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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.
Apres 1’échec du criblage de banques d’'expression des ADN complémentaires
avec des anticorps poly- et momoclonaux, nous avons utilisé des sondes
d’oligonucléotides correspondant aux séquences en acides aminés de
fragments du récepteur pour isoler 1’ADN complémentaire du récepteur de
la prolactine du foie de rat. A 1’aide de ce clone, la régulation de
1’'expression du récepteur de la prolactine par 1’'ocestrogéne et durant
1’ontogénése a été étudiée dans le foie de rat femelle et a révélé un
double controle pré-traductionnel et traductionnel. Finalement, 1°'ADN
complémentaire du récepteur humain a été isolé. 1l code pcur une longue
forme de récepteur (598 a.a.) comparativement a celle du foie de rat (291
a.a.). Les deux formes présentent des régions d’identité marquée avec le
récepteur de 1'hormone de croissance. Ceci suggére que les génes des
récepteurs de la prolactine et de 1’hormone de croissance forment une

famille.
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ABSTRACT

To elucidate the structure and the function of the prolactin
receptor, I have used molecular biological techniques. Afier unsuccessful
screening of expression cDNA libraries with poly- and monoclonal
antibodies, synthetic oligonuclentide probes, deduced trom tryptic
fragment sequences of the purified receptor, were used to isolate the rat
liver prolactin receptor cDNA. Using this cDNA,the regulation of
prolactin receptor expression by estrogen treatment and during
ontogenesis was studied in female rat liver and revealed both pre-
translational and translational control of the receptor. Finally, the
human prolactin receptor cDNA was isolated. It encodes a long form of
receptor (598 aa) compared to the rat liver receptor (291 aa). Both forms
present regions of strong identity with the growth hormone receptor,

suggesting that prolactin and growth hormone receptor genes form a

family.
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CHAPTER 1

TECHNIQUES OF MEMBRANE RECEPTOR CLONING



The development and function of multicellular organisms depends on
the ability of cells to communicate with each other. Three ways of
communication are used by the cells: (1) indirect signalling by secreted
chemicals (local chemical mediators, hormones or neurotransmitters); (2)
direct signalling by plasma membrane-bound molecules, and (3) direct
signalling via gup junctions. On the other hand, to respond to these
signals, cells must possess high affinity receptors that are very
specific. Most receptors are cell surface proteins since the
extracellular 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 is 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 has
literally exploded during the last five years due to the wuse of
recombinant DNA technology. Indeed, receptors are proteins that are
difficult to purify or characterize due to their low level of abundance.
However, the isolation of receptor cDNAs has permitted the determination
of the primary structure of more than a hundred receptors (see table I).
It is interesting to note, however, 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 eight 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 al., 1984); the nicotinic acetylcholine receptor (Noda et al.,
1982, 1983a, 1983b; Ballivet et al., 1982); the Na channel EI (Noda et
al., 1984); the Rhodopsin (Nathans and Hogness, 1984); and the T cell
receptor (reviewed in Davis and Bjorkman, 1988). The first intracellular
receptor to be isolated was the glucocorticoid receptor in 1985
(Hollenberg et al., 1985), which opened the field of the steroid and
thyrcid hormone 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 cell receptor.

The isolation of receptor cDNAs has been achieved in many 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 molecular biology. In fact the methodology wused 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 classical wmethod 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
bromide digestion and the amino acid sequence of several peptides is
obtained. Complementary oligonucleotides can be synthesized either as a

mixture of short oligonucleotides (~14-25 nucleotides) representing most
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or all the mRNA sequences that may code for the corresponding stretch of
the peptide or as a single long oligonucleotide (~25-60 nucleotides),
where the bases are chosen 1in accordance to the published frequency
tables of codon usage for a particular species. The oligonucleotides are
labelled and used as probes to screen c¢DNA libraries. The libraries are
usually made from mRNAs extracted from tissues or cells enriched in the
receptor of interest and size-selected to obtain full 1length cDNAs.

X.gtlo is the vector most often used, since it is very efficient (Huynh
et al., 1985). Two more rounds of screening are usually necessary to
obtain isolation of the positive cDNA clones. The advantages of this
method are its reliability and its specificity. Its main disadvantage is
the difficulty of obtaining a pure receptor and a usable peptide fragment

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

1.1.2 Homologous cDNA or oligonucleotides

It is now clear that receptors can be grouped into different
families with common sequences or structures. By using complementary
synthetic oligonucleotides corresponding to those regions, it is possible
to screen genomic or cDNA libraries at different stringencies to obtain
hybridizing clones representing different members of a receptor family.
A typical example of such a method is the recent isolation of the
androgen receptor 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 can be used as a probe at low stringency. A PB:

adrenergic cDNA probe permitted the isolation of the serotonin 5~HT;a
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receptor cDNA (Kobilka et al., 1987) and the D, dopamine receptor cDNA
(Bunzow et al., 1988). Moreover, receptor cDNA or oligonucleotide probes
are frequently wused to obtain the same receptor cDNA but in a different
species by using low-stringency conditions. The advantage of this
technique is the ease with which the probes can be obtained, but the
problem is the divergence in sequences found between species
evolutionarily distant, or between members of the same receptor family,

rendering the cross-hybridization difficult.

1.1.3. Differential 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 signals 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 receptor (Ballivet et
al., 1982). In this case, the positive probe was prepared from Torpedo
electric organ 18-20S 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 protein. For cloning the transferrin receptor,
Schneider et al. (1983) enriched the mRNA used for the positive probe by
immunopurification of polysomes and used the polysomal RNA which failed

to bind to 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 necessary to 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 is prepared and hybridized with an excess of the negdtive
poly(A)+* mRNA. The single-stranded, subtracted cDNA is separated from
the non-specific hybrid double-stranded cDNA by using hydroxyapatite
chromatography, and used to screen a cDNA library. The isolation of the
T-cell receptor followed this experimental strategy, exploiting the fact
that B and T-cells differ in only a small fraction of their gene
expression (Hedrick et al., 1984; Chien et al., 1984). The cDNA probe
made from T-cell mRNA was hybridized and hydroxyapatite-selected with B-
cell mRNA. Many runs of subtraction are wusually necessary to make
specific 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
library. However, its success 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 mRNA which

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

This is a well-known technique which has been applied only recently
in the field of receptors to isolate the K+ channel cDNA (Kambet et al.,
1987; Bauman et al., 1987; Papazian et al., 1987). In fact, it is the
genetics of Drosophila melanogaster that allowed this approach. The
Shaker locus, which was known to be important for K* channel function was
first cytologically 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 to begin a chromosomal walk, that is, to obtain
from libraries of genomic DNA, a set of overlapping clones containing DNA
from this region. The walk was or:iented by in situ hybridization of
cloned DNA to polytene chromosomes. Rearrangements in Shaker mutants
have been mapped to a sequence of the genome by Southern blot analysis
and in situ hybridization. Coding sequences were then identified by using
the genomic DNA of this segment to screen cDNA libraries and to isolate
cDNA clones for the K+ channel. This is a very useful technique to detect
a low—abundance receptor but limited to more primitive organiswss where

the genetic studies are well-detailed.

1.2. EXPRESSION SYSTEMS

1.2.1. Immunoscreening

Mainly two E.Coli expression vectors have been used for this
purpose: the plasmid pUC8 (Helfman et al., 1983) and the phage ,\gtll
(Huynh et al., 1985) which has supplanted the former for its high
efficiency. Both vectors utilize the promoter of the Lac Z gene which is

a strong E.coli promoter. In the case of Agtll, a unigue EcoRI cloning



site is located at the 3'end of the Lac 2 gene. When a library is made
and plated on E.coli, cDNA inserts cloned into this site in the proper
orientation and reading frame, result 1in 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 wused successfully for at
least a dozen of receptors (see Table I) and, remarkably, four of them by
the group of Lodish (Spiess et al., 1985; Spiess and Lodish, 1985;
Mueckler et al., 1985; Kopito and Lodish, 1985). This approach is rapid
and useful for isolating cDNAs corresponding to receptors for which good
antibndies are available. However, it is dependent on the specificity
of the antibody and its capacity to recognize a fusion f-gal-receptor
protein. Moreover, its efficiency 1is only one-sixth that of the
hybridization techniques, since to be expressed, the cDNA must be 1in the

right orientation (one—half) and in the right coding frame (one third).

1.2.2. Gene transfer

This method is now well-established and has been the subject of
excellent reviews (Ruddle, 1985; Kavathas, 1985). It has been especially
popular for T-cell surface antigens, for which specific monoclonal
antibodies were available (Kavathas and Herzenberg, 1983; Kavathas et
al., 1984; Littman et al., 1985; Maddon et al., 1985). However, only
two hormone receptors (transferrin and NGF receptors) have bteen isolated
using thir technique. Typically mouse L cells deficient in thymidine
kinase activity are used as recipients for DNA-mediated gene transfer.
These cells are cotransformed with human, 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 from cells that have taken up large amounts of human DNA. The
TK+ transformants are screened for the expression of the receptor of
interest. 1In all the cases, except for the Nat+/H* antiporter, monoclonal
antibodies were used in combination with an immunological rosette assay
or with a fluorescence-activated cell sorter (FACS) to isolate the
positive transformants. In the case of the Nat/H+ antiporter, Sardet et
al. (1989) selected the positive cells by an acid-loading test. An
additional round of transformation and selection is necessary to purge
the human DNA fragments unrelated to the receptor of interest from the
cells. A genomic DNA library is then made from +the secondary
transformant DNA and probed with human middle repetitive DNA (ALU), in
order to locate the human DNA fragments encoding the receptor. These
genomic fragments can be used as probes to screen a cDNA library to
isolate the receptor cDNA. Alternatively, the cDNA library can be
screened with a subtracted c¢DNA prubhe that is produced by using the DNA
made from 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 new method was recently devised to avoid the use of antibodies or
oligonucleotide probes to clone receptor cDNAs (Levitan, 1988). In this
approach, poly (A)* mRNA 1is 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 c¢DNA clones giving a positive
response is 1identified 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 et al., 1988;
Hediger et al., 1987). However, not all receptors can be easily cloned
by this approach, since the oocyte does not allow expression of all
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 C0S cells

This method combines some advantages of the two preceding ones. It
appeared in 1987 (Seed 1987; Seed and Aruffo, 1987), and 1is based on a
vector designed +to direct high-level expression of cloned cDNA molecules
in mammalian cells and also used to transform E. coli. A cDNA library is
constructed using this vector. The 1library 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 positive 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 some receptors of the immunoglobulin superfamily (Seed and Aruffo,
1987; Yamasaki et al., 1988; Sims et al., 1989) as well as for some
adhesion proteins (Bevilacqua et al., 1989; Stamenkovic et al., 1989).
A majecr convenience of this method and the preceding one 1is the recovery
of the DNA of interest in a form that contains the necessary sequences
for surface expression. Moreover, the wuse of a high-efficiency cDNA
expression vector allows the receptor to accumulate at high levels on
cell surface, compared to the gene transfer technique, where the genomic
sequences might fail to generate sufficient levels of protein. Compared
to the expression in Xenopus oocytes, expression in CO0S 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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TAMLE - 1: BENBRANR RECRPTOR MAMILIES

A) SINGLE RERDRANR-SPANRING RICEPTORS

Teceptor Species Jeurce Cloning strategy

1) leceptor Iyresine Kimases (RIR)

SVKLASS
B6F/T6F-a~R  Human A3t Inaunoscreening’
fuman 431 Oligo!
funan A43t Bomology?
18R /nen Human Placenta Bomology?
SUKCLASS 11
lnsulin-R fonan Placents 0ligo?
luaen Placents flige!
168-1-1 fonar Macenta 0ligo?
SURCLASS 111
PDGE-1
B-type Kouse 1103 0ligo?
fuman Pibroblast  Romology!
a-type fuman Fibroblast  Bowology?
brain
c-fns/CSP-1-R Human Mlacenta Bonology?
c-Lit feman Macenta Bomologyh

1) Sisgle membrane-spamning transporters

LDL-2 Jovine  Adrenal 0ligo?
uman Petal adrenal Romology® & Oligo?
Lip Bunan Liver Bomology?

Bo. of
Pretein allds Chren. References
Re (a.2.)
) T Linet al., (1904)

131,360  (1186) 10 = Ullrich et al., (19%)
- - 6 = ot al., (1984)

137,02810 (1234) L 1T Coussens et al., (1983)

153,91711 5 19
(a:735) (p:620)

152,7841 6 -
(a:719) (p:620)

Bbina et al., (1985)

Utleich et al., (1985)

151,069 2 15
(a:706) (p:627)

Ullrich et al., (1986)

120,000  (1067) 1 5 VYarden et al., (1986)
(1106)1¢ 2 - Gronvold et al., (1928)
120,000  (1065) 1 b Matsoi et al., (1909)

106,00010 (972)10 | 5  Sherr et al., (1985)

109,74010 (976)1¢

S
o

Yarden et al., (1987)

Inconplete (264) 1 -
93,102 (839) 1 19

L]

Tamanoto et al., (1964)

503,000  (4525) 1 = lerz et al., (1988)

Russe! et al., (1983, 1984)
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Receptor Species
168-2/460-R Ronan
Rat
Bunan
Dovine
Conee-2 Bovine
LITTY
Trassferrin-R Human
Honan
ASGP-1 (H1)  Human
(§2)  Human

3) Riscellaneons

[1-2-ha Tonsn
Busan
Busan
¥6? funan
it
In-y1 Tunan
ANp-C Bovine
6C/ANR-R Rat
6i-1 Rabbit
Tunan

4) Ig Swperfanmiiyt?
Lyaphokine Receptors
1L-1-k House

IL-6-2 Busan

Source

Hep 62
Macents
Maceata
falf Liver

Patal Liver
Placents
Placents

Fibroblasts

fep 62

Bep 61

fut-10202
i-1
fot-102
A-875
PCHA
Raji

BASH

Brain

liver
Liver

BL&6.1C10

WK-1ike

Cloning strategy

tigel

Cligo
[amunoscreenings
0ligo!

0ligo!
Innunoscreeningé &
0lige?

Differeatial Bybrid-
ization

Gene Transfer

Innunosereenings

[nnunoscreening!

0ligo?

0ligo?

Oligo?

Gene Transfer
Gene Transfer
Imaunoscreening!
0ligote?

fonology?

0ligo!
Romology?

Expression?

Bxpression?

Protein

274,35310 (2491)10
Incomplete (2060)

270,000  (2451)
269,933  (2453)
20,746 (257)
1,910 (257)
84,910  (760)
(760)
020 (1)
(311)
28,437 (251)
18,463  (251)
18,428 (251)
49,689  (399)
0,478 (396)
54,000 (an2)
35,700 (496)
115,852 (1020)
10,000 (620)
10,000  (620)
64,59610 (576)1¢
- (467)10

(a..)

Be. of

sklis Chren.
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leferences

[ SN Gy

1

1

Horgan et al., (1987)

MacDonald et al., (1988)

Oshima et al., (198%)

Lobel et al., (1987,1988)

Dabes et al,, (1987)

Pohimann ot al., (1987)

Schneider et al., (1983, 1904).

Kiihn et al., (1984)

Mellelland et al., (1988)

Spiess et al., (1985)

Spiess and Lodish, (t985)

Leonard et al., (1984, 1985)
¥ikaido et al., (1984)

Cosnen et al., (1984)

Chao et al., (1986)

Johnson et al., (1946)

Radeke et al., (1987)
Aguet et al., (1988)

Fuller et al., (1988)

Chinkers et al., (1949)

Leung et al., (1987)

$ins et al., (1908)

Yanasaki et al.,(1908)

»



Receptor Species

Viral Receptors Husan

5) Adhegion Proteiss

I- Integring  Several

T1-LEC-CAN Several

[11-Bernes /CDA4 Severa]

Jeurce

Several

Suveral

Several

Several

15

Ro. of

Cloning strategy Pretein slids Chrea. References
fir (a.a.)
Gene Transfer Variable - - - White and Littman (1989)
Jarious Beterodiners - - Hynes (1987)
(a/p)

0ligot.? - - - - Revieved by 3toolwan, (1989)
Brpression!
Brpression! - - - - Revieved by Stoolman, (1989)
[anunoscreening$

L)
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M) BULTINLE ARNBRANR-SMUERING RICRPTORS

Recepter Species  Jeurce Clening strategy
1) Seven-helix recepters
Adrenergic receptors
] Ramster DD, ME-2 0ligo?
a2 A Human Platelet 0ligo!
B Human  Kidney Homology?
Bi Huaan Placenta Bomology®
Tarkey  Fetal RBCs  0ligo!
p? Baaster DDTI-NR2 0ligo!
Huaan  Placenta Bonology!
Rhodopsin Bovine  Retima 0ligot
-~ Human  Genomic Bomology?
-~ Blue Pignent  Homaz  Genomic Homology?
Green Pigment Human  Genomic Bomology®
Red Pignent Bunan Genomic Bomalogy?
Nuscarinic Acetylcholine Receptors (mACh-R)
)} Porcine Cerebrus 0ligo?
Rat brain Bomology!
Buman  Genomic Bosology?
Rt Cerebrus Bomology?
n Porcine Heart 0ligo?
Rat Beart Bowology®
Porcine feart 0ligod
Human Genoaic Homology®
Buaan fenomic Bomology*
LK Rat Cerebrus Homology?
Eugan Genomic Bomology*

fle. of
Protein sllis Chron.

L (a.a.)

References

56,000 (515) i - Cottecchia et al., (1988)

- (450) - 10 Kobilka et al., (1986b)

- (461) - §  Regan et al., (1988)
51,220 (477) - Prielle et af., (1987)
54,078 (483) - = VYarden et al., (1986))
6,000 (418! - - Diren et al., (1996)
46,000 (413) i 5 Robilka et al., (198Ta)

- (348) 1 = MWathans and Hogness, {1983)

(348) - 3 MNathans and Hogaess, (1964)

- (344) - 7 Nathans et al., (1906)

- (348) - I HNathans et al., (1986)

- (340) - I Nathans et al., (1906)
SLAL6 (460) 1 = Robo et al., (1986a)

(458) - - 3tein et al., (1988)

- (460) 1 = Peralta et al., (1987h)

- (458) 1 - Domner et al., (1987)
51,670 (466) 1 - Kubo et al., {19860)
51,543 (466) - - Gocayne et al., (1987)
51,700 (466) - - Peralta, (1987a)

. (466) I - Peralta et al., (1987b)

- (466) - = Bonoer et al., {1987)

- (589) 1 = Bonner et al., (1987)
53,009 (479) i - Peralta et al., (19870)
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fle. of
Teceptor Species  Sowrce Cloning strategy Proteia sllds Chroa. References
l[ (ln‘.)
Nuscarinic Acetylcheline Receptors (wACh-R)
N4 Human Genonic Homology* 66,127 (590) I - DPeralta et al., (1987D)
Rat Cerebrun Romolfogy? - (478) 1 - Bonner et al., (1987)
Eunan Genonic Bomology! - (478) - - Domper et al., (1987)
L1 Rat Genonic Bomology? - (531) - - DBonner et al., (1988)
Bunan Genonic Homology? - (531) - - Booner et al., (1988)
Serotinine receptors
5-0T1, Human Genonic Bonology! - (421) 1 5  Robilka et al., (1987¢)
Forgin et al., {i908)
5-HTye House Choroid plesus Bxpressiond Incomplete 1 - Libbert et al., (1987)
Papillona
Rat Choroid plerus Brpression? 51,899 (440) \ = Julivs et al., (1988)
5-1T-2 Rat Forebrain fomologyt - (449) - = Pritchett et al., (1988a)
Substance K
receptor Bovine  Stomach Brpression® 43,066 (384) - - MNasu et al., (1987)
D; Dopamine
receptor Rat Brain Rowology! 47,064  (415) 1 - DBuntow et al., (1988)
Angiotensin
receptor Roman Genonic Bonology? - (325) | - Young et al., (1986)
Jackson et al., (1988)
1) Ligand-dependent ion channels
licotinic acetylcholine receptors (nACh-R)
Fuscle nACh-R
al Torpedo  Blectroplazr 0ligo? 50,116 (437) I = Koda et al., (1982)
Californica
By Torpedo  Blectroplaz  Oligo? 53,601 (109) "1 - Noda et al., (1983)
Californica
4 Torpedo  Blectroplaz  Differential - - 1 = DBallivet et al., (1982)
Californice bybridization
Torpedo  Blectroplax  Oligo? 56,279 (489) - = Noda et al., (1983b)

Californica

LR s s
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Receptor Jpecies Source Cloning strategy Protein allis Chroa, References
;e (a.a.)
Muscle nACh-R
8 Torpedo  Blectropiax  Oligo? 57,565 (501) | < Noda et al., (1983a)
Califoraica
Nerve nACh-R
a2 Rat Brain Romology? 55,480 (484) - - Hads et al., (1988)
al Rat 612 Bomology? 54,780 (474) 2 - DBoulter et al., (1986)
ak Rat fypothalanus HBomology® 67,124 - = Goldwan et al., (1987)
& Byppocampus
p2 Rat P12 Homology?® 57,321 (503) 1 - Deneris et al., (1988)
p3 at Brain Bomology? 53,0019 {464)190 - - Deneris et al., (1989)
M GABAy recepiors
" Bovine  Brain ligo 8,00 (429) | - Sehotield etal., (1987)
0 Bovine  Brain Bomology* 48,000 (42)) 1 - Levitan et al., (1988)
(K] Bovine  Brain Bowology! 52,000 (464) | - Levitan et al., (1988)
B Bovine  Brainm Oligo 51,400 (449) - = Schofield et al., (1987)
)4 Rusan  Fetal Brain  Bomology! 4,000 (426) -~ Pritebett et al., (1989)
Glycine receptor
Strychaine-binding
subsnit Rat pinal Cord Olige? 48,383 (421) 5 = Crenninglob et al., (1967)
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Receptar

Ypecies  Source

3) Toltage-dependent ion chamaels

o channel

B1

)
kIl

RIIL

Blectro- Blectroplax

phorus
Blectricus

Rat Brain
It Brain
Rat Brain

DiP-sensitive Ca channel (L-type)

ai

a2

I channel

Type A

fabbit  Skeletal
Nuscle

Rabbit  Skeletal
Huscle

Rabbit  Skeletal
Huscle

Drosophila Head

House Brain
hat Brain

Cloning strategy

Imnunoscreening®

Homology?
lonology?

Bowology$

0ligo?

Ianunoscreening’

Innunoscreenings

Chromosoze Walking

Bomology!
sxology!

4) Rultiple wembrane-spasaing transporters

Glucose transporters

Brain/EepG2 6T Human fep 62

Liver 67

Rat Brain

Buadn Liver
hat Liver

Inmuposcreeningt
Isnunoscreeningé

Homology?
Homology?

fo. of
Irotein

alids Chren.
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Refereaces

Ar (v.2.)

208,321 (1820) !

228,738 (2009) 1
227,840 (2005) 1

121,315 (1951) 1

13,018 (1873) -

- (1873) 1

125,01000(1106)2 2

10,.00 (616) 5

56,400 (49d) |
56,400 (495) -

S, 117 (492) 1
56,133 (492) 1

37,499 (524) 5
§7,000 (522) 1

Noda et al., (1984)

Noda et al., (1906)
Noda et al., (1986)

Rayeno et al., (1988)

Tapabe et al., (1987)

Bllis et al., (1948)

Bllis et al., (1968)

Ranb et al., (1987)
Paparian et al,, (1987)
Baumann et al., (1987)
Teapel et al., (1987)
Teapel et al., (1908)
Christie et al., (1989)

Noeckler ot al., (1985)
Birnbaus et al., (1986)

Fukomoto et al., (1988)
Thorens et al., (1988)
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Receptor Species  3eurce Cloning strategy Pratein allis Chren. leferences
![ (.-.c)
Glucose transporters
6T-1ike Huaan Petal Bonclogy? §3,933  (496) 1 11 Kayano et al., (1988)
Skeletal nuscle
IR6T Rat Adipocyte Bonology? 54,860 (509) 1 - James et al., (1989)
heart
hat Skeletal Howology? 54,832 (509) 1 - Birnbaus, {(1969)
puscle Charron et al., (1989)
a/glucose Rabbit  Intestimal  Bxpressiond 73,080 (662) 1 - Hediger et al., (1987)
utiporter auCOS53
Avion antiporter
Band 3 Rouse Spleen Innunoscreeningé 103,000 (929) - - lopito and Lodish, (1985)
Cation antiporter
an Nat/H¢ Hunan Genonic gere Transfer 99,354 (894) | - Sardet et al., (1989)
antiporter
5) lon Pumps
(§at - [+)AThase
(] Sheep  Kidoey 0lige? 112,177 (1016) - - Shull et al., (1989)
hat Brain domologyld 112,573 (1018) \ - 3hall et al., (1946a)
a(+) Rat Brain Bomology? 111,736 (1015) ! - Shull et al., (1986a)
alll Rat Brain Bomology® 111,727 (1013) 1 - Shull et al., (1986a)
p Sheep  Kicney 0ligo? 34,937 (302) . - Shull et al., (1986b)

LLx



Recepter Species

Ton Puaps
(B¢ - K*)ATPase

a Rat

Calt ATPase
Slov teitch  Rabbit
Fast tyiteh  Rabbit
6) GA? Junction
Conperin 43  Rat

( ‘ Conperin 32 Rat
- Human

Jource

Stomach

Nuscle
Huscle

Beart

Liver
Liver

Cloning strategy

Homnlogy?

pligo?
fonclogy?

Romology?

Inmunoscreening
0ligo!

21

flo. of
Mretein alids Chren. Refereaces

ﬂr (.-.-)

114,012 (1033) - - Shull and Lingrel, (1986)
109,763 (997) 2 = Maclennan et al., (1983)
110,331 (1001) ) = Brandl et al., (1986)
43,036 (382) 1 - Beyer et al., (1987)
32,007 (283) 1 - Paul (1986)

12,022 - - Kumar and Gilula, (1986)
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FOOTNOTES
Single oligonucleotide representing the best predicted sequence

Mixture of oligonucleotides representing all or several possible
sequences

Homologous cDNA
Homologous oligonucleotide

Screening a library prepared with the expression vector pUC8 using
polyclonal antibodies

Screening a library prepared with the expression vector Agtll using
polyclonal antibodies

As ¢, except that monoclonal antibodies were used for screening.
Direct expression system in Xenopus oocytes

Direct expression system in COS cells

Includes the signal peptide

Mr of the proreceptor

The immunoglobulin superfamily includes many other families of
membrane proteins:

immunoglobulins

T cell receptor complex
- MHC 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

i

1

The readers are referred to the excellent reviews of Williams and
Parclay, 1988 for the immunoglobulin superfamily and Davis and
Bjorkman, 1988 for the T cell receptors.
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CHAPTER 2

i STRUCTURE AND FUNCTION OF MEMBRANE RECEPTORS
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Our view of membrane receptors has changed considerably during the
last few years, following the discovery of the primary structure of many
receptors. In this review, I tentatively classify them into different
families according to their structure and function (See Table I).
However, overlap ©between these <classes is often present, and
modifications will certainly become necessary as more receptor sequences
are determined. I first divide the membrane receptors into two general
groups according to the number of transmembrane region(s): single
membrane-spanning and wmultiple membrane~spanning receptors. Single
membrane-spanning receptors can be divided into at least 5 superfamilies:
ihe receptor tyrosine kinase molecules (RTK), the transporters, the
immunoglobulin superfamily, the adhesion proteins and a miscellaneous
class of hormone and growth factor receptors. The multiple membrane-
spamning receptors, on the other hand, include at least six
superfamilies: the seven-helix receptors, the ligand dependent ion
channels, the voltage dependent ion channels, the transporters, the
ATPase pumps and the GAP junctions. In this Chapter, I will give a
general overview of each family of membrane receptors and put more

emphasis on those 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 receptors
include: a highly glycosylated, cysteine-rich, extracellular domain which
makes them protease resistant, a single transmembrane domain of 23-26

amino acids; and an intracellular portion which displays extensive
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sequence homology with the protein tyrosine kinase family (Hunter and
Cooper, 1985). Yarden and Ullrich (1988a) further subdivided this family
into three groups of receptors according to shared structural features
and homologous primary structures (see Fig. 1):

Subclass I includes the EGF receptor and the HER2/neu gene product
and is characterized by two cysteine-rich sequence repeat regions within
the ectodomains.

Subclass II includes the insulin and IGF-1 receptors which are
heterotetrameric structures, comprising two a and two P subunits that are
connected by disulfide bonds. The a chains contain the 1ligand binding
domain and a single cysteine-rich sequence. The P chains span the
membrane and carry the TK function.

Subclass III includes the two PDGF receptors a and f, the CSF-1
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
domain 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 I and II that within a specific
subclass, the receptors share antigenic cross-reactivity and some binding
of each other’s specific ligand. The RTKs bind diverse growth factors
and transduce a broad range of signals leading to cell growth and
proliferation. In addition, non-proliferative metabolic and cellular
effects are described for some ligands. Ligand binding activates the

cytoplasmic kinase domains leading +to autophosphorylation and to

phosphorylation of various cellular
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Receptor tyrosine kinase family
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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 extracellular

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
understanding of the crucia! role played by RTKs in cell regulation (see
Fig. 1 and Table 1).

Structure-function relationships have been studied in detail for the
EGF receptor by using mutagenesis and chimeric receptors coupled to cell
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
(Downward et al., 1984; Ullrich et al., 1984) 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 autophosphoryvlation of tyrosine residues appears to play a
role in activation of the receptor-associated tyrosine kinase activity
for the insulin receptc: (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 effect
(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 and heterologous regulation (Hunter et
al., 1984; Davis and Czech, 1985).

Finally, evidence 1is growing in favour of an allosteric receptor
oligomerization model for the signal transduction of the EGF receptor and
the other RTKs (Schlessinger, 1988a). In 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
receptor complex (Honegger et al., 1989). Schlessinger (1988b) further
proposed a more general model that includes activation by heteroligomeric
interactions between receptors with different 1ligand specificities or
with accessory proteins which would modulate receptor activity. This is
particularly interesting for the PDGF-receptor, for which two homologous
forms bind the three PDGF dimers AA, AB and BB, with different affinities
offering many different interactions.

Exactly how the receptor kinases ultimately transmit their signal is
still uncertain. The first possibility involves a phosphorylation
cascade where the activated RTK phosphorylates one or more cellular

substrates. Several endogenous substrates for the insulin receptor have
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been uncovered (Kahn and White, 1988; Czech et al., 1988). However, no
clear, physiologically relevant, candidite 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 effector system which mediates signalling pathways. In
the case of the I-R, this secondary effector can be a glycosyl-
phosphatididyl inositol-phospholipa<e C that has been recently shown to
generate phospholipid-derived intracellular signalling substances (Low
and Saltiel, 1988; Farese, 1988; Standaert and Pollet, 19488). In the
case of PDGF-R, the activated receptor 1is 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 transporters

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 1is the translocation of
proteins by endocytosis of the ligand-receptor complex via coated pits.
The ligand is dissociated from the receptor in the acidic environment of
endosomic 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 cell surface (Willingham and Pastan, 1980). Except for the IGF-
II/M6P-R, none of these receptors is thought to transduce a signal by
binding the ligand. The determination of the primary structure

of these

transporters did not reveal a striking consensus sequence, but all
display a very short cytoplasmic domain, which suggusts that the
transmembrane and the cytoplasmic domains are only involved in anchoring
the receptor to the wmembrane. However, some subclasses can be
distinguished according to 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-half of the
extracellular domain is composed of two types of cysteine-rich repeats
(Sidhof et al., 1985). One type is present in seven copies at the N-
terminal and is homologous with complement. The first repeat binds
calcium (Van Driel et al., 1987), and the other six bind regions of the
apo-B100 and apo-E that are enriched in basic residues (Esser et al,.,
1988). The second type of repeat, pra2sent in three copies, is
homologous to EGF and is required for acid-dependent 1ligand dissociation
and recycling of the receptor (Davis et al., 1987). A region near the
transmembrane domain 1is 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 ligand binding and the EGF-precursor
homologous region of the LDL-receplor. The EGF precursor, LDL receptor

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

Fig. 2). Surprisingly, many other membrane-bound or secreted
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LDL receptor related protein
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FI1G. 2 Homologous domains between LRP, LDL-R and EGF precursor

The LRP has been broken into four pieces to emphasize the
similarity 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 to EGF and the vertical lines, Tyr-Trp-
Thr-Asp repeats (Herz et al., 1989, p. 4122),.
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glycoproteins contain EGF repeats including a subclass of adhesion
proteins called lectin, EGF, complement-cellular adhesion molecules (LEC-
CAM, see Table I). Although the role of the EGF domain in most cases
remains unknown, some have been shown to bind directly to other proteins
(Johnston et al., 1989).

A second subclass of transporters include the IGF-II/M6P receptor
and the cation-dependent M6P receptor (see Table 1). Moalecular cloning
and biochemical studies have revealed that the IGF-II receptor and the
cation-independent M6P receptor are the same protein (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 receptor reveals a
large ectodomain made up of fifteen repeat sequences containing a highly
conserved pattern of 8 cvsteine residues and a small region homologous to
the collagen-binding domain of fibronectin. Despite the fact that
IGF-1I 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 Hammerman, 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 representing a truncated form in
the carboxyl-terminal domain has been detected recently (MacDonald et
al., 1989). The CD M6P receptor is a small receptor with an
extracellular domain made up of a sequence that closely resembles one

repeat unit of the IGF-I1I/M6P receptor.
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Two other transporters. the transferrin receptor and the
asialoglycoprotein receptor, do not belong to a specific subclass, but
each is among those rarc membrane proteins with the carboxyl-terminus
outside and the amino-terminus inside. 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 is
necessary to bind or internalize the 1ligand, suggesting that the ASGP-R
is a multichain 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 Kiihn and
colleagues (Rothenberger et al., 1987; Iasopetta et al., 1988). These
studies revealed that the endocytosis of +the +transferrin receptor
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 this category do not share sequence homology with other
classes of receptors nor between each other. The mechanism of signal
transduction upon binding to the ligand 1is 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 presencc of another cell specific subunit or cofactor to
form high affinity receptor. The best characterized of these receptors
is the I.-2 receptir. The high affinity receptor on T lymphocytes

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

chain.
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The 55 kD component (IL-2 Ra) is the well-defined Tac antigen present in
large numbers on activated T and B cells. The receptor has been cloned
(see Table 1) and shown to bind IL-2 with low-affinity when transfected
in non-lymphoid cells devoid of the 70-75 kD chain (Greene et al., 1985;
Hatakeyama et al., 1985; Nishi et al., 1988). A 70~75 kD component (IL-
2-RP) has been identified by crosslinking studies with labelled ligand
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-RB binds IL-2 with intermediate affinity but interaction with the IL-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 affinity 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). It 1is possible that the IL-2-Rp as well as this second NGF
receptor chain will belong to the family of RTKs, since their ultimate
effect on cell regulation 1is similar. The transtection of the human
interferon- ¥ receptor cDNA is another example of the need for cell-
specific cofactors in receptor function, since transfected mouse cells
were not sensitive to human IFN- J although they displayed the same

binding properties as human cells. This goes along well with the
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observation that in mouse—human somatic cell hybrids, human IFN- effects
werce 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 biolegic response. Such a requirement is not
necessary for atrial natriuretic peptide receptor, since its recent
cloning has shown that it is composed of an extracellular ligand-binding
domain and intracellular 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
soluble torm of guanylate cyclase 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 mechanism 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 protein. 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 1is sufficient to mediate GH

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

Members of this superfamily contain one or many immunoglobulin-like
domains recognized by sequence identity and by the formation of a common
three-dimensional structure consisting of two antiparallel P sheets held
together by a disulfide bond (Willians and Barclay, 1988). These
structures are grouped into three categories called V-set, Cl-set and C2-
set, according to the putative pattern of p-strands approximating to a V-
or C- domain. The distinction between the C1l and C2-sets is based on
differences in some conserved sequence patterns . In most cases, the
majority of the domain sequences are encoded within one exon, suggesting
an important functional role for these structures. The common structure
concerns only the extracellular sequence, since the transmembrane 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 form undoubtedly one of
the key groups in immunity and also in the mediation of cell surface
recognition to control the behavior of cells in various tissues. A
subclass of this family includes receptors binding growth factors and
cytokines. 1Indeed PDGF receptors and related receptors of the subclass
II1 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 shown to contain such Ig-like domains. The

IL-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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et al., 1988). Interestingly, these receptors differ from the IL-2
receptor which does not contain an Ig-like domain. They differ also from
the subclass III RTKs, since they do not have a cytoplasmic tyrosine

kinase activity and their mechanism of signal transduction is unknown.

2.1.5. Adhesion proteins

This superfamily of transmembrane glycoproteins participate in cell-
matrix and cell-cell adhesion 1in various physiologically important
processes. Functionally speaking, it inciudes some members of the Ig
superfamily but based on the structural organization it can be divided
into at least three families. The first is the integrin family which is
composed of heterodimeric adhesion molecules consisting of non-covalently
associated a and § chains (Hynes, 1987). It can be subdivided into three
subclasses based on the sharing of a common f3 chain (that is B;, B2 and
B3). a and P svbunits of a given receptor are not closely related. The
} subunit contains four repeats of a forty amino acid cysteine-rich motif
and a short cytoplasmic domain, while the a-subunits are numerous and,
for some of them, are cleaved post-translationally to give a heavy and a
light chain linked by disulfide bonding. Some of these receptors
recognize the tripeptide sequence Arg-Gly-Asp (RGD), which is common to
many extracellular ligands (Ruoslahti and Pierschbacher 1986), btut
integrin specificity is not limited to this recognition signal.

More recently two new families of adhesion receptors have been
discovered (Stoolman, 1989). They are involved in the regulation of
inflammatory and immunological events by the adhesive interaction of

blood cells and vessel wall. The first family has an unusual protein
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mosaic architecture containing an amino terminal lectin-like domain, an
EGF domain and tandem repetitive motifs related to those found in
complement-regulatory proteins. For this reason it is called the LEC-CAM
family (Lectin, EGF, complement-cellular adhesion molecule). The other
family includes the Hermes/CD44 group and has a potentially significant
N-terminal homology (~30%) with cartilage 1link proteins which may
provide a structural basis for interactions with proteoglycans and
collagen. As mentioned previously, all these receptors seem to play an
interactive role at the cell surface and are not involved in the
transmission of a signal through the cell membrane although their short

intracellular domain can interact with the cytoskeleton.

2.2. MULTIPLE MEMBRANE-3PANNING RECEPTORS

2.2.1 Seven-helix receptors

Structurally this superfamily of receptors is characterized by seven
hydrophobic transmembrane domains and runctionally by interaction with
guanine nucleotide binding (G) proteins. These receptors share a complex
system of signal transduction where they are coupled to specific effector
molecules via intermediary coupling proteins. At the external surface of
the cell membrane, they interact with hormones, drugs or sensory stimuli
such as light. On the other hand, effector molecules 1like the adenylate
cyclase, the cGMP phosphodiesterase, the phospholipase C or the ion
channels are exposed at the cytoplasmic surface. Interposed between
both, the G proteins which bind and hydrolyze GTP, act as coupling
proteins. Primary structure of these G proteins has revealed many types

corresponding to different effectors (Gilman, 1987). The receptors
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themselves can be divided into several subtypes that were first
identified by their pharmacological 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 to be more numerous than would have been
expected from classical pharmacological studies. For instance, five
different genes have so far been identified that encode muscarinic
receptors (Bonner 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; Fukuda et al.,
1088; Bonner et al., 1988), The existence of subtypes allows tissue
specialization and confers different sensitivities to the transmitter and
to possible modulators, as well as alternative transduction pathways for
different effector systems (Barnard, 1988). In the case of adrenergic
receptors, the f; and f; subtypes are distributed in different tissues
but both stimulate the enzyme adenylate cyclase by coupling to a Gs
protein. The a; subtype inhibits this enzyme via a G; protein and the a
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 I) and comparison of their primary structures
shows an overall pattern of conservation including the seven hydrophobic
transmembrane domains, one or more N-linked glycosylation sites on the
extracellular domains, the first two cytoplasmic loops (CI and CII) and

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

Segments M-1 through M-VII are proposed as spanning the bilayer. E-
I, 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 ot
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 fB;-adrenergic receptor and studies of chimeric B:/B: and a;/p:-
adrenergic receptors suggest that several of +the membrane-spanning
regions, in particular the seventh hydrophobic 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 agonist and antagonist binding
being distinguishable (Dixon et al., 1987; Kobilka et al., 1987a; Strader
et al., 1987a; Strader et al., 1988; Fraser et al., 1988; Frielle et
al., 1988; Kobilka et al., 1988). It has been speculated that the C-III
loop and the carboxyl - terminus probably interact with +the different G
proteins, since they are the most variable cytoplasmic domains allowing a
variety of specific 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., 1988). Their mutagenesis studies suggest that the C-terminal
portion of the C-III 1loop 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 G; protein, like the
B1— and B.-adrenergic receptors, have a short C-III loop and a long
carboxyl-terminus, while the receptors coupled to G, (a; and M) or to
the phospholipase C pathway (M:1), have a long C-III loop and a short
carboxyl-terminus (Lefkowitz and Caron, 1988).

Multiple serine and threonine residues located at the carboxyl-
terminus or the C-III 1loop of the G-protein coupled receptors are

phosphorylated and are thought to be responsible for the decrease in
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responsiveness to hormonal stimulation. Such a process, called
desensitization, can either be agonist-independent and triggered by
different hormones or drugs that activate cAMP-dependent protein kinase
and protein kinase C (heterologous desensitization) or agonist-dependent
and triggered by the agonist itself that activates a specific receptor
kinase (homologous desensitization) (Sibley et al., 1987). Such receptor
kinases have been isolated for the rhodopsin receptor (Kuhn and Dreyer,
1972) and the P;-adrenergic receptor (Benovic et al., 1986). Direct
evidence that one molecular mechanism of desensitization of these
receptors 1involves  their agonist—induced phosphorylation has been
obtained recently by the truncation or the replacement of the serine and
threonine residues of the carboxyl segment of the P;-adrenergic receptor
(Bouvier et al., 1988).

Finally, an interesting feature of this receptor family concerns the
structure of their genes. Indeed while the opsin, 5-HTi¢, substance K
and D;-dopamine receptor genes contain intronic sequences, the
adrenergic, muscarinic, 5-HT;», and angiotensin receptor genes are
intronless 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
All ion channels, 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 arcund a central water-
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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 1is 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
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filled pore (see Fig. 4). However, even if this general picture fits
well with actual genetic and pharmacological information of a variety of
channels, the muscle-type nicotinic ACh-R is the single case for which a
functional channel has been shown rigorously to be constructed in this
way (Changeux et al., 1984). The ligand-dependent ion channels include
the muscle and neuronal nACh-R, the GABA receptor and the Glycine
receptor. All these receptors are oligomers of M, 250,000-300,000 forme
by several homologous subunits of My 45,000-60,000 encoded by different
genes. They all probably form a pentameric structure (Langosch et al.,
1988), although a tetrameric, a;B;, structure has been suggested for the
GABA receptor (Mamalaki et al., 1987). Each subunit contains 4
transmembrane helices interconnected by hydrophilic regions. Binding of
the ligand induces an allosteric conformational change of the oligomer
that opens the ion channel. In the case of the nACh-R, a cationic
channel, this produces depolarization and an excitation signal while in
the case of the GABA and glycine receptors, both anionic 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
employ a second messer.ger 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 a;p¥8. The stoichiometry for
the other receptors is still uncertain. A summary of the primary amino
acid structure of the subunits of the muscle type (ai,B1,Y¥ ,9) and of

the neuronal type (a2, a3,as, Nna) of the nACh-R is given in Fig. 5.
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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 1lines indicate gaps
introduced to permit alignment of sequences and broken vertical lines,
the differences in size of subunits sequenced from different species.
The hatched area between the +two cysteine residues in +the N~terminal
portion delimit 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 (M1 to M4). Potertial sites for asparagine-linked
glycosylation are indicated with arrows (arrowheads if not present in all
examples of homologous subunits sequenced) (Steinbach and Hume, 1989 p.
5).
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They all display a high homology in their structural organization.
Indeed they all have an extracellular N-terminal end with one or more
potential N-linked glycosylation site and 2 cysteine residues separated
by 13 conserved amino acids. Another Cys-Cys pair is found only in the
a~-subunits and 1is proposed to be involved in ACh-binding. This is
followed by a region containing the first three proposed membrane-
spanning a-helices (M1, M2 and M3), the major cytoplasmic region, which
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 twe molecules of ACh since it contains two a-subunits.
The structure of the three types of subunits (a, B,¥) of the GABA
receptor and of the strychnine subunit of the Glycine receptor that have
been identified up to now (see Table I) is very similar.

It is interesting to note that transfection of a single subunit
allows the formation of a functional homo-oligomeric channel complex
capable ¢f binding both agonist and allosteric modulator drugs. This has
been shown by the expression in frog oocytes of either the a or B-subunit
of the GABA receptor (Blair et al., 1988; Pritchett et al., 1988bhH), the
a4 subunit of +the mneuronal nACh-R (Boulter et al., 1987) and the
strychnine binding subunit of the glycine receptor (Schmieden et al.,
1989). These results argue that the subunits are similar enough that
they can substitute for each other. However, certain functions of these
receptors necessitate the presence of specific subunits as demonstrated
recently by the discovery of the X; subunit, the co-expression of which
with a; and B; subunits of the GABA receptor is required for the binding

of benzodiazepines (Pritchett et al., 1989).
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The four subunits of the muscle-type nACh-R have been shown to be
phosphorylated in vivo (Vandlen et al., 1979). The phosphorylation is
catalyzed by at least 3 known protein-kinases: protein kinase A,C and
tyrosine kinase (Huganir and Greengard 1983; Huganir et al., 1984). The
phosphorylated sites are all localized in the major cytoplasmic domain
between M3 and M4. Moreover, 1it seems that such phosphorylations can
increase the desensitization rate of the receptor and play an important
role in the regulation of the receptor function (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 all four ACh-R
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 agonist-
activated cation conduction, failed to confirm this hypothesis (Mishina
et al., 1985). Recent studies based on covalent labeling of the protein
with open-channel blockers (Hucho et al., 1986; Giraudet et al., 1987) or
based on site-directed modifications of the ACh-R channel (Imoto et al.,
1988; Leonard et al., 1988) support the notion that M2 is the most likely
region to line 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 potentials in excitable cells
and also modulate wmembrane potential and ion permeability in many
unexcitable cells (Catterall, 1988). Contrary to the ligand-gated
channels, the channel-forming structur. of the voltage-dependent ones are
apparently encoded in a single, very large polypeptide chain (230-260
kD). This chain is composed of four homologous domains, each of which
probably has 6 transmembrane helices designated S1 to S6 (see Fig. 4).
Each of the four domains of the Na* and Ca?+ channels contains a sequence
in which several basic residues (Arg or Lys) are present at every third
position and interspersed with hydrophobic residues (see Fig. 6). This
"S4 sequence" has been postulated to function as a voltage sensor
(Catterall, 1988). The A-type K+ channel is about one-fourth the size of
the Nat and Ca?+* channel-forming subunits and contains the 6
transmembrane helices, including S4, corresponding to a single homologous
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?+ channels has yielded more than one
subunit. In the case of the Na* channel, the large subunit a appears to
be sufficient to form functional channels according to the transfection
studies (Noda et al., 1986b; Suzuki, 1988). However, the co-—expression
of lower molecular weight subunits appeared to be necessary to obtain a
normal rate of inactivation (Auld et al., 1988). On the other hand, the
channel-forming subunit a; of the DHP-sensitive calcium channel is not
sufficient to express the Ca’+ channel in frog oocytes, while it is when

transfected in the skeletal muscle cells of a line of dysgenic mice
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FIG. 6 Schematic diagram of voltage-sensitive ion channel primary
structures

The boxes represent the four domains of the Na* and CaZ+ channels
or the subunits of +the K+ channel. Each channel domain or subunit has
five potentially hydrophobic membrane-spanning sequences (shaded) and one
S4 sequence (marked above). 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 function of the Ca2+ channel. One of these
subunits (a;) has recently been characterized and shown to be entirely
different from the a; subunit, since it is a highly glycosylated protein
with only three hydrophobic segments.

Unexpectedly, three genes coding for different Na* channels have
been found in the rat brain (see Table 2) and multiple forms 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 Na+ °
and K+ channels can correspond to different cell types and possibly

different kinetic properties (Jan and Jan, 1989).

2.2.4 Multiple membrane-spanning transporters

Receptors in this superfamily consist of a single molecule with 10
to 12 putative transmembrane segments (see Table 1). The glucose
transporters of the Na*-independent type constitutes an important family
where the different members have 50% or more amino acid identity and are
predicted to have similar structures including 12 hydrophobic, presumably
membrane-spanning, regions together with an extracellular loop belween
the first two helices and a hydrophilic intracellular loop between
helices 6 and 7. They differ primarily in the lengths and sequences of
the putative extracellular loop and of the intracellular C-terminal
domain, suggesting that these +two regions confer functional specificity
on individual glucose transporters (Kayano et al., 1988).

It is interesting to note that the Nat-dependent glucose transporter

does not share sequence 1identity with the other glucose transporters
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(Hediger et al., 1987). In fact, it contains 11 putative membrane-

spanning sequences five of which are amphipathic. A similar mixture of
hydrophobic and amphipatbic-sequences are found in both the C1-/HCO3-
antiporter (Kopito and Ledish, 1985) and the Nat/H+ antiporter (Sardet et
al, 1989). For the last two cases there is a pronounced dichotomy
between the large hydrophilic and hydrophobic regions. It is postulated
that the amphipathic helices can cluster to form an hydrophilic region
involved in the ion-exchange process across the membrane bilayer (Kopito
and Lodish, 1985). Mutagenesis studies should eventually clarify this

question.

2.2.5 Ton pumps

These integral membrane proteins directly couple the hydrolysis of
ATP to the vectorial transport of various cations across the plasma
membrane (Ullrich, 1979). The (Na* - K+*)ATPase consists of a large
catalytic subunit (a) and a smaller glycoprotein subunit (@) of unknown
function. The g-subunit has extensive sequence identity with the
(H* - K+)ATPase and (Ca?+-Mg?+)ATPase that have been recently cloned (see
Table I). It consists of a protein with 6 to 10 putative transmembrane
helices and includes a conserved sequence of ~ 60 amino 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 transduction system. The ATP binding
domain precedes the transmembrane helix H5 and is well-conserved. The
most substantial differences occur in the N-terminal region and in the

transmembrane domains which probably confer ion specificity (Shull et



LA

52

al., 1985; Shull and Lingrel, 1986; McLennan et al., 1985). The
determination of the structural and functional domains of the

(Na+ - K+)ATPase is of major interest, since the receptor binds cardiac
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 subunits (connexins) are assembled into hexamers (connexons),
joined with connexons in adjacent cells (see Fig. 4). Two connexins have
been cloned wup 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 ococytes 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 biologic tools it will be possible to

explore the real function of these special channels.
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3.1 Functions of prolactin

A multitude of biological functions (over 85) have been attributed
to PRL, an anterior pituitary hormone present in all vertebrates (Dern

and Nicoll, 1968). These actions can be classified into different

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 functions; and

g) actions on ectodermal and intergumentary structures.

Certain functions like osmoregulation and nesting behavior areo
predominant in certain species (fish and birds, respectively), but of
minor importance in mammals. On the other hand, PRL has few proven
functions in mammals. Of these, its actions on mammary gland play a key
role aznd have been well-studied. These actions include cell
multiplication and differentiation, and synthesis of milk proteins,
lactose, enzymes, lipid and antibodies (Shiu and Friesen, 1980). These
effects are produced by an interaction with other hormones, such as
estrogen, progesterone, corticosteroid, growth  hormone, placental
lactogen, insulin and other growth factors. The mitogenic effects on the
mammary epithelium may be mediated by a growth factor-like substance
produced by the liver: svnlactin (Mick and Nicholl, 1985). The induction
of milk protein synthesis (casein, a-lactalbumin, whey acidic protein)

results from two independent phenomena: enhancement of milk protein mRNA
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concentration and stimulation of their translation (Houdebine et al.,
1985). Moreover, the accumulation of casein mRNA has been shown to be
much more pronounced than the increased rate of transcription, suggesting
that it results from both acceleration of transcription and from mRNA
stabilization (Teyssot and Houdebine, 1981; Guyette et al., 1979).

There is no doubt that PRL 1is the key hormone involved 1in the
inauction and promotion of breast cancer in rodents (Welsch and Nagasawa,
1977). In rats, numerous spontaneous mammary tumors are seen in old
females, reaching an incidence of 70% or more in Sprague-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 cancer
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 1induce a specific 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 some
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breast cancer patients (Murphy et al, 1987). No convincing stimulatory
effect of PRL on growth of human breast cancer cell lines in vitro 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 both T-47D
and MCF-7 cells respond to prolactin stimulation when grown as solid
tumors in nude mice (Leung and Shiu, 1981; Welsch et al.. 1981; Shafie
ard 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 the
work of Biswas and Vonderhaar (1987) who showed the necessity of using
charcoal stripped serum in culture medium to reveal a good 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 role of PRL in human
breast cancer.

The liver contains high levels of PRL receptors and has provided one
of the brst 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
al., 1972a); ornithine decarboxylase activity (Richards, 1975) and bile
acid metabolism (Moltz and Leidahl, 1977). Moreover, prolactin

stimulates the production of some proteins by the liver: IGF-1 (Francis



57

and Hill, 1975; Murphy et al., 1988a); synlactins (Nicoll et al., 1988)
and a lactogenic factor (Frawley et al., 1988). These factors can
potentially mediate growth-promoting and lactogenic effects of PRL on
mammary gland.

There is growing evidence for the involvement of PRL 1in
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 well
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 specific bioassay to measure PRL and GH in human serum
(Tanaka et al., 1980). PRL receptors are present on both B and T
lymphocytes (Russell et al., 1984, 1985; Hiestand et al., 1986; 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).
Moreover, recently, macrophages have been shown +to be activated by PRL
and GH (Bernton et al., 1988; Edwards et al., 1988). There is 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 GH, 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. Cyclic
AMP, which is involved in many hormonal transduction system, is unlikely
to be a mediator of PRL arction. Some studies have shown that its
dibutyryl derivative does not mimic PRL action and in fact slightly
inhibits its action in mammary gland explants (Rillema, 1980) and in Nb2
cells (Larsen and Dufau, 1988). Cyclic GMP, on the other hand, is able
to partially mimic certain actions of PRL in cultured rat mammary tissues
(Rillema, 1975) and in pigeon crop sac (Anderson et al., 1981). Th:re is
an absolute cation requirement for PPL’s enhancement of guanylate cyclase
(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 mammary gland
explants but cannot reproduce the stimulatory effect of PRL on casein
synthesis, but  the combination of polyamines (spermidine),
prostaglandins and arachidonic acid can stimulate casein synthesis but
the magnitude of this effect is low compared +to PRL's effect (Rillema
1980a). Studies demonstrating a stimulatory effect of PRL on uvrnithine
decarboxylase (ODC), the rate 1limiting enzyme in polyamine synthesis,
suggested a role for the polyamines in PRL action (Oka and Perry 1976;
Frazier and Costlow, 1982; Richards et al., 1982). Hughes et al., (1985)
reported studies on the role of polyamines in Nb2 cells and conc luded
that they play a major supportive role in the PRL-mitogenic action but

that they were incapable of any stimulation in the absence of lactogenic
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hormones, suggesting the need for additional factors in mediating hormone
action.

Activation of an amiloride-sensitive Na*/H+ 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+*/H+ exchange, to
stimulate cell proliferation indicates that the Na+/H+ exchange is not
sufficient to trigger cell proliferation.

Recent studies by the group of Dufau suggest that G-proteins,
probably different from the classical Gg 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 Dufau, 1988) and then they demonstrated direct
effects of PRL on two specific ADP-ribosylate membrane substrates of 38
kDa and 41.5 kDa (Barkey et al., 1988). No clues are provided in these
studies concerning the transduction system to which these G proteins are
linked.

Hormone binding to membrane receptors often results in inositol
1ipid turnover in the plasma membrane (Berridge, 1984) .
Phosphatidylinositol breakdown by phospholipase € results in the
formation of two second messengers: 1inositol triphosphate which triggers
Ca?+ mobilization and 1,2-diacylglycerol which activates protein kinase
C. Recently there were many studies snggesting involvement of this
transduction system and especially the protein kinase C route in PRL’s
actions. Exogenously added phospholipase C elicits PRL-1like effects on
ODC 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 cells,
suggesting a possible involvement of phospholipase C 1in the PRL
stimulation of mitogenesis. By 1itseif, however, phospholipase ¢ had no
effect on the rate of cell division. Moreover, Etindi and Rillema (1988)
showed that prolactin induces a phospholipase C-type hydrolysis of
inositol phospholipids in mouse mammary gland explants, but this effect
is transient 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 metatolism in Nb2 cells were observed
(Gertler and Friesen, 1986).

There are several lines of evidence implicating Ca?+ 1in the action
of PRL. Depletion of extracellular calcium by EGTA 1inhibits the
synthesis of casein by mammary explants from mice (Rillema, 1980b) and
pregnant rabbits (Wilde et al., 1981). A calmodulin inhibitor reduced by
80% the prolactin-induced differentiation in mouse mammary gland
(Bolander, 1985). However, the calcium ionophore A23187 had no eftfect on
differentiation and casein synthesis in mouse glands (Bolander, 1985;
Cameron and Rillema, 1983) or on growth of Nb2 cells (Murphy et ai.,
1988b). These results suggest that Ca2+ is nececsary but not sufficient
to mediate PRL actions. However, it 1is possible that a small
intracellular calcium pool may mediate the early actions of PRL in Nb2
cells, since the intracellular calcium antagonist TMB-8 inhibited both c-
myc expression and DNA svnthesis in these <cells while the ionophore
A23187 alone or in combination with TPA was without effect (Murphy et
al., 1988).
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Phorbol esters (TPA and others) have a structure similar to
diacylglycerol and activate protein kinase C (Blumberg, 1988). They have
PRL-like effects in the mammary gland (Rillema, 1985; Rillema and Waters,
1966) while they enhance PRL effects in Nb2 cells (Gertler et al., 1985;
Buckley et al., 1986). Moreover, gossypol, an inhibitor of PKC, inhibits
PRL-stirulated 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 Nbh2
lywphoma cells. Inlerestingly, a recent report indicates that GH
triggers the formation of DAG within a few seconds and stimulates c-fos
gene cxpression in the preadipose Ob 177 cells, but contrary to PGF;,, it
did not increase the inositol lipid turnover (Doglio et al., 1989). The
authors suggested that DAG 1is produced in response to GH by a
phospholipase C-mediated mechanism which may involve other glycero-
phospholipids, inc'uding the phosphatidylinositol-glycan that was shown
to be involved in insulin mechanism of action (Low and Saltiel, 1988;
Farese, 1988; Standaert and Pollet, 1988). Buckley el al., (1988)
reported that aldition of PRL to purified rat liver nuclei results in a
rapid activation by several hundred-fold of protein kinase C. This
effect was blocked by an anti-PRL-R monoclonal antibody. They suggested
a nuclear site of action for PRL that involves phospholipid metabolism.

Like many peptide hormones, PRL is internalized (Nolin and Witorsch,

1976; Josefberg et al., 1979). After 1internalization, the hormone-
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receptor complex 1is thought to undergo proteolysis in lysosomes. This
processing of PRL has been viewed by certain investigators as an
obligatory step for the intracellular action of the PRL (Mittra, 1980).
However, there are several studies suggesting that internalization of PRL
is not a necessary step to 1its action. Lysosomotrophic agents such as
chloroquine, which inhibit lysosomal proteolysis, do not alter the
induction of casein gene expression by PRL (Houdebine and Djiane, 1980).
Moreover, anti-PRL receptor antibodies that mimic hormone effects have
been used to dumonstrate that degradation of internalized PRL is not
required for the lactogenic (Djiane et al., 1981) and 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 intracellular processes involved in hormonal
action.

In summary, 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 phospholipase C-glycerophospholipid
system which releases DAG, activating protein kinase C and subsequent
phosphorylation of putative substrates. This hypothetic transduction
system, if confirmed, would probably only partly explain the 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
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TABLE II: TISSUE DISTRIBUTION OF PRL RECEPTORS!

Mammary gland: - normal
- tumors
- milk
Reproductive system:
Female
Ovary - corpus luteum
- granulosa cells
Uterus

Male
Testis - Leydig cells

Epididymis
Seminal vesicle & seminal vesicle fluid

Prostate - normal
~ tumors

Lung

Liver

Kidney

Bladder

Pancreas

Chorion laeve

Pituitary

Brain: - choroid plexus
- hypothalamus

- cerebrospinal fluid

Lymphoid tissue: -lymphocytes
=-Nb2 lymphoma

! Hughes et al., 1985 and Kelly et al., 1988
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illustrated 1in Table 1II. This is not surprising when the numerous

functions attributed to PRL are considered. However, the biological
function of PRL in most of these tissues 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 +to PRL receptors of both primates and
non-primates with a comparable affinity, regardless of the preparation
(whole cell, microsomes, solubilized or purified) of receptors. This
affinity (K,), assessed by Scatchard analysis, ranges from
10? to 1010 M-1,

Like other hormones, the dissociation of the prolactin-receptor
complex is very slow, in particular when hormones are allowed to
associate with receptors for a longer time (Kelly et al., 1980; Van der
Guy*ten et al., 1980). Moreover, there is a more than two-fold 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 receptors are found in endosomal
compartments (Bergeron et al., 1978). These intracellular receptors are
considered to consist of mixed population of internalized and newlv
synthesized receptors (Posner et al., 1979). Studies of the uptake of
125]-oPRL into various organelles from rat liver revealed a maximum
uptake at 15 min 1in the Golgi and at 30 min in both prelysosomes and
lysosomes (Josefsberg et al., 1979; Khan et al., 1981; Ferland et al.,

1984a). Moreover, chloroquine treatment markedly enhanced receptor

levels in lysosomes, suggesting that degradation processes of the PRL
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receptor may occur in these organelles (Ferland et al., 1984b). These
experiments suggest either that +the receptor-hormone complex 1is
sequentially internalized into the Golgi and then reaches the lysosomal
compartment 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,
including PRL, control the number of PRL receptors and interact in
various ways depending 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 both sexes, male mice and intact female mice (Posner et al.,
1974;  Marshall et al., 1978). In rat prostate, PRL receptor levels are
decreased after estrogen treatment and in female mice, ovariectomy causes
an increase in binding while estrogen replacement reduces binding to
control levels or lower (Marshall et al., 1978). These in vivo effects
of steroid hormones are in sharp contrast to the lack of either
stimulatory or inhibitory effects of directly added estrogen or
testosteronc on the number of PRL binding sites in cultured hepatocytes

(Barash et al., 1988). These results suggest an indirect role for sex
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steroid hormones on receptor induction. It is thought that steroid
hormones act via the pituitary secretion of PRL and GH, since
hypophysectomy abolishes their modulatory effect (Pusner et al., 1974;
Aragona, 1975).

The importance of a pituitary factor in the maintenance ot PRL
binding sites in rat liver was first suggested when it was shown that
hypophysectomy provoked the loss 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). Several reports confirmed
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 even shown that oPRL, as
well as anti-PRL receptor antibodies, were capable of maintaining PRL
receptors in hepatocytes cultured in suspension (Rosa et al., 1982). On
the other hand, hGH administration was also shown to 1increase 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 to its lactogenic property
(Baxter and Zaltsman, 1984; Norstedt et al., 1984). In order to resolve
the controversy concerning the respective inductive roles of PRL and GH,
Barash et al., (1988) evaluated their effect on rat hepatocytes cultured
in serum-free medium. They found that both PRL and GH induced PRL

receptors acting through their own receptor and suggested that this
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explains the unusual potency of hGH which binds +to both PRL and GH
receptors.

A transient down-regulation of PRL receptors has been identified in
rabbit mammary gland both in vitro (Djiane et al., 1979a) and in _vive
(Djiane 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 shown a heterologous down-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 to
clarify this question.

The mechanisms wunderlying the regulatory changes in the number of
PRL binding sites remain obscure. In fact, four factors are considered
to be involved but it is unclear to what extent each one contributes to

this dynamic regulation (Hughes et al., 1983):

1) de novo synthesis. :

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 novo protein synthesis and
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depends on conversion from a non-binding to a binding state by an
appropriate trigger mechanism. Evidence for such a mechanism came from
studies in which agents that perturb membrane integrity produce an

increase in PRL-binding activity (Alhadi and Vonderhaar, 1982; Koppelman

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. All the purification methods
described involved at least two steps: solubilization of particulate PRL
receptors with a detergent and affinity chromatography. The first
attempt to purify the PRL receptor came from Shiu and Friesen (1974) who
used Triton X-100 for solubilization of rabbit mammary gland microsomal
receptors. Because of the aggregation of PRL by this detergent, they had
to use hGH as a ligand for affinity chromatography and as a tracer for
radioreceptor assay. Using CHAPS as detergent, Liscia and Vonderhaar
(1982) showed that they were able to use oPRL in affinity chromatographv
to purify the mouse liver receptor. The same tools were used to purify
the rabbit mammary gland (Katch et al., 1985; Necessary et al., 1984) and
the rat 1liver (Katoh et al., 1987) PRL receptors. Mitani and Dufau
(1986) used a two-step affinity purification, combining concanavalin A-
Sepharose and hGH-agarose affinity chromatography to purify the rat ovarv
PRL receptor. Although a relatively high degree of purification has been
obtained on some occasions (Necessary et al., 1984; Mitani and Dufau,
1986), the yield was low and all the purification studies were at the

analytical rather than the preparative level.
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Molecular weight determination of +the PRL receptor under non-
dissociating conditions, such as gel-filtration chromatography, sucrose
gradient sedimentation or non-denaturing electrophoresis, gave a high
molecular weight, in the range of 99,800 to 340,000 (Kelly et al.,
1988a), 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 also 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. DBy
these techniques, molecular weights determined ranged from 35,000 to
45,000 (Kelly et al., 1988a). Larger molecular weight forms (M.~ 80,000)
have been found when detergent-solubilized receptors were analyzed using
crosslinking 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 crosslinked (Kelly et al., 1988b). Recently immunoblot analysis of
the PRL receptor using anti-rat liver PRL receptor monoclonal antibodies
gave further insights into the structure of the PRL binding subunit. In
the first report, Katoh et al., (1987) used the system of biotinylated
second antibody-peroxidase staining to reveal bands while in the second,
Okamura et al., (1989) used 125]-labeled monoclonal antibodies as a

direct approach that resulted in an increase of sensitivity of 100 to
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1000-fold compared to the first technique. The great sensitiviiy of this
technique allowed direct detection of PRL receptors in various tissues as
well as in rat 1liver. Small M, bands were obtained in rat liver and
ovary (42,000), Nb2 cells (42,000), pig mammary gland (36,000) and
rabbit mammary gland (36,000, 45,000). However, in addition to these
forms, larger M, bands were found in rat liver (84,000), rat ovary
(51,000, 84,000), Nb2 cells (53,000, 64,000), pig mammary gland (66,000)
and rauvbit mammary gland (55,000, 77,000). In contrast to crosslinking
studies, immunoblot analysis revealed the presence of a high M band for
the rat 1liver PRL receptor, even in microsomes. Although the 84,000
form disappeared under reducing conditions, suggesting the existence of
disulfide linkages in the subunit structure of +the PRL receptor in
accordance with other studies (Haeuptle et al., 1983; Bonifacino and
Dufau, 1984), this hypothesis cannot yet be confirmed, since the
monoclonal antibody used in +these studies is sensitive to reducing
agents, and the M; 42,000 band was also markedly reduced. These resulis
indicate that the larger My forms may represent oligomeric forms of
smaller subunits or alternatively represent intrinsic receptors that
easily degrade into smaller units. Moreover, the very large M; obtained
by non-dissociating conditions may be artifacts consisting of detergent
micelles or other non-specific aggregation, or may represent holo-
receptors containing two or more binding subunits or one binding subunit
and other subunits that do not contribute to hormone binding.
Antireceptor antibodies have become a wuseful tool to help to
understand the mechanism involved in the interaction of polypeptide
hormones with cell surface receptors. These antibodies sometimes act

paradoxically, that 1is, in addition to antagonistic effects, they may
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also elicit agonistic actions. Antisera against partially purified PRL
receptors have been produced and examined for their biological actions on
casein and DNA synthesis in rabbit mammary gland (Shiu and Friesen,
1976a; Djiane et al., 1981), on corpora lutea of rat ovary (Bohnet et
al., 1978), maintenance of PRL receptors 1in 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 some limitations due to their
heterogeneity and to binding +to membrane components other than the PRL
receptor, since the antigen wused is a partially purified receptor
preparation. For this reason, specific monocional antibodies directed
against different epitopes of the rabbit mammary gland and rat liver PRL
receptors were produced. Katoh et al., (1985) reported the production of
3 mAbs (M110, A82 and A917) against the rabbit mammary PRL receptor. Two
of them (M110 and A82) were hormone binding site specific while the other
(A917) bound to a different region. The mAbs M110 and A82 prevented the
stimulating effect of PRL on casein synthesis and A917 mimicked the
action of PRL on both casein and DNA synthesis (Djiane et al., 1985).
Interestingly, only A917 was of the IgG, subclass and its PRL-like
activity was lost when it was reduced to monovalent fragments (Dusanter-
Fourt et al., 1984). Similarly it was observed that only the bivalent
F(ab’)2 fragments of an anti-PRL receptor polyclonal antibody were able
to stimulate proliferation of Nb2 cells while the monovalent Fab’
fragments were 1inactive (Shiu et al., 1983). These data suggest that

aggregation 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 anti-PRIL
receptor polyclonal antibodies (Katoh et al., 1984; Shiu and Friesen,
1976a, 1976b) which showed cross-reactivity with all the species tested,
these mAbs revealed strong species specificity, suggesting the existence
of structural differences of the PRL receptor among species.

Six mAbs against the rat 1liver PRL receptor were also obtained
(Katoh et al., 1987; Okamura et al., 1989b). Although directed against
different epitopes of the receptor, three mAbs (E29, Ti and T2) are
directed against the binding site region and the other three (E21, U5 and
U6) were directed against domains distinct from the binding site. The mAb
U5 showed significant binding to rabbit and pig mammary gland, and mouse
liver demonstrating that there are some immunogenic domains 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 to be efficient
tools 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 receptor remains to be clarified. These include the
number of PRL-R(s) mediating the multiple actions of PRL, the primary and
subunit structures of the PRL-R, the mechanism of its regulation by

hormones and by PRL itself, and the signal transduction pathway(s) used
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by PRL.

In order to answer these questions, it is imperative to know more
about the primary structure of the PRL receptor. However, until now it
has not been possible to purify the PRL receptor to homcgeneity. 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, we 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. In Chapter 5, the
successful purification, cloning and expression of the rat PRL receptor
is described. With this new structural tool in hand, we examined the
hormonal and developmental regulation of the PRL-R at both the protein
and mRNA levels (Chapter 6). Finally, the human PRL-R was cloned by
laking advantage of its homology to the rat PRL receptor.

These studies should lead to a better understanding of PRL-R
structure and regulation and provide an experimental means to study the

mechanism of action of prolactin.
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CHAPTER 4

USE OF POLYCLONAL AND MONOCLONAL ANTIBODIES FOR THE DETECTION OF PRL
RECEPTOR mRNAs AND cDNAs
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PREFACE

In Chapter 1, the different experimental approaches, including the
most recent techniques used to clone low abundance cell surface proteins
were presented. In the choice of a cloning strategy to isolate a PRL-R
cDNA, two factors were important:

1) the source of PRL-R mRNA

2) the available tools to 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 well-characterized in both tissues. However, no partial
amino acid sequence of the receptor was available, therefore poly- and
monoclonal antibodies constituted the best available tools at the time
the study was undertaken. In this chapter we further characterize the
anti-PRL-R antibodies with respect to their ability to recognize the PRL-
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 protactin
receptor is central to a better understanding of the mechanism of aclion
of prolactin. In the absence of partial sequence information of the
receptor, its c¢cDNA cloning will be difficult. We first tested the
ability of polyclonal and monoclonal antibodies to the PRL receptor,
developed in our laboratory, to specifically immunoptecipitate in vitro
and in vivo translation products from crude rabbit and rat Poly(A)+ -
mRNAs. However, screening rat liver A gtll expression libraries witly
these antibodies resulted in only false positives. Next, we enriched rat
liver mRNA for its content in PRL receptor mRNA bty using the immunopuri-
fication of polysomes. We prepared a library in A gtll from this enriched
poly(A)* mRNA. Screening this library with polyclonal antibodies
resulted in an approximately 500-fold increase in the number of positive
clones when compared with those obtained from a non-selected library,
thus confirming the enrichment of the mRNA. Screening this library with
monoclonal antibodies resulted in 11 positive clones, all of which,
however, appeared to be false positives. The limitations of the A; gtil
expression system for the cloning of the PRL receptor cDNA are discussed.
INTRODUCTION

Prolactin is the anterior pituitary hormone responsible for the
establishment and maintenance of lactation in mammals. The initial
action of PRL, as 1is true for other polypeptide hormones, involves an
interaction with high affinity cell surface receptors. However, follow-

ing hormone binding, the mechanism(s) by which these receptors transduce
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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
characterization of the PRL receptor in both the rabbit 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 to be a single subunit
with a relative molecular mass (Mr) 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 cell surface receptors, at the time this work was performed (Noda
et al., 1982, 1983; Russeil et al., 1983; Ullrich et al., 1984; Leonard
et al., 1984; Nikaido et al., 1984; Cosman et al., 1984). However,
partial amino acid sequence information of purified receptor is necessary
to make oligonucleotide probes, but up to now, purification of the PRL
receptor to homogeneity has not been obtained. Alternatively, expression
cloning techniques were used to detect human EGF receptor cDNA clones
with polyclonal antibodies (Lin et al., 1984). A more powerful expres-
sion system was devised by Young and Davis (1983a,b), using the bac-
teriophage expression vector /thll, 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

Agtll ¢DNA libraries.
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RESULTS AND DISCUSSION

As a first step we wanted to test the ability of our poly and
monoclonal antibodies to identify a protein, synthesized from genetic
material, that would be compatible with the prolactin receptor. For this
purpose we 1isolated poly(A)+ mRNAs from estrogen-treated rat liver and
pregnant rabbit mammary gland and transiated them in vitro in reticuloc-
yte lysates in the presence of 35S-methionine. After immunoprecipitation
with different antibodies, the proteins were separated by gel electropho-
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)* mRNA was translated in vitro. The polyclonal antibody no.
46 specifically immunoprecipitated a protein of 68,000 daltons, but no
specific protein was recognized by the monoclonal antibody E21. A major
band migrating at 68,000 was also seen in the total translation
product. 1In 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 specific protein. In both cases,
the protein recognized by the polyclonal antibody had a larger molecular
weight than 40,000, expected for the prolactin receptor in both tissues
(Borst and Sayare 1982; Haeuptle et al., 1983). This difference could be
explained by a longer protein sequence present in the precursor form of
the receptor that is cleaved during post-translational maturation in the
cell. Alternatively, these specific bands could correspond to proteins
completely unrelated to the PRL receptor, since the anti-prolactin

receptor antisera were raised against partially purified ( ~1%) receptor
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FIG. 1 Immunoprecipitation of the putative rat liver PRL receptor

precursor synthesized in vitro.

Translation in reticulocyte lysates of estrogen-treated rat liver
poly(A)* mRNA in the presence of 35S-methionine. The translated products
were incubated with one of the antibodies as indicated: CG, control goat
serum: 46, goat anti-PRL receptor antiserum; CM, control mouse im-
munoglobulins and E21, anti-rat liver PRL receptor monoclonal ¥-globuli-
ns. Following immunoprecipitation, the proteins were electrophoresed and
fluorographed for 3 days. Total represents a sample of the total
translated products. The position of molecular weight markers are
indicated by numbers on the left.
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FIG. 2 Immunoprecipitation of the putative rabbit mammary gland PRI
receptor precursor synthesized in vitro.

As in Fig. 1., except that pregnant rabbhit mammary gland poly(A)+
mRNA was used for in vitro translation. The antibodies used for im-
munoprecipitation were: CS, control goat serum; 46, goat anti-PRL
receptor antiserum; mAbs, control mouse immunoglobulins and ML10, anti-~
rabbit mammary gland PRL receptor monoclonal ¥-globulins. The X-ray film
was exposed for 1 day.
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(Katoh et al., 1987), Moreover, the detection of a highly abundant
protein supports the second hypothesis in the case of rat liver, since
the prolactin receptor is expected to be a very low-abundance protein.
The fact that the monoclonal antibodies did not immunoprecipitate any
protein does not make 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
injected estrogen-treated rat liver poly(A)* mRNA into Xenopus oocytes
and used another polyclonal antibody (no. 201) to immunoprecipitate at
least three specific proteins of 31, 41 and 68 kda (Fig. 3.). Im-
munoprecipitation of the OCT protein (36 kDa) with a spacific anti-~OCT
rabbit 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 reminiscent of the My 40,000 form of the PRL receptor
while the 68 kDa band could be the same as that found by in vitro
translation 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 liver, resulting in a
different contormation, thus modifying the antigenic determinants.

We next screened several commercially available female rat liver
libraries in the expression vector )\gtll, using as antisera those that
gave specific immunoprecipitation. No positive <ignals were obtained.
However, when we screened a non-amplified, estrogen—-treated rat liver

library with the anti-rat PRL receptor antiserum no. 203, we obtained 20
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FIG. 3 Immunoprecipitation of the putative mature PRL receptor syn-

thesized in Xenopus Laevis oocytes.

Xenopus Laevis oocytes were injected with either water (control) or
estrogen-treated ral liver poly(A)+ mRNA (RL mRNA) and incuboted in the
presence of 35S--methionine. The in vivo translation products were mixed
with one of the antibodies: NRS, normal rabbit serum; A-OCT, anti-
ornithine carbamyl transferase monospecific antiserum; 201, anti-PRL
receptor rabbit antiserum; NMab, normal mouse immunoglobulins and E21,
anti-rat liver PRL receptor monoclonal ¥-globulin. Following immunoprec-
ipitation, the proteins were electrophoresed and fluoragraphed for 24
hours with an intensifying screen. Molecular weight markers are indi-
cated by numbers on the left.
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positive recombinants. Thirteen were confirmed with other specific
antisera (no. 211 or 212) and cloned to homogeneity. When monoclonal
antibodies were used, no positive signals were observed. On Southern blot
analysis (not shown) we found that clones Al, A2, A6, A7 and AlO all
cross-hybridized, as well as clones A8 and A9. In order to determine
which of the cDNA clones encoded the PRL recepto:. we took advantage of
our knowledge concerning PRL binding sites in rat liver. Indeed the rat
liver PRL receptor is known to be a very low abundance proteir (<0.001%
of total protein) that is practically absent in hypophysectomized animals
but is stimulated 5-10 fold by estrogen in normal female rats (Posner et
al., 1974). Moreover, the tissue distribution of the receptor in rat is
well-known (Posner and Khan 1983). By using the different positive
clones as ¢DNA probes on Northern blot analvsis of rat mRNAs, it is
possible to examine the level of abundance of the signal, its response to
estrogen and its specific tissue distribution (Fig. 4 and 5). None of
the clones that were identified fulfilled the requirements necessary to
be considered the rat 1liver PRL receptor cDNA. The clones could be
divided into four ~lasses according to their ability +to hybridize with
mRNA of liver from hypophysectomized and estrogen-treated rats (Fig. 4).
In class A, (clone A3), the message is abundant, is present in

hypophysectomized animals and 1is increased by estrogen. In class B,
(clones A8 and All), the message is of low abundance in hypophysectomized
animals but responds well <o estrogen. In class C (clone Al12), the
message is virtually absent after hypophysectomy but responds dramatical-
ly to estrogen treatment. Finally in class D, the message is more

(clones A4 and A5) or less (clones A2 and Al13) abundant and does not
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FIG. 4 Northern blot analysis of A3, A8, Al12 and A2 wRNAs (n rat
liver from hypophysectomized or estrogen-treated animals.

One hundred, 50 and 5 pg of poly(A)* mRNA from hypophysectomized
(Hypox) and estrogen-treated (E;-treated) rats were loaded on the gel as
indicated at the bottom of each blot. The blots were hybridized at high
stringency with cDNA probes prepared from clones A3 in A, A8 in B, Al2 in
C and A2 in D. All the X-ray films were exposed overnight. Blot D was
the only one for which an intensitying screen was used. The migration of
185 and 28S ribosomal RNAs is indicated by the arrows.
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FI1G. 5 Northern Wbilot analysis of A8 and Al2 mRNAs in different

tissues of the rat.

Ten micrograms of poly(A)* mRNA was loaded in each well. The RNAs
were extracted, as indicated above the blots, from the heart, spleen and
liver from hypophysectomized rats, from the liver of normal female rat
and from the liver, ovary, mammuary gland and adrenal of estrogen-treated
female rats. The blots were hvbridized at high stringency with cDNA
probes prepared from clones A8 in A and A12 in B. The X-ray films were
exposed with an intensifying screen overnight in A and 36 hours 1in B.
The size of the mRNA bands is indicated on the right c¢f each blot.
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increase at all in response to estrogen. From these tindings we con-
cluded that clones from class A and D were not compatible with the PRL
receptor and tissue distribution of their mnRNAs showed that they were
present in the heart of female rats where PRL binding sites are absent
(data not shown). Northern blot analysis using cDNAs of ciass B and C
clones did not allow the eliminatien of these clones simply on the basis
of response to hormones. However, the tissue distribution of Northern
blc* analysis of their mRNAs in rats did not match the pattern expected
for the PRL receptor, Examples for thes~» two classes are given in Fig.
5. When we aused a cDNA probe for the clone A8 (Class B, Fig. 5A), we
obtained a weak signal in the normal rat liver, that was increased by
both hypophysectomy and estrogen treatment and the mRNA was absent in all
the other tissues tested, including the ovary, the mammary gland and the
adrenal where PRL receptor binding sites are found. A c¢DNA probe for
clone Al2 (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 stronger signal in Lhe heart of hypophysectomized
rats where PRL receptor binding sites are absent. Since attempts to clone
the PRL receptor failed and since its mRNA was of very low abundance, we
decided to enrich the mRNA by using the technique of polysome immunopuri-
fication, which is considered the most powerful technique for this
purpose (Kraus, 1985). In a typical experiment 11,400 0D;¢¢ units of
polysomes were prepared from 970 g of estrogen-treated female rat liver
and incubated with 110 mg of anti-rat hepatic PRL receptor -'Yglnbulin.
After purification on a protein-A agarose column, 34 OD;,0 units of poly-

somal material were eluted and 8 pug of poly(A)+*mRNA was obtained after
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passage through an oligo-dT cellulose column, 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., 1983; Russell ot al., 1983; Miesfeld et al., 1984). A
typical sucrose gradient profile of the polysomes, before (A) and after
(B) passage through 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 success 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 pa{tern 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 was
particularly promising, since 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 specific band was
precipitated with the monoclonal antibody E21.

The enriched mRNA was used as a template for synthesis of cDNAs and
construction of a library in the expression vector Agtll. Screening of
the entire library with polyclonal antibodies gave approximately 10,000

positive recombinants. This represented a 500-fold increase in the
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FIG. 6 Sedimentation profiles of polyribosomes.

0.5 OD240 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 ISCO
density gradient fractionator and UV monitor. A, polyribosomes prior to
antibody addition. B, non-adsorbed polyribosomes after passage of the
antibody - polyribosome mixture through the protein-A agarose column.
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FIG. 7 Immunoprecipitation of the putative rat liver PRL receptor

precursor synthesized in vitro from enriched mRNA.

As in Fig. 1., except that rat liver poly(A)* mRNAs enriched by
polysomes - immunopurification (selected mRNAs) as well as crude liver
poly(A)* mRNAs from estrogen-treated rats (crude mRNAs) were used for in
vitro translation. The antibodies used for immunoprecipitation were: NRS,
normal rabbit serum and 212, anti-rat Iliver PRL rcceptor rabbit an-
tiserum. The X-Ray film was exposed for il days.
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number of positives observed following screening of a classical, non-
enriched library, and this increase is close to the calculated degree of
enrichment of mRNA by the immunopurification of polysomes. Moreover,
screening of this library with the anti-rat PRL receptor monoclonal
antibodies E21 and F11 resulted in 11 positive recombinants (Bl to Bl1)
which were purified to homogeneity. All these cDNA clones cross-hybridi-
zed on Southern blot (not shown) and probably represented the same cDNA.
Strangely, positive signals were observed only with IgG prepared in mouse
ascites but not with hybridoma culture medium. In addition, positive
signals were also observed with nonspecific ascites (Sp20 and anti-CEA).
This suggested that clones B1-Bl1l were all nonspecific. On Northern blot
analysis (Fig. 8), Bl was used as a cDNA probe and recognized a message
that was present in all 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 wunrelated to the PRL
receptor. We sequenced it but found no homclogy with any known genomic
or protein sequences. It could become a useful control marker, similar
to p~actin, for Northern blots, since its mRNA is found in every tissue
and does not appear to be hormonally regulated.

At the time these studies were in progress, we were able to 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-
ful cloning of rat liver PRL receptor using oligonucleotide probes, there
was no need to try to identify among the 10,000 recombinants obtained in

the enriched library screened with the polyclonal antibodies, the one
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FIG. O Northern blot analysis of Bl mRNA in different tissues of lhe
rat.

One hundred micrograms of poly(A)+* mRNA were loaded in each well.
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 female rats, the placenta,
the adrenal and ovary of pregnant rats. The blot was hybridized at high

stringency with a B1 c¢DNA 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 to
design an approach to reach this goal. For 1instance we planned to

isolate several clones, eliminate many of them on the basis of cross-
hybridization with the false-positive clones obtained previously (Al1-A13)
and study the remaining ones by Northern blot analysis of their mRNA.
In conclusion, cloning of a cell surface receptor by screening
Agtll expression libraries is not a straightforward method. In the case
of the PRL receptor, this can be explained by many factors: 1) the very
low abundance of the mRNA and the need to prepare enriched mRNA to make a
representative c¢DNA library; 2) the non-specificity of the antisera
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 METHODS

Preparation of poly (A)+ mRNAs

RNA for 1in 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 valerate
(Squibb Canada Inc.) was used for estrogen treatment of female rats, and

animals were killed 8 days later. RNA for Northern blot analyses was
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extracted from different tissues of Sprague-Dawley adult rats:  heart,
spleen and liver from hypophysectcmized rats; liver from normal female
rats; liver, ovary, mammary gland and adrenal from estrogen-treated
female rats; heart, stomach, testis from rormal male rats, skin from
newborn rats, and placenta, liver, adrenal and ovary from pregnant rats.
Total RNA was purified using the guanidium thiocyanate/CsCl procedure
(Chirgwin et al., 1979), and polyadenylated mRNA was purified by oligo-dT

cellulose, chromatography (Aviv and Leder 1972).

Polysome isolation and immunopurification

The polysomes were isolated according to the procedure of Shapirn
and Young (1981) with some modifications. Ribonuclease precautions were
taken throughout the experiments and polysomes were always manipulated on
ice. All solutions contained 20 mg heparine/100 ml and 2 mg cycloheximi-
de/100 ml. Sixty grams of liver from estrogen-treatei female rats were
homogenized in 180 ml of buffer A (25 mM Tris-HC1, pH7.5, 300 mM NaCl, 10
mM MgCl., 0.4% Nonidet P-40, 250 mM sucrose and 800 pl of a-amylase/100
ml [Boehringer]) using a Tekmar homogenizer. The nuclei were pelleted in
a Sorvall rotor SS-34 at 15,000 rpm for 15 min at 4 C. The supernatant
was lavered over a cushion of 9 ml of 50% sucrose (BRL) in buffer B (25
mM Tris-HC1, pH 7.5, 300 mM NaCl and 10 mM MgCl:) and centrifuged at
35,000 rpm in Sorvall 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
NaCl, 5 mM MgCl: and 0.1% Nonidet P-40), transferred to Eppendorf tubes
and centrifuged 5 min at 4 C to remove aggregates. They were then pooled

and stored at -70 C. One aliquot was kept to measure the absorption at
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260 and 280 nm and another was used to obtain a sedimentation profile of
polyribosomes through a sucrose density gradient as described previously
(Jolicoeur et al., 1983).

Rabbit antisera (no. 211, and no. 212) against partially purified
rat liver PRL receptor were used for immunopurification of the polysomes.
They were produced as described previously, Katoh et al. (1987).
Antibodies were isolated by affinity chromatography using the Affigel
protein A MAPS II kit of Bio-Rad. After elution 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 X:globulin for 1000 ODz40 units of polysomes. The mixture was
then applied twice +to the protein A-Affigel column. After overnight
washing with buffer C, mRNA in specifically bound polyribosomes was
eluted from the column with buffer D (25 mM Tris-HCl, pH 7.5 and 20 mM
EDTA). Finally, the eluate was incubated for 5 min at 65 C, placed on
ice, made 0.5M NaCl, 10 mM in Tris-HCl, pH7.5, and 0.5% SDS, and passed
over an oligo(dT)-cellulose column as previously described to 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)* wmRNAs was performed in a micrococcal nuclease-
treated lysate following the method of Merrick (1983) with some modifica-
tions. A typical assay contained 10 pl of master cocktail, 10 ul of

reticulocyte lysate, 4 pl of :5S-methionine (sp.act. 1200 Ci/mmol) and
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0.1 to 2 pg of poly(A)+* mRNA. The master cocktail (1 ml) is made of 63ul
of 1 mM amino acid mixture (except methionine), 300 pl of 1 M KCH;CO;,
pH7.5, 100 pl of 40 mM Mg (CH3CO;):, 66 p! of 37.5 mM ATP and 15 mM GTP,
50 pl of 1.25 M Hepes-KOH, pH7.5 and 100 mM DTT, 15 pul of 100 mM sper-
midine, 25 pl of 10 mg/ml CPK (creatine phosphokinase,, 50 pl of 400 mM
creatine phosphate, 5 pul of calf liver (RNA (5 mg/ml) and 321 pul of H;0.
Translation was for 60 min at 37 C. An aliquot (5 pl) was taken to
measure TCA-precipitable radioactivity. Depending on +the wmRNA 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,
recognizing both rabbit mammary 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 to immunoprec-
ipitate the in vitro translation products. For this purpose 50 pl of the
reaction mixture supernatant was mixed with 200 pl of 25 mM Tris-HC1, pH
7.5, 10 mM CHAPS, 1 mM PMSF and with the antiserum (1:100 dilution) or
with the monoclonal antibody (1 to 10 pg) of interest, overnight at 4 C.
250 pyl of MAPS binding buffer (Bio-Rad) plus 10 mM CHAPS with 50 ul of
Pansorbin (Calbiochem) or 75 pl of Protein-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
washed twice with MAPS binding buffer, 10 mM CHAPS, once with MAPS

binding buffer alone, resuspended in 50 ul of SDS-PAGE sample buffer
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(2.5% (w/v) SDS, 10% (w/v) glycerol, 5% (v/v) 2-mercaptoethanol, 65.2 mM
Tris-HCl, pH 6.8] boiled for 3 minutes and after centrifugation, the
supernatant was electrophoresed on a 5-15% SDS-polyacrylamide gel as
described by laemmli (1976). The gel was then fixed in 40% methanol/10%,
acetic acid, treated with EN3HANCE (New England Nuclear), and fluorograp-

hed at =70 C on a Kodak 0-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 well, 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 internal and 1.5 mm outer
diameters (FHC, Brunswick, ME), 50 nl of a 1 mg/ml solution of poly(A)-
mRNA was injected into the vegetal pole of 50 to 100 healthy oocytes.
They were then incubated by batches of 10 oocytes in 54 pl of modified
Barth’s saline with 6 pl of 33S-methionine (sp.act. 1200 Ci/mmol) into an
Eppendorf tube for 40 hours at 1G C. Afterwards the medium was removed
and the oocytes were quickly frozen in liquid nitrogen and stored at -70
C until further procedure. Homogenization and immunoprecipitation were
performed according to the method of Colman (1984) and the immunoprecipi-

tates were electrophoresed and radioautographed as described above.

Construction of cDNA libraries and immunoscreening
Several female rat liver 1libraries prepared in Lambda gt 11 were

obtained from Clontech (La Jolla, CA). Another Agtll library was made by
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Clontech from estrogen-treated female rat liver polv(A)* mRNA prepared in
our laboratory. This wunamplified library had a titer of 1.2 x 10¢/ml
with 87% of clear plaques for a total of 7.3 x 105 independent clones and
the mean 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 twice through an oligo—dT
cellulose column and 100 pul fractions collected after the second passage
were used directly for random-primed c¢DNA synthesis (Gubler and Hoffman
1983; Kraus et al., 1986). The double-stranded c¢DNA was blunt-ended,
ligated to 8-mer EcoRI linkers (Pharmacia), and assembled in the EcoRI
site of Agtll phage DNA (Stratagene). The library contained 9 x 105
independent recombinants.

The immunoscreening method of Clontech was used to screen these
libraries with both polyclonal (nos. 201, 211 and 212) and monoclonal
antibodies (E21 and F11). However, we used the preformed streptavidin-
peroxidase complex of Amersham as a sensitive detection method. The
working dilution of the first antibody (1:200) was determined by detec-

tion of a fixed amount of partially purified receptor applied to a

nitroceliulose filter.

Northern and Soutkern blot analysis

Poly(A)* mRNA used for Northern blot analysis was denatured for 60
min at 50 € in 1 M glyoxal, 50% DMSO, 10 mM phosphate buffer pH 6.5,
before separation by electrophoresis on a 1.5% agarose gel in 10 mM
phosphate buffer pH 6.5. RNA was transferred to a nylon membrane

(Genescreen, NEN/Dupont) by capillary action in 1 M NaCl, baked at 90 C
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and hybridized. The cDNAs used to make the probes were the EcoRI inserts
of the purified phage DNAs. The Agtll phages were isolated according to

the method of Yamamcto et al. (1970) with some modifications: the CsC1

gradient was composed of only two layers of 5 M and 3M. The phage DNA
was extracted with 26 pl of 1M Tris-HC1, pH 8.0, 13 ul of 0.2 M EDTA, 150
pl of formamide and 800 pl of absolute ethanol, then it was phenol
extracted.

DNA probes were labelled using the random-primed labelling 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 NaCl, 0.1% SDS,
and films were exposed from 1 +to 36 hours with or without intensifying
screens.

Southern bluts were prepared as described by Maniatis et al., (1982)
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 invest®zation
since it permitted the production of purer PRL~R preparations in greater
yield. With the availability of amino acid sequence of tryplic fragments
of receptor, oligonucleotide probes were prepared. As described in
Chapter 1, such probes are, by far, the most effective tools for
screening cDNA libraries. In this Chapter we report their use in the

successful cloning of the rat prolactin receptor.
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SUMMARY

The primary structure of the rat liver prolactin receptor has been
deduced from a single complementary DNA clone. The sequence hegins with
a putative 19 amino acid signal peptide followed by the 291 amino acid
receptor that 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 hormone/prolactin/placental 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 half-life
(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, all of which are initiated by an interaction with
specific 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 shown

that the prolactin receptor has a relative molecular mass (My) of ~40,000
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and is apparently not linked by disulfide bonds to itself or to otHé
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 highest
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 both up- and
down-regulation depending on the concentration and duration of exposure
to prolactin (Posner et al., 1975; Manni et al., 1978; Djiane et al.,
1979). As is true for the growth hormone (GH), 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 structure, regions involved in hormone binding,
signal transduction and possible homology with other hormone receptors
should help shed some 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 liver c¢DNA clones, revealing the structural
extracellular, single membrane spanning and cytoplasmic domains. A
comparison of sequences demonstrates regions of identity between the rat

prolactin receptor 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 specific
to rat prolactin receptor. Crosslinking of the prolactin receptor
reveals a specific My 61,000 band corresponding to the hormone-receptor
complex (Fig. la). When this partially purified preparation was run on a
pelyacrylamide gel and analyzed by Western immunoblot, the receptor had
an apparent My of 41,000 (Fig. 1b). Preparative amounts of receptor were
purified by polyacrylamide gel electrophoresis after reduction and
alkylation and the protein in the 38-43 kDa region was electroeluted.
Fig. 1lc shows the electroeluted material rerun on a Phast SDS gel
(Pharmacia).

The homogeneous prolactin receptoi was digested exhaustively with
trypsin and the resulting peptides purified on reverse phase HPLC.
Amino acid sequences were obtained by gas phase sequence analysis. Ten
readable sequences were identified. From the first few sequences

obtained, three synthetic oligonucleotide probes were prepared. These



>

109

M,x 1073

FIG. 1 Prolactin Receptor Purification: SDS-polyacrylamide Gel
Electrophoresis (SDS PAGE)

a) Crosslinked {1251]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 My of 61,000. b) Partially purified receptor revealed by
Western immunoblot analysis using a monoclonal antibody (E21) against the
rat liver PRL receptor (lane 3). c¢) Receptor purified by eclectroelution
and detected by silver staining (lane 4). The purified receptor has a M,
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

Pl

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 from normal and estrogen-treated
female rat liver mRNA with both polyclonal and monoclonal antibodies
isolated in our laboratory (Katoh et al., 1987). All positive signals

were considered to be false 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 (Shapirec and Young, 1981). A

F St

)\g‘tll 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 false positives.

Initial screening of 40,000 clones with the 23-mer oligonucleotide

PRLR-2A

51 -grAaa’rear'reccaTre Tre-3°
¢G G ¢ c C

detected two positive recombinant phages in the polysome-enriched cDNA
library, clones E1 and E2. Insert E1 (93 bp), contains the entire
sequence corresponding to peptide T21.1 used to 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 E1. A longer cDNA clone (F3) was subsequently isolated from a library
prepared using size—selected mRNA from estrogen-treated 1liver with clone
El as a RNA probe (2.5 x 1035 recombinants screened)., A restriction map
of clone F3 is shown in Fig 2. Figure 3 illustrates the entire sequence
of the EcoRI insert of clone F3. The hepatic PRL receptor is encoded by
a messenger of approximately 2.2 kb in length (see Fig. 5), of which 1635
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 beginning
at position 1284 in the 3' mnon-translated region, the potential
significance of which is not known.

The initial methionine is followed by a 19 hydrophobic amino acid
stretch (Fig. 4)indicative of a signal peptide sequence (Gascuel and
Danchin, 1986). Two attempts to obtain the N-terminal sequence were
unsuccessful, which suggests that the Gln at position 20 may be present
as a pyro—-Glu residue. The mature receptor would thus correspond +to a
291 amino acid protein with a theoretical M, of 33,368. Differences
between the predicted M of the F3-encoded protein and the M, or the
hepatic PRL receptor detected by Western biot anelysis (41,000} might be
accounted for by glycosylation, since treatment of highly purified
receptor with endoglycosidase F gives a band at ~36,000 (data not
shown). All ten tryptic fragments previously identified are located
within the protein sequence deduced from F3 without 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 F3.
Unique restriction sites are indicated, as well as the localization of
clone El.
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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 (T) 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 domain. Extracellular
cysteines are boxed and potential Asn-linked glycosylation site. are
underlined with a dashed line.



e # e

- ST — t«*

o i e un

po

(o

114
profile (Fig. 4), which reveals, besides the signal peptide, a single
strongly hydrophobic region of 24 amino acids (230-253). This presumably
corresponds to the transmembrane region of the PRL receptor, separating
the N-terminal, 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 well as three potential Asn
glycosylation sites (amino acids 54, 99 and 127), the first two of which
were shown to be glycosylated by sequence analysis, while the third was

not analyzed.

Northern Blot Analysis

Using a RNA probe derived from the cDNA El1, the tissue distribution
of mRNA was analyzed in 17 rat tissues (Fig. 5a). 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
all other tissues thus far examined. Large amounts of poly (A)*+ mRNA
(100 pg) were used to clearly demonstrate this fact.

The relative abundance of the mRNA correlates well with specific
binding of prolactin in these tissues (Posner et al., 1974a; 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 receptor, including the mammary gland. Moreover, the
level of expression is hormone dependent in liver, since the signal is
weal: in hypophysectomized and normal males, higher in normal females, and

markedly increased in estrogen-treated female rats (Posner et al., 1974b,
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FIG. 4 Prolactin Receptor Hydropathy Profile

The values are calculated wusing the method of Kyte and Doolittle
(1982), with a window of 11 residues; positive values indicate
hydrophobicity.



Lo

TEETLL

F )

o

116

a
o -]
3 g |
: g <
R Q >
39 & sei g 3 4
p—
:ga g 4 o g :’gSnuzp,ﬂa
ssBgipday EsBogisd
SA B ed2 4 S 2 RHLZET
4 » b
‘ —B"
- =21
‘ ‘—1'7
o —1.3
- -0.8
9000000 %0 08000 d .,
-2.8
t) @ % -2.1
'9‘@8 -1.7
7 8 § -1
a"‘IN - ~0.8
- -

-2.2 kb

liver

FIG. 5 Northern Blot Analysis of Prolactin Receptor mRNA Expression

a) Northern blot of 17 rat tissues analyzed with a RNA probe
complementary to cione E1 (93 bp). One hundred pg of pnlyadenylated mRNA
were used for each lane. In the upper part of the figure, the X-ray film
was exposed 16 h without intensifying screen, The same blot was
autoradicgraphed 36 h with an intensifying screen, in order to detect
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 complementary to clone Bl
(see Materials and Methods). b) Northern blot of rat liver

corresponding to different hormonal status, analyzed with a DNA probe
complementary to clone F3 (1635 bp). Fifty pg of polyadenylated mRNA
were used. X-ray film was exposed 2 h without an intensifying screen.
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1975; Djiane et al., 1979). This progression is illustrated in Fig 5b.
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 the
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 adrenal.
Another major mRNA form is the ~ 4 kb band, which is the predominant form
in the kidney and mammary gland. Larger forms are also 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 functional rat PRL receptor in a heterologous cell system,
F3 was inserted into different vectors and expressed in various cell
types. First, we used the Bluescript vector with its transcription
promoter T3 to 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]Jovine 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-d) by wusing vectors containing the
promoter region, origin of replication and polyadenylation signal of the
SV 40 genome. Transient transfections were performed in CO0S-7 monkey

kidney cells using the pECE/F3 construct while stable CHO cell lines were

Sty &
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FIG. 6 Expression of the Rat Liver PRLR/F3 mRNA in Xenopus Laevis
Oocytes

Binding of [!25I]oPRL by oocytes injected with water (control) or
with F3 mRNA in the absence (-) or presence (+) of an excess of
unlabelled oPRL. Each value represents the mean * SEM of 20 oocytes, **
indicates p ¢0.01.
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FIG. 7 Expression of the Rat Liver PRLR/F3 cDNA clone in Mammalian
Cells

(a) Competition assay with unlabelled oPRL (©), bovine insulin (e)
and rat GH (o) 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 pg protein).
Non-specific binding 1is 4520 % 130 cpm. b) Scatchard plot of PRL
binding data in C0S-7 cells. c¢) Competition assay with unlabe:led oPRL (o0
), human GH (e), rat PRL (A ), human PL (#), ovine GH (&), bovine insulin
(4) of membranes from CHO cells stably transfected with pKCR2/F3. Values
are expressed as a % of specific binding calculated in the absence of any
unlabelled hormone (4500 + 90 cpm/25 pg protein). Non-specific binding
is 1120 * 40 cpm. d) Scatchard plot of PRL binding data .n CHO cells.
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established by co-transfection of +the pKCR2/F3 construct with the
plasmid pSV2 neo conferring resistance to the neomycin analog G418.
Scatchard analysis demonstrated that membrane extracts from transfected
C0S-7 cells bind [1251]0oPRL with an affinity (Ki = 3.5 nM-1) similar to
that reported for the rat liver PRL receptor (Posner et al., 1974b;
Kelly et al., 1983), with a receptor number of 73 fmol/mg protein (Fig
1b). For the stably transfected CHO cells, binding affinity is slightly
higher (K. =9 nM-1) but within the normal range, with a total receptor
number of 300 fmol/mg protein (Fig 7 d). Binding specificity studies
with different hormones (oPRL, rat PRL, human GH, rat GH, ovine GH, human
placental lactogen and bovine insulin), confirm that the clone F3 encodes
the PRL receptor (Fig T a,c). The transiently transfected COS-7 cells
contained “~ 30,000 receptors per cell. Although receptor number varied
a great deal in the different stably transfected CHO cell lines, a value
of ~ 10,000 receptors per cell was observed. At +the concentration of
membrane protein wused 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 small My protein ( ~~40,000) that
does not require association with another protein for hormone binding.
This confirms our previous studies as well as those of others (Liscia and
Vonderhaar, 1982; Haeuptle et al., 1983; Necessary et al., 1984)., Larger
My 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, 1987). Although we have confirmed this
interesting observation (Kelly et al., 1988), specific conditions are
necessary for the larger M; form to be seen. Whether the My 80,000 haud
identified in these studies is formed by two M, 40,000 receptor molecules
crosslinked together or a My 40,000 receptor 1linked to some 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 E1 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 wuse 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. There is ~30%
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 human 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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FIG. 8 Prolactin and Growth Hormone Receptor Sequence Comparison

Extracellular and cytopiasmic sequences of PRL receptor are compared
with corresponding segments of rabbit and human GH receptors (Leung et
al., 1937). Matching residues are boxed. A indicates rat PRL receptor,
B and C, rabbit and human GH receptors, respectively. 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 (40-60%). In addition, a series of 19 residues in the
cytoplasmic domain of both receptors is highly conserved (68%
identity). When conservative amino acid substitutions are considered,
the similarity in the cysteine regions increases +to 75-100%, with
similarity in the other regions also increasing proportionally. Figure 9
shows that the linear arrangement of +these homologous segments is also
conserved. Interestingly, despite a marked difference in the size of the
cytoplasmic domains of the PRL and GH receptors, the identical location
of a highly conserved sequence suggests its involvement 1in signal
transduction for both hormones and may be of potential 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. Both 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 transporters for +transferin, cholesterol and mannose
6-phosphate, respectively. 1In fact, prolactin has been detected in milk,
cerebral spinal fluid and 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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FIG. 9 Schematic Comparison of GH and PRL Receptor Structures

Numbers indicate the putative position of the first amino acid, the
transmembrane region (black) and the last amino acid of the mature
receptor. Regions of high similarity ( >67%) are crosshatched and

moderate similarity (40-60%) are stippled.
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from one compartment to another.

The localized region of high homology with the GH receptor in the
cytoplasmic domain suggests some important role. Whether this short
segment alone, or in association with some other membrane component is

responsible for the transfer of the hormonal message must await

mutagenesis studies in a functional system.

MATERIALS AND METHODS

Receptor Crosslinking, Immunoblot Analysis and Purification

For crosslinking, 300 pg of rat liver microsomes were incubated with
2 x 105 cpm (specific activity = 80 pCi/ug) of ([1251]oPRL for 16 h in
the absence or presence of 1 pg of unlabelled oPRL in a total volume of
500 p} in 25 mM Tris, 10 mM MgCl., O0.1% BSA, pH 7.4, after which
disuccinimidyl suberate (0.5 mM) was added and the tubes incubated 15 min
at 4oC (Katoh et al., 1985). An aliquot was analyzed in a 7.5% SDS
PAGE. For Western immunoblot, 10 pg of partially purified (2% pure)
receptor was run on a 5-15% 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 silver. The prolactin receptor was purified initially by
immunoaffinity chromatography using E21 monoclonal antibody, according tc
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 M, of 38,000 to 43,000
was cut 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 manufacturer's instructions.

Protein Sequence Analysis

Peptides of +the homogeneous, electroeluted PRL receptor were
prepared by digesting ~ 1 nmole of reduced and alkylated protein with
trypsin (25:1) in 25 mM Tris pH 7.4 at 37°C overnight. The peptides were
purified by high-pressure liquid chromatography (HPLC) on a Hypersil ODS
5 pum (100 x 2.1 mm) column in C.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.;60 units) were prepared from estrogen—-treated
female rat liver (970 g), and immunopurified by incubation overnight with
rabbit anti-rat hepatic PRL receptor'Yglobulin (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)* mRNA was purified twice by chromatography on oligo-dT cellulose
(Aviv and Leder, 1972). Eight pg of poly (A)+ mRNA were obtained after
i the first passage and 100 pl fractions collected after the secona passage

were used directly for random-primed cDNA synthesis (Gubler and Hoffman,
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1963; Kraus et al., 1986). The double-stranded cDNA was blunt-ended,
ligated to 8-mer EcoRI linkers (Pharmacia), and assembled in the EcoRI
site of /\gtll phage DNA (Stratagene). The library contained 9 x 105
independent recombinants. Clone F3 was isolated from a /thll litrary,
custom prepared by Clontech Laboratories, 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 oligonucleotides were 32p-labelled by 5'-end
phosphorylation (Maniatis et al., 1982). Hybridizations with
oligonucleotide probes were performed overnight at 37¢C in 5X SSPE, 1X
Dernhardt, 2mM Na-pyrophosphate, and 10% dextran sulfate. Probe
concentration was 1 pmole/ml. Filters were washed in 3M TMAC (Wood et
al., 1985) at 50-55°C and autoradiographed 48 h with an intensifying
screen. The RNA probe El1 was synthesized using Bluescript transcription
system (Stratagene). Hybridizations with RNA probe were performed
overnight at 420C in 50% formamide, 50 mM NaHPO, pH 6.5, 0.8M NaCl, 0.5%
SDS, 1mM EDTA, and 10% dextran sulfate. Filters were washed at 60°C in
12.5 mM NaCl, 0.1% SDS, and films were exposed overnight with
intensifying screens. The nucleotide sequence of both clones El and F3

were determined by the dideoxy chain termination method (Sanger et al.,

1977).
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Northern Blot Analysis

RNA was extracted from different tissues; except where specified,
adult animals were used: heart, skeletal muscle, stomach, liver, lung,
thymus, spleen, prostate and testis from normal male; kidney, ovary and
adrenal from normal female; skin from newborn; placenta and mammary
gland from 18-day pregnant female; liver from hypophysectomized male and
estrogen-treated female. Total RNA was purified wusing the guanidium
thiocyanate/CsCl procedure (Chirgwin et al., 1979), and polyadenylated
mRNA was purified by oligo—dT cellulose chromatography (Aviv and Leder,
1972). Poly (A)* mRNA samples were treated 60 min at 50°C in 1M glyoxal,
50% DMSO, 10 mM Na,HPO, pH 6.5, and run through a 1.5% agarose gel in 10
mM  Na HPO,. RNA was transferred to a nylon membrane (GeneScreen,
NEN/Dupont), baked, and hybridized to either E1 RNA probe or F3 DNA
probe. The hybridized matersial was subsequently removed by boiling 30’
in 0.1X SSC, 1% SuS and the membrane hybridized with a DNA probe
complementary to clone Bl and autoradiographed three hours without
intensifying screen. Clone Bl is a cDNA previously obtained from
antibody screening, which codes for a 1.5 kb mRNA of similar relative
abundance in all tissues studied, as revealed by comparison with an actin
probe (not shown). RNA molecular weight markers were constructed by
linearizing the pGEM vector (Promega BIO/CAN) 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 +to pGEM.

Hybridization and wmembrane washing were performed as described
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previously except that the membrane was washed at 55¢C for the DNA probes

and at 60°C for the RNA probe. RNA probe was synthesized as described

previously and DNA probes were labelled using the random-primed labelling

method of Feinberg and Vogelstein, 1983,

Translation of mRNA in Xenopus Laevis Qocytes

The entire prolactin receptor F3 cDNA was subcloned into Bluescript
vector at the EcoRI site. RNA transcripts were obtained after
linearization and transcription in vitro with T; polymerase as described
by Melton et al. (1984). Fifty nl of this synthetic RNA (1 pg/pl) was
injected into individual Xenopus oocytes as described by Colman (1984).
The oocytes were then incubated at 18°C for 2 days in modified Barth’s
medium. During the last 18 hours of incubation, 1 x 10¢ cpm of
[{1251}oPRL per 70 pl of medium was added and {!4C]sucrose was used as an
impermeant tracer according to Unkeless et al. (1985). After washing,

125] and 14C counts were measured in individual oocytes.

Transient and Stable Expression in Eukaryotic Cells

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
CHO cells 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 MgCl, 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 resuspended in Tris~HCL 25 mM pH 7.5, MgCl, 10 mM and PMSF 1mM.
Two hundred pg of suspension and 80,000 cpm of [125]]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 pug of pSV2 neo.
Cells were maintained in Hams’ F12 medium supplemented with Hepes 20 mM,
pyruvate 0.2 mM and 10% fetal bovine serum. Selection was made with 200
pg/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
pg of membrane suspension and 50,000 cpm of [125I]oPRL. In control CHO
cells, although no binding 1is observed under the conditions utilized, a
very small amount of [125I]10PRL binding (%00 cpm/200 g protein) is
detected when membrane protein is increased 8-fold. Ovine PRL (NIADDK
oPRL-16; 30.5 IU/mg), rat PRL (NIADDK rPRL-I-5; 30 IU/mg), ovine GH
(NIADDK oGH-S-11), rat GH (NIADDK rGH-I-5; 2.0 IU/mg) and human GH (NIH
hGH AFP-5180A; 2.2 IU/mg) were kindly supplied by the National Hormone
and Pituitary Program. Bovine insulin was obtained from Schwartz/Mann
(Spring Valley, NY) and human placental lactogen from ICN

Pharmaceuticals, Inc. (Cleveland).
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PREFACE

With the availability of +the cDNA for the rat liver PRL-R, we had,
for the first time, a tool that allowed us to study the regulation of the
PRL receptor at the gene level. This was an important step because all
the previous studies examining the hormonal and developmental 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.In the present
chapter, we try to shed some light on the estrogen and developmental

control of the rat PRL-R, at both the mRNA and protein levels.
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SUMMARY

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. Messenger RNA levels have
been compared to the number of binding sites, which were assessed by
Scatchard analysis of [!25I] oPRL binding 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
mRNA levels increase 3-fold. Estrogen treatment stimulates receptor
levels 6-fold but mRNA levels 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 well as at the

translational level .,

INTRODUCTION

Prolactin (PRL) is encoded by a member of the growth hormone/prolac-
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) 1is 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 specific effects on ornithine decarboxylase, somatomedin,
synlactin, IGF-I, and a liver lactogenic factor have been reported
(8-12), the precise role of PRL in liver remains to be determined.

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 1its receptor, inducing up- or down-regulation,
depending on +the concentration and duration of exposure to PRL (15-19).
Gonadal steroids are also major regulators of PRL-R expression. The
number of receptors is very low in livers of young animals. but increases
7-fold in females during sexual maturation, while levels are low or
undetectable in malss during the corresponding period (20,21). 1In
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 regulation of receptor gene expression.
Coordinate regulation of distinct insulin receptor mrNA species by
glucocorticoid has been reported in rat Fao hepatoma cells (27).
Multiple mRNA forms encoding the human progesterone receptor are synchro-
nously regulated by estrogen and progesterone in breast cancer cells
(28). Down-regulation of the estrogen receptor and the glucocorticoid
receptor is associated with a reduction in mRNA level (29,30). In the

current study, we present the steady-state PRL-R mRNA levels in female
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rat liver as a function of age, and in response to 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 Female 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-old females. At least 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 analysis
of PRL-R mRNA in female 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 corresponds to PRL-R mRNA, while the lower band represents
a control mRNA which hybridized to Bl cDNA probe and whose abundance is
stable at all ages studied. As previously observed (2), the 2.2 kb band
is by far the major PRL-R mRNA apparent in rat liver PRL-R mRNA is
undetectable in livers from fetal and newborn animals, even with long-t-
erm (3 days) film exposure (not shown). At day 21, the relative abun-
dance of PRL-R mRNA is low, but is markedly iacreased after puberty in
livers from 40 day-old animals. No further significant change occurs
from days 40 to 70. Figure 2 shows the Scatchard analysis of {125I] oPRL
binding data at the different ages studied. Note the change in the scale

of the absissa. No significant variation of binding affinity was

observed.
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FIG. 1 Northern blot analysis of PRL-R mRNA in female rat liver
at different ages.

Each lane represents mRNA from individual rats. Ten
micrograms of poly (A)* RNA was loaded in each well. The blot wos
hybridized at high stringency (see Materials and Methods) with a complete
1.6 kb F3 RNA probe and a 300 bp Bl RNA probe. 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 Bl mRNA is 1.5 kb.
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FIG. 2 Scatchard analyses of [125IJoPRL binding to rat liver
microsomes at 21,40 and 70 days of age.

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 to lane during Northern blot transfer, PRL-R mRNA levels were
expressed as the ratio of the intensities of the PRL-R band and the
control (Bl) band. Different times of exposure were performed in order
1o obtain a linear film response for both mRNAs. 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 MgCl, (31), were not
significantly different, therefore only free receptor levels are reporte-
d. Both mRNA and binding are undetectable in fetus and newborn.
Interestingly, the increase in the number of PRL binding sites is not

paralleled by steady-state mRNA 1levels after 40 days of age, when

receptor numbers increase while the mRNA levels remain relatively

stable.

PRL Receptor Expression in Estrogen-Treated Female Rat Liver

The effecc 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
animals were sacrificed 1, 3, 5 and 7 days after initiation of treat-
ment. Poly A+ mRNA and microsomes were prepared from livers of 4-8
animals at each time point. Figure 4 shows Northern blot analysis of

PRL-R mRNA in estrogen-treated rat liver, while Figure 5 illustrates the
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FIG. 3 Ontogenesis of PRL~R expression in female rat liver: com-

parison of steady-state PRL-R mRNA and binding levels.

PRL-R mRNA level is expressed as a ratio of the intensities
of the PRL-R mRNA and the control Bl mRNA band. Values are expressed as
mean * SEM., Statistical significance determined by the multiple range
test (48): for mRNA, days 21 vs 40, p <0.01; for binding sites, days 21
vs 40, and 40 vs 70, p<0.01,
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FIG. 4 Northern blot analysis of PRL-R mRNA in estrogen-treated

female rat liver.

Each lane represents mRNA from individual rats. Ten microgr-
ams of poly (A)* RNA was loaded in each well. The blot was hybridized at
moderate stringency (see Materials and Methods) with a 245 bp F3/EcoRV
RNA probe and a 300 bp Bl RNA prebe. The X-ray film was exposed 60 min
without an intensifying screen.
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Scatchard analysis of binding at the corresponding days of treatment. 1In
Fig. 6, the quantitation of mRNA levels as well as the number of PRL
binding sites are shown. Relative abundance of PRL-R mRNA is low in
non-treated animals (day 0) and no significant change is visible on day
1. There is a marked increase in PRL-R mRNA abundance between days 1-3,
after which levels remain eclevated until the end of the study. As was
true for the developmental studies, the induction of receptor number did
not directly parallel steady-state mRNA levels. Although there is a
similar lag period, a greater iucrease 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 well
established (20-22,25,26,32). In this report we present for the first
time a comparison between the PRL-R mRNA level and the number of prolac-
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 exactly parallel 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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vhile the number of PRL binding sites increased 4-fold. This difference

is even more striking from days 40 to 70 when the number of binding sites
doubled and mRNA levels remained stable. This results in an overall
3-fold increase of prolactin receptor mRNA and an 8-fold increase in
prolactin receptor levels from day 21 to 70, consistent with values
reported previously (20,21). A similar divergence occurred in the study
with estrogen-treated female rats. Frum days 1 to 3 of treatment, a less
than 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
until the end of the study when the final number was approximately 6
times the number 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 1in the liver cell
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-regulated
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) mRNA 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 mechanisms, such as post-tran-
slational modification of +the receptor protein (e.g. phosphorylation)
cannot be excluded. If such a modification does occur, it does not
appear to affect receptor affinity, since there were no significant
differences in K, values in any of the various samples. There are
various examples of regulation of gene expression in which effects of
transient biologic. 1 signals are mediated through reversible translation-—
al regulation, including the heat-shock proteins (36,37), the housekeep-
ing enzymes ornithine decarboxylase (38) 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 specific features of the primary and/or secondary structure of the

mRNA. The opresence 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’ untranslated region of the PRL receptor
cDNA (2), it is not known as yot if such a mechanism can be implicated.

Although estrogen receptors are present in rat liver, estrogen is
thought to induce hepatic PRL-R via an increased pituitary secretion ot
PRL and GH, since both hormones are able to up-regulate +the PRL receptor
(15), and since estrogen is not able to induce PRL-R in hypophysectomized
rats (25). A direct in vivo effect of estrogens on the induction of
hepatic PRL receptors along with the requirement for a pituitary factor
(PRL, GH) cannot be ruled out, although direct addition of estradiol to
hepatocytes in primary culture had no effect above that of GH or PRL
alone (15).

Estrogens have both 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 level.

MATERIALS AND METHODS

Estrogen Treatment

Estradiol valerate (Squibb Canada Inc.) was injected subcutanecusly
(1 mg in 0.1 ml) to adult female rats ( 70 day-old, 200-225 g).
Non-treated controls were sacrificed the same day, and treated controls

were sacrificed on days 1, 3, 5 and 7 following injection. Whole livers
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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°

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 -700, 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/CsCl purific-~
ation procedure of Chirgwin et al (45). Poly (A) mRNA was purified by
0ligo-dT cellulose (Type 7, Pharmacia) affinity chromatography (46) and
denatured for 60 min at 50¢ C in 1 M glyoxal, 50% DMSO, 10 mM Na:HPO., pH
6.5, before separating by electrophoresis on a 1.5% agarose gel in 10 mM
Na HPO, pH 6.5. RNA was transferred to a nylon membrane (GeneScreen,
NEN/Dupont) by capillary action in 1M NaCl, baked at 90°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 Bl. 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



157

appear to be hormonally regulated. Clone Bl is a cDNA not related to the
PRL-R and previously obtained in our laboratory (2). Bl mRNA was
identified by hybridization with a 300 bp Bl RNA probe. RNA probes were
labelled with [32PJUTP by wusing the Bluescript T3/T7 transcription
system by modifications of conditions described by Melton et al (47).

When using the complete F3 and B1 RNA probes, hybridizations were
performed 16 h at 65°C in 50% formamide, 50 mM Na HPO, pH6.5, 0.8 M Nacl,
0.5% SDS, 1 mM EDTA, and filters were washed at 70 - 75° C. When using
the F3/EcoRV and Bl RNA probes, hybridization conditions were the same
except that the temperature was 55°¢ C and filters were washed at 65-70°
C. Northern blot autoradiograms were analyzed by densitometric analysis
using a Helena Laboratories (Texas) Quick Scan Junior scanner. The area
under the curves were calculated using a a program (GS-350H) developed by
Hoefer Scientific (Califormia). In each 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 Bi mRNA band.

Determination of the Number 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
micrograms of suspension and 40,000 cpm of [125I] oPRL were wused per
tube, and each point was assayed iu duplicate. The specific activity of
[1251] oPRL was 80‘ﬂC14Mg. Ovine PRL (NIADDK oPRL-16; 30.5 I.U./mg) was

kindly supplied by the National Hormone and Pituitary Program.
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PREFACE

Technical problems have been a major limitation in studying and
understanding the role of PRL in humans. Indeed there 1is +the problem
related to thepresence of hGH, which is a lactogenic hormone, the effect
of which can be confounded with that of PRL. In addition, there is the
problem of 1low +tissue content of the PPL-R which, combined with the
limited availability of human tissues, that can be supplied, renders the
specific evaluation of PRL effects extremely difficult. In this context,
it was a logical step to wuse the rat liver PRL-R cDNA as a probe to
clone the human PRL-R c¢cDNA. In this Chapter we describe the isolation of
this receptor cDNA and the interesting discovery of a second form of PRL-
R which will certainly become an important tool in examining the specific

effects of PRL in humans.
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SUMMARY -

Human prolactin receptor cDNA clones from hepatoma (Hep G2) and breast
cancer (T-47D) libraries were 1isolated by using a rat PRL receptor cDNA
probe. The nucleotide sequence predicts a mature oprotein of 598 amino
acids with a much longer cytoplasmic domain than the rat liver PRL
receptor. Although this extended region has additional segments of
localized sequence identity with the human growth hormone receptor, there
is no identity with any consensus sequences known to be involved in
hormonal signal transduction. This cDNA will be a valuable tool 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 fetal membranes (8), steroid
production in ovaries (9) and immunomodulation (10). There is no doubt
that PRL directly affects the incidence and growth of mammary tumors in

rodents, but its role in human breast cancer is less clear (11).
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Although there have been numerous clinical reports attempting to
correlate levels of circulating prolactin with the development or
progression of breast cancer, the results are often contradictory (11).
The fact that in the human, both PRL and GH are lactogenic and are
secreted cyclically and episodically have complicated the interpretation
of some studies. Moreover, estimation of PRL levels by radioimmunoassay
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
prolactin on cell growth has been suggested (13,14). Since this action
is initiated at the 1level of a cell surface receptor, several studies
have concentrated on fluctuations in receptor levels. In human breast
cancer cells and biopsies, PRL receptor 1levels have 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 specific method to
measure PRL receptors is essential to any further progression in this
field. This necessitates a detailed characterization of the receptor,
which has thus far proven extremely difficult to purify. Mulecular
cloning offers a suitable alternative to determine receptor primary
structure.

Recently we deduced the primary structure of the rat liver prolactin
receptor from 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 when expressed at
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the cell surface. Moreover, we subsequently identified a second form of
PRL receptor in the rabbit 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

cytoplasmic 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 rat liver clone F3 used as a cDNA probe. Screening
of 6 x 105 clones resulted in only one positive clone (Hi) of 2 kb which
was used to rescreen 106 clones of the same library at high stringency.
Five other overlapping clones were identified. Two of the clones (Hil1 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 its 5’ extremity, within the putative coding region,
which is completely unrelated to the other sequences. These nucleotides
may be the product of alternative splicing or mav represent a cloning
artifact (Fig. la). A partial restriction map of the full length clone

(~3 kb) 1is shown 1in Fig. 1la. The complete open-reading frame cor-
responds to a protein of 622 amino acids, which includes a putative
signal peptide of 24 aa. By homology with the rat PRL receptor, the

first Gln residue was considered as the N-terminus of the mature protein.

Therefore, the mature non-glycosylated protein (598 aa) has a theorctical

molecular weight of 65,905.
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201 T Cys Tle Phe Pro Pre Vol Pro Gly Pre Lys Jle Lys Bly Phe Asp Ala His Leu Leu 6lu Lys Gly Lys Ser 6lu Glu Ley Leu Ser

B8 GCC 116 56 TBC CAA BAC TTT CCT CCC MCT TCT GAC TAT BAG GAC 116 CTG G616 GAG TAT TTA GAA GTA BAT GAT AGT SAG GAC (A6 Cal
27 Ala Lew 6ly Cys G1n Asp Phe Pro Pro Thr Ser Asp Tyr Glu Atp Lew Lev Val 61u Tyr Lew Glu Va)d Asp Asp Ser 6lu Asp 61n His

9§73 (T ATE TCA G1C CAT 1CA AAR SAA CAC CTA AGT CAA 66T ATE ARA CCC ACA TAC 16 §AT CCT BAC ACT GAC 1CA 66C €66 tub AEL 16T
30t Lew Mot Ser Val His Ser Lys 6iw His Pre Ser Gln 61y Met Lys Pro Thr Tyr Lew Asp Pre Asp Thr Asp Ser 61y Arg 1y Ser Cys

1083 GAC AGC CCT TCC CTT T16 TCY 6AA AAG TET 6AG GAM CCC CAG 6CC AAT CCC TCC ACA TTC TAT BAT CCT 6AG 6TC AT 6AS AAG (A 6AG
321 Asp Ser Pre Ser Leu Lew Ser 61w Lys Cys 6lu Giw Pro Sin Ale Asn Pro Ser Thr Phe Tyr Atp Pro Glu Val 1le 6lu Lys Pro 6l

1133 AT CCT BAA ACA ACC CAC ACC T66 EAC CCC CAG T6C ATA AGC ATG GAA GEC AAA ATC CCC TAT TTT CAT GCT 661 6EA TCC AAA 16T TCA
363 A Pre §1u Thr The His Ihr Try Acp Pro &ln Cys 1le Ser Met 61u 61y Lys 1le Pre Tyr Phe His Ala 8Yy 61y Ser Lys Cyy Ser

1243 M 166 CCC TTA CCA CAG CCC #GC CAG CAC AAC CCC AGA TCC TCT TAC CAC AAT ATT ACT GAT GT6 1GT GAG CT6 6CT £16 66C (C1 6CA
311 The Trg Pre Lew Pro 6in Pro Ser §1n His Asn Pre Arg Ser Ser Tyr His Asn Lle The Asp Val Cyy 6lu Leu Ala Val iy Pro Als

1333 66T 6CA CC& 6CC ACT 16 TI6 AT GAA GCA 66T AR GAT GCT TTA AAA TCC ICT CAA ACC ATT AAG ICT AGA 6AA GAG 66A #AG 6CA MC
421 Gly Ala Pre Ala The Lew Lew #sn Blu Ala 6Ty Lys Asp Ala Leu Lys Ser Ser Gin Thr 1le Lys Ser Arg Gly Blu 61y Lys Als Ihr

1423 (MG CAG 466 GAG BTA GAN ASC TIC CAT TCT §AG ACT GAC CAG GAT ACG CCC 166 CIG C16 CCL CAG GAG AMA ACC CCC TTV G6C 1CC 6CY
ASL GInGln Arg &lu Yal 6lw Ser Pne Huis Ser Gly Thr Asp 6ln Asp Fhr Pro Trp Leu Lew Pro 6ln Blu Lys Tdr Fro Phe 61y Ser Ala

1513 AAA CCC TTG AT TAT G16 §AG ATT CAC AAG 61C ARC AAA GAT 66T GCA TTA TCA T16 C1A CCA AR (AG A6A BAG AAC AFL S6C AMG (CC
ABY Lys Pro Lew Asp Tyr Val Blw fle Mis Lys Yal Asn Lys Asp 61y Ala Lau Ser Lew Lew Pro Lys 6ln Arg Blu Asn Ser Gy Lyy Pro

1803 MG ASG CCC 666 ACT CCT 6AG AAC MAT AAG GAG TAT ECC AAG GTG TCC 656 G1C ATE 64T ARC AAC ATC C16 16 V16 616 CCA GAT CCA
SU1 Lys Lys Pro Gly Thr Pro 6lu &un Asn Lys 61u Tyr Ala Lys Val Ser Gly Val Fet Asp Asn Asn [le Leu Val Lew Val Pro dsp Pro

i

1893 CAT 6CT ABR RAC GT6 6CT TSC TTT GAA GAA TCA 6CC ARA EAG 6CC CCN CCA TCA CTT GAN (A5 AAT CAR GCT GAG AAA BCC CT6 6CC RAC
SAL Wis Ala Lys Asn Val Ais Cys Phe Glu Glu Ser Ala Lys 61, Ala Pro Pro Ser Lea 6lu 6in Asn 61n Ala Elu Lys Ala Lew Als Asn

1783 T1C ACT GCA ACA 1CA AGC AMG TBC A66 CTC CAG CT6 GET 661 T16 GAT TAC CTG §AT (CC §CA TET TTT ACA CAC TCC TTT (AC 16A TA§
371 Fhe The A3 The Ser Ser Lys Cys Arg Leu §1n Leu 61y ly Leu Asp Tyr Leu Asp Pra Ala Cys Phe The His Ser Predig -

1873 CT16ACTAATGEARTGATIEST TALAMTGTBAT TTTTCTTCAGE TAACACTACAGAGTACGTEARRTECTERAGARTGTAGICAGAL TERCACTACTARRGCICCLARLILCITICATE
1992 CICCATITTTAACCACTIGLCICTIIT T2rAGCAGCIGAT TCCAGAACAARTCATTATGT TTCCTAACTGIRATTTGTAGATTTACTITTIGLTBITAG T IATAAAACTAIGISTICAA
SUIL TERMTAMMAGCACACTECTIAGIAT" CTI6ABEGACARTRCCART AGBTATAICCICTEGARRAGECT TTCATEATI IGECATGEEACAGACEGAARTEARAT TGTLARIIIGTTTA
2230 CCATAGARAGATGALAAARGARAAI TT TELACATAGGAARATACCA TGARARTTGET 1T IGAARAACARC IECATASCCTTTACACTECTCRTCEATITTATTAGGATACCCARATRT
2341 ANCCATTTAMAGARAGARTECATICCAGAACAAATIGTTTACATARG TICCTATACCT TACTEACACATTGLTEATAIBCARGIAABARAT

FI1G. 1 Restriction map, nucleic acid and predicted amino acid
sequer.ce of the human PRL receptor.

(@) The open box indicates the predicted coding region. Some
restriction sites are indicated as well as the localization of the
hepatoma (H1, H2, H5) and T-47D (T1, T2) cDNA clones. Divergent sequen-
ces are indicated by dotted lines. (b) Amino acids are numbered from the
NH,; terminal amino acid of the mature protein; nucleotides are numbered
from the first base of the codon for the initiation methionine. The
underlined sequence in the 5’ untranslated region corresponds to a
putative minicistron. Extracellular cysteines and their codons are 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 some nucleotides
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
flanked by nucleotides which have a closer homology to Kozak’s consensus
sequence than the putative initiation codon (Fig. 1b). 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 mRNAs, as well 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 so close to the putative site of insertion within +the membrane
that it may not be glycosylated. There is a single strongly hydrophobic
region of 24 amino acids (211-234) which corresponds to the trans-
membrane region of the PRL receptor (Fig. 1b). This sequence is highly
conserved between the rat, rabbit and the human (18, 19). Using the H1
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 to it except at position 180 where 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 cells revealed three
distinct bands of mRNA of 2.8, 3.5 and 7.3 kb (Fig. 2). This pattern is
strikinglyv similar to that found in +the rabbit, where three bands were
detected in all tissues examined (19). The 1low molecular 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 o
positive clones were obtained by screening 1.6 x 10¢ clones of the Hep G2
library. Moreover, there was no specific binding of prolactin to Hep G2
cells (data not shown), although prolactin receptors have been detected
by immunocytochemistry in human hepatoma (25).

In order to show that the cDNA cloned from the hepatoma library
could direct the synthesis of a protein able to specifically bind human
PRL in mammalian cells, we prepared a cDNA containing the entire coding
region (H1/H2), inserted it into the pECE vector and stably transfected
Chinese hamster ovary (CHO) cells. Binding experiments wusing [1251]
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 revealed an



175

kb
9.5—
1.5= «7.3
4. 4-—
«3.5
. «2.8
4 2.4~
1.4— ;
- (@)
O N~
T 3
-
|
FI1G. 2 Northern blot analysis of human PRL receptor mRNA expression.
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FI1G. 3 Expression of the human hepatoma PRL receptor cDNA clone in
CHO cells.

(a) Competition assay with unlabelled human GH (o), human PRL (e),
rat PRL (=), human PL (9), rat GH (a) and bovine insulin (&) of memhranes
from the transfected CHO cells (22). Values are expressed as a percentage
of specific binding calculated 1in the absence of any unlabelled hormone
(3100 % 50 cpm/350 pg protein) for 30,000 cpm added. Nonspecific binding

is 1200 %= 100 cpm. (b) Scatchard plot of human GH binding data in
transfected CHO cells.

15
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affinity (K, = 3.9 x 16° M-!) similar to values reported for the human
PRL receptor (22). A nearly identical value was obtained for the

competition curve using hPRL (K, = 4.5 x 10° M-1).

DISCUSSION

The strong degree of sequence identity between the human PRL receptor
sequence and that of the rat and rabbit is illustrated 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% when the last 307 amino acids of the human receptor are
excluded. However, similarity between the two receptors abruptly ends at
residue 261 of the rat PRL receptor, so that a sequence comparison only
to this point results in an identity of 75%, or 84% based on conservative
amino acid substitutions. As seen in Fig. 4b, there is also strong
identity (75%) between the human and rabbit receptors, which increases to
80% when conservative substitutions are considered. There are ‘.wo gaps
in the sequence identity in the cytoplasmic domain of the two receptors
(Fig. 4b): +the first (2 spaces) 1is inserted after aa 365 of the human
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 th: human/rabbit GH receptors (26).
As expected, the human PRL receptor shares regions of striking similarity
previously recognized with the GH receptor (18). The highest degree of
sequence identity is found between the first two pairs of Cys residues in
the extracellular domain and in the intracellular region flanking the

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 different species (rat, rabbit and human) compared with

the human/rabbit GH receptors.

Numbers indicate the position of the

first amino acid, the first

amino acid of the transmembrane region (black), and the last amino acid
of the mature receptor. Regions of high similarity with the GH recaptors
(>68%) are cross-hatched and those of moderate similarity (38-60%) are

stippled.
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receptor contains three additional sequences similar to the GH receptor,
as is the case for the rabbit receptor (19). In the absence ot a consen-
sus sequence for a tyrosine kinase domain or any potential ATP binding
site, the presence of these highly conserved sequences in the cytoplasmic
domain of all the PRL and GH receptors strengthens the hypothesis that
they may be potentially involved in the process of signal transduction of
both hormones. Transfection of full-length PRL receptor cDNis will
permit a systematic evaluation of structure-function relationships;
studies 1involving mutagenesis and hybrid constructs in functional
cellular systems may help clarify the mechanism of action of these
hormones.

Since there has been no reliable means of accurately measuring PRL
receptor levels 1in small quantities of human tissues, due to the rela-
tively low 1level of binding, compared with PRL receptor levels in
experimental animals, the human PRL receptor cDNA constitutes an impor-
tant new tool. It will be possible to measure hPRL receptor mRNA levels
in different breast cancer cell 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 be
critical for the identification of prolactin receptors by immunocytochem-
istry. Therefore, the availability of a human PRL receptor ¢DNA should
permit a better understanding of prolactin’s role in the development and
growth of human breast cancer, in the regulation of human reproductive

processes, and potentially, as an immunomodulatory hormone.
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MATERIALS AND METHODS

Screening of the Human Libraries

A size—-selected hepatoma cDNA library prepared in Agth was obtained
from J. C. Edman in W. J. Rutter’s laboratory at +the University of
California, San Francisco. An oligo(dT) primed T-47D cDNA library was
prepared as described previously (18) except thiat the cDMNAs were size-
selected on Bio-Ge:r P-60 and ligated to )gth arms. Low stringency
hybridization with F3 cDNA probe, labelled by random priming (27), was
carried out for 16 h at 42 € in 20% formamide, 5 x Denhardt’'s, 5 x SSPE
(28), 0.1% SDS, 0.1 mg/ml salmon sperm DNA, and 6% dextran sulphate;
washing was at 42 Cin 1 x SSC, 0.1% SDS 1mM EDTA. High stringency
hybridization with a H1 RNA probe was performed as described previously
(18). Suitable restriction fragments of the cDNA clunes were subcloned
into M13 derivatives or 1in 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 thiocyanate/CsCl procedure (30), treated for
A0 min at 50 ¢ in 1M glyoxal, 50% DMSO, 10 mM phosphate buffer, pH6.5 and
run through a 1.5% agarose gel in 10 mM phosphate buffer. RNA was
transferred to a nylon membrane (Genescreen, NEN/Dupont), baked and
hybridized to a H1 RNA probe as previously described (18). Hybridization
and washing temperatures were 65 C and 75 C, respectively. The filter

was then autoradiographed overnight at -70 C with an intensifying screen.



Stable Expression in Eukaryotic Cells
A 2.5 kb cDNA containing the entire PRL receptor coding sequence was
constructed by joining H1 and H2 c¢DNAs at their Nco I site, and assembled
at the Eco RI site of the mammