflage the response to lactogen stimulation. 

Obviously more work is required to clarify the raIe of PRL in human 

breast cancer. 

The liver contains high levels of PRL receptors and has provided one 

of the b~st systems in which to study the dynamic regulation of lactogen 

receptors (Hughes et al., 1985). Despite numerous reports demonstrating 

that the liver is a PRL-responsive target tissue, no truly important role 

of PRL in the physiological function of the liver has been established. 

PRL can modulate lipogenesis (Agius et al., 1979), RNA synthesis (Chen et 

a1.,1972a); ornithine decarboxylase activity (Richards, 1975) and bile 

acid metabolism (Moltz and Leidahl, 1977). Moreover, prolactin 

stimulates the production of sorne proteins by the liver: IGF-l (Francis 
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ilWJ lIill, 1975; Murphy ct al., 1905a); synl<1ctins (Nicol! et al., 1988) 

and a lactogenic factor (Frawley et al., 1988). These factors can 

polentially mediate growth-promoting and lactogenic effects of PRL on 

mammary gland. 

There is growing evidence for the involvement of PRL in 

immunomodulation. Early work of Chen and coworkers (1972b) showed a 

relationship between the lymphoid trophic state and PRL. Studies by 

Berczi and Nagy (1986) showed the ability of lactogenic hormones as weil 

as growth hormones to restore immunocompetence in hypophysectomized rats. 

They suggest that growth, nucleic acid synthesis and function of lymphoid 

organs are dependent on growth and/or lactogenic hormones. Similarly, 

lactogenic hormones stimulate growth of rat Nb2 lymphoma cells in a dose­

dependent manner (Gout et al., 1980). This cell line has been used as a 

sensitive and specifie bioassay to measure PRL and GH in human serum 

(Tanaka et al., 1980). PRL receptors are present on both Band T 

lymphocytes (Russell et al., 1984, 1985; Hiestand et al., 1906; Bellusi 

et al., 1987). A direct competitive inhibition of prolactin receptors on 

lymphocytes has been proposed as the mechanism of the immunosuppressive 

action of cyclosporin (Hiestand et al., 1986; Russell et al., 1987). 

Moreovcr, recently, macrophages have been shown to be activated by PRL 

and GU (Bernton et al" 1988; Edwards et al., 1988). There i5 even 

peripheral production of PRL and a PRL-like peptide by lymphocytes 

(DiMattia et al., 1988; Russell, 1988). These results, plus the fact 

that anti-PRL antibodies can block Con A-stimulated mitogenesis of 

lymphocytes (Montgomery et al., 1987), suggest possible autocrine 

regulation of lymphocytes by PRL. 
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3.2 Mechanism of action of PRL 

As with GU, the postreceptor events that follow the binding of PRL 

to its cell surface receptor are poorly defined. No known second 

messengers have been shown to clearly mediate the PRL action. Cycl ie 

AMP, which is involved in many normonal transduction system, is unlikely 

to be a mediator of PRL ar;tion. Sorne stuclies have shawn Lhat i ts 

dibutyryl derivative does not mir:Jic PRL action and in fact sI ightly 

inhibits its action in rnammary gland explants (Rillerna, 1900) and in Nb2 

cel1s (Larsen and Dufau, 1988). Cyclic GMP, on the other hand, is able 

to parti a lly mimic certain actions of PRL in cul tured rût rnammé'lry tissues 

(Rillema, 1975) and in pigeon crop sac (<\nderson et al., leml). n,~r'e is 

an absolute cation requirement for PPL' s enhancement of guanylate cyc 1 ase 

(Vesely, 1984). However, the slight stimulation obtained with cGMP 

suggests at best, a limited participation in PRL action. Prostaglandins 

can cause a PRL-like increase in RNA synthesis in mouse mammarj gland 

explt.wts but cannat reproduce the stimulatory effect of l'HL on casein 

~ynthesis, but the combination of polyamines ( s pc rm i ct i Hf' ) , 

prostaglandins and ar'achidonic acid can stimulate case in synlhesis but 

the magnitude of this effect is low campared ta PRL 1 S effect (Ri II e/lld 

1980a) . studies demonstrûting a stimulatory effect of PJ~L 011 urni thine 

decarboxylase (ODC), the rate limiting enzyme in polyamine synthes is, 

suggested a role for the polyamines in PRL dction (Oka élIld Perry 1976; 

Frazier and Costlow, 1982; Richards pt al., 1902). Hughes ~t aL, (19fl5) 

reported studies ou the raIe of polyamines in Nb2 cells and rOllCluderl 

that they play a major supportive role in the PRL-mitogpnic action ~lt 

that they were incapable of any stimulation ill the ahseuc:e of lactogenic 
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hormones, suggesting the need for additional factors in mediating hormone 

action. 

Activation of an amiloride-sensitive Na~jH+ exchange system by hPRL 

is the earliest post receptor response in Nb2 cells (Too et al., 1987). 

However, the failure of TPA, which activates the Na+jH+ ex change , to 

stimulate cell proliferation indicates that the Na+jH+ exchange is not 

sufficient to trigger cell proliferation. 

Recent studies by the group of Dufau suggest that G-proteins, 

probably different from the classical Gs and Gi. are involved in the 

signal transduction mechanism of the PRL in Nb2 cells. They first showed 

that the proliferative effect of PRL was modulated by pertussis and 

cholera toxins (Larsen and Thlfau, 1988) and then they demonstrated direct 

effects of PRL on two specifie ADP-ribosylate membrane substrates of 38 

kDa and 41.5 kDa (Barkey et nI., 1988). No clues are provided in these 

studies concerning the transduction system to which these G proteins are 

linked. 

Hormone binding to membrane reeeptors often 

lipid turnover in the plasma Membrane 

Phosphatidylinositol breakdown by phospholipase 

results in inositol 

(Berridge, 

C results 

1984). 

in the 

formation of two second messengers: inositol triphosphate which triggers 

Ca 2+ mobilization and 1,2-diacylglycerol which activates protein kinase 

C. Recently there were many studies sl'ggesting involvement of this 

transduction system and especially the protein kinase C route in PRL's 

actions. Exogenously added phospholipase C elicits PRL-like effects on 

one activity (Rillema et al., 1983) and RNA synthesis (Rillema, 1984) in 

mouse mammary gland explants. Ofenstein and Rillema (1987), by using 
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phospholipase inhibitors, abolished the PRL response in Nb2 celh., 

suggesting a possible involvement of phospholipase C in the PI~L 

!:.timulation of mitogenesis. By it:;i::lt, however, phospholipclse C hud no 

effect on the rate of cell division. Moreover, Etindi and Rillema (1988) 

showed that prolactin induces a phospholipase c-type hydrolysis ot 

inositol phospholipids in mouse mammary gland explants, but this effect 

is tran~ient and does not occur before 60 minutes after hormone exposure. 

ThIS suggests that these changes are secondary to more primary actions of 

PRL on its target cells. Similar delayed effects of another lactogenic 

hormone (hGH) on phosphoinositide metaholism in Nb2 cells were observed 

(Gertler and Friesen, 1986). 

There are several 1 in!!s of evidence impl icating Ca 2 + in the action 

of PRL. Depletion of extracellular calcium by EGTA inhibits the 

synthesis of casein by mammary explants from mice (RillemA , 1980b) and 

pregnant rabbits (Wilde et al., 1981). A calmodulin inhibitor reduced by 

80t the prolactin-induced differentiation in mouse mammary gland 

(Bolander, 1985). However, the calcium ionophore A23187 had no eftect on 

differentiation and casein synthesis in mouse glands (Bolander, 1985; 

Cameron and Rillema, 1983) or on growth of Nb2 cells (Murphy et al., 

1988b). Tbese results suggest that Ca 2 + is nece .... sary but not suffident 

to mediate pRL actions. Howevei~, it is possible that a small 

intracellular calcium pool may mediate the early actiüns of PRL in Nb2 

cells, since the intracellulôr calcium antagonist TMB-8 i.nhibited bath c-

mye expression and DNA s:'mthesis in these cells while the ionophore 

A23187 aione or in combination with TPA was without effect (Murphy et 

aL, 1988). 
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pr.orbol esters (TPA and others) have a structure similar to 

diacylglycerol and actlvate protein kinase C (Blumberg, 1988). They have 

PRL-like effects in the mammary gland (Rillema, 1985: Rillema and Waters, 

1986) while they enhance PRL effects in Nb2 cells (Gertler et al., 1985; 

Duckley et al., 1986). Moreover, gossypol, an inhibitor of PKC, inhibits 

PRL-stimulated responses (Etindi and Rillema, 1987). More direct 

evidence for PKC involvement has been obtained recently by Waters and 

Rillema (1989) who showed that PRL treatment of mammary gland explants 

produces a transient, time-dependent translocation of PKC to the 

particulate-fraction. H7, a PKC inhibitor, inhibited the PRL-stimulated 

effects. Similar results were obtained by Buckley et al., (1986) in Nh2 

( lYlhIJhoma cells. InLeresllagly, a recent report indicates that GH 

triggers the formation of DAG within a few seconds and stimulates c-fos 

gene expression in the preadipose Ob 177 ce 11 s, but contrary to PGF 2 -1' i t 

did not increase the inositol lipid turnover (Doglio et al., 1989). The 

authors suggested that DAG is produced in response to GH by a 

phospholipase C-mediatcd mcchanism which may irwolve oLher glyceru-

phospholipids, inc1uding the phosphatidylinositol-glycan that was shown 

to be involvcd in insulin mechanism of action (Low and Salticl, 1980; 

Farese, 1988; stanrlaert and Po Il et, 1 q88) . Buckley et al., (1988) 

reported that aJdition of PRL to purified rat liver nuclei rcsults in a 

rapid activation by several hundred-fold of protein kinase C. This 

effect W..'lS blocked by an anti-PRL-R monoclonal antibody. They suggested 

a nuclear site of action for PRL that involves phospholipid metabolism. 

Like many pep4:.ide hormones, PRL is internalized (Nolin and Witorsch, 

1976; Josefberg et al., 1979). After inlernalizùtion, the hormone-
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is thought to undergo proteolysis in lysosome~. Thi~ 

PRL has been viewed by certain invesligdt ors as dll 

for the intracellular action of the PRL (Mittra. 1900). 

However, there are several studies suggesting that internalization of PRL 

is nat a necessary step te its action. Lysosomotrophic agents snch as 

chloroquine, which inhibit lysosomal proteolysls, do not alter t.hp 

induction of casein gene expression by PRL (Houdebine and Djiane, 1980). 

Moreover, anti-PRL recepter antibodies that rnimic hormone effects have 

been used to d,_monstrate that degradation of internalized PRL is not 

required for the lactogenic (Djiane et al., 1901) dnd the mitogenic (Shiu 

et al., 1983) actions of the PRL. These studies do not eliminate the 

possibility that the internalized PRL receptor itself, intact or 

processed, can activate intrarellular processes involved in hormonal 

action. 

In surnrnary, although the mechanism of action of PRL remains obscure, 

there are growing evidence that PRL triggers a chain of reactions by 

binding to a cell surface receptor that may interact with a G protein. 

This protein is possibly linked to a phosphol ipase C-glycerophospho 1 ipid 

system which releases DAG, activating pratein kinase C and subsequent 

phosphorylation of putative substrates. This hypothetic transductiun 

system. if confirmed, would probably only partly explain thp action of 

PRL. A thorough knowledge of the PRL receptor molecule is required to 

make progress in this field of research. 

3.3 General characteristics of the PRL-R 

PRL receptors are distributed in a wide variety of tissues as 



. 
t. 

\ 

\ 

J 

TABLE II: TISSUE DISTRIBUTION OF PRL RECEPTORSI 

HWlllary gland: - normal 
- tumors 
-milk 

Reproductive syste.: 

Female 
Ovary - corpus luteum 

- granulosa cells 

uterus 

Male 
Testis - Leydig cells 

Epididymis 

Seminal vesicle & seminal vesicle tluid 

Prostate - normal 
- tumors 

Lung 

Liver 

Kidney 

Bladder 

Pancreas 

Chorion laeve 

Pituitary 

Brain: - choroid plexus 
- hypothalallUS 
- cerebrospinal fluid 

Lymphoid tissue: -lymphocytes 
-Nb2 lymphoma 

1 Hughes et al., 1985 and Kelly et al., 1988 
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illustrated in Table II. This i5 not surprising when the lIumerou<, 

funetions attributed to PRL are considered. However, the bio L()~i.Cd 1 

function of PRL in most of these tiss'les remains unknown. Thus far, 

characterization of PRL receptors has been performed mainly with rabbit 

mammary gland and rodent liver. 

Human GH and ovine PRL bind ta PRL reeeptors of both primc1 t es ami 

non-primates with a comparable affinity, regardless of the prepc1ration 

(whole eeU, microsomes, solubilized or purified) of receptors. This 

affinity (Ka), assessed by Scatchard analysis, ranges from 

10 9 to 1010 M-l. 

Like other hormones, the dissociation of the prolactin-receptor 

eomplex is very slow, in particular when hormones are allowed ta 

associate with receptors for a longer time (Kelly et al., 1980; Van der 

Guyi:en et al., 1980). Moreover, there is a more than two-told lower 

dissociation constant for PRL receptors in plasma membrane compared to 

those in Golgi, suggesting different forms of the receptor May exist in 

these different subcellular localization (Kelly et al., 1983). 

In rat liver, the majority of reeeptors are found in endosomal 

compartments (Bergeron et al., 1978). These intracellular receptors are 

considered to consist of mixed population of internalized and newh-

synthesized receptors (Posner et al., 1979). Studies of the uptake of 

t 2 5 l -oPRL into various organe Il es from rat li ver revea 1 ed a maxi mum 

uptake at 15 min in the Golgi and at 30 min in both prelvsosomes and 

lysosomes (Josefsberg et a1., 1979; Khan et al., 1981; Ferland et al., 

1984a). Moreover, chI aroquine treatment marked ly enhancerl recept or 

levels in lysosomes, suggesting that degradation processes of the ~RL 
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rer;pptor may occur in these organe lies (Ferland et al., 1984b). These 

expcrilllcnts suggest ei ther thdt the receptor-hormone complex is 

sequent ially internaI ized into the Golgi and then reaches the lysosomal 

compllrtmcnt or that there exist two independent paths of internalization, 

one toward the Golgi complex (for the recycling of the receptor) and the 

other going directly, although less rapidly, toward the lysosomes (for 

the degradation of the receptor) (Kelly et al., 1986). 

3.4 Regulation of PRL receptors 

The hormonal regulation of PRL receptors is complex. Indeed, 

binding studies revealed that steroid, thyroid and polypeptide hormones, 

, 
1 

including PRL, control the number of PRL receptors and interact in 
.. 

various ways depcnding on the tissue, sex and species tested (Hughes et 

al., 1985). As an example, testosterone increases PRL binding in rat 

prostate (Kledzik et al., 1976) whereas binding is decreased in liver, 

kidney and adrenal (Aragona et al., 1975; Marshall et al., 1976). On the 

other hand, estrogen acts as a stimulator of PRL binding activity in rat 

liver of bath sexes, male mice and intact female mice (Posner et al., 

1974; Marshall et al., 1978). In rat prostdte, PRL receptor levels are 

decreased after estrogen treatment and in female mice, ovariectomy causes 

an increase in binding while estragen replacement reduces binding ta 

control levels or lower (Marshall et al., 1978). These inJ[ivo effects 

of steroid hormones are in sharp contrast ta the lack of either 

stimulatory or inhibitory effects of directly added estrogen or 

testosterone on the number of PRL binding sites in cul tured hepatocytes 

(Barash et al. t 1988). These results suggest an indirect raIe for sex 
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steroid hormones on receptor induction. It is thoughl thdt stp.r"oid 

hormones act via the pituitary secretion of PRL and GH, sinc(! 

hypophysectomy abo l ishes their modulatory effect (Pùsner et al., 197 /,; 

Aragona, 1975). 

The importance of a pituitary factor in the maintenance ot PHI. 

binding sites in rat liver was first suggested when it WdS shawn that 

hypophysectomy provoked the 10ss of PRL binding (Kelly et al., 1975). An 

inductive effect of PRL was postulated when it was observed that a 

capsular pituitary implant under the kidney in hypophysectomized rats 

augmented hepatic PRL binding sites approximately 3 days following the 

increase in serum PRL levels (Posner, 1975). Severa! reports confirmeù 

PRL' s induction of its receptors in tissues like rabbit mammary gland 

(Djiane and Durand, 1977) and rat liver (Manni et al., 1978; Amit et al., 

1985), by the direct injection of PRL. It was ev en shown that oPRL, as 

weIl as anti-PRL receptor antibodies, were capable of maintaining PRL 

receptors in heyatocytes cultured in suspension (Rosa et al., 1982). On 

the other hand, hGH administration was also shown ta increase PRL 

receptors in both hypophysectomized (Norstedt et al., 1981; Norstedt, 

1982) and normal female (Baxter et al., 1984) rat liver. However, the 

fact that rat GH had similar effects to hGH on PRL receptors suggested 

that the inductive effect of hGH was not due ta its lactogenic praperty 

(Baxter and Zal tsman, 1984; Norstedt et dl., 1984). In arder to reso 1 ve 

the controversy concerning the respective induct ive ro l es of PRL and GU, 

Barash et al., (1980) eva 1 uated their effect on rat hepdtocyt es cul tured 

in serum-free medium. They found that both PRL and GH indl1cf!d PHI. 

receptors acting through their own receptor and suggested U1ùt this 

, 

1 
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explains the unllsual potency of hGH which binds to both PRL and GH 

receptars. 

A transient down-regulation of PRL receptors has been identified in 

rabbit mammary gland bath in vitro (Djiane et al., 1979a) and in vivo ----
(Djianc 1979b) following intravenous injection of PRL. A down-regulation 

of PRL receptors has also been observed in cultured rat hepatocytes, but 

only with supramaximal doses of PRL (Barash et al., 1988). Moreover, 

these authors have shawn a heterologous dawn-regulation of these 

receptors by supramaximal concentrations of bGH. They proposed a model 

of homologous receptor regulation, where there is a balance between 

receptor production and receptor loss. Both processes are activated 

differently according to the concentration of the ligand, the first being 

( predominant at low concentration of PRL and the second at high 

concentration. However, in mammary gland explants, down-regulation of 

the PRL receptor has been observed even at physiological PRL 

concentrations (Djiane et al., 1982). More studies are required ta 

clarify this question. 

The mechanisms underlying the regulatory changes in the number of 

PRL binding sites remdin obscure. In fact, four factors are considered 

ta be involved but it is unclear ta what extent each one contributes to 

this dynamic regulation (Hughes et al., 1985): 

1) de nova s~~thesis. 

2) internalization and subsequent degradation 

3) recycling from Golgi to cell surface 

4) conversion between cryptic and active receptors. 

This last factor does not require de nova protein synthesis and 
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d'~pends on conversion from a non-binding ta a binding st,lt t' by ,HI 

appropriate trigger mechanism. Evidence for such a mechanism C,1mp t r 010 

studies in which agents that perturb membrane integri ty pnHlucc an 

increase in PRL-binding activity (Alhadi and Vonderhaar, 1982; Kuppelman 

and Dufau, 1982; Dave and Knazek, 1980). 

3.5 Biochemical ·characteristics of the PRL receptors. 

Isolation and purification of the PRL receptor is an important and 

necessary step for its characterization. AlI the purification methods 

described invol ved at least two steps: solubilization of particul c1tc PRL 

receptors wi th a detergent and affini ty chromatography. The first 

attempt to purify the PRL receptor came from Shiu and Friesen (197 Lt) who 

used Triton X-100 for solubilization of rabbit mammary gland microsomal 

receptors. Because of the aggregation of PRL by this detergent, they hùo 

to USE' hGH as a ligand for affinity chromatography and as a tracer for 

radioreceptor assay. Using CHAPS as detergent, Liscia and Vonderhaùr 

(1982) showed that i:hey were able to use oPRL in affinity chromatographv 

to pur if y the mouse liver receptor. The same taols were used ta purify 

the rabbit mammary gland (Kat0h et al., 1985; Necessary et al., 1984) and 

the rat liver (Natoh et al., 1987) PRL receptars. MHani dnd Dufa\l 

(1986) used a two-step affinity purification, combining concanavill in A,-

Sepharose and hGH-élgarose affinity chramatography to purify the rat ovary 

PRL receptor. Although a relatively high degree of purification has been 

oblained on sorne occasions (Necessary et al., 1984; Mitani and Dtltc1U, 

1986), the yield was lowand aIl the purification studies were at the 

analytical rather than the preparative level. 
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Molecular weight determination of the PRL receptar under non­

d bboddting conditions, such as ge l-fi ltrdtion chromatography, sucrose 

grddient sedimentation or non-denaturing electrophoresis, gave a high 

moleculdr weight, in the range of 99,800 ta 340,000 (Kelly et al., 

198Ba), with the exception of a 37 kDa form in mouse liver (Liscia and 

Vonderhaar, 1982; Liscia et al., 1982). 

The molecular structure of the PRL binding component has alsa been 

characterized by using SDS - polyacrylamide gel electrophoresis of the 

purified, immunoprecipitated or affinity-labeled PRL receptor. Affinity 

labeling or crosslinking of the receptor is an important technique in 

which a labeled hormone covalently linked to the receptor by a chemical 

reagent is identified on the SDS-gel followed by autoradiography. Dy 

these techniques, molecular weights determined ranged from 35,000 ta 

45,000 (Kelly et al., 1988a). Larger molecular weight forms (M r "" 80,000) 

have been found when detergent-solubilized receptors were analyzed using 

cross 1 inking techniques. This was reported for rat ovary (Bonifacino and 

Dufau, 1984) and for rat liver (Haldosén and Gustafson, 1987; Kelly et 

al., 1988b). These larger forms were not affected by the presence of a 

reducing agent and were not present when the membrane-bound PRL receptors 

were cross! inked (Kelly et al., 1988b). Recently immunoblot analysis of 

the PRL receptor using anti-rat liver PRL receptor monoclonal antibodies 

gave furthpr insights into the structure of the PRL binding subunit. In 

the first report, Katoh et al., (1987) used the system of biotinylûted 

second antibody-peroxidase staining ta reveal bands while in the second, 

Okamura et al., (1989) used 125I-labeled monoclonal antibodies as a 

direct approach thdt resulted in an increase of sensitivity of 100 to 
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1000-fold compared to the first technique. The great sensitiviiy of thh 

technique allowed direct detection of PRL receptors in various tiSSllPS d', 

wel1 as in rat liver. Small Mr bands were obtained in rat li.ver ùnci 

ovary (42,000), Nb2 ceUs (42,000), pig mammary gland (J6,O()() and 

rabbit mammary gland (36,000, 45,000). However, in addition ta thesp 

forms, larger Ml' bands were found in rat liver (84,000), r',\t. ovary 

(51,000, 84,000), Nb2 cells (53,000, 64,000), pig mammary gland (66,000) 

and raLJbit mammary gland (55,000, 77,000). In contrast to crosslinking 

studies, immunoblot analysis revealed the presence of a high Mr band for 

the rat li ver PRL receptor, even in microsomes. Al though the 8't, 000 

form disappeared under reducing conditions, suggesting the existence of 

disulfide linkages in the 5 ubunit structure of the PRL receptor in 

accordance with other studies (Haeuptle et al., 1983; Bonifacino and 

Dufau, 1984), this hypothesis cannat yet be confirmed, since the 

monoclonal antibody used in these studies is sensitive to rerl\lcing 

agents, and the Mr 42,000 band was a1so markedly reduced. These resuHs 

indicate that the larger Mr forms rnay represent oligomeric forms of 

smaller subunits or alternatively represent intrinsic receptors th,ü 

easily degrade into smaller uni ts. Moreover, the very large Mr obtained 

by non-dissociating conditions may be artifacts consisting of detergent 

micelles or other non-specifie aggregation, or may represent holo­

receptors containing two or more binding subuni ts or one bi nding snbun it. 

and other subunits that do not contribute to hormone binding. 

Antireceptor antibodies have become a useful too 1 ta he 1 p to 

understand the mechanism involved in the interaction of polypeptid(' 

hormones with I~ell surface receptors. These antibodies som(~times r1d 

paradoxical1y, that is, in addition to antagonistic effects, they may 
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also elicit agonistic actions. Antisera aga in st partially purified PRL 

rer.eptors have been produced and examined for their biological actions on 

casein and DNA synthesis in rabbit mammary gland (Shiu and Friesen, 

197ba; Djiane et al., 1981), on corpora lutea of rat ovary (Bohnet et 

al., 1978), maintenance of PRL receptors in hepatocytes cultured in 

suspension (Rosa et al., 1982), mitogenic effect in Nb2 lymphoma cells 

(Shiu et al., 1983), and lactose and DNA synthesis in rat mammary tumor 

explants (Edery et al., 1983). 

However, polyclonal antibodies present sorne limitations due ta their 

heterogeneity and to binding to membrane components other than the PRL 

receptor, since the antigen used is a partially purified reeeptor 

preparation. For this reason, specific monocianal antibodies direeted 

against different epi topes of the rabbit mammary gland and rat 1 i ver PRL 

receptors werc produced. Kdtah et al., (1985) reported the production of 

3 mAbs (MllO, A82 and A917) against the rabbit manamary PRL receptor. Two 

of them (M110 and A82) were hormone binding site specifie while the other 

(A917) bound to a different region. The mAbs M1l0 and A82 prevented the 

stimulating effect of PRL on casein synthesis and A917 mimieked the 

action of PRL on bath casein and DNA synthesis (Djiane et al., 1905). 

Interestingly, only A917 was of the IgG2 subclass and its PRL-Uke 

activity was lost when it Wr1S reduced ta monovalent fragments (Dusanter-

Fourt et al., 1984). Similarly it was observed that only the bivalent 

F(ab')2 fragments of an anti-PRL reeeptor polyclonal antibody were able 

ta stimuldte proliferation of ~b2 eells white the monovalent Fab' 

fragments were inactive (Shiu et al., 1983). These data suggest that 

aggregùtion of PRL receptors constitute an essential step of their 
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action and are in agreement with the proven aggregation ot other' 

receptors (see RTKs previously discussed). Contrary to the an ti-PlU. 

receptor polyc1onal antibodies (Katoh et al., 1984; Shiu and Friesen. 

1976a, 197Gb) which showed cross-reactivity with aIl the species tested. 

these mAbs revealed strong species specifici ty. suggesting th!' existencf' 

of strucblral differences of the PRL receptor among species. 

Six mAbs against the rat liver PRL receptor were also obt,1Ïnecl 

(Katoh et al., 1987; Okamura et al., 1989b). Although directed ùgùinst 

different epitopes of the receptor, three mAbs (E29, Tl and T2) arp. 

directed against the binding site region and the other three (E21, US and 

U6) were directed against domains distinct from the binding site. The mAb 

US showed significant binding to rabbit and pig mammary gland, and manse 

liver demonstrating that there are sorne immunogenic damains of the 

receptor conserved between species. The anti-PRL receptor monoclonal 

antibodies have already been useful in immunoprecipitation and 

immunoblotting studies previously discussed and appear ta be efficient 

toals for receptor purification, investigation of hormone binding 

characteristics, biological effects and physicochemical characterization 

of the PRL receptor. 

3.6 Scope of the present investigation 

As discussed above, a number of points concerning the structure and 

function of PRL receptar remains ta be clarified. These include the 

number of PRL-R(s) mediating the multiple actions of PRL, the primary amI 

subunit structures of the l'RL-R, the mechanism af its rCb1111'ltion by 

hormones and by PRL itst:1f, and the signal transduction pathwc1Y(S) used 
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by PRL. 

In order to answer these questions, it i5 imperative to know more 

about the pdmary structure of the PRL receptor. However, until now it 

has not been possible to purify the PRL receptor to homogeneity. In the 

present investigation we wanted to circumvent this problem by using 

molecular biology techniques to obtain the primary structure of the 

receptor. In Chapter 4, ~e describe the first approach used to achieve 

the goal as described, which is based on the use of poly- and monoclonal 

antibodies, previously prepared in the laboratory. ln Chapter 5, the 

successful purification, cloning and expression of the rat PRL receptor 

is dcscribed. Wilh this new structural tool in hand, we examined the 

hormonal and developmental regulation of the PRL-R at both the protein 

and mRNA levcls (Chapter 6). Finally, the human PRL-R was c10ned by 

laking advantage of its homology to the rat PRL receptor. 

These studies should lead to a better unders-Landing of PRL-R 

structure and regulation and provide an experimental means to study the 

mechanism of action of prolactin. 
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USE OF POLYCLONAL AND MONOCLONAL ANTIBODIES FOR THE DETECTION OF PRL 
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PREFACE 

In Chapter 1, the different experimentni approaches, including the 

most recent techniques used to clone low abundance cell surface prateins 

were presented. In the choice of a cloning strategy ta isolate a PRL-R 

cDNA, twa factors were important: 

1) the source of PRL-R rnRNA 

2) the available tools ta specifically probe the prolactin 

receptor or its mRNA. 

Two tissues, the rabbit mammary gland and the rat liver, were 

considered good sources of PRL-R mRNA, since the receptor is relatively 

abundant and wel1-characterized in both tissues. However, no partial 

amino acid sequence of the receptor was available, therefore poly- and 

monoclonal antibodies consti tuted the best available tools at the Ume 

the study was undertaken. In this chapter we further characterize the 

anti -PRL-R anti bodies with respect to their abil ity to recognize the PI~­

R synthesized in vitro and in vivo and report their use to screen 

expression cDNA libraries. 
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SUMMARY 

The identification of the primary structure of the pro \ aet i 1\ 

receptor is central ta a better understanding of the mechanism of lle l iOll 

of prolactin. In the absence of partial sequence information of th!! 

receptor, its cDNA cloning will he difficult. We first lested th(' 

ability of polyclonal and monoclonal antibodies to the PRL receptor, 

developed in our laboratory, to specifically immullopl ec lpi t ùlp 5.l!..~j t ro 

and in vivo translation products from crude rabbit and rdt Poly(A)+ 

mRNAs. However, screening rat 1 i ver .À gUl express i 011 1 i brar i es w HI!' 

these antibodies resulted in only false positives. Next, we enl'iehed rat 

1 i ver mRNA for i ts content in PRL receptor mRNA l'Y us illg the immunopuri­

fication of polysomes. We prepared a library in X gtu from this enrichcd 

poly(A) + mRNA. Screening this library with polyclonal ùntibodip5 

resulted in an approximately 500-fold increase in the number of positive 

clones when compared with those obtained from ô non-selecled library, 

thus confirming the enrichment of the mRNA. Screening this 1 ibrary with 

monoclonal antibodies resul ted in 11 positive clones, aIl of which, 

however, appeared to be false positives. The limitations of thp. À gtll 

expression system for the cloning of the PRL receplor cUNA are discussed. 

INTRODUCTION 

Prolactin is the anterior pituitary hormone rcsponsible for the 

establishment and maintenance of lactation in mammals. Th(' initlill 

action of PRL, as is true for other polypeptide hormones, involves an 

interaction with l1igh affinity cell surface receptors. lIowever, follow­

ing hormone binding, the mechanism(s) by which these receptors t.ransducp. 
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information to various cellular compartments is not known (Houdebine et 

al., 1985). To approach this problem, our laboratory has focused on the 

char"acterization of the PRL receptor in both the rabbi t mammary gland and 

the rat liver (Kelly et al., 1986). By developing anti-PRL receptor 

poly- and monoclonal antibodies and by using different biochemical 

approaches, such as crosslinking, immunoprecipitation or immunoblot 

analysis, the prolactin receptor has been shown ta be a single subunit 

with a relative molecular mass (M r ) of approximately 40,000 (Katoh et 

al., 1984, 1985 and 1987). To determine the primary structure of this 

receptor, we decided to use recombinant DNA technology. Screening cDNA 

libraries with synthetic oligodeoxynucleotide probes prepared against 

known sequences was the technique successfully used for most of the 

cloned cel! surface receptors, at the time this work was performed (Noda 

et al., 1982, 1983; Russell et al., 1983; Ullrich et al., 1984; Leonard 

et al., 1984; Nikaido et al., 1984; Cosman et al., 1984). However, 

partial amine acid sequence information of purified receptor is necessary 

to make oligonucleotide probes, but up to now, purification of the PRL 

receptor to homogeneity has nat been obtained. Alternatively, expression 

cloning techniques were used to detect human EGF receptor cDNA clones 

with polyclonal antibadies (Lin et al., 1984). A more powerful expres-

sion system was devised by Young and Davis (1983a,b), using the bac­

teriophage expression vector A gtl1, which allows the immunodetection of 

genes that are expressed at a low level. In the present study we report 

the use of our polyclonal and monoclonal antibodies to detect the PRL 

receptor from in vitro and in vivo translations and to screen rat liver 

~gtll cDNA libraries. 
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--, RESULTS AND DISCUSSION 

As a first step we wanted to test the abi 1 i ty of our po ly and 

monoclonal antibodies ta identify a protein, synthesized from genetic 

material, that would be compatible with the prolactin receptor. For this 

purpose we isolated poly(A) ~ mRNAs from estrogen-treated rat livcr and 

pregnant rabbit mammary gland and transiated them in vitro in reticuloc-

yte lysates in the presence of 35S-methionine. After immunoprecipitnlion 

with different anti bodies, the proteins were separated by ge 1 el ectropho-

resis and an autoradiogram was obtained. Figures 1 and 2 show the 

results of such immunoprecipitations. In Fig. 1., estrogen-treated rat 

liver poly(A)+ rnRNA was translated in vitro. The polyclonal antibody no. 

46 specifically immunoprecipitated a protein of 68,000 daltons, but no 

specifie protein was recognized by the monoclonal dDtibody E21. A major 

band migrating at 68,000 was also seen in the total translation 

product. In Fig. 2., pregnant rabbit mammary gland mRNA was used and 

antiserum no. 46 specifically precipitated two proteins of 58 kDa and 125 

kDa that seem to be minor proteins in this tissue. The monoclonal 

antibody M110 failed to precipitate any specifie protein. In both cases, 

the protein recognized by the polyclonal antibody had a larger molecular 

weight than 40,000, expected for the prolactin reeeptor in bath tissues 

(Borst and Sayare 1982; Haeuptle et al., 1983). This difference could be 

explained by a longer protein sequence present in the precursar form of 

the receptor that is cleaved during post-translational maturation in the 

cell. Alternatively, these specifie bands eould correspond to proteins 

completely unrelated to the PRL receptor, since the anti-prolactin 

receptor antisera were raised against partially purified ( ~11) receptor 
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Immunoprecipitation of the putative rat liver PRl receplor 
precursor synthesized in vitro. 

Translation in reticulocyte lysates of estrogen-treated rat liver 
poly(A)+ mRNA in the presence of 35S-mcthionine. The translated products 
were incubated with one of the antibodies as inuicated: CG, control goat 
serum: '16, goat anti-PRL receptor antiserufJ1; CM, control mouse im­
munoglobul ins and E21, <mU -rat 1 iver PRL receptor monoclonal O'-globuli­
ns. Following immunoprecipitation, the proteins were electrophorescd and 
fluorographed for 3 days. Total represents a sample of the total 
translated producls. The position of molecular weight markers are 
indicated by numbers on the left. 
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Immunoprecipitation of the putative rabbit mammar'y gl'lIld PI?1. 
receptor pr8cursor synthesized in vLtrQ. 

As in Fig. 1., cxcept that pregnant rabbit mammary glùl1Cl poly(A)" 
mRNA was used for in vitro translation. The antibodies \lsed for im­
munoprecipitation were: CS, control goat serum; 46, gord dllt i-PIH. 
receptor antiserum; mAbs, control mouse immunoglobulins amI MLIO, nnti­
rabbit mammary gland PRL receptor monoclonal t-globulins. The X-rny film 
was exposed for 1 day. 

1 
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(Katoh et a1., 1967). Moreover, the detection of a highly abundant 

protein supports the second hypothesis in the case of rat liver l since 

the prolacU n receptor is expected to be:l very low-abundance protein. 

The fact that the monoclonal antibodies did not immunoprecipitate any 

protein does not D.ake the situation any clearer, since the epitope 

recognized by these antibodies could be masked by the different tertiary 

structure of the precursor. To circumvent this problem, we used an in 

vivo translation system that would allow maturation of the proteins. We 

injecled estrogen-treatf'd rat li ver po ly(A) + rnRNA into Xenopus oocytE'S 

and used another polyelonal antibody (no. 201) to immunoprecipitate at 

least three specifie proteins of 31, 41 and 60 kDa (Fig. 3.). lm­

munopreci~itation of the OCT protein (36 kDa) with a specifie anti-OCT 

rabbH antiserum was used as a positive control (Argan et al., 1983). 

None of these bands were obtained with eggs injected with vehicle. The 

41 kDa band is remil1iscent of the Mr 40,000 form of the PRL receptor 

whi 1 e the 68 kDa band could be the sarne as that found by in vi tro 

translatio'l using antiserum no. 46. The use of the monoclonal antibody 

E21 did not help to resolve this issue, since no protein was specifically 

precipitated. This could still be explained by a different processing of 

the receptor in the oocytes compared to the rat li ver, re"iul ting in a 

different conformation, thus moditying the antigenic determinants. 

We next screened several commercially available female rat liver 

libraries in the expression vector Âgt11, using as antisera those that 

gave specifie immunoprecipitation. No positive signaIs were obtained. 

However, when we screened a non-amplified, estrogei.1-treated rat liver 

library with the al1ti-rat PRL receptor antiserum no. 203, we obtained 20 
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Immunoprecipi tation of the putative mature PRL r eceptor syn­
thesized in Xenopus Laevis oocytes. 

Xenopus Lnevis oocytes were injected with eithpr wnler (control) or 
estrogen-treated ral liver poly(A)+ mHNA (HL mHNA) dllel illCllb,IIf!d in the 
presence of 35S--methioninf'. The in vivo translation products wr-rf! rnixed 
with one of the antibodies: NRS, normal rnbbit serum; A-OCT 1 ant i­
ornithine carbamyl transferé\.5e monospeci fi c antiserum; 20 l, <lul i -l'Ill. 
receptor rabbit anliserum; NMab, normal mouse immullogiobulins and E21, 
anti-rat liver PRL receptor monoclonal i-globul in. Following imnlllWlprf'C­
ipitation, the proteins were elrctrophoresed and f] uoragT"dphed for 2/, 
hours wi th an intensifying screen. Molpcul nr weight marker S d['e iBdi­
cated by numbers on the left. 
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positive recombinants. Thirteen were eonfirmed with other specifie 

antisera (no. 211 or 212) and eloned to homogeneity. When monoclonal 

antibodies were used, no positive signaIs were observed. On Southern blot 

analysis (not shown) we found that clones Al, A2, A6, A7 and AlO aIl 

cross-hybridized, as weIl as clones A8 and A9. In order- to determine 

whieh of the cDNA clones encoded the PRL reeepto!. we took advantage of 

our knowledge concerning PRL binding si.tes in rat. liver. lndeed the rat 

liver PRL receptor is known to be a very low abundance proteip «O.OOl~ 

of total protein) that is practically absent in hypophyseetomized animaIs 

but is stimulated 5-10 foid by estrogen in normal female rats (Posner et 

al., 1974). Mareovpr, the tissue distdbution of the reeeptor in rat is 

well-known (Posner and Khan 1983). By using the different positive 

clones as cDNA probes on Northern blot analysis of rût mRNAs, it is 

possible ta examine the level of abundance of the signdl, its response ta 

estrogen and its specifie tissue distribution (Fig. 4 and 5). None of 

the clones that were identified fulfilled the requjrements necessaly ta 

be considered the rat l iver PHL l"Creptor cDNA. The clones eould be 

divided into four r;lasses according to their abi 1 i ty to hybridize with 

mRNA of liver from hypophysectomized and estrogen-treated rats (Fig. 4). 

In c1ass A, (clone A3), the message is abundant, is present in 

hypophysectomi zed anima 1 sand is increased by estrogell. In clé'sS B, 

(clones A8 and AIl), the message is of low abundance in hypophyseetomized 

animaIs but responds weIl to estrogen. In class C (clone A12), the 

message is virtually absent after hypophyseetomy but responds dramatical­

ly to estrogen treatment. Finally in elass D, the messûge is more 

(clones A4 and AS) or less (clones A2 and A13) abundant and does not 
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Northern blot analysis of A3, AH, A12 and A2 mRNAs ln rnt 
liver from hypophysectomized or estrogen-tredted ilII!'lldls. 

One hundred, 50 and 5 J.1g of poly(A)+ rnRNA trulli hvpophyser.tomizf'r1 
(Hypox) and estrogen-treated (E7-treated) ra1 s were lOilc!Pd Ol! tlw gr' 1 <1<; 

indicated at the bottom of eùch blot. The hlots wpre hybricli7.cd nt high 
stringency with cDNA probes preparpd from clones AJ in A, AB in U, Al~ in 
C and A2 in D. A11 the X-ray films wcre e':l)osed ov(!rnighL Biol J) Wt\S 

the only one for which an intensitying scn'cn was Ils('d. 'Ih!"' rnigr'dlion of 
18S and 28S ribosomal RNAs is indicated by the arrows. 
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Northpr'n hlol <lnùlysis of AO c1nd A12 mHNi\s in cliffN'enl 
tissues of the rat. 

Ten micrograms of poly(A)+ mRNA was loaded in each weil. The RNAs 
were exlrùcted, <lS irldic.:ltcd ùhove the blots, from the heurt, spleen ilnd 
liver from hypaphyscctomizcrl rats, from the liver of normal femùle rat 
and from the 1 iver, ovùry, mflmillùry gland ùnd ad.-enal of estrogell-treated 
female rùts. Thp blats were hvbridized at high stringency with cDNA 
probes prepared from clones AB in A and A12 in B. Thp X-ray films were 
exposed with an intensifying sennn overnight in A and 36 hours in D. 
The size of the mRNA bands i5 indicated on -the right of eaeh blot. 
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increase at aIl in response to estrogen. From these finclings we con-

cludeâ that clones from class A and D were not compatible with the PRL 

receptor llnd tissue distribut.ion of their mHNAs showcd Uldl they werp 

pres~nt in the hAart of female rats where PRL binding sites are ôbsent 

(data not shown). Northern blot analysis using cDNAs of class Band C 

dones did not allow the eliminatio~ of these clones simply 011 the basis 

of response to hormones. However, the tissue dislri bUtiOll of Northf'rrt 

blc~ analysis of their mRNAs in rats did not match the pattern expected 

for the PR~ receptor. Examples for thes'? two classes are given in Fig. 

5. When we Jsed a cDNA probe for the clone A8 (Class B, Fig. SA), we 

obtained a weak signal in the normal rat liver, that. WélS j!lcreùsed hy 

bath hypophysectomy and estrogen treatment and the mRNA Wc1S ahsent in aIl 

the other tissues tested, inel uding the ovary, the mammary g 1 a~ld and the 

adrenal where PRL receptor binding sites are tound. A cDNA probe for 

clone A12 (class , 
, , Fig. 5 B) gave the pattern expected for the PRL 

receptor in the liver of hypophysectomized, normal and estrogen-treated 

rats, but gave an even strongcr signal in lhe heurt of hypnpltyst'clomizpd 

rats where PRL receptor binding sites are absent. Since attempts tu clone 

the PRL receptor failed anel since Hs mRNA was of very low abulidance, wc 

decided ta enrich the mRNA by using the technique of polyc;ome immunopuri-

ficatiol1, which is considered the most powerful technique for this 

purpose (Kraus, 1985). In a typical experiment l1,/~OO ODu,o units of 

polysomes wer~ prepared from 970 g of estrogen-treated femalc rat liver 

and incubated with 110 mg of anti-rat hepatic PRL receptor - Yglobulin. 

After purification on a protein-A agarose column, 34 OD;>60 units of poly~ 

somai material were eluted and 8 ~g of poly(A)+mRNA was obtained after 
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passage through an oligo-dT cellulose eolumn. In this experiment the 

chromatography through the protein A agarose column provided a 335-fold 

purification. In general a 300 to 500-fold purification was obtained 

which corresponds to what has been reported for other hormone receptors 

(Schneider et al., 1903; Russell ct al., 1983; Miesfeld et al., 1984). A 

typical sucrose gradient profile of the polysomes, before (A) and after 

(D) passage throuflh the protein A agarose column, is illustrated in Fig. 

6. The integrity of the polyribosomes, as demonstrated by these profil-

es, is central to the suecess of the technique. The amount of polysomes 

retained on the protein-A sepharose column is small, as shown by the 

minor change in the profile in Fig. 6. B. 

Using such enriched poly(A)+ mRNA, we performed translation in 

reticulocyte lysates and analyzed the synthesized products by 

immunoprecipitation and gel electrophoresis. The autoradiogram of Fig. 

7. indicates that antiserum no. 212 precipitated three specific bands of 

12, 32 and 46 kDa. This pattern is strikingly different from that 

obtained with crude poly(A)+ mRNAs shown on this figure with the same 

antiserum or in Fig. 1. with the antiserum no. 46. The 32 kDa band ~as 

particularly promising, sinee we knew that treatment of partially 

purified receptor preparations with endoglycosidase F gives a band of 34-

36 kDa (unpublished data). However, once again no specifie band was 

precipitated with the monoclonal antibody E21. 

The enriched mRNA was used as a template for synthesis of cDNAs and 

con~truction of a library in the expression vector Àgtl1. Screening of 

the entire library with polyclonal antibodies gave approximately 10,000 

positive recombinants. This represented a 500-fold inerease in the 
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FIG. 6 Sedimentation profiles of polyribosomes. 

0.5 OD260 units of rat liver polyribosomes were layered on a 5 ml 
20-50~ sucrose density gradient in buffer C (see Materials and Methods). 
After centrifugation the gradients were scanned at 254 nm with an ISeO 
density gradient fractionator and UV monitor. A, polyribosomes prior to 
antlbody addition. B, non-adsorbed polyribosomes after passage of the 
antibody - polyribosome mixture through the protein-A agarose column. 
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Immunoprecipitation of the putative rat liver PRL receptor 
precursar synthesized in vitro from enriched mRNA. 

As in Fig. 1. , except that rat liver poly(A) + mRNAs enriched by 
polysomes - immunopurification (selected mRNAs) as weIl as crude liver 
poly(A) + mImAs from estrogf'n-trea"led rats (crude mRNAs) were used for in 
vitro translation. The antibodies used for immunoprecipitation wer-e: NRS, 
normal rahbit serum and 212, anti-rat liver PRL rcceptor rabbit nn­
tiserum. The X-Ray film was expased for 11 dûys. 
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number of positives observed following screening of a classical, non­

enriched library, and this increase is close ta the calculated degree of 

enrichment of rnRNA by the immunopurification of polysomes. Moreover, 

screening of this library with the anti-rat PRL receptor monoclonal 

antibodies E21 and F11 resu1ted in 11 positive recombinants (B1 to B11) 

which were purified to homogeneity. AlI these cDNA clones cross-hybridi­

zed on Southern blot (not shown) and probably represented the same cDNA. 

strange1y, positive signaIs were observed only with IgG prepared in mouse 

ascites but not with hybridoma culture medium. In addition, positive 

signaIs were a1so observed with nonspecific ascites (Sp20 and anti-CEA). 

This suggested that clones B1-Bll were aIl nonspecific. On Northern blot 

analysis (Fig. 8), Bl was used as a cDNA probe and recognized a message 

that was present in aIl the tissues examined independent of variation 

with hormonal manipulation. This 237 bp long cDNA probably encodes an 

abundant constitutive protein in the rat that is unrelated to the PRL 

receptor. We sequenced it but found no homology with any known genomic 

or protein sequences. It could become a useful control marker, similar 

to ~-actin, for Northern blots, since its rnRNA is found in every tissue 

and does not appear to be hormonally regulated. 

At the time these studies were in progress, we were able ta purify 

the rat liver PRL receptor to homogeneity and obtain amino acid sequences 

that were used to make synthetic oligonucleotide probes. The following 

chapter describes results obtained using these probes. With the success­

fuI cloning of rat Iiver PRL receptor using oligonucleotide probes, there 

was no need ta try to identify among the 10,000 recombinants obtained in 

the enriched library screened with the polycionai antibodies, the one 

• 
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Northern blot analysis of Bl mRNA in different U ssues of the 
rat. 

One hundred micrograms of poly(A)+ mRNA were loaded in each weil. 
The RNAs were extracted, as indicated above the blot, from the heart, the 
stomach and the testis of normal male rats, the skin of newborn rats, the 
liver of hypophysectomized, normal or pregnant femnle rats, the placenta, 
the adrenal and ovary of pregnant rats. The blot was hybridized at high 
stringency with a Bl cDNA probe. The X-ray film was exposed one hour 
with an intensifying screen. The size of the Bl mRNA is indicated on 
the right. 
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encoding the PRL receptor. However, it would have been possible tu 

design an approach ta reach this goal. For instance wc planned to 

isolate several clones, eliminate many of them on the basis of cross­

hybridization with the false-positive clones obtained previously (Al-A13) 

and study the rernaining ones by Northern blot analysis of their mRNA. 

In conclusion, cloning of a celI surface receptor by screening 

Àgtll expression libraries is not a straightforward method. In the 

of the PRL receptor, this can be explained by many factors: 1) the very 

low abundance of the rnRNA and the need to prepare enriched mRNA ta make a 

representative cDNA library; 2) the non-specificity of the anti~era 

raised against a partially (~1%) purified receptor, resulting in iden­

tification of many false positive clones; 3) the difficulty of the 

monoclonal antibodies to recognize a fusion protein with p-galactosidase 

(Snyder and Davis 1985), where the antigenic site is masked or changed in 

conformation; and 4) the nonspecific clones obtained by screening with 

the monoclonal antibodies due to a common epitope shared by several 

proteins or by contaminating antibodies present in the mouse ascites 

preparations. 

MATERIALS AND METROns 

Preparation of poly (A)+ mRNAs 

RNA for in vitro translation was extracted from livers of estrogen­

treated female Sprague-Dawley rats and from mammary glands of lactating 

rabbits. A single subcutaneous injection of 1 mg of estradiol valeratp 

(Squibb Canada Inc.) was used for estrogen treatmt::nt of female rats, and 

animaIs were killed 8 days later. RNA for Northern blot analyses was 
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extracted from different tissues of Spra~le-Ddwley adult rats: heélrt, 

spleen and liver from hypophysectcmized rats; liver from normal female 

rats; liver, ovary, mammary gland and adrenal from estrogen-treated 

femùle rats; heart, stomach, testis from r1rmal male rats, sl<.in from 

Ilewborn rats, and placenta, liver, adrenal and ovary from pregnant rats. 

Tolal RNA was purified using the guanidium thiocyanate/CsCI procedure 

(Chirgwin et rd., 1979), and polYddenylated rnR~A was purified by oligo-dT 

cellulose, chromatography (Aviv and Leder 1972). 

Polysome isolation and immunopurification 

The po lys ornes were iso l ated according ta the procedure of Shapir') 

and Young (1981) with sorne modifications. Ribonuclease precautions were 

taken throughout the experirnents and polysomes were always manipulated on 

ice. AlI solutions contained 20 mg heparine/lOO ml and 2 mg cycloheximi­

de/lOO ml. Sixt Y grams of liver from estrogen-treate1 female rats were 

homogenized in 180 ml of buffer A (25 mM Tris-HCI, pH7.5, 300 mM NaCI, la 

mM MgCI~, 0.4% Nonidet P-40, 250 mM sucrose and 800 pl of a-amylase/laD 

ml [Boehringer]) using a Tekmar homogenizer. The nuclei were pelleted in 

a Sorval! rotor SS-34 at 15,000 rpm for 15 min at 4 C. The supernatant 

was lùvered over a cushion of 9 ml of 50% sucrose (BRL) in buffer B (25 

mM Tris-HCl, pH 7.5, 300 mM NaCI and 10 ~ MgCl;:) and centrifuged at 

35,000 rprn in Son'all rotor 50.38 for 2~ hours at 4 C. The pellets were 

rinsed and suspended in 1 ml of buffer C (25 mM Tris-HCl, pH7.5, 150 mM 

~dCl, 5 mM MgCI: and 0.1% Nonidet P-40) , transferred to Eppendorf tubes 

and centrifuged 5 min at 4 C ta remove aggregates. They were then pooled 

and stored at -70 C. One aliquot ~as kept to measure the absorption at 
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260 and 280 nm and another was used to obtdin a sedimentation prof i le 01 

polyribosomes through a ~ucrose density gradient as described previously 

(Jolicaeur et al., 1983). 

Rabbit antisera (no. 211, and no. 212) against partially purifif!cl 

rat liver PRL receptar were used for immunapurificdtion of the polysomps. 

They were produced as described previously, Katoh et al. (1907). 

Antibodies were isolated by affinity chromatography using the Affigel 

protein A MAPS II kit of Bio-Rad. After elutian the antibodies were 

dialyzed against PBS buffer (20 mM sodium phosphate, pH7.6, 150 mM NaCl) 

and incubated overnight at 4 C with the rat liver polysomes at a ratio of 

10 mg of Y-globulill for 1000 OD260 units of polysames. The mixture was 

then applied twice to the protein A-Attige! calumn. After overnight 

washing with butter C, rnRNA in specitically baund polyribosames was 

eluted tram the colu~~ with butter D (25 mM Tris-HCI, pH 7.5 and 20 mM 

EDTA). Finally, the eluate was incubated for 5 min at 65 C, placed on 

ice, made 0.5M NaCI, 10 mM in Tris-HCI, pH7.5, and 0.5% SDS, and passed 

over an oliga(dT)-cellulose column as previously described ta obtain the 

enriched poly(A)+ mRNA. 

Cell-free translation and immunoprecipitation 

Rabbit reticulocyte lysate was prepared according to Pelham and 

Jackson (1976). mRNA-dependent protein synthesis with either enriched or 

non-enriched poly(A)+ mRNAs was performed in a micrococcal nuclease-

treated lysate following the method of Merrick (1983) with somp modifica-

tions. A typical assay contained 10 III of master cocktai l, 10 111 of 

reticulacyte lysate, 4 III of J5S-methionine (sp.act. 1200 Ci/mmol) and 
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0.1 to 2 pg of poly(A)+ mR~A. The master cocktail (1 ml) is made of 63pl 

of 1 mM amino acid mixture (except methionine), 300 ~1 of 1 M KCH3C02, 

pH7.5, 100 pIaf 40 mM Mg (CH3C02)21 66 ~l of 37.5 mM ATP and 15 mM GTP, 

50 pl of 1. 25 M Hepcs-KOH, pH7. 5 and 100 mM OTT, 15 ~l of 100 mM sper-

midine, 25 pIaf 10 m~/ml CPK (creatine phosphokina&cJ_ 50 pl of 400 mM 

creatine phosphate, 5 pl of calf liver ~RNA (5 mg/ml) and 321 pl of H20. 

Translation wns for 60 min at 37 C. An aliquot (5 pl) was taken ta 

measure TCA-precipitable radioactivity. Oepending on the mRNA used, 

stimulation of 10- to 70-fold above background was obtained. The remain-

ing reaction mixture was centrifuged at 100,000 xg for 30 min at 4 C and 

the supernatant was used for immunoprecipitation. Goat antiserum no. 46, 

rccognizing both rùbbit mammùry gland and rat liver PRL receptors, rabbit 

antisera nos. 201, 203, 211 and 212 directed against rat liver PRL 

receptor, anti-rabbit PRL receptor monoclonal antibody M110 and anti-rat 

PRL receptor monoclonal antibodies E21 and E29, characterized in our 

laboratory (Katoh et al., 1984, 1985 and 1987) were used ta immunoprec-

ipitate the in vitro translation products. For this purpose 50 pIaf the 

reaction mixture supernatant was rnixed with 200 pl of 75 mM Tris-HCI, pH 

7.5, 10 mM CHAPS, 1 mM PMSF and with the antiserum (1:100 dilution) or 

with th~ monoclonal antibody (1 to 10 ~g) of interest, overnight at 4 C. 

250 piaf MAPS binding butfer (Bio-Rad) plus 10 mM CHAPS with 50 pIaf 

Pansorbin (Calbiochem) or 75 ~l of Prote in-A Affigel (Bio-RAD) were then 

added. After an incubation for 30 min at room temperature, the suspen-

sion was centrifuged for 1 min in a microcentrifuge and the pellet was 

washcd twice with MAPS binding bufter, 10 mM CHAPS, once with MAPS 

binding butter alone, res\lspended in 50 pl of SOS-PAGE sample bufter 
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[2.51 (w/v) SDS, 101 (w/v) glycerol, 51 (v/v) 2-mercaptoethanol, 65.2 m~ 

Tris-HCI, pH 6.8] boiled for 3 minutes and after centrifugation, the 

~upernatant was el ectrophoresed on a ')-151 SDS-po lyacry lamide ge 1 r1~ 

described by l.aemmli (1976). The gel was then fixed in 40% methanol/lO'1, 

acetic acid, treated with EN3HANCE (New England Nuclear), and fluorograp­

hed at -70 C on a Kodak O-Mat XAR film. 

Oocyte microinjection and labeling 

Fragments of ovary were surgically removed from an anaesthetized 

Xenopus laevis frog (Xenopus One, Ann Arbor, Mi.). Individual mature 

oocytes were isolated manually, rinsed weIl, and stored overnight at 19 C 

in modified Barth's saline, (Colman, 1984). Using a Leitz micromanipula­

tor and borosilicate micropipettes of 0.75 mm internaI and 1.5 mm outer 

diameters (FHC, Brunswick, ME), 50 nI of a 1 mg/ml solution of poly(A)+ 

rnRNA was injected into the vegetal pole of 50 to 100 healthy oocytes. 

They were th en incubated by batches of 10 oocytes in 54 ~1 of modified 

Barth's saline with 6 ~l of 35S-methionine (sp.act. 1200 Ci/mmol) into an 

Eppendorf tube for 40 hours at 19 C. Afterwards the medium wüs removed 

and the oocytes were quickly frozen in liquid nitrogen and stored at -70 

C until further procedure. Homogenization and immunoprecipitation wpre 

performed according to the method of Colman (1984) and the immunoprecipi­

tates were electrophoresed and radioautographed as describp.d above. 

Construction of cDNA libraries ruld immunoscreening 

Several female rat liver libraries prepared in Lambda gt 11 werr! 

obtained from Clontech (La Jolla, CA). Another Àgtll library was made by 

• 



( 

( 

f 

98 

Clontech from estrogen-treated female rat liver poly(A)+ mRNA prepared in 

our lùboriltory. This unùmplHied library had a titer of 1.2 x 106/ml 

with 871. of c1ear plaques for a total of 7.3 x 10 5 independent clones and 

the me an insert size of 0.9 kb. The enriched library was prepared from 

selected poly(A)+ mRNAs obtained through immunopurification of polysomes 

as described above. The polysomes were passed 'lwice through an oligo-dT 

cellulose column and 100 ~l fractions collected after the second passage 

were used directly for random-primed cDNA synthesis (Gubler and Hoffman 

1983; Krüus et al .• 1986). The double-stranded cDNA was blunt-ended, 

ligated to O-mer EcoRI linkers (Pharmacia), and assembled in the EcoRI 

site of Àgtll phage DNA (Stratagene). The library contained 9 x 10 5 

independent recombinants. 

The immunoscreening method of Clontech was used to screen these 

1 ibraries wi th both polyc1onal (nos. 201, 211 and 212) and monoclonal 

antibodies (E2l and Fll). However, we used the preformed streptavidin-

peroxidase complex of Amersham as a sensitive detection lilethod. The 

working di! ution of the first antibody (1: 200) was determined by detec­

tion of a fixed amount of partially purified receptor applied to a 

nitrocellulose filter. 

Northern and Soutbern blot analysis 

Poly(A)+ mRNA used for Northern blot analysis was denatured for 60 

min at 50 C in 1 M glyoxùl, 50'1, DMSO, 10 mM phosphate butter pH 6.5, 

before separation by electrophoresis on a 1.5'1, agarose gel in 10 mM 

phosphate bufter pH 6.5. RNA was transferred to d nylon membrane 

(Genescreen, NEN/Dupont) by capillary action in 1 M NaCl, baked at 90 C 
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and hybridized. The cD~As used ta make the probes were the EcoR! insl'rt s 

of the purified phage DNAs. The ),gtll phages were isol.~tcd according tu 

the method of Yamamoto et al. (1970) with sorne modification~: the CsC1 

gradient was composed of only two 1ayers of 5 M and 3M. The phage DN\ 

was extracted \Vith 26 111 of lM Tris-HCl, pH 8.0, 13 111 of 0.2 M EDTA, 150 

111 of formamide and 800 111 of abso1ute ethanol, th en it was phenol 

extracted. 

DNA probes were 1aJelled using the random-primed 1abe1ling method of 

Feinberg and Vogelstein (1983). Hybridization was performed overnight at 

42 C in 50% formamide, 50 mM phosphate buffer (pH 6.5), 0.8 M NaCl, 0.5~ 

SDS, 1mM EDTA. Filters were washed at 55 C in 12.5 mM ~aCl, 0.1% SDS, 

and films were exposed from 1 to 36 hours with or wi thout intünsifying 

screens. 

Southern bluts were prepared as described by Maniatis et al.., (1<JB2) 

and hybridization and washing were as described for Northern blot except 

that 10% Dextran sulfate was used during hybridization. 
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PREFACE 

.:.' " 

As mentioned in the Discussion of the last chapter, the use of 

immunoaffinity chromatography was a turning point in our illvest~Jt:ltion 

since it permitted the production of purer PRL-R preparations in greatf'r 

yield. With the availability of amino acid sequence of tryplic fragments 

of receptor, oligonucleotide probes were prepared. As describp.d in 

Chapter 1, such probes are, by far, the most ('ffcctiv(' tools for 

screening cDNA libraries. In this Chapter we report their use in the 

successful cloning of the rat prolactill receptor. 

--
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The primary structure of the rat liver prolactin receptor has been 

deduccd trom a single complementary DNA clone. The sequence ~egins with 

a putative 19 amino aCld signal peptide followed by the 291 amine acid 

receptor thdt includes a single 24 amino acid transmembrane segment. In 

spite of the fact that the prolactin receptor has a much shorter 

cytoplasmic region than the growth hormone receptor, there is strong 

localized sequence identity between these two receptors in both the 

extracellular and cytoplasmic domains, suggesting the two receptors 

originated from a common ancestor. 

INTRODUCTION 

The anterior pituitary hormone prolactin (PRL) is encoded by a 

( member of the growth hormonejprolactinjplacental lactogen gene family. 

In mammals, it is primarily responsible for the development of the 

mammary gland and lactation. Prolactin stimulates the expression of milk 

protein genes by increasing both gene transcription and mRNA haIt-lite 

(Matusik and Rosen, 1980; Houdebine, 1985). In addition to the classical 

effects in the mammary gland, prolactin has been shown to have a number 

of other actions, aIl of which are initiated by an interaction with 

specifie high affinity receptors located on the plasma membrane and 

widely distributed in a number of tissues (Posner et al., 1974a; Djiane 

et al. , 1977). Different biochemical approaches (crosslinking, 

immunoprecipitation or immunoblot with monoclonal antibodies) have shawn 

that the prolactin receptor has a relative molecular mass (Mr ) of~40,OOO 
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and is apparently not linked by disulfide bonds ta itself or to ot~ 

subunits (Haeuptle et al., 1983; Katoh et al., 1984, 1985, 1987; Kelly et 

al., 1984; Sakai et al., 1984). 

Prolactin receptor levels are differentially regulated depending on 

the tissue studied. In rat liver, one of the tissues with the highcst 

prolactin binding, receptor levels vary during the estrous cycle (Kelly 

et al., 1974), increase during pregnancy (Kelly et al., 1975) and are 

markedly stimulated by estrogens (Posner et al., 1974b). Prolactin plays 

a major role in the regulation of its own receptor, inducing bath up- and 

down-reguJation depending on the concentration and duration of exposure 

to prolactin (Posner et al., 1975; Manni et al., 1978; Dji~te et al., 

1979). As is true for the growth hormone CGH), no means of signal 

transduction has been identified for prolactin. There are no clear 

effects of prolactin on cyclic AMP, cyclic GMP, inositol phospholipids, 

phosphorylation, calcium ions, or ion channels (Matusik and Rosen, 1980; 

Kelly et al., 1984: Houdebine et al., 1985). Neither the GH nor the PRL 

receptor appear to be a tyrosine kinase. A better understanding of 

prolactin receptor struch,re, regions involved in hormone binding, 

signal transduction and possible homology with other hormone receptors 

should help shed sorne light on the mechanism by which prolactin induces 

its various actions. 

Recently, the amino acid sequences of the rabbit and human GH 

receptors were deduced from their respective cDNA sequences (Leung et 

al., 1987). The authors found no sequence homology of the GH receptor 

with any other reported protein. 
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Here we report the complete amino acid sequence of the rat prolactin 

receptor deduced from li ver cDNA cl ones, revea ling the structura 1 

extracellular, single membrane spanning and cytoplasmic domains. A 

comparison of sequences demonstrates regions of identity between the rat 

prolaetin reeeptor and mammalian growth hormone receptors. 

RESULTS 

Purification and protein sequencing 

Prolactin receptors were purified from solubilized estrogen-treated 

female rat liver membrane preparations (Fig. 1 and Katoh et al., 1987). 

Approximately 6 mg of partially purified receptor were prepared by 

immunoaffinity chromatography using E21, a monoclonal antibody specifie 

to rat prolaetin receptor. Crosslinking of the prolactin reeeptor 

reveals a specifie Mr 61,000 band corresponding to the hormone-receptor 

l complex (Fig. la). When this partially purified preparation was run on ~ 
... 

polyacrylamide gel and analyzed by Western immunoblot, the receptor had 

an apparent Mr of 41,000 (Fig. lb). Preparative amounts of reeeptor were 

purified by polyacrylamide gel electrophoresis after reduction and 

alkylation and the protein in the 38-43 kDa region was electroeluted. 

Fig. le shows the eleetroeluted material rerun on a Phast SDS gel 

(Pharmacia) • 

The homogeneous prolactin receptol was digested exhaustively with 

trypsin and the resulting peptides purified on reverse phase HPLC. 

Amino aeid sequences were obtained by gas phase sequence analysis. Ten 

readable sequences were identified. From the first few sequences 

obtained, three synthetie oligonueleotide probes were prepared. These 

l 
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FIG. 1 Prolactin Receptor Purification: SDS-polyacrylamide Gel 
Electrophoresis (SOS PAGE) 

a) Crosslinked [125I]oPRL to membrane bound (microsomal) PRL 
receptor from rat liver in the absence (lane 1) and presence (lane 2) of 
an excess of unlabelled oPRL. The PRL-receptor complex migrates with an 
apparent Mr of 61,000. b) Partially purified receplor revealed by 
Western immunoblot analysis using a monoclonal antibody (E21) against the 
rat liver PRL receptor (lane 3). c) Receptor purified by elcctroclution 
and detected by silver staining (lane 4). The purified receptor has a Mr 

of ""41,000 as detected either by immunoblot or silver staining. 
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corresponded to residues 173-180, 203-210 and 173-187 (see Fig. 3). The 

first two, a 23-mer and a 24-mer were partial mixtures of nucleotides and 

a third, a 45-mer was derived from the best predicted sequence from 

mammalian codon usage. 

Cloning of PRL receptor cDNA 

Initially, we attempted to isolate a PRL receptor cDNA by screening 

).gtll expression libraries prepared trom normal and estrogen-treated 

female rat liver mRNA with both polyclonal and monoclonal antibodies 

isolated in our laboratory (Katoh et al., 1987). AlI ~ositive signaIs 

were considered to be taIse positive recombinants by Northern blot 

analysis of mRNA from various rat tissues, based on mRNA abundance and 

the pattern of receptor distribution. Since the abundance of the 

receptor protein is very low (0.0002%), we decided to enrich PRL receptor 

mRNA by immunopurification of polysomes (Shapiro and Young, 1981). A 

Àgt11 cDNA library was prepared using enriched (500-fold) mRNA from 

estrogen-treated female rat liver. Screening with monoclonal antibodies 

to the rat PRL receptor again yielded only taIse positives. 

Initial screening of 40,000 clones with the 23-mer oligonucleotide 

PRLR-2A 

5' -GTAAAÀI'GAATTTCCCATTCTTC-3' 
G G Gee C 

detected two positive recombinant phages in the polysome-enriched cDNA 

library, clones El and E2. Insert El (93 bp), contains the entire 

sequence corresponding to peptide T21.1 used ta prepare the PRLR-2A 

probe, plus regions corresponding to two flanking tryptic fragments 

(T25.1 and T27). Insert E2 was shorter and included within the sequence 
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of El. A longer cDNA clone (F3) was subsequently isolated from a library 

prepared using size-selected mRNA from estrogen-treated liver with clone 

El as a RNA probe (2.5 x 10 5 recombinants screened). A restriction map 

of clone F3 is shown in Fig 2. Figure 3 i 11 ustrates the entire sequence 

of the EcoRI insert of clone F3. The hepatic PRL receptor is encoded by 

a messenger of approximately 2.2 kb ln length (see Fig. 5), of which 16:15 

bp are included in the insert F3, containing a complete open reading 

frame that corresponds to a protein of 310 amino acids. The sequence 

surrounding the initiation codon (AACATGC) does not exactly match the 

consensus sequence proposed by Kozak (1986). A potential polyadenylation 

signal (AATAAA) is found at position 1414. An unusual feature of clone 

F3 nucleotide sequence is a 50 bp long repetitive TC sequence begj nning 

at position 1264 in the 3' non-translated region, the potential 

significance of which is not known. 

The initial methionine is followed by a 19 hydrophobic amino acid 

stretch (Fig. 4)indic&tive of a signal peptide sequence (Gascuel and 

Danchin, 1986). Two attempts to obtain the N-terminal sequence were 

unsuccessful, which suggests that the GIn at posi~ion 20 may be present 

as a pyro-Glu residue. The mature receptor would thus correspond to a 

291 amine acid protein wi th a theoretical Mr of 33,366. Differences 

between the predicted Mr of the F3-encoded protein and the Mr Jr the 

hepatic PRL receptor detected by Western blot anelysis (41 ,OOO} might be 

accounted for by glycosylation, since treatment of highly purified 

receptor with endoglycosidase F gives a band at -36,000 (data nol 

shown) • AlI ten tryptic fragments previous ly identified are located 

within the protein sequence deduced from F3 wi thout any mismatches. The 

deduced amino acid sequence allows determination of the hydropathy 
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FIG. 2 Prolactin Receptor cDNA Restriction Map 

The hatched box indicates the predicted coding region of clone FJ. 
Unique restriction sites are indicated, as we 11 as the localization of 
clone El. 
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"207 • •• " GCTCAAGCGAGCTGCATTCUGGGAAACAtAr.UGl.l.IAATlAT{ lAt • 

• 159 AGAGGGCCTCTCCTGGACCTCACTACCCATTGACnTTCTTTTCAGMGTCTCGACTCCCTCACCTACMGGCCTCTCMGCTAMGGACACTTCTCTGTGMGCGAGecT: TGAT ACAT T GCCT AT 'GCMGMGAACC.CCCC Ul C Il .......... l 

1 ATC CCA TCT GCA CTT GCT TTC GTC CTA CTT GTT CTC MC ATC AGC CTC CTG MG GGA CAG TCA CCA CCA GGG MA CCT GAG AIC CAC MA TGT CGC TCT CCT GAC MC. """ 'CA 1 iC .tC 

Met Pro Ser Al, Leu Ale Phe Val Leu Leu Val Leu Asn lle Ser leu Leu Lys Gly Cln Ser Pro Pro Gly ly'5 Pro Glu llt Kl~ lY58.rg Se,.. Pro As.p Lv' f.\u Thr Ph .. lhr 

10 20 30 1 1,0 

121 TCC TGG TGG MT CCT GGG ACA GAT GGA GGA CTT CCT ACC MT TAT TCA CTC ACT TAC AGC AM CM CGA CAC UA ACC ACC TAC CM TCT CCA GAC TAC AM Ace 'CI CCC CCC 'AC 'rr 
~Trp Trp Asn Pro Gly Thr Asp Gly Gly leu Pro Thr Asn Tyr Ser Leu Thr Tyr Ser Ly. Glu Gly Glu Lys Thr Thr Iyr Glu@!!lpro A.p Iyr lys Thr Sor "IV Pro hn '~r 
--_______ 'T 23 50 --- 60 70 l , , , ~ 

241 TGC TTC TTT AGC MG CAG TAC ACT TCC ATC TGG AM ATA TAT ATC ATC ACA GTA AAT GCC .CG A.C CM ATG GGA AGC AGI TCC TCG GAT CCA ClI TAI GIC CAl C.1G '" lAC "C l.11 

I§!jPhe Phe Ser Lys Gin Tyr Thr Ser Ile Trp Lys Ile Tvr Ile Ile Thr Val Asn Ala Thr Asn Gin Met Gly Ser Ser Ser Ser Asp Pro Leu Tyr Val 'sp Vil Thr Ivr Il~ V.I 

90 -- 100 "... 110 llO 

361 GAG CCA GAG CCT CCT CGG MC CTG ACA TTA GAA GTA AM CAG CTA AM GAC AM AM ACA TAT CTG TGG CTA AAA TGC TCC CCA CCC ACC AI' ACT CAT GTG .... 'CT C.CT TGG T 11 .:. 

Glu Pro Glu Pro Pro Arg Asn Leu Thr Leu Glu Val Lys Gin leu lys Asp Lys lys Thr Tyr leu Trp Val lys Trp Ser Pro Pro Thr Ile Thr "p Val Ly' Ihr Cly lrp Ph~ Thr 

130 140 ISO L--__ '_6_0 

481 ATG CM TAT CM ATT CGA TTA MG CCT CM GAA GCA CM GAG TGC GAG ATC CAT TTT ACA GGT CAT CM ACA CAG TTT MA GTT TTT GAC CTA TAT CCA GGG CM AAG lAT CTT GTC CAC 

Met Glu Tyr Glu Ile Arg leu Lys Pro Glu Glu .lIa Glu Glu Trp Glu Ile Hu Phe Thr Gly HIS Gin Thr Gin Phe Lys Val Ph~ Asp leu oyr Pro Gly GIn lys lyr leu Val GIn 

T25.1 Il 170 121.' 180 1 1 190,,, 1 L-", 1~.2. 

601 ACT CCC TGC MG CCA GAC CAT GGA TAC TCG AGT AGA TGG AGC CAG GAG AGT TCC CTT GM ATC CCA AAT CAC TTC ACC TTC AAG GAC liX AlC "IG I"G Ale >l' •••• ,( AIT CIC ICI 

Thr Arg@!!1lYS Pro Asp HIS Gly Tyr Trp Ser Arg Trp Ser Gin Glu Ser Ser Val elu Met Pro Asn Asp Phe Thr leu Lys Asp Thr Thr Vol Trp Ile Ile V.I AI. Ile leu ~.r 

---1 !.' ------T13 210 220 BO 21,0 

721 eCT GTC ATC TCT TTC ATT ATC CTC TGC GCA GTG GCT TTG AAG GGC TAT ACC ATG ATC ACC 'GC ATC TTT CCA CCA GTT CCT GCC CCA AAA AU AAA GGA TTT GAI ACC CAl ClG eTG ~AG 

Ali VII Ile tys leu Ile Met Val Trp Ala Val Ala Leu Lys Gly Tyr Ser Met Met T"or Cvs Ile Ph. Pro Pro Val Pro Gly Pro lys Ile lys Gly Phe A<p Thr ." leu l~u Glu 

250 260 270 r ,g ~ 

841 ACT CCT TCT CCA ACC AM TAC MC GTC GAT tTC TAC CTC CCt CTT etT GGA GGA TTC CAC UA CTC GAC AAT GCA GGG GAA CTT CAC TAC TGA AGCTGCAGACTCAAAlACGACCCTrTCAAAAIGCG 

Thr Cly Ser Pro Ser lys Tyr Lya Val Asp leu Tyr leu Al. leu Pro Gly Gly Phe GIn lys leu ASp Mn Ala Gly Glu Leu Asp Tyr End 

~ T35 300 310 

969 TTtTACCACCATCGCAACAMTGC1GACMCMCACAGAM HTtCCAGTGttM T AATCTAGTATCCAGGACGCCTGeC;GGTT A~ACTTTAAA TT TGCTCAATGACAAACCAGA T CAGTeT T AA TT G 1 GT T TC T' GAGCAGC! C 1 CG TT TG TT T TIC 

1 127 TCTTTTGTCAGCtTCAGCCATtTGCCATtTTGATCCCTCAGTCTCACGTGCTGATATCTA TCTTTCTG! GTGTG 'GT GTATtTCTCTGTGTCTCTCTGTCTCA TCTCTCTGTCT CT A'G TG ICT CT " T TCCTCTCT ü T CT 1 CC TT 1 G TCC 1 T T G TeT TC 

1286 TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC r CT CT C TCTeCMtT TGtT T CA T GtT T TTtTCCGCTTCAG T G T GCT T AAGMMCACA TT T T ACGA T CA TCAGM T Mcccccec T T T AM T AAMMt T C T CC 

FIG. 3 Nucleic Acid and Predicted Amino Acid Sequence of the Prolactin 
Receptor 

Nucleotides are numbered at left and amino acids below the sequence, 
starting with the initiation codon and the corresponding Methionine, 
respectively. Sequences of tryptic fragments CT) obtained from purified 
receptor are underlined and numbered according to their order of 
elution. The black bar above the nucleotides and the corresponding 
amino acids represents the putative transmembrane damain. Extracellular 
cysteines are boxed and potential Asn-linked glycasylation site~ arc 
underlined with a dashed line. 
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profile (Fig. 4), whjch reveals, besides the signal peptide, a single 

strongly hydrophobie region of 24 amino acids (230-253). This presumably 

corresponds to the transmembrane region of the PRL receptor, separating 

the N-terminul, extracellular PRL binding region from the very short 

C-terminal cytoplasmic region, likely involved in signal transduction. 

Five Cys (residues 31, 41, 70, 81 and 203) are present in the 

extracellular domain of the PRL receptor, as weIl as three potential Asn 

glycosylatian sites (amino acids 54, 99 and 127), the first two of which 

were shawn to be glycosylated by sequence analysis, while the third was 

not analyzed. 

Northern Blot Analysis 

Using a RNA probe derived from the cDNA El, the tissue distribution 

of rnRNA was analyzed in 17 rat tissues (Fig. Sa). Northern blot analysis 

shows that mRNAs hybridizing to this probe are present only in tissues 

which have previously been shown to contain PRL receptors, and absent in 

aIl other tissues thus far examined. Large amounts of poly (A)+ mRNA 

(100 ~g) were used to clearly demonstrate this facto 

The relative abundance of the rnRNA correlates weIl with specific 

binding of prolactin in these tissues (Posner et al., 1974aj Kelly et 

al., 1984). Indeed, the strongest signal is found in liver, followed by 

ovary and prostate and a weak signal is present in the other tissues 

expressing the PRL reccptor, including the mammary gland. Moreover, the 

level of expression is hormone dependent in liver, since the signal is 

weal: in hypophysectomized and normal m~les, higher in normal females, and 

markedly increased in estrogen-treated female rats (Posner et al., 1974b, 
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Northern Blot Analysis of Prolactin Receptor mRNA Expression 

a) Northern blot of 17 rat tissues analyzeù with a RNA probe 
complementary ta cione El (93 bp). One hundred ~g of pnlyadenylated mRNA 
were used for eaeh lane. ln the upper part of the figure, the X-ray film 
was exposed 16 h without intensifying sereen. The same blot was 
autoradiltgraphed 36 h with an intensifying screen, in order to di~tect 
low-abundance mRNA in testis, kidney, adrenal and mammary gland, shown in 
the right bottom part of the figure. Size of RNA molecular weight 
markers is indicated on the right. The middle panel illustrates 
hybridization of the same blot with a DNA probe eomplementary ta clone B1 
(see Materials and Methods). b) Northern blot of rat liver 
corresponding ta different hormonal status, analyzed wi th a DNA probe 
eomplementery ta clone F3 (1635 bp). Fifty ~g of polyadenylated rnRNA 
were used. X-ray film was exposed 2 h without an intensifying sereen. 
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1975; Djiane et al., 1979). This progression is illustrated in Fig Sb. 

As is the case for other hormone receptors, multiple forms of 

messenger RNAs exist (Ebina et al., 1984; Hollenberg et al., 1984; 

Ullrich et al., 1984; Conneely et al., 1986). The 2.2 kb band is th(~ 

only one found in the liver, and is clearly a major species in the 

prostate and ovary. A slightly larger band is seen in the adrendJ. 

Another major mRNA form is the ~4 kb band, which is thé predominant form 

in the kidney and mammary gland. Larger forms are aiso seen in the ovary 

and adrenal. In the testis, the signal is very weak, although faint 

bands are seen at 2.2 and 4 kb. In addition, a 0.6 kb mRNA is detected 

only in this tissue. 

Expression 

In order to determine whether the clone F3 would direct the 

synthesis of functionai rat PRL receptor in a heterologous celi system, 

F3 was inserted into different vectors and expressed in various cell 

types. First, 

promoter T3 to 

we used the Bluescript vector with its transcription 

synthesize F3 mRNA and microinjected this in vitro 

transcript in Xenopus oocytes. The expression of the PRL receptor at the 

cell surface is shown by significant binding of [125I]ovine PRL (oPRL) 

and specific disp~acement with unlabelled oPRL (Fig. 6). 

In addition, the PRL receptor was expressed both transiently and 

stably in mammalian cells (Fig. 7 a-dl by using vectors containing the 

promoter region, origin of replication and polyadenylation signal of the 

SV 40 genome. Transient transfections were performed in COS-7 monkey 

kidney cells using the pECE/F3 construct whi1e stable CHO cell lines were 

• 
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FIG. 6 Expression of the Rat Liver PRLR/F3 aRNA in Xenopus Laevis 
Oocytes 

Binding of [125I]oPRL by oocytes injected with water (control) or 
with F3 p.~NA in the absence (-) or presence (+) of an excess of 
unlabelled oPRL. Each value represents the me an ± SEM of 20 oocytes. ** 
indicates p <0.01. 



.... -

--

A 

........ 
~ 
0 
II: 

~ 
0 
U 
~ ...... 
f.!I 
Z ... 
Cl 
Z .... 
!XI 
~ 
II: a.. 
0 
1 

fi .. 

C 

........ 
~ 
0 
II: e-
Z 
0 
U 

~ ...... 
f.!I 
Z 
Q 
Z 
ëXi 
~ 
II: 
a.. 
0 
1 

~ 

FIG. 7 

B 0.12 
119 

100 • 0 

110 
Il -1 

Ka = :1.5 x 10 101 

0.06 
N = 73 rmole/ma 

60 

r... 

" 
0 

!XI 

40 0 OOoPRL 0 
.. INSULIN 0.04 

DOrGH 0 

20 0 

0 

0 , 000 
.1 10 100 1000 0 :1 6 9 12 15 18 

HORMONE IN INCUBATION (ng/tube) 
BOUND (fmolt» 

120 0 0•15 

• ... .. ... 
100 

Il -1 
Ka = 9 x 10 101 

0 N = 300 rmole/mg 
80 o 10 

r... 0 

6(\ 
o-ooPRL " !XI 
_bGH 
o-a rPRL 

40 _bPL 0.05 0 

-oGH 0 

-INSULIN 

20 

0 000 
01 10 100 1000 0 2 " 6 8 10 

HORMONE IN INCUB.\TlON (ng/tube) BOUND (fmole) 

Expression of the Rat Liver PRLR/F3 cDNA clone in Mammalian 
Cells 

(a) Competition assay with unlabelled oPRL (0), bovine insulin (e) 
and rat GH (c) of membranes from COS-7 cells transfected transiently with 
pECE/F3. Values are expressed as a % of specific binding calculated in 
the absence of unlabelled hormone (4930 ± 80 cpm/200 ~g protein). 
Non-specifie binding is 4520 ± 130 cpm. b) Scatehard plot of PRL 
binding data in COS-7 eells. c) Competition assay with unlabe:led oPRL (0 
), human GH (e), rat PRL (C ), human PL (.), ovine GH (~), bovine insul in 
(.) of membranes from CHO eells stably transfected with pKCR2/F3. Values 
are expressed as a % of specifie binding calculated in the absence of any 
unlabelled hormone (4500 ± 90 epm/25 ~g protein). Non-specifie binding 
is 1120 ± 40 cpm. d) Scatchard plot of PRL binding data .n CHO cells. 
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establishcd by co-transfection of the pKCR2/F3 construct with the 

plnsmid pSV2 neo conferring resistance ta the neomycin analog G418. 

Scatchard anùlysis demonstrated that membrane extracts from transfected 

COS-7 cel1s bind [12SI)aPRL with an affinity (Ka = 3.5 nM-l) similar ta 

that reported for the rat liver PRL receptar (Posner et al., 1974bj 

Kelly et al., 1983), with a receptor number of 73 fmol/mg protein (Fig 

1b). For the stably transfected CHa cel1s, binding affinity is slightly 

higher (Ka = 9 nM-l) but within the normal range, with a total receptor 

number of 300 fmol/mg protein (Fig 1 d). Binding specificity studies 

with different hormones (oPRL, rat PRL, human GR, rat GR, ovine GH, human 

placental lactogen and bovine insulin), confirm that the clone F3 encodes 

the PRL receptor (Fig 1 a,c). The transiently transfected COS-7 cells 

contained rv 30,000 receptors per cell. Although receptor number varied 

a great deal in the different stably transfected CHû cell lines, a value 

of N10,OOO receptors per cell was observed. At the concentration of 

membrane protein used in the assay, no binding was detected with control 

cells nor with those transfected with pKCR2, pECE or with the antisense 

construct pKCR2/3F. 

DISCUSSION 

The cloning and expression studies described here clearly 

demonstrate that the PRL receptor is a smal1 Mr protein (~40,OOO) that 

do es not require association with another protein for hormone binding. 

This confirms our previous studies as weIl as those of others (Liscia and 

Vonderhaar, 1982j Haeuptle et al., 1983; Necessary et al., 1984). Larger 

Mr forms of the PRL receptor have been reported for detergent 

solubilized receptors from rat ovary and liver (Bonifacino and Dufau, 
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1984; Haldosén and Gustafsson, 1907). Although we have confirmed this 

interesting observation (Kelly et al., 1988), specifie conditions are 

necessary for the larger Hr fonn to be seen. Whether the Mr 00,000 bùllli 

identified in these studies is formed by two Mr 40,000 receptor molecules 

crosslinked together or a Mr 40,000 receptor linked to sorne other 

protein remains to be determined. Functional studies of transfected PRL 

receptor cDNA coupled with structural analysis should help clarify this 

point. 

Northern blot analysis was an important tool in identifying the PRL 

receptor cDNA. The clone El was the first positive recombinant for which 

the RNA profile corresponded to the tissue distribution of the PRL 

receptor. Interestingly, multiple mRNA forms in various tissues are 

observed. These different transcripts could be derived from different 

genes or from the same gene either by use of different initiation 

(Leonard et al, 1985) or polyadenylation (Tosi et al., 1981) sites or by 

alternative splicing of a common primary transcript (Rosenfeld et al., 

1984; Schejter et al., 1986). 

As recently reported for the GH receptor (Leung et al., 1987), the 

prolactin receptor shows no sequence similarity to any other reported 

protein. However, a comparison of the sequence of these two receptors 

with each other shows regions of striking similarity. Thcre is ~301 

overall sequence identity between the two proteins, when the last 293 

amino acids of the cytoplasmic domain of the GH receptor are excluded. 

As shown in Fig. 8, there are five regions of increased homology between 

the rat PRL receptor and both the rabbit and hum an GH receptors. The 

residues between the first and second Cys and the third and fourth Cys 

are highly conserved ( > 67% identity), followed by two regions of lower 
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5711 

Extrace llular and cytopL'lsmic sequences of PRL receptor are compared 
with corresponding segments of rabbit and human GR receptors (Leung et 
ul., 19.37). Matching residues are boxed. A indicates rat PRL receptor, 
B and C, rabbit and human GH receptors, rcspectively. Numbers to the 
left of the sequences indicate the amino acids at the beginning and end 
of the respective homologous regions, numbered from the initial 
methionine. Percent identity between various regions is indicated. 
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homology (40-60t). In addition, a series of 19 residues in the 

cytoplasmic domain of both receptors is highly conserved (60'1, 

identity). When conservattve amino acid substitutions are considered, 

the similarity in the cysteine regions increases to 75-100'1" with 

similarity in the other regions also increasing proportionally. Figure 9 

shows that the linear arrangement of these homologous segments is dlso 

conserved. Interestingly, despite a marked difference in the size ~f the 

cytoplasmic domains of the PRL and GH receptors, the identical location 

of a highly conserved sequence suggests its involvement in signal 

transduction for both hormones and May be of potentjal interest in 

elucidating their mechanisms of action. 

When the overall structure of the prolactin receptor is considered, 

it has a large extracellular region involved in hormone binding, a single 

transmembrane segment and a very short cytoplasmic domain. Bath the GH 

and PRL receptors are thus a part of the single membrane-spanning class 

of receptors. However, they do not possess tyrosine kinase activity, or 

a potential phosphorylation site in their cytoplasmic domain, as is true 

for many growth factor receptors (Hunter, 1987). In addition, the short 

cytoplasmic segment of the PRL receptor is reminiscent of the structural 

arrangement of the transferin (Schneider et al., 1984), LDL (Yamamoto et 

al., 1984) and IGF-II/M6P (Morgan et al., 1987) receptors, which act 

primarily as transport ers 

6-phosphate, respectively. 

cerebral spinal fluid and 

for transferin, cholesterol and mannose 

In fact, prolactiL has been detected in milk, 

semen, suggesting that in the mammary gland, 

choroid plexus and testis where prolactin receptors have been localized, 

these Molecules May, in addition to their normal function of signal 

transduction, also act as transport proteins, translocating the hormone 
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from one compartment to another. 

The localized region of high homology ~ith the GH receptor in the 

cytoplasmic domain suggests sorne important role. Whether this short 

segment alone, or in association with sorne other membrane component is 

responsible for the transfer of the hormonal message must await 

DlUtagenesis studies in a functional system. 

MATERIALS AND METHODS 

Receptor Crosslinking, Immunoblot Analysis and Purification 

For crosslinking, 300 ~g of rat liver microsomes were incubated with 

2 x 105 cpm (specifie activity = 80 ~Ci/~g) of [125J]oPRL for 16 h in 

the absence or presence of 1 ~g of unlabelled oPRL in a total volume of 

500 ~1 in 25 mM Tris, 10 mM MgC12, 0.11 BSA, pH 7.4, after which 

disuccinimidyl suberate (0.5 mM) was added and the tubes incubated 15 min 

at 40 C (Katoh et al., 1985). An aliquot was analyzed in a 7.51 SDS 

PAGE. For Western immunoblot, 10 ~g of partially purified (21 pure) 

receptor was run on a 5-151 SDS PAGE and transferred to nitrocellulose 

membrane. Following incubation with monoclonal antibody E21 (Katoh et 

al., 1987) the band was detected and visualized with colloidal immunogold 

and sil "er. The pro lactin receptor was purified initially by 

immunoaffinity chromatography using E21 monoclonal antibody, according ta 

the techniques described for hormone affinity chromatography (Katoh et 

al., 1987), reduced and alkylated and subsequently repurified by 

preparative SDS PAGE. The band corresponding to Mr of 38,000 to 43,000 

was eut out and electroeluted (Jacobs and Clad, 1986) using an Elutrap 

(Schleicher and Schuell). Analytical SDS PAGE was performed on a Phast 
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system (Pharmacia) using a 10-15% gradient gel and stained with silver 

according to mùnufacturer's instructions. 

Protein Sequence Analysis 

Peptides of the homogeneous, electroeluted PRL receptor were 

prepared by digesting l'V 1 nmole of reduced and alkylated protein with 

trypsin (25:1) in 25 mM Tris pH 7.4 at 37 0 C overnight. The peptides were 

purified by high-pressure liquid chromatography (HPLC) on a Hypersii ons 

5 ~ (100 x 2.1 mm) column in 0.1% trifluoroacetic acid with a gradient 

of acetonitrile. Chromatography was performed with a Hewlett Packard 

system model 1090 equipped with a diode array detector. Fractions were 

collected by hand and when necessary, further purified on the same HPLC 

system with a shallower gradient. Sequences were determined by gas-phase 

analysis on an Applied Biosystems model 470A equipped with an on-line 

system for PTH amino acid detection. 

Construction of Rat Liver cDNA Libraries 

Polysomes (11,400 0.D.260 units) were prepared from estrogen-treated 

femaie rat liver (970 g), and immunopurified by incubation overnight with 

rabbit anti -rat hepatic PRL receptor Y globulin (110 mg) and passage 

through a protein-A agarose column as described by Shapiro and Young, 

1981. After elution of the polysomal material (34 0.D.260 units), poly 

(A)t rnRNft was purified twice by chromatography on oligo-dT cellulose 

(Avivand Leder, 1972). Eight pg of poly (A)t mRNA were obtained after 

the first passage and 100 ~l fractions collected after the secona passage 

were used directly for random-primed cDNA synthesis (Gubler and Hoffman, 



.... 

127 

1903; Kraus et al., 1906). The double-stranded cDNA wùs blunt-ended, 

ligateci ta 8-mer EcoRI linkers (Pharmacia), and assembled in the EcoRI 

site of Àgt11 phage DNA (stratagene). The lihrûry contùined 9 x 105 

independent recombinants. Clone F3 was isolated from a Agtll library, 

custam prepared by Clontech Laboratorie3, Inc. using size-selected 

poly (A+) mRNA from estrogen-treated female rat liver. This library 

contained 7.3 x 105 independent recombinants. 

Nucleic Acid Hybridization Screening 

Synthetic 

phosphorylation 

oligonucleotides 

(Maniatis et 

were 

a1., 

3 2P-Iabe 11 ed by 5'-end 

1982) . Hybridizations with 

oligonucleotide probes were performed overnight at 37 0 C in 5X SSPE, lX 

Oernhardt, 2mM Na-pyrophosphate, and 10% dextran sulfate. Probe 

concentration was 1 pmole/ml. Filters were washed in 3M TMAC (Wood et 

al., 1985) at 50-55oC and autoradiographed 48 h with an intensifying 

screen. The RNA probe El was synthesized using Bluescript transcription 

system (Stratagene). Hybridizations with RNA probe were performed 

overnight at 42 0 C in 50% formamide, 50 mM Na2HP04 pH 6.5, 0.8M NaCl, 0.5% 

SOS, 1mM EOTA, and 10% dextran sulfate. Filters were washed at 60 0 C in 

12.5 mM NaCl, O.l~ SOS, and films were exposed overnight with 

intensifying screens. The nuc l eotide seq\\ence of both clones El and F3 

were determined by the dideoxy chain termination method (Sanger et al., 

1977). 
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Northcrn Blot Analysis 

RNA was extrdcted from different tissues; except where specified, 

adult animaIs were used: heart, skeletal muscle, stomach, liver, lung, 

thymus, spleen, prostate and testis from normal male; kidney, ovary and 

adrenal from normal temale; skin tram newborn; placenta and mammary 

gland from 18-clay pregnant temale; liver from hypophysectomized male and 

estrogen-treated female. Total RNA was purified using the guanidium 

thiocyanatejCsCl procedure (Chirgwin et al., !979), and polyadenylatecl 

mRNA was purified by oliga-dT cellulose chromatography (Avi"; and Leder, 

1972). Poly (A)+ mRNA samples were treated 60 min at SOoC in lM glyoxal, 

50% DMSO, 10 mM NazHP04 pH 6.5, and run thcough a 1.5% agarose gel in 10 

mM NazHP04. RNA was transferred to a nylon membrane (GeneScreen, 

NENjDupont), baked, and hybridized to either El RNA probe or F3 DNA 

probe. The 

in O.lX SSC, 

hybridized mater~al was subsequently removed by boiling 30' 

1% SJS and the membrane hybridized with a DNA probe 

complementary to clone Bl and 

intcnsifying screen. Clone BI 

antibody screening, which codes 

autoradiographed three hours without 

is a cDNA previously obtained from 

for a 1.5 kb mRNA of similar relative 

abundance in a11 tissues studied, as revealed by comparison with an actin 

probe (not shawn). RNA molecular weight markers were constructed by 

linearizing the pGEM vectar (Pramega BIOjCAN) at different positions; 

the RNA fragments subsequently transcribed (555 bp, 1311 bp, 1653 bp, 

2095 bp and 2835 bp) were treated as described for the samples and 

revealed by hybridization to a DNA probe complementary ta pGEM. 

Hybridization and membrane washing were perfarmed as described 
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previously except that the membrane was washed at 55 0 C for the DNA probes 

and at 60 0 C for the RNA probe. RNA probe was synthesized as describcd 

previously and DNA probes were labelled using the random-primed labelling 

method of Feinberg and Vogelstein, 1983. 

Translation of mRNA in Xenopus Laevis Oocytes 

The entire prolactia receptor F3 cDNA was subc10ned into Bluescript 

vector at the EcoRI site. RNA transcripts were obtained after 

1inearization and transcription in vitro with T3 polymerase as describcd 

by Melton et al. (1984). Fifty nI of this synthetic RNA (1 ~g/pl) was 

injected intI) individual Xenopus oocytes as described by Colman (1984). 

The oocytes were th en incubated at 18 0 C for 2 days in modified Barth's 

medium. During the last 18 ho urs of incubation, 1 x lOb cpm of 

[12511oPRL per 70 ~l of medium was added and [14C]sucrose was used as an 

impermeant tracer according ta Unkeless et al. (1985). After washing, 

1251 and 14C counts were measured ifi individual oocytes. 

Transient and Stable Expression in Eukaryotic Celis 

Expression vectors were constructed by inserting the prolactin 

receptor F3 cDNA at the EcoRI site of both pECE (Ellis et al., 1986) and 

pKCR2 (Breathnach and Harris, 1983) vectors. Fifty % confluent COS-7 and 

CHa ce1ls were transfected by the calcium phosphate method (Southern and 

Berg, 1982) with 10 pg of pECE/F3 or pKCR2/F3, respectively. Transient 

assays were conducted in COS-7 cells which were maintained 3 days in DMEM 

with 10% fetal bovine serum, then scraped with 1 ml of 25 mM Tris-HCL 

pH7.5, 10 mM MgCl2 and lysed in Eppendorf tubes by two freeze-thaw 

cycles. Membranes were prepared by centrifugation for 5 min and the 
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pellet rnsuspcnded in Tris-HCL 25 mM pH 7.5, MgC12 10 mM and PMSF 1mM. 

Two hundred ~g of suspension and 80,000 cpm of [125I]oPRL were used per 

tube for binding studies which were performed as previously described 

(Posner et al., 1974a). Stable CHO cell lines were established by 

co-transfection of rat PRL receptor pKCR2/F3 with 2 ~g of pSV2 neo. 

Celts were maintained in Hams' F12 medium supplemented with Hepes 20 mM, 

pyruvate 0.2 mM and 10% fetai bovine serum. Selection was made with 200 

/lg/ml of active G418, the eukaryotic neomycin analogue. Two other series 

of clones were obtained with the vector pKCR2 itself and the antisense 

construct pKCR2/3F and were used as control transfected cells. Membrane 

preparations and binding studies were carried out as described for the 

transient assays, except that each point was assayed in duplicate with 25 

~g of membrane suspension and 50,000 epm of [125I]oPRL. In control CHO 

cells, although no binding is observed under the conditions utilized, a 

very small amount of [1251JoPRL binding (500 cpm/200 ~ protein) is 

detected when membrane protein is increased a-fold. Ovine PRL (NIADDK 

oPRL-16; 30.5 lU/mg), rat PRL (NIADDK rPRL-I-5; 30 lU/mg), ovine GH 

(NIADDK oGH-S-11), rat GH (NIADDK rGH-I-5; 2.0 lU/mg) and human GH (NIH 

hGH AFP-5180A; 2.2 lU/mg) were kindly supplied by the National Hormone 

and Pituitary Program. 

(Spring Valley, NY) 

Bovine insulin was obtained from Schwartz/Mann 

and human placental lactogen from ICN 

Pharmaceutieals, Ine. (Cleveland). 
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PREFACE 

With the avaiIability of the cDNA for the rat Iiver PRL-R, we had, 

for the first time, a tooi that ailowed us ta study the regulation of thf~ 

PRL receptor at the gene level. This was an important step because aIl 

the previous studies examining the hormonal and developmentai regulation 

of the PRL-R were based only on the measurement of the number of hinding 

sites. As discussed in Chapter 3, the regulation of the PRL-R is complex 

and probably involves the interaction of many factors.ln the present 

chapter, we try to shed sorne Iight on the estrogen and developmental 

control of the rat PRL-R, at bath the mRNA and protein levels. 
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S~M~Y 

Sex steroids are major regulators of prolactin receptor expression 

in rat liver. Using a probe encoding the rat prolactin receptor we have 

studied receptor mRNA level in female rat liver during ontogeny, and in 

response to estrogen treatment. Steady-state mRNA levels were determined 

by Northern blot and densitometric analysis. Messengpr RNA levels have 

been compared to the number of binding sites, which were assessed by 

Scatchard analysis of [1151] oPRL binûing in membrane preparations. Our 

results show that steady-state mRNA and binding levels of prolactin 

receptors are both regulated by development and estrogens, but that 

binding does not exactly parallel mRNA levels. From the developmental 

stages of prepuberty to adult, receptor numbers increase 8-fold, whereas 

, 

~ 
1 

mRNA levels increase 3-fold. Estrogen treatment stimulates receptor 

levels 6-fold but mRNA leveis are only increased 3-fold. These results 

suggest that prolactin receptor gene expression in rat liver is regulated 

at the transcriptional or post- transcriptional level, as weIl as at the 

translational level . 

,1 

if 
INTRODUCTION 

Prolactin (PRL) is encoded by a member of the growth hormone/pro lac-

tin/placental lactogen gene family. Recently, receptors for growth 

hormone (1) and prolactin (2) have been cloned and have been shown to 

form a new receptor gene family. The prolactin receptor (PRL-R) is a 

( small protein (41 kDa) (2-6) that is widely distributed in a number of 
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tissues (7). The liver is the tissue with the highest PRL binding in the 

rat. Although speclfic effects on ornithine decarboxyla~e, somatomedin, 

synlactin, IGF-I, and a liver lactogenic factor have been reported 

(8-12), the precise role of PRL in liver remains to be dctermined. 

Rat hepatic PRL-R is hormonally regulated. Growth hormone has been 

shown to positively regulate PRL-R level (13-15). Prolactin itself 

exerts a control on its receptor, inducing up- or down-regulation, 

depending on the concentrAtion and duration of exposure to PRL (15-19). 

Gonadal steroids are also ~~jor regulators of PRL-R expression. The 

number of receptors is very low in livers of young animaIs, but increases 

7-fold in females during sexual maturation, while levels are low or 

undetectable in ma les during the correspondil1g period (20,21) . In 

females, receptor levels fluctuate during the estrous cycle (22), 

decrease following ovariectomy (22,23),and increase during pregnancy 

(20). In males, castration results in an increase of the number of 

hepatic PRL binding sites (24). In both sexes, PRL-R levels are strongly 

stimulated by estrogens (25) and reduced by androgens (13,26). 

The variations in PRL-R expression could be regulated at the 

transcriptional, post-transcriptional or translational level. Few 

studies have been completed on rp.gulation of receptor gene expression. 

Coordinate regulation of distinct insulin receptor mKNA specie8 by 

glucocorticoid has been reported in rat Fao hepatoma cells (27). 

Multiple mRNA forros encoding the human progesterone receptor are synchro-

nously regulated by estrogen and progesterone in breast cùncer cells 

(28). Down-regulation of the estrogen receptor and the glucocorticoid 

receptor i5 associated with a reduction in mRNA level (29,30). In the 

current study, we present the steady-state PRL-R mRNA levels in female 



( 

( 

( 

144 

r'at liver as a function of age, and in response ta estrogen administra­

tion and compare them with the number of prolactin receptors. These 

results suggest that there are multiple levels of regulation of prolactin 

receptor synthesis in rat liver. 

RESULTS 

Ontogenesis of PRL Receptor Expression in Feaale Rat Liver 

The number of prolactin receptors and receptor mRNA levels have been 

determined in rat liver at various ages: in fetus, newborn, and in 21, 

40, and 70 day-oid femaies. At Ieast four independent samples were 

measured at each stage. Each sample was divided for PRL-R mRNA and 

hormone binding measurements. Figure 1 shows the Northern blot analysls 

of PRL-R mRNA in femaie rat liver as a function of age, performed by 

using an RNA probe prepared from a cDNA clone encoding the PRL-R (2). 

The upper band corresPQnds to PRL-R mRNA, while the lower band represents 

a control mRNA which hybridized to Bi cDNA probe and whose abundance i5 

stable at aIl ages studied. As p~eviously observed (2), the 2.2 kb band 

is by far the major PRL-R mRNA apparent in rat liver PRL-R mRNA ls 

undetectable in livers from fetal and newborn animaIs, even with lon~-t­

erm (3 days) film exposure (not shawn). At day 21, the relative abun­

dance of P~-R mRNA is low, but is markedly i~creased after puberty in 

livers from 40 day-oid animaIs. N~ further 3ignificant change accurs 

from days 40 to 70. Figure 2 shows the Scatchard analysis of [125 1] oPRL 

binding data at the different ages studied. Note the change in the scaie 

of the absissa. No significant variation of binding affinity was 

observed. 
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Each lane represents mRNA from individual rats. Ten 
micrograms of poly (A)+ RNA was loaded in each weil. The blot wo~ 
hybridized at high stringency (see Materials and Methods) with a complete 
1.6 kb F3 RNA probe and a 300 bp B1 RNA vrobe. The X-ray film was 
exposed 16 h without an intensifying screen. The length of PRL-R mRNA is 
2.2 kb and that of B1 mRNA is 1.5 kb. 
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rat liver 

Individual rats are represented by different symbols and 
accompanying straight lines. 
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Band intensities on the Northern (Fig. 1) were quantified by 

densitometric scanning. The area under the scan of each band was 

integrated, and to normalize for sample concentration and/or variations 

from lane ta lane during Northern blot transfer, PRL-R rnRNA levels were 

expressed as the ratio of the intensities of the PRL-R band and the 

control (B1) band. Different times of exposure were performed in order 

ta obtain a linear film response for both rnRNAs. A comparison of the 

relative PRL-R mRNA abundance and binding levels as a function of age is 

presented on Figure 3. Free receptor levels were calculated from the 

Scatchard analyses shown in Fig. 2. Free and total receptor levels, 

measured following treatment of membranes with 4M MgCl2 (31), were not 

significantly different, therefore only free receptor levels are reporte-

d. Bath mRNA and binding are undetectable in fetus and newborn. 

lnterestingly, the increase in the number of PRL binding sites is not 

paralleled by steady-state mRNA levels after 40 days of age, when 

receptor numbers increase while the mRNA levels remain relatively 

stable. 

PRL Receptor Expression in Estrogen-Treated Fe.ale Rat Liver 

The effec( of the administration of a long-acting estrogen on 

hepatic PRL-R mRNA and receptor numbers were studied in adult female rat 

liver. Estradiol valerate was injected subcutaneously at day 0, and 

animaIs were sacrificed 1, 3, 5 and 7 days after initiation of treat-

ment. Poly AT mRNA and microsomes were prepared from livers of 4-8 

animaIs at each time point. Figure 4 shows Northern blot analysÏf.; of 

PRL-R mRNA in estrogen-treated rat li ver, wh il e Fi gure 5 ill ustrates the 
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FIG. 4 Northern blot analysis of PRL-R mRNA in estrogen-trented 
female rat liver. 

Each lane represents mRNA from individual rats. Ten microgr­
ams of poly (A)+ RNA was loaded in each weIl. The blot was hybridized nt 
moderate stringency (see Materials and Methods) with a 245 bp F3/EeoRV 
RNA probe and a 300 bp Bi RNA probe. The X-ray film was exposed 60 min 
without an intensifying sereen. 
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Scatchard analysis of binding at the corresponding days of tredtmenl. In 

Fig. 6, the quantitation of mRNA levels as weIl as the number of PRL 

binding sites are shown. Relative abundance of PRL-R nŒNA is low in 

non-treated animaIs (day 0) and no significant change is visible on day 

1. There 1s a marked increase in PRL-R mRNA abundance between days 1-3, 

after which levels reuain devated until the end of the study. As was 

true for the developmental studies, the induction of receptor number did 

not directly parallel steady-:;tate mRNA Ieveis. Although there is a 

similar lag period, a greater iacrease occurs in the number of prolactin 

binding sites than in mRNA levels from days 1 to 3. Steady-state mRNA 

levels stabilized between days 3 to 7 while receptor numbers increased 

between days 1 to 7. 

DISCUSSION 

The effects of sex steroids on PRL binding sites in liver are weIl 

established (20-22,25,26,32). In this report we present for the first 

time a comparison between the PRL-R rnRNA level and the number of pro lac-

tin receptors at various ages, and in response to estrogen treatment. 

Prolactin receptor mRNA in liver was studied by Northern blot 

analysis and the number of PRL-R in the corresponding samples was 

determined by Scatchard analysis. It should be clear that comparisons 

are not made between absolute values at each time point, but rather 

between relative steady-state mRNA and binding levels. 

The number of PRL binding sites does not exactIy paraI leI PRL-R mRNA 

levels during ontogeny in normal female rat liver. The divergence 

between binding and mRNA levels became apparent at 21 days of age. At 

day 40, after puberty occurred, relative mRNA levels increased 3-fold, 
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while the nwnber of PRL binding sites increased 4-fold. This difference 

15 even more striking trom days 40 to 70 when the number of binding sites 

doubled and mRNA levels remained stable. This results in an overdll 

3-fold increase of prolactin receptor mRNA and an 8-fold increase in 

prolactin receptor levels from day 21 ta 70, consistent with values 

reported previously (20,21). A similar divergence occurred in the study 

with estrogen-treated female rats. From days 1 to 3 of treatment, a less 

th an 3-fold increase in relative mRNA levels was seen, while the rise in 

the number of PRL binding sites was nearly 4-fold. Messenger RNA levels 

stabilized after day 3 but the number of receptors continued to increase 

'mtil the end of the study when the final number was approximately 6 

times the nwnber of receptors present prior to estrogen stimulation (day 

0). The increase in PRL receptor numbers following estrogen treatment 

was identical to results obtained previously (25). 

These results indicate that hepatic PRL receptor induction during 

puberty or in females following estradiol administration is the conse­

quence of at least two phenomena: an increase in steady-state PRL-R mRNA 

levels and an increase in the number of binding sites in the liver celi 

that cannot be completely accounted for by mRNA changes. The increase in 

the steady-state mRNA level could result either from a stimulation of 

transcription or a stabilization of the messenger. Estrogen regulates 

vitellogenin synthesis by increasing both gene transcription rate and 

messenger stability (33). Hormone action on receptor mRNA steady-state 

level has been reported for the insulin receptor (27), estrogen receptor 

(29), progesterone receptor (28), and glucocorticoid receptor (30). 

Regulation of progesterone receptor mRNAs level by progesterone in T47D 

cells appears to be mainly mediated at the transcriptional level, while 

• 
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progesterone agonists and antagonists seem to act also on messenger 

stability (28). It has been proposed that glucocorticoid would regulate 

glucocorticoid receptor expression at the transcriptional level by a 

direct interaction with the receptor gene (30). Prolactin-regulatcll 

genes represent a classical system of control of gene expression at both 

the transcriptional and post-transcriptional level. In mammary gland 

organ culture, the binding of prolactin to its receptor is followed by 

stimulation of casein gene transcription, but the subsequent increase in 

casein mRNA level results mainly from its stabilization (34). In T47D 

cells, prolactinpost-transcriptionally regulates prolactin-induced 

protein (PIP) rnRNA level (35). Whether the estrogen-induced increase in 

the steady-state PRL-R mRNA level results from a stimulation of transcri­

ption, a stabilization of mRNA or both, remains to be determined. 

To explain the disproportionate increase in binding versus mRNA, the 

main hypothesis to be considered is that there is a translational control 

of PRL-R expression. However, alternative mecbanisms, such as post-tran­

slational modification of the receptor protein (e.g. phosphorylation) 

cannat be excluded. If such a modification does occur, it does not 

appear to affect receptor affinity, since there were no significant 

differences in Ka values in any of the various samples. There are 

various examples of regulation of gene expression in which effects of 

transient biologie. 1 signaIs are mediated through reversible translation­

al regulation, including the heat-shock proteins (36,37), the housekeep­

ing enzymes ornithine decarboxylase (36) and ornithine aminotransferase 

(39), ferritin (40), and ovalbumin, reported to be positively regulated 

by progesterone and estrogen in the chick oviduct (41). In Many of these 

cases, translational control of gene expression has been shown to depend 
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on specifie features of the primary and/or secondary structure of the 

mRNA. The presence of a small open reading frame upstream of the main 

translation initiation codon (38,42), and regions of dyad symmetry, 

allowing formation of stem-loop structures (39,42-44), are believed to 

account for regulation at the level of translation. From sequences thus 

far obtained in the 5' or 3' untransIatcd region of the PRL receptor 

cDNA (2), it is not known as yl~t if such a mechanism can be implicated. 

Al though estrogen receptoT's are present in rat li ver, estrogen is 

thought ta induce hepatic PRL-R via an increased pituitary secretion ot 

PRL and GR, since both hormones are able ta up-regulate the PRL receptor 

(15), and since estrogen is nat able to induce PRL-R in hypophysectomized 

rats (25). A direct in vivo effect of estrogens on the induction of 

hepatic PRL receptors alang with the requirement for a pituitary factor 

(PRL, GH) cannat be ruled out, although direct addition of estradiol ta 

hepatocytes in primary culture had no effect above that of GR or PRL 

aione (15). 

Estrogens have bath a dose- and time-related effect on the induction 

of hepatic PRL-R in the rat (25). The present results confirm the 

stimulatory effect of estrogen on the number of prolactin receptors and 

demonstrate that regulation by estrogen occurs in part at the mRNA levei. 

MATERIALS AND !1ETBODS 

Estrogen Treatment 

Estradioi valerate (Squibb Canada Inc.) was injected subcutaneously 

(1 mg in 0.1 ml) to adult female rats ( 70 day-old, 200-225 g). 

Non-treated contraIs were sacrificed the same day, and treated controis 

were sacrificed on days 1, 3, 5 and 7 following injection. Whole Iivers 
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were removed, separated into two equal parts for preparation of RNA and 

membranes and frozen immediately in liquid nitrogen for storage at -70 0 

C. 

Developmental Studies 

Livers from 18-day fetuses and newborn rats were removed, pooled 

(male-female) and then divided for preparation of RNA and membranes 

before storage at -70 0 • For 21, 40 and 70 day-old female rats, whole 

individual livers were removed and frozen. 

Northern Blot Analysis 

Total RNA was prepared using the guanidium thiocyanate/CsCI purific­

ation procedure of Chirgwin et al (45). Poly (A) mRNA was purified by 

oligo-dT cellulose (Type 7, Pharmacia) affinity chromatography (46) and 

denatured for 60 min at 500 C in 1 M glyoxal, 50% DMSO, 10 mM Na2HP04 pH 

6.5, before separating by electrophoresis on a 1.5~ agarose gel in 10 mM 

Na2HP04 pH 6.5. RNA was transferred to a nylon membrane (GeneScreen, 

NEN/Dupont) by capillary action in lM NaCl t baked at 90 0 C and hybridize­

d. RNA samples were analyzed with different probes. Prolactin receptor 

mRNA was identified using clone F3, a 1.6 kb probe containing the entire 

open reading frame of the PRL receptor plus 5' and 3' nucleotides (2). 

Hybridizations were performed either with the complete 1.6 kb F3 RNA 

probe for the developmental studies or a 245 bp F3/EcoRV fragment RNA 

probe for the estrogen study. The long cRNA probe was used to increase 

the PRL-,R mRNA signal in order to obtain a workable ratio with BI. Clone 

Bl-encoded mRNA was used as a control to normalize results for variations 

in sample concentration and/or Northern blot transfer, since it does not 
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appear to be honRonally regulated. Clone Bl is a cONA not related to the 

PRL-R and previously obtained in our laboratory (2). Bl mRNA was 

identified by hybridizatiGn wi th a 300 bp Bl RNA probe. RNA probes were 

labelled with [32P]UTP by using the Bluescript T3/T7 transcription 

system by modifications of connitions described by Melton et al (47). 

When using the complete F3 and Bl RNA probes, hybridizations were 

performed 16 h at 65 0 C in 50~ formamide, 50 mM Na2HP0 4 pH6.5. 0.8 M Nacl. 

0.5~ SOS, 1 mM EDTA, and filters were washed at 70 - 75 0 C. When using 

the F3/EcoRV and Bl RNA probes, hybridization conditions were the same 

except that the temperature was 55 0 C and filters were washed at 65-70 0 

C. Northern blot autoradiograms were analY7.ed by densitometric analysis 

using a Helena Laboratories (Texas) Q\~ick Scan Junior scanner. The area 

under the curves were calculated using a a program (GS-350H) de\'eloped by 

Hoefer Scientific (California). In eaeh lane, relative levels of PRL-R 

mRNA were determined by calculating the ratio between the intensity of 

the PRL-R mRNA band and the intensity of the Bl mRNA band. 

DeteI"llination of the NUliber of PRL Binding Sites 

Rat liver membranes (microsomes) were prepared as previously 

described (25). Scatchard analysis of binding was determined by competi­

tion with 0.5 to 100 ng/tube of unlabelled PRL. One hundred and fifty 

micrograr,,\s of suspension and 40,000 cpm of (1 25 1] oPRL were used per 

tube, and e~ch point was assayed iu duplicate. The specifie activity of 

[ 1251] oPRL was 80 ~i~. Ovine PRL (NIADDK oPRL-l6; 30.5 I.U./mg) was 

kindly supplied by the National Hormone and Pituitary Program. 
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PREFACE 

Teehnical problems have been a major limitation in studying and 

understanding the raIe of PRL in humans. Indeed there is the problem 

re lated to thepresenee of hGH, whieh is a laetogenie hormone, the effeet 

of which ean be eonfounded with that of PRL. In addition, there is the 

problem of low tissue content of the ppr~-R whieh, eombined with the 

limited availability of hum an tissues, that ean be supplied, renders the 

specifie evaluation of PRL effeets extremely diffieult. In this eontext, 

it was a logieal step to use the rat liver PRL-R cDNA as a probe to 

clone the human PRL-R eDNA. In this Chapter we deseri be the isolation of 

this reeeptor eDNA and the interesting diseovery of a second form of PRL-

R which will eertainly become an important tool in examining the specifie 

effects of PRL in humans. 
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SUMMARY 

Human prolactin receptor cDNA clones from hepatoma (Hep G2) and hrcftst 

cancer (T-47D) libraries were isolated by using a rat PRL receptor cDNA 

probe. The nucieotide sequence predicts a mature protein of 598 amino 

acids with a much longer cytoplasmic domain than the rat Iiver PRL 

receptor. Although this extended region has additional segments of 

localized sequence identity with the human growth hormone receptor, therc 

is no identity with any consensus sequences known to be involved in 

hormonal signal transduction. This cDNA will be a valuable tooi to 

better understand the role of prolactin in the development and growth of 

human breast cancer. 

INTRODUCTION 

Prolactin (PRL) has an extremely wide spectrum of activities in 

different species (1). In the human, the physiological effects of PRL on 

mammary development and lactation and the pathological effects of 

hyperprolactinemia on reproduction, are well-known (2). However, the 

fact that PRL is secreted by tissues other than the pituitary (3-6) and 

that PRL receptors are found in many tissues (7) suggests that PRL may 

have multiple functions. Indeed, there is evidence to suggest that this 

hormone plays a role in water transport by fetai membranes (8), steroid 

production in ovaries (9) and immunomodulation (10). There is no doubt 

that PRL directIy affects the incidence and growth of mammary tumors in 

rodents, but its role in human breast cancer is less clear (11). 

t 
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Although there have been numerous clinical reports attempting to 

correlate levels of circulùting pro!actin with the development or 

progression of breast cancer, the results are often contrddictory (11). 

The fact that in the hum an , both PRL ann GH are lactogenic and are 

secretcd cyclically and episodically have complicated the interpretation 

of sorne studies. Moreover, estimation of PRL levels by rùdioimmunoassay 

does not necessarily reflect the biological activity of the hormone, 

especially under certain pathological conditions (12). 

In human breast cancer cells in culture, a stimulatory effect of 

prolùctin on cell growth has been suggested (13,1~). Since this action 

is initiated at the level of a cell surface receptor, several studies 

have concentrated on fluctuations in receptor levels. In human breast 

cancer cells and biopsies, PRL receptor levels hdve been shown to be 

correlated to estrogen receptor levels and relapse-free survival (15-16). 

However, the prognostic value of PRL receptor measurements is limited by 

the difficulty in accurately quantifying receptor binding, and by their 

low level (17). The development of a sensitive and specifie method to 

measure PRL receptars is essential ta any further progression in this 

field. This necessitates ~ detailed characterization of the receptor, 

which has thus far proven extremely difficult to purify. Mulecular 

claning offers a suitable alternative to determine receptor primary 

structure. 

Recently we deduced the primary structure of the rôt liver prolactin 

receptor fram a single cDNA clone (F3) (18). We showed that it is a 

member of the growth hormone/PRL receptor gene family and it encodes a 

mature protein of 291 amino acids (aa) that binds PRL whea expressed at 
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the cell surface. Moreover, we subsequently identified a second form of 

PRL receptor in the rabbi t mammary gland (19) . Here we report the 

cloning and expression of the human prolactin receptor. This protein 

consists of a mature protein of 598 amino acids with a much longer 

cytoplûsmic domain than that of the rat liver PRL receptor, but similar 

to that of the rabbit receptor. 

RESULTS 

A size-selected human hepatoma (Hep G2) cDNA library was screened at low 

stringency with the rdt liver clone F3 used as a cDNA probe. Screening 

of 6 x 105 clones resulted in only one positive clone (Hl) of 2 kb which 

was used ta rescreen J06 clones of the same library at high stringency. 

Five other overlapping clones were identified. Two of the clones (Hl and 

H2) resulted in a single long open-reading frame (Fig. la). A third 

clone, H5, adds 500 bp to the 3' untranslated region, but contains a 

stretch of 70 bp at Hs 5' extremi ty, wi thin the putative cading region, 

which is campletely unrelated to the other sequences. These nucleotides 

may be the product of alternative splicing or may represent a c10ning 

artifact (Fig. la). A partial restriction map of the full length clone 

( l'V 3 kb) is shawn in Fig. la. The complete open-reading frmne cor­

responds ta a protein of 622 amino acids, which includes a putative 

signal peptide of 24 aa. By homology with the rat PRL receptor, the 

first GIn residue was considered as the N-terminus of the mature prote in. 

Therefore, the mature non-glycosylated protein (598 aa) has a theoretical 

molecular weight of 65,905. 
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III ICC ne lit T1I CCG CCA m CCI SGG CCA AAI liA "A m 111 GAI GCI CIl CIG 116 GAG IIG SGC IIG ICI 6" 6.1 W CIG m 
2'1 nr Cyl HI Ph ru Pr, y,l 'rt ilr Pre t" Il, ty' &1, PI'II A., AI. HI' llll l,,, 6111 l" 61, ly, S" 61u 'lu l'II l,u Sir 

ln GeC IIG 6GA ISC CIO SIC 111 CCI CCC ICI ICT 6'C Til GlG &aC 116 CIG GI6 GlG 141 III GU GII 6Al GAI 'GI GIG GIt cas CAl 
271 Ah ln &iy Cyl &111 A', Phi rrt Pu Tl'lr Str A', Tyr 61u A,p LIU l,u V .. I 61J ", leu 61u Vd A,p A,p S., 61u l,p 611'1 th, 

"3 m 116 ICA 61C CIT ICA lA. o;U ClC CCA A6I C., GGI 'IG ••• CCC .CI lAC CI6 lAI CCl 6'C ICI G.C IC. 6GC CGG 606 IGC IGT 
lOI: ln "l' 5tr Vil HII SIr ly. &1. t4l1 Pu Sir 611'1 &ly l'I,t l,. PfI 'l'Ir I,r lI\'! A', Ptt Ai' Il'Ir A\, Su 61y Ar, 'l, Str Cy, 

1063 61C IGe CCI ICC CIl Ils ICI 6U alG IGI &AG GU CCC CIG 6CC III CCC !CC m IIC 111 611 CCI 6IG 61C lit GaG U6 CCI ... 
ln •• , Srr Pr. Str LI ... ll~ Sn 61, ly, t.." 61 ... &h. Pro 611'1 -Ah A,n Pro S,r Ihr P" l" A" P'o 61 .. v~1 1\, 611,1 ln Pro 61u 

I15l III CCI G"IoC' ICC CAC ACC 16G SIC CCC CAG IGC AlA ISC 116 SI! SGC ... lit CCC lAI 111 C.I GCI SGI GG' ICC III 161 TCA 
3'. A''''ft il; Ihr Tlu th, tl'lr Tt, A" Pro &111 Cy, Il. 5" ",t Glu 61y l,. Il. 'r, 1Tf Ph, HI' AI. &Iy Sly Sir lH C,. Su 

lm ICA 166 CCC lIA CCI CAG ccc AGe C.G CIC "C CCC .GA ICC ICI lAC CAC ut 111 'CI GAI m IGI 6AG m 6CI 61S 6GC CCI GCA 
391 Thr Ir, Pre ln Pre &11'1 Pt, Str '6tn Hn Au Pre Ar, Su SIr TTr Hu .'1'1 JI. Thr A\, Yil Cy. 6111 leu Ala "'.1 61, Pro .1, 

Illl 661 6CI CC6 GCC ACI CIG lIG '.11 GII 6C, G61 AU G.r GCI 111 AI, I[C 1[1 CI! m m A'G ICI AGA GIA G.G GG' '16 6C1 ACC 
_21 GI, 1,\1 Pt. Ali Thr lrl lh A,n &111 Ali Sh lr' A\p Ah l,,,. lU Str SI' &In thr Il. l", Str ftrq 61u 61u 61, ln AI. "'u 

14/1 CI6 C'S .6G 616 GIA 6.' AGC lit Cil TCI GAG 'CT &AC m SAT AC6 CCC liS CI& CIG CCC CAG GIG U' ICC CCC III &6C ICC Gel 
~5t 61ft 61ft Ar, 61u V,I 61, Sf1 ''''1 HlI Srr Siu Ihr A', Gin •• , tl'lr Pro Iq l,u lh Pro 61n 61u l.." Ihr rtO fi", &1, St! "la 

1513 II! CCC Ils SAl lAT 616 6AG ail tIC AA. GTC •• C AAA GAT 6GI 6CA !TA ICA 116 CIl CC, ... CAG .S' GAG •• e 'h SIC "G CCC 
_U l,. Pro ln A" Iy' VII 61, Il. Hu L" Y.I A,n lr' A" SI, Ah llu Su l'". LI" Pro l" 61n .rq 611.1 A," S" 61. ln p,~ 

1601 Al6 U6 CCC GGG 'CI CCI G'G "C '" "G SAS liT 6CC AOG GIG TCC GIG ,IC AI6 6A1 AAC lAC m CI6 GTG 116 GI6 CCI 611 CCA 
511 l" ly' Pro 61y 'hf Pu &l, A, .. A~" l" &hI Tyr Ali l" y.1 Su 61y YII PI,t 11\0 A'fI A," Il, L'II 'J.I l'II V.I 'ro .,p Elr, 

1611 CAl 6CI UA AlC GI6 GCI IIC III GIA 6A~ TC. GCC UA G'G 6CC CC~ m ICA Cil 601 CA6 ~AI CAl 6CT G" U' 6CC CI6 6CC UC 
5U HII AI. ly, A,n 'J.I At. en Ph, ,,~ 61u Sir Ah lyl SI .. Ah Pre Pu Str l'II 61u 6t'l hn 6tn Ah Siu ly, Al. ltu Al. A,n 

I1Il IIC ICI GC~ 'C, !tA 16C AA6 IGe AG6 CTC CAG CI6 661 6&1 116 6.1 IIC m 6A1 CCC 6C' TGI 111 ICA CAC ICC 111 CIC IG' 1A6 
571 P~I 'l'Ir Ali 'l'Ir Str Sn lu e'f' Ar, L,u 61n ltu 6ly 61y l,u th, Tyr l'" A,. Pr. Ah (r' P~, thr Mil S,r Pli, "1\ -

1811 CIIGACTUI6;AlIGllmll .... 'GI;.III1TCllmGluC.ClACIGA6taCm.UTGelm6A1I6I.Glm~CIGACACIA(I.UGCICW6[ICCITI"16 
lm Clmllrll'ACC.CIIGCCIClltr·('~6C.6CmT'CC'GA'C"~ICAI1.IGTIICCI •• CI616.11161 •• IIII.CIIIIIGCI611.GII.I .... (I.IGISIIC •• 
li 1 1 1611I11A1'Gc.mI6CII~GI'I· .11 G.m.mIGw" A66T.I'ICCICI6 ..... 66CI1IC.16AIIIG6CAIGG;.CA6mGA .. 1 GIA.l IStem.1 IGII" 
mo CC~I.6 ... 6.161C.W6.AAAIIIICCACWG6U .. 16CCA IG •• AAII6C11I16AU"CAlCI6(molCCTI IACAClCC IcmCII Il III l'G.AI T.cccm l'T 
/1\' IICCIiTIAlI6A!'6UI 6C' 1 IC, ...... CAAITIST 1 I.C11 "G IICC 1.1.((11 AC IGICAClITGe 161" 16tA1G IAlGAIA 1 

Restriction map, nucleic acid and 
sequer~ce of the human PRL receptor. 
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amino acid 

(a) The open box indicates 
restriction sites are indicated 
hepatoma (Hl, H2, H5) and T-47D (Tl, 

as 
coding region. Sorne 
localization of the 

the predicted 
well as the 
T2) cDNA clones. Di vergent seqllen-

ces are indicated by dotted lines. (b) Amino acids are numbered from thr 
NH2 terminal amino acid of the mature protein; nucleotides are numbpred 
from the first base of the codon for the initiation methionine. The 
underl ined secplence in the 5' untrans Iflted regi on corresponds ta ,} 
putative minicistron. Extracellular cysteines and thcir codons arc boxed 
and potential Asn-linked glycosylation sites are marked by triangles. 
The transmembrane region is surrounded by a rectangle. 
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The initiation codon at position 1 is flanked by sorne nuc1eotides 

matching the consensus sequence propcsed by Kozak (20). The sequence 

upstream to this ATG, contains 6 other ATG codons (positions -174, -164, 

-133, -86, -67, -56), the most upstream of which (position -174) is 

fI anked by nue! eotides which have a cl oser homo logy to Kozak' s consensus 

sequence than the putative initiation codon (Fig. lb). This ATG is 

followed, 36 nucleotides downstream, by a TGA stop codon. Interestingly, 

a similar sequence (72% identity) is found in the rabbit PRL receptor 

cDNA (19). Such a minicistron, preceding the major coding sequence, 

occurs in a small subset of cellular messenger RNAs, including many 

oncogene and steroid receptor rnRNAs, as weIl as mRNAs for other genes 

requiring precisely regulated expression (21). The function of such 

motifs remains speculative. 

As has been reported for the rat liver and rabbit mammary gland PRL 

receptors, the extracellular domain of the human receptor contains five 

cysteine residues (aa 12, 21, 51, 62 and 194) and three potential N­

linked glycosylation sites (aa 35, 80 and 209) although the last is 

located 50 close to the putative site of insertion within the membrane 

that it may not be glycosylated. There is a single strongly hydrophobie 

region of 24 amino acids (211-234) which corresponds to the trans-

membrane region of the PRL receptor (Fig. lb). This sequence is highly 

conscrved between the rat, rabbit and the human (18, 19). Using the Hl 

RNA probe, we screened 5 x 104 clones of a size-selected T-47D (human 

breast cancer cell line) cDNA library and found two positive clones. One 

(T2) extends between bases 1244 and 2439 of the hepatoma clone and is 

identical ta it except at position 180 ~here a thymidine is replaced by a 
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cytidine. This substitution results in an Arg residue in place of a Cys 

residue at position 578. The functional importance of this difference is 

not known. 

Human breast cancer biopsies or cells in culture (T-47D) and a 

membrane of the human placenta, the chorion laeve are the two tissues in 

which human PRL receptors have been best characterized (22-24). Northern 

blot analysis of human chorion laeve and T-47D cclls revealed three 

distinct bands of mRNA of 2.8, 3.5 and 7.3 kb (Fig. 2). This pattern is 

strikingl~, similar to that found in the rabbit, where threc bands werc 

detected in aIl tissues examined (19). The low moiecular weight band 

present in most rat tissues ~2 kb) was not found in human tissues. No 

signal was detected in Hep G2 cells. This is probably due to the very low 

abundance of the PRL receptor message in these cells since only b 

positive clones were obtained by screening 1.6 x 106 clones of the Hep G2 

library. Moreover, there was no specifie binding of prolactin to Hep G2 

cells (data not shawn), althaugh prolactin receptors have been detected 

by immunocytochemistry in human hepatoma (25). 

In order to show that the cDNA cloned from the hepatoma librûry 

could direct the synthesis of a protein able to specifically bind human 

PRL in mammalian cells, we prepared a cDNA containlng the entire coding 

region (H1/H2), inserted it into the pECE vector and stably transfected 

Chinese hamster ovary (CHO) cells. Binding experiments using [125 1] 

labelled hGH (a hormone with lactogenic and growth promoting activity) 

show that the expressed membrane receptor has a binding specificity 

confirming that the H1/H2 cDNA encodes a human PRL receptor (Fig. 3a). 

Scatchard analysis (Fig. 3b.) of the hGH binding curve revcaled an 
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Northern blot analysis of hum an PRL receptor rnRNA expression. 

Migration of an RNA ladder (BRL) is indicated on the left for size 
markers and the size of the PRL receptor rnRNAs on the right. HCL:human 
chorion laeve. 
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CONCENTRATION (ng/tube) 
BOUND (fmole) 

Expression of the human hepatoma PRL receptor cDNA clone in 
CHO ceUs. 

(a) Competition assay with unlabelled human GH (0), human PRL (e), 
rat PRL (.), human PL (c), rat GH (.) and bovine insulin (A) of memhranes 
from the transfected CHa cells (22). Values are expressed as a perccntage 
of specifie binding calculated in the absence of any unlabelled hormone 
(3100 ± 50 cpmj350 pg protein) for 30,000 cpm added. Nonspecific binding 
is 1200 ± 100 cpm. (b) Scatchard plot of human GH binding datd in 
transfected CHO cells. 
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affinity (K" = 3.9 x 109 M-l) similar to values repoLted for the human 

PRL recpptor (~2). A nearly identical value was obtaincd for the 

competition curie using hPRL (K d = 4.5 x 10 9 M-l). 

DISCUSSION 

The strong degree of sequence identity between the human PRL receptor 

sequence and that ot the rat and rabbi t is i 11 ustrated in Fig. 4a. The 

long cytoplasmic region of the human PRL receptor constitutes an obvious 

difference with the rat liver PRL receptor. The overall amino acid 

identity is 67'1, when the last 307 amino acids of the human receptor are 

excluded. Rowever, similarity between the two receptors abruptly ends at 

residue 261 of th~ rat PRL receptor, so that a sequence comparison only 

f . 
to this point results in an identity of 75%, or 84% based on consprvative 

amino acid substitutions . As seen in Fig. 4b, there is also strong 

identity (75%) between the hum an and rabbit receptors, which increases to 

80% when conservative substitutions are considered. There are two gaps 

in the sequence identity in the cytoplasmic domain of the two receptors 

(Fig. 4b): the first (2 spaces) is inserted after aa 365 of the hum an 

receptor, and the second (8 spaces) after aa 420 of -(he rabbit receptor. 

Fig. 5 shows a schematic representation of the three PRL receptors (rat, 

rabbit and human) in comparison with thë humanjrabbit GR receptors (26). 

As expected, the human PRL receptor shares regions of st ri king similarity 

previously recognized with the GR receptor (18). The highest degree of 

sequence identity is found between the first two pairs of Cys residues in 

the extraccllular domain and in the intracellular region flankil:g the 

f transmembrane segment. The extended cytoplasmic domain of the human PRL 
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FIG. 5. Schematic representation of the PRL receptor structures from 
three di Herent species (rat, rabbit and human) compared with 
the human/rabbit GH receptors. 

Number's indicate the position of the first amino acid, the first 
ùmino acid of the transmembrane region (black), and the last amino acid 
of the mature receptor. Regions of high similarity with the GR rec<'I)tors 
(>68~) are cross-hatched and those of moderate similarity (38-60%) are 
stippl f:'d. 
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receptor contains three additional sequences similor ta thp GH recept or, 

as is the case for the rabbit rcceptor (19). In th~ abscnre ot il cons en-

sus sequence for a tyrosine kinase domnin or any potentiell ATP hinding 

site, the presence of these highly conserved sequences in the cytoplasmlL 

domain of a11 the PRL and GH receptors strengthens the hypothe'lis thdl 

they may be potentially involved in the process of signa 1 transdtlct ion of 

bath hormones. Transfect ion of full-length PRL rereptor cDN \s wi Il 

permit a systematic evaluation of structure-fuTlction relalionships; 

studies involving mutagenesis and hybrid constructs in tunctional 

cellular systems may help clarify the mechanism of action of these 

hormones. 

Since there has been no reliable means of accurately measuring PRL 

receptar leveis in small ~lantities of human tissues, due to the rela-

tively low level of binding, compared with PRL receptor levels in 

experimental animais, the human PRL receptor cDNA constitutes an impor-

tant new tool. It will be possible ta measure hPRL receptor mRNA levels 

in different breast cancer celi lines and biopsies, and under various 

physiological conditions. Moreover, the deduced amino acid sequence of 

the receptor will permit the production of synthetic peptides and 

antibodies to the extracellular and cytoplasmic domains, which will he 

critical for the identification of prolactin receptors by immunacytachcm-

istry. Therefore, the availability of a humon PRL receptor cDNA should 

permit d better understanding of prolactin's raie in the development and 

grawth of human breast cancer, in the regulation of human reproductive 

pracesses, and patentially, as an immunamodulatory hormone. 
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MATEIHALS AND METIIOJXl 

Scrcening of the Human Li brari es 

A size-sclccted hepatomù cDNA library prepüred jn ÀgtlO was obtained 

from J. C. Edman in W. J. Rutter's laboratory at the University of 

Califarnia, San Frùnci~co. An oligo(dT) primed T-47D cDNA library was 

prepored 05 described previously (18) except thlt the cn~As were size­

sclccted on Bio-Gel P-60 and ligated to ~gtlO arms. Low stringency 

hybridization with F3 cD~A probe, labelled by random prillling (27), was 

carried out for 16 h at l,2 C in 20% formamide, 5 x Denhardt' s, 5 x SSPE 

(20), 0.1% SDS, 0.1 mg/ml salmon sperm DNA, and 6% dextran sulphate; 

washing was at 42 C in 1 x SSC, 0.1% SDS 1mM EDTA. High stringency 

hybridization with a Hl RNA probe was performed as described previously 

(18). Suitable restriction fragments of the eDNA clûnes were subcloned 

into M13 derivatives or in Bluescript vector (Stratagene) and both 

strands were sequenced by the dideoxy chain termination method (29) 

using modified T7 DNA polymerase (Sequenase, US Biochemicals). 

Northern Blot Analysis 

Human chorion laeve and T-47D polyadenylated mRNAs (25 pg each) were 

isolated using the guanidium thioeyanate/CsCl procedure (30), treated for 

"0 min at 50 C in lM glyoxal, 50% DMSO, 10 mM phosphate butfer, pH6.5 and 

run through a 1.51, agarose gel in 10 mM phosphate buffer. RNA was 

transferred to a nylon membrane (Genescreen, NEN/Dupont), baked and 

hybridized ta a Hl RNA probe as previously deseribed (18). Hybridization 

and washing temperatures were 65 C and 75 C, respectively. The filter 

was then autoradiographed overnight at -70 C with an intensifying sereen. 
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stable Expression in Eukaryotic Cells 

A 2.5 kb cDNA contûining the entire PHL receptor carling bcq\lencp W.IS 

con'3tructed by joining Hl and H2 eDNAs at their Neo 1 site, and assembll-'d 

at the Eco RI site of the mammalian expression vector pECE (31). Slablr 

CHa cell lines were established by cotrunsfection of 10 Jlg ot this con­

struct with 2 Jlg of pSV2 neo using a ~ulsc generator constructed in thp 

laboratory. A volume of 0.5 ml of cell suspension (""'10~ cell/ml) in 275 

mM sucrase, 1 w1 phosphate buffer, pH 7.4 und lm~ ~gSO~ rpceiverl dn 

electric shock of 120 V. la pulses/~ec, 100 Jlsec/pul~e for 5 minutes. 

CeUs were transferred ta a tube containing the two p1.asmids for 20 mins 

at 40 C, suspendpd in Ham's F12 medium with lOt fetal bovine serum and 

dlstributed in five PIOO petri d~shes. Selection was made with 400 Ils/ml 

of acti\e G418, the eukaryotic neomycin analog. After isolation of the 

transfectant clones, cel13 were harvested, washed and lysed in Eppendorf 

tubes by repeated freeze-thawing cycles. Membranes were prepared by 

centrifugation (10,000 g) for 2 min and the pellet was resuspended in 25 

mM trh-HCI, pH 7.5, 25 mM MgCh, 1 mM PMSF. la ~ leupeptin, 1 Ilg/ml 

aprotinin. Three hundred fifty Ilg of suspension and 30,000 cpm of 125 1 .. 

hGH were used per ~ube for binding studies that were performed as 

previously descri bed (32). Contro 1 CHO ce Ils specificd lly bound 1. 4t of 

added radioacti vi ty compared to 8. 2t in the transfected CHa ce 11s. Human 

GH used for radiolabeling and competition curves was the recombinant 

hormone (G042A) kindly provided by Genentech (San Francisco, CA). Humdn 

PRL was generuusly supplied by Dr. H. G. Friesen. University of Manitoh.l, 

Winnipeg, Manitoba. Rat PRL (NIADDK rPRL-I-5; 30 lU/mg), rat GII 

(NIADDK rGH-I-5; 2.0 lU/mg) were kindly supplicd by the Ndtional Hormone 
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and PilllHüry Program. Bovine insulin (2 LI.5 IU/mg) was obtained from 

Sigmd (St. Louis, MO) and h'!man placenla l lactogen (hPL) from IC\' 

Phùrmaceuticals, Inc. (Cleveland, Ohio). 
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8.1 Cloning of the PRL receptor 

Cloning a very low abundance protein 1 ike the PRL r(~cp.ptor 

represented a difficult task, especially in 1984, when we undertook this 

study. Indeed, at that Ume, only a few receptors had been cloncd (see 

Introduction), Most of the work achieved following the purification of 

the receptor prote in which provided amino ôcid sequence information. ln 

the absence of homogenously purified PRL receptor, and wilh the 

availability of ônti-PRL receptor poly- and monoclonal ant.ibodies, ho ot 

the techniques presented in Chapter l appeared potentially applicable ta 

cloning of the PRL receptor: expression systems with immunoscreening 

and gene transfer. The direct expression systems in Xenopus oocytes and 

in COS celis were developed only in 1987. On the other hand, the 

techniques of differential hybridization and cDNA subtract ion reqlIired 

positive and negative tissues or cells that contaiued, in general, the 

same rnRNAs, except for the PRL receptor mRNA. These requirements are not 

fulfi11erl by any cell system knowll to express the PRL rf'ceptor. 

Therefore, 1 decided to use an expression system with immunoscreening and 

keep the gene transfer 

failure of the first 

technique as 

approach. 

an alternativp 

The decis ion 

method, in case of 

to begin with 

immunoscreening of an expression system was based on the faet thal the 

libraries that were used were prepared in Àgtll. These 1 ibraries could 

also be screened with oligonucleotide probes, if and when lhey he came 

available. This was indeed the case and the first positive clones for 

the PRL receptors were identified in a polysome-ellrichE'd rùl liver cDNA 

library that was originally prepared in th~ expression vector Xgtl1 and 

screened ~ith poly- and monoclonal antibodies. 
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Although immunoscreening of an expression library is a very 

attractive approach, since antibodies to partial1y purified receptor 

preparations are relatively easily available, the success rate of this 

approach is not 11igh. In fact, there are certainly mAny more 

unpublished, unsuccessful studies, than the few successful reports that 

hdve been published. One notable failure of immunoscreening of a Àgtll 

lihrary with poly- and monoclonal antibodies is the insulin receptor, 

reported by Ebina et al., (1985). Most of the successful cloning of 

receptors and other proteins with this technique involved screening with 

polyclonal antibodies. On1y one membrane receptor, the al subunit of the 

DHP-sensitive calcium channel (Ellis et al., 1988), has been successfully 

cloned by screening an expression library \\ith a monoclonal antibody. On 

the other hand, two steroid hormone receptors, the progesterone and the 

vitamin D receptors (Conneely et al., 1986; Jeltsch et al., 1986; 

Loosfelt et al., 1986; McDonnel1 et al., 1987) have been successfu1ly 

cloned using this approach. In these studies, more than lOb clones had 

ta be screened in order ta find only one or a few posi~ive clones. 

Moreover, most groups had a panel of mAbs, from which the y chose the 

most appropriate, usual1y by testing their ability to detect receptor by 

immunoblot analysis. It is thought that only mAbs capable of identifying 

a si~1dl on an immunoblot will be effective for screening. For the PRL 

receptor, 2 mAbs (E21 and E29) against the rat liver PRL-R were 

available ut the time of immunoscreening, and only E21 was able ta 

identify the PRL receptor on an immunoblot (Katoh et al., 1987). The 

high specificity of mAbs for certain epitopes of a receptor make them 

attractive probes for scrpcning, but at the samp time 1imit their 
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usefulness, sinee it is only when these epitopes are expressed in the 

right configuration that they can be recognized. As shown in Chapter II, 

l Wil.S unable to detect the immature form of the PRL receptor synlhesized 

in reticulocyte lysates (fig 1 and 7) using the mAb E21. Even the mdturc 

form synthesized in frog oocytes (Fig. 3) was not detected by 

immunoprecipitation with the mAb E21, although it was abll' to 

immunoprecipitate solubilized or partially pllrified receptor (Katoh ct 

aL, 1987). These resu1t.s suggested that the immunoprflci.pitaUoll sludi<,s 

were not sensitive enough to detect the PRL-receptor or that the change 

in glycosylation of the receptor found both in vitro élnd in frog oocyh's 

was sufficient ta somehow ~hange the epitope rccognized by E21. Sneh il 

change is certainly expected in the fusion proteins expressed in the 

Àgtll system and can explain the failure ta identify specifie positive 

recombindnts with the mAbs. 

Another problem invol ves the Àgtll itself, sinee only one-sixth Dt 

the inserted eDNAs wi Il be expressed in the right sense dlUI the corrpc1 

coding frame. This reduces the chances of finding il positive clone, 

especially when the receptar j s present in very low abulIdùlH f', ilS i s lr'ur> 

for the PRL receptor. In the case of the vitamin D recflptor, for which 

the cell concentration j s similar ta tlH' PRL rcceptor, Mc.J)Olllle 1] d al., 

(1987) screened 10 7 indepenùent clones wi th mAbs, and only found il single 

positive clone. Such a low concentration of receptors rcquires extremely 

good libraries or the enrichment of the receptor mRNAs prior tu 

preparation of a library. The immunopurificôtiùn of volysomf~s lhill l 

used resulted in a 300 to 500-fold enrichment, il rcsult which is qllitp 

good, especially whell compared ta the lO-fold enrichlTlt'ut obI <Il lied hy 



( 

( 

( 

195 

other techniques, such as mRNA ~ize fractionation nlaniatis et al., 

1962). Moreover, the 32 kDa band precipitated by the antiserum no 212 

[rom the in vitro translation products of this mRNA is highly compatible 

with the Mr of 33,368 predicted from the cDNA structure for the 

llonglycosylated rat liver PRL receptor. This form was not detected by 

polyclonal Abs when non-enriched rnRNAs were used. The numùer of positive 

recombinants found when the enriched cDNA library was screened with 

antisera confjrmed the extent of enrichment. However, an important 

proportion of these positive recombinants probably represented proteins 

present in the partially purified prepal'ation of the PRL receptor and 

were unrelated to the receptor. For this reason, screening a non­

enriched, size-selected library with these antisera gave many false 

positives. In fact, successful cloning of other membrane receptors by 

using an expression vector (see Table 1) were usually obtained with 

monospecific polyclonal antibodies that were prepared by receptor 

affinity chromatography. "'e were unable to produce this quality of 

polyclonal antibody duc to the low degree of pt1rity (.-vl'.t) of our 

partially purified PRL receptor preparation at that tim~. Nevertheless, 

in the absence of any alternative cloning procedure, it is quile probable 

that d thorough examination of sorne of the 10,000 positive recombinants 

identified in the endched library detected by the polyc1onal antiserum 

would have resuHed in one or more PRL receptor cDNA clone. 

The turning point in the exp~rimental approach of the cloning of 

the PRL receptor was certainly the purification to 1lomogene5ty of the rat 

liver PRL receptor. This purification was made possible by the use of 

immunoaffiuity chrom'1tography with the specifie monoclonal antibody E21 
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(Okamura et al., 1989a). This step offers several advantages compared to 

hormone affinit:r chromalogrdphy prf>viously described: tJ1L' 1lI,11IltPIl<1l1CP (lf 

Triton X-IOO, which is il more efficient detergellt for solubilizing rat 

liver membranes; the decrease in degradation of the receptor, dup 

principally to the fact that the affinity chromatography WùS pprf()['Inetl ut 

4 C instead of at 20 C; and the larger yipld of receplor. These 

advantages resulted in a 1000-fold purificGtion over microsomal 

receptors, with a recavery of 52t. ln spite of this improved 

purification slep, the purified receptor was still only 4-6.5't puce. 

Thus, a preparative SDS gel electrophoresis step was necpssary ta oblnill 

a homogeneous preparation. 

Once the amino acid sequence of sorne peptide fragments was oblainrd, 

peptide sequences were ('hosen and oiigollucleotide probes weI e s)'lIlhesizccl 

that represented the best predicted sequence (PltLR-2) ill1d two mixtures of 

oligonucleotides, that encoded most of the possible sequences (PRLR-l, 

PRLR-2A) . As discussed in Chapter 1, both types of syllthetic 

01 igonuc1eotides have 'oeen successtully used t.o c IOlle membrctllP recpplors. 

Table III compares the sequences of the synthetic 01 igonuc Ipotidps wi th 

that of the F3 cD~A.. 13ased on these comparisons, one mismalch of the 

four choices was seen in the 24-mixmer PRLR-l, 10 misrnùtctws tor 1'1 

choices in the 45-mpr, best predicted sp.quencf' PRLR-2 ùlld 0 mismatches 

for two choices in the 23-mixmer PRLR-2A. The two positive recombinants 

El and E2 were obtained by screening the enriched 1 i brary wi th prObf! PHL-

R-2A. Seventy-one per cpnt of the choices of the 45-mer best prpdicted 

sequence were incorrect. This explilins lhe lack of positives obt,1illed 

with this probe and shows the 1 imi tation of prPdict hll of codon Ilsilge by 
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TABLE III: 

PRLR-l 2 
(peak 13) 
F3 cDNA 

COMPARISON BETWEEN THE SYNTHETIC OLIGONUCLEOTIDES 
AND F3 cDNA SEQUENCES1 

CCA GTA ~C~ ~TC ~GG CTT ~CA 
CCA GTA TCC ATG TGG CTT GeA 
210 203 

197 

PRLR-2 2 eTT GAA eTG GGT CTG GTG Gee GGT GAA GTG GAT CTC CCA CTC CTC 
(peak 21-1) * * * * * * * * * * 
F3 cDNA TTT AAA CTG TGT TTG ATG ACe ~GT AAA ATG GAT CTC CCA CTC TTC 

187 173 

PRLR-2A 2 
(peak 21-1) 
F3 cDNA 

GT AAA ATG AAT TTC CCA TTe TTC 
G G G CCC 

1 

2 

GT AAA ATG GAT CTC CCA CTC TTC 
180 173 

Bo1d letters represent choices made at this base position. The 
numbers under the F3 cDNA sequence indicate . the amino acid 
position deduced from the cDNA sequence (Bautiu et al. ~ 1988). 

The peak number represents the tryptic fragment, separated by 
reverse-phase HPLC, that was used ta deduce ~he sequ~nce of the 
synthetic oligonucleotides (Okamura et al., 1989a). 
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the published tables. 

8.2 structure of the PRL receptor 

The cloning and e'<pression of the rat liver PRL receptor presented 

in chapter 5 confirmed previous biochemical studies which suggested that 

the PRL binding subunit hûd a mol. wt. of 35,000-45,000 (Chapter 3) but 

failed ta explain the higher Mr forms of PRL-R seen under certain 

conditions. Moreover, Northern blot analysis with mRNAs from different 

rat tissues in Fig. 5 of Chapter 5, showed that the PRL-R mRNA signal 

presented a marked size heterogeneity varying with the tissue examined. 

In sorne tissues the 2 kb band seen in liver on Northern blot analysis 

(Chapter 5), was not the major band, suggesting the existence 01 

different sizes of untranslated regions or of different coJing regions of 

the receptor. Using the F3 rat liver cDNA as a probe, cDNA librarics 

from other tissues and species were screened, in arder ta find other 

forros of PRL receptor. In Chapter 7, the c10ning of the human PRL 

receptor was presented. Although this 

identity with the extracellular, 

receptor showed 

tr~nsmembrane and 

a high sequence 

part of the 

intracellular domains of the rat liver PRL-R, it contained a much longer 

cytoplasmic domain, that was homologous ta the rabbit and human GH 

receptors. Our collaborators in France identified a similar long form of 

PRL-R in rabbit mammary gland using the rat PH.L-R cDNA probe (Edery et 

al., 1989). Northern blot analysis of different rabbit tissues with thi5 

long cDNA form used as a probe revealed three bands similar to those 

reported in Fig. 2, Chapter 7 for the human and, in contrast ta the rat, 

rnRNAs in the rabbit and human do not vary in different tissues testf'd 

(unpublished data). The human anù the rabbit PRL receptors have a strong 

-
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sequence identity (75%), even in their long cytoplasmic domains, and they 

also show a strong identity with the rat PRL receptor that abruptly ends 

at residue 261 of the cytoplasmic dom;\in of the mature rat PRL-R. 

Davis and Linzer (1989), using an oligonucleotide probe designed 

from a region of the F3 cDNA clone, isolated 3 different PRL-R cDNA 

clones from a mouse liver cDNA library. AlI these clones were nearly 

identical to the rat I1ver PRL cDNA except that two of them (PR-l and PR-

2) encorled proteins with divergent carboxyl-terminal sequences after 

residue 261, of the rat PRL-R, that is at the same site of divergence 

between the sequences of the short rat liver form and of the long human 

and rabbi t forms. Thus PR-1 encodes a mature protein of 28'~ aa and PR-2, 

a mature protein vf 273 aa. Moreover, the y found a third cDNA form (PR-

3) which had a similar sequence to the rat clone after residue 261 but 

contained two single nucleotide changes in its 5'-region compared to the 

two other Inouse forms: one base substitution in the second codon of the 

signal sequence and one base deletion at codon 78 that brings a 

translational termination codon into frame after 19 additional residues. 

The authors suggested that this truncated from of only 78 aa may be 

secreted but did not tC'st binding ta PRL. 

Recently, we screened size-selected libraries from rat ovary, 

estrogen-treated liver and kidney, using a RNA probe derived from the 

cDNA F3, in order ta detect a long form of PRL receptor in the rat, since 

there 1s biochemical evidence of larger forms of the PRL receptor 

(Bonifacino and Dufau, 1984; Haldosén and Gustafsson, 1987). Such 

screening revealed the existence of a large form of the PRL recE'ptor 

(PRL-R2) in the rat, which is a major form in ovary and is present to a 

much lower extent in liver (Shirota pt al., unpublished). The predicted 
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size of the mature form is 591 amino acids. The cDN's isolnted ore 

identical to F3, except that they diverge after residue 261 to give il 

larger cytoplasmic domaine This long form of the PRL-R shows strong 

overall sequence identity with the corresponding residues of the rabbi l 

(65%) and human. (64%) PRL-Rs, and maintains the same four regions of 

localized identity wi th the rabbit and human GH receplors, described 

previously (Chapter 7, Fig. 5). Moreover, mRNAs specifie to the short 

and long forms of the PRL-R are present in bath the ovary and 1 i ver 01 

the rat, as indicated by Southern blat analysis of cDNA amplified by DNA 

polymerase chain reactiOJl (PCR) of RNA (Shirota et al., unpublic;hed). 

The common site of divergence of many sequences at residue 262 01 

the rat PRL-R suggests that these forms arise by cd ternali ve RNA 

splicing. This has been confirmed by the identification of the 

structural arrallgement of the PRL-R gellt' (Danville et nI., unpublishf'(l). 

Indeed, the PRL-R gene includes at least 11 exons spread over >60 kb. 

The short (PRL-R1) form cantains the first nine ex ons pills exolJ 11, exoll 

10 being spliced out. The long (PRL-R2) farm is formed by the first 10 

exons (Fig. 1). It wi Il be interesting ta see j f other exons 

corresponding ta the two different carboxyl-terminal sequences of the 

mouse PR-1 and PR-2 can be found in the rat genome. Ii.. is probùble that 

other exans will be faund tf' explain the complex pattern of mRNAs fol' 

certain tissues (e.g., ovary) of the rat (Shir·ot.a et al., unpublished). 

Moreover, preliminary resu1ts af primer extension experimcnts indic<1te 

that severa! different start si tes of PRL-R mRNAs C<H1 be de~ echd in rat 

liver (Banville et al., unpublished). These results suggest a pattern of 

receptor heterogeneity that was suspected but not wc Il appred at.ed hy 

previous biochemical studies. 
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(EXON) ® 
1 2 3 4 5 Genomlc 

• •••••• J ~' DNA 7 ;,r 1 1 1 

6 769 1 tt .. ····· ................. Il 
----~f--+~--.,I-+oIII~r;.;··.iJ ····0 III 

cID 
29AI 9AI 91221 

32 5183 

j 1'0 20 0 30 4'0 5'0 6'0 kb 

a b c d , 

@ cDNA F3 ! a Il:>(4 ( 5 ( 6 \ 7 \8(91 !, III: ' 

ATG TGA 
+ * a. Signal peptide 

b. Extracellular segment 
2 c. Transmembrane segment 

d. Intracellular portion 

@ cDNA d72 ! :,;j 'lr "'31 4 5 1 6 1 7 la 191 10 ; ~AAA 
hlll •• 10 ,,1,+ 

"TG TGA 
1 , 
a b c d 

FIG. 1 Genomic organization of the rat prolactin receptor. 

The upper panel shows a map of the rat PRL-R gene. The posi tion of 
the exons are indicated by vertical bars and boxes. The filled part of 
the boxes indicates the translated sequences and the empty part, the 
untranslated sequ~nces, The name as we)! as the size of each genomic 
clone is noted. The circled A and B indicate the alternative splicing 
processes which result in the short and long forms of the PRL-R, 
respective 1y. In the 1o ..... er panel are shown the cDNAs corresponding ta 
the alternative splicing products which resu!t in the short CA) and long 
(H) forms ot the rcceptor. The stippled areas indicate the untranslated 
regions and the numbered boxes correspond to the exons. The four 
different domains of the proteins are indicated by the letters a,b,c,d 
(Banville et al., unpublished). 

.. 
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The long form of the rabbit mammary gland PRL-R was not expected 

from cross-linking experiments (Hacuptle et al., 1983; Kaloh cl al., 

1985), or immunoprecipitation (Dusùnter-Fourt et al., 1987). These 

studies idcntified il major Mr band of 32,000-40,000. Only the 

development of more sensitive techniques using mAbs recently allowed tl.e 

detection of a lùrger band of 77,000 in this tissue (Sdkai et al., 190R; 

Okamura et al.. 1989b). This larger form probably represents thf' 

glycosylated form of the rabbit mammary gland PRL-R, which has il 

'lheoretical Mr of 75,000-80,000 according to the cDNA sequence (Edery et 

al., 1989). Difficulty to detect this large form by biochemical 

techniques can be explained by degradatior. of the receptor during these 

procedures. ln the human, a similar form is expected, based on the cDNA 

sequence, although there is no reliable biochemica1 data available for 

comparison. 

The 84,000 band that has been detected in liver and ovary of the 

rat (Bonifacino and Dufau, 1984; Haldosén and Gustafsson, 1987; Okamurn 

et al., 1989b) is probably the result of dimer formation of the small 

42,000 forro. First a homogeneous preparation of [12S I]-labeled purified 

PRL-R, obtained by electroe1ution from a gel slice corresponding to il 

mol. wt of 38,000-43,000. was stored at -20 C for 3 wceks and th en 

analyzed on SDS-PAGE followed b} autoradiography. A larger Mr form 

(84,000) could be generated from the smaller (42,000) preparation 

(Okamura et al., 1989a). Second, immunoblot analysis with specifie anti­

rat liver PRL-R mAbs of extracts of CHO cells transfected with F3 cD~~ 

(see Chapter 5) revealed the presence of bath 42,000 ùnd 84,000 forms. 

although the F3 cDNA encodes anly the short form (unpublishcd resultb). 

Finally, the baculovirus expression system (Smith et al., 1983) was used 
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to ovcrl!'''prcss the shor1. form of the rat liver PRt-R by using the F:~ 

cDNA. When the synthetic products were analyzed by immnnoblot analysis, 

two forms of 30,000 and 76,000 were detected, corresponding ta a 

differently glycosylated form of RPL-Rl and a probable homodimer of the 

30,000 subuni t (Okamura et al., unpubl ished data). Thus these results 

strongly suggest that the larger form represents a homodimer of 42,000 Mr 

form but at present the nature of the link (disulfide or other non­

covalent bonds) has not been established. If the 84,000 Mr band detected 

in rat ovary does not correspond to the long form of the PRL-R, it is 

probable that the 51,000 band, recently discovered (Okamura et al., 

1989b), corresponds to a degradation product of long PRL-R2 form. 

Although the PRL-Rs do not contain a cysteine-rich region like the 

RTKs and other membrane receptors (see Chapter 2), they do contain highly 

conserved regions between the first two pairs of cysteines, suggesting an 

important functional role of these cysteines in the formation of inter or 

intramolecular disulf~de bonds. These bonds are probably crucial for the 

conformation of the PRL-Rs and preliminary mutagenesis studies suggest 

that they are necessary for the binding of PRL to the PRL receptor. 

Previous biochemical studies have suggested the presence of 

cùrbohydrate moieties in PRL receptors. Concanaval in A can affect the 

hinding of PHL to its reeeptors and solubilized PRL reeeptors can be 

retained by concanavalin A-Sepharose column and eluted with specifie 

sugars (Costlow and Gal1agher, 1979; Bhattacharya and Vonderhaar, 1982; 

Sasaki et a 1., 1982). However, studies of Necessary et a 1 (1984) on 

purified rabbit mammary gland PRL-R and of Vonderhaar et al., (1985) on 

puri fied mouse 1 i ver PRL receptors, did not confirm retention on 

concanavalin A-sepharose co 1 umn, suggesting that the core binding unit of 
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the receptor does not contain con A-specific cllrbohyrlrate residues. 

Cloning of the rat PRL receptor c1early showed the presencp of N-linked 

carbohydrates. Indeed, two of thE three potential N-linked glycasylation 

chains, as assessed by cDNA structure, were confirmed ta be glycosylated 

by protein sequencing of the corresponding peptide fragments (see Chdpter 

5 and Okamura 1989a). ln fact aIl membrane receptors t1lù t have been 

cloned (Chapter 2) are glycoproteins and their unglycosylated precursor 

forms are always smaller than their mature forms. 

8.3 Regulation and functions of PRL receptors 

In Chapter 6, we showed tha"': steady-st te rnRNA and hinding levels of 

PRL receptors are both regulated by development and estrogens, but that 

bindillg does flJt exactly parallel mRt\A levels. From these resul ts, i t 

was conc1uded thdt PRL-R gene expression in rat liver is regulated at 

bath the pretranslatioual and trans lational levels. However, the 

mechanism involved in this dual regulation is still completdy unknown. 

One such a mechanism involved in the regulatian of transtprrin-receptor 

has been recentiy described by Klausner and coworkers. They discoverr>rl él 

familyof regulatory l<NA sequences, ir'on-respOllSivf:' plement<; (IREs), 

located in the 5'-untranslated region of ferritin mR~A and the 

3' -untrans lated region of transferrin receptor rnRNA, UI,Ü can mediate 

iron-dependent control of ferritin translation and transf(!rrin receptor' 

rnRNA stability (Hentze et al., 1987; Casey et al., 1980). Thr IREs dre 

conserved stemloop structures that bind a cytoso 1 ic protei n (IRE-Or) iHld 

free-sulfhydryl groups are involved in this RNA-prohin intenlcUon 

(Hentze et al., 1989). Although there is ar.tually no evidp.ncp for the 
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existence of similar sequences in the untranslated regions of the PRL-Rs 

mRNAs, the possiLility that other types of mRNA control sequences are 

invo l ved remnin attractive, especially with the discovery of mul UpIe 

forms of PRL-R mRNAs which could contain different responsive elements 

and be expressed ùccordingly in various tissues. On the other hand, 

short open-reading frames are present in the 5'-untranslated regions of 

the human, rùbbit and ta n 1esser extent, mouse PRL-Rs but not of the rat 

PRL-R. It has been suggested that these sequences may be involved in 

transldtional control (Mueller and Hinnebusch, 1986). In the case of the 

human PRL-R we tried to improve expression of the receptor in transfected 

CHO celis by deleting this 5'-upstream short open-reading frame of the 

cDNA sequence but no change was observed. Therefore, from the data 

available, no possible function of these sequences in the control of the 

PRL-R gene expression can yet be assigned. 

As discussed in section 3.4, sex steroid hormones are able to induce 

hepatic PRL-R via increased pituitary secretion of PRL and GH. :1oreover, 

PRL can Cduse both up and down regulation of its own receptor, depending 

on its concentration and the species studied. The availability of the 

PRL-R cDNAs will permit the study of this autoregulation at both the mR~A 

and protein levels. Furthermore, using probes specific ta the different 

forms of the PRL-R, it will be possible to find if differential tissue or 

species expression is due to the regulation of specifie forros of the 

reeeptor. Thcse probes can be either a cDNA or a cRNA covering one 

specific C-terminus region, after residue 261 of the rat PRL, and used on 

Northern blot ana lyses, Sl (or RNase A) mapping and in si tu 

hybrldization. Alternatively, ùntibodies directed against these same 
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specifie rcgions of the PRL-R can bE' used in immunohlot ~tudies and for 

immunoeytochemistry. 

lt is also possible 

forros of PRL-R. In the 

genet since the pattern 

that more than one gene ene odes the mut li pIe 

rat, the present data suggest ooly one PRL-R 

of hybridi zation ta genomic DNA digpstcd wi th 

various restriction t:!nzymes (Banvil:l. e, unpubl ished) and thr ev idence for 

alternative RNA splicing are compatible with the formation of vario'l:. 

mRNAs from a single gene. However, in the mouse, Davis and Linzer (1989) 

suggest that the existence of at least two PRL-R genes as being necessnry 

to aeeount for receptor heterogeneity in the liver. Expression of 

different PRL-R genes, varying according to the tissue or species studied 

would be a possible explanation for sorne paradoxical hormonal effects on 

PRL-R. More work on genomic organization of the PRL-R is required ta 

resolve this issue and to isolate the 5'-flanking region of the PRL-R 

gene(s). With the availabilityof this region of the gene, it will be 

possible ta link this sequence ta reporter genes and identify the 

presence of re"ponsive elements ta different DNA binding factors by 

mutagenesis and transfection techniques, in arder ta better understand 

the transcriptional regulation of the PRL-R. 

An important result of the cloning of the PRL-R has been the 

discovery of regions of striking similarity with the human and rabbit GH 

receptors, suggesting that the two reccptors originated from a common 

ancestor. It is expected that the placental lactogen (PL) receptor 

belongs ta this new receptor family. lndeed the PL-R has been recel~ ly 

purified from fetal and materna! sheep liver and shawn ta be a protein of 

Mr 44,000 binding oPL with a potency 30-50 times greater than that of oGH 



( 

207 

and 500-1000 times greflt~r than that of oPRL (Freemark and Corner, 1909). 

IntcrestingIy, whilc tb'!re is Iittle or no specifie billding of GH or PRL 

to fetal tissues, as demonstrated in rat liver (Chap. 6; Kelly et al., 

1974. Dhonireddy and Ulane, 1984), specifie PL binding sites are detected 

in the liver of the fetal lamb (Freemark et al., 1986), fetal mouse 

(Harigaya et al., 1988) and human fetus (Hill et al., 1988). As secn in 

Chapter 6, the absence of PRL binding sites in rat fetal liver 

corresponds to undetectable mRNA levels, suggesting that the PRL-R gene 

is not yet transcriptionally activated at this early stage. The 

isolation of the PL cD\A would allow the clarification of this striking 

ontogenie difference bet~een the two distinct but related reeeptors. It 

i5 probable that different transcriptional regulation occurs in the 5'­

flanking region of bath genes. 

The structure of the PRL and GH receptors, as revealed by their cDNA 

sequences, suggests the;: fom a new family of receptors that are part of 

the single membrane-spanning class of reeeptors. In fact, they do not 

hdve any domain related to structures known to be involved in one of the 

classical transduction s:stems. An ATP binding site, like that found in 

the cytoplasmic domain of the RTKs, is absent and there is no potential 

auto-phosphorylation site in the cytoplasmic domains of either the PRL 

or GH receptors. There is a growing list of single membrane-spanning 

receptors, for which the cDNA sequence failed to reveal their mechanism 

of transduction, as has been discussed in Chapter 2. This is 

particularly true for the "Miscellaoeous" family into which PRL and GH 

receptors can be placed. In this class of receptors, there is evidence 
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that most (IL-2-R, NGF-R and IFN- t-R) are associated with a second 

effector subunit that may or may not bind the ligand, and jnteract!> with 

a cytoplasmic transduction system (see Chap. 2). There is actuûlly no 

evidence for the existence of such a second subuni t 1 inked to ei ther 1.1lr 

PRL or GR receptors. As discussed previously, it is possi.ble that the 

very large mol wt forms of PRI.-R found under non-dissociating conditions, 

if not an artifact, may represent oligomers inc1uding other subuni ts. 

Contrary to IL-2-R and NGF-R, another subunit is not required for high 

affinity binding, since transfection of the cloned rat anù human PRL-R in 

frog oocytes or eukaryotic cells allows the expression of receptors with 

a Ka similar to that reported for the membrane-bound or sa lubil ized 

receptors. 

Comparison of the cytoplasmi~ domain of the PRL-Rs, especially the 

long forms, with that of the GH-Rs revealed regions of strong locûl izen 

sequence identi ty. These sequences may potentially i nteract wi th sornE' 

unknown trûnsduction system to transducc the message for bot!1 hormones. 

The fact that multiple forms of PRL-Rs were found with various carboxyl­

terminal regions may indicate that varied actions of PRL involve multiple 

receptors that are linked to distinct signal transduction pathways, as 

suggested by Davis and Linzer (1989). On the other hand, the pattern of 

the short and long forms of the PRL-R is similar to the tandem ANP-C and 

GC/ANP-R (see Tabl e land Chap. 2). The ANP-C is a truncilted form ot the 

GC/ANP-R wi th il similar extracellular and transmembrane regions but wU h 

a short cytoplasmic domain lilcking the guanylnte cyclase domain of the 

latter. For this reason the ANP-C i5 a transporter, 1 ike the LDL (1I1r1 

transferrin receptors, unablt> to transàuce the ANF signal which req\lin~!> 
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UH! GC domain of the GC/A~IP-R. It is therefore possible that the short 

fom of the PRL-R is uniqnely a transporter, incapable of transmitting a 

signal inside the cel 1, while the long farm cantains the cytoplasmic 

sequences required to transduce the PRL message. 

In order to determine the post-receptor events involved in PRL 

actions, the> development of highly sensitive systems to measure the 

st imulatory effects of PRL is essential. Thus far, lactogenic and 

mi togenic effects in the mammary gland have been used as a mode! syst.em. 

Th:s tissue, however, consists of a mixed population of PRL sensitive and 

insensiti ve ceUs, making it difficult to detect minor intrace llular 

changes in response ta fRL. The establ ishment and use of ce 11 lines 

which are highly sensitive ta PRL is a necessary step. The rat Nb2 

lymphoma cell line has been extensively used to study the mechanism of 

action of PRL, but lactogenic hormones affect mainly mitogenesis in 

these ce Ils wi thout the metabolic effects found in mammary gland. 

Moreover, there is evidence that Nb2 cells may express a different fonn 

of PRL receptor (Okarnura et al., 1989b), suggesting that studies with 

this cell type may reflect only a particular action of PRL. 

Usually, celI lines isolated from the mammary gland lose their 

ability to produce milk proteins when maintained in culture. Recently, 

sorne mammary epithelial cell lines, COMMA-1D (Danielson et al., 1984), 

Hell (BalI et al., 1988) and HBL-100 (Gaffney, 1982), were shawn to 

respond ta PRL by the production of casein. These celI lines have been 

used to study the effect of PRL and other hormones on the transcription 

of casein gene promoter constructs (Ball et al., 1988; Doppler et al. , 

1989). However, thcse eeUs have a very low number of endogenous PRL 
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receptors and the magnitllde of response of thE' c<.lsein genc b low. Wit.h 

the availability of PRL-R cDNAs, it will be possible to tr<.lnsfect t.bese 

cells with a short or long cDNA form to amplify the cHsein response to 

PRL and test the ability of each fonn te transduce a PRL signal. Further 

studies with mutagenesis of the conserved cytoplasmic regions coupled 

with such transfections should identity the functional impodotlce of 

these sequences. Final1y, construction of PRL/GU receptor chimerds and 

subsequent transfection into flIDctional systems, will he Ip c1arity the 

role of the different receptor demains involved in both PRL and GH 

actions. 

• 
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CONTRIBUTION TO ORIGINAL KNOWLEDGE 

The following novel findings and observation have been demonstrated in 

this thesis: 

1) Evaluation of the poly and monoclonal antibodies by testing their 

ûbility to immunoprecipitote the PRL-R synthcsized from mRNA in vitro and 

in vivo gave a good appreciation of their value for screening Àgtl1 

expression libraries, for the isolation of the PRL-R cDNA clone (Chapter 

4). 

2) The primary structure of the rat liver and human prolactin 

receptors have been deduced from their respective cDNA clones (Chapters 5 

ilnd 7). 

3) Regions of strong localized sequence identity between the PRL and 

GH receptors and the absence of sequence identity witt! any other reported 

protein suggest that the GH and PRL receptors form a new receptor gene 

family of the sjngle mcmbrane-spannLlg tYT)e (Chapters 5 and 7). 

4) There are at leûst two forms of PRL-R. The long one (human PRL-R) 

shares the same extrace 11 ulûr, transmembrane and part of the cytoplasmic 

domains with the short one (rat liver PRL-R) but contains a much longer 

cytoplasmic damain, which is similar in size to that of the GH-R, 

(Chapters 5 and 7). 
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5) Both the short and long forms of the PRL-R ciired the 

expression of prote in binding PRL with high affinity in eukaryotic cells, 

suggesting tha+ the PRL-R contains a single binding subunit (Chapters 5 

and 7). 

6) The PRL-R gene expression in rat liver is regulùted by estrogen 

and during development at both the pre-translational and translational 

levels (Chapter 6). 

7) In the absence of any classical concensus sequence in the 

cytoplasmic domains of the PRL and GH receptors, the finding of highly 

conserved sequences suggests that they may be invo l ved in the transfer 0 f 

the hormonal message (Chapters 5 and 7). 
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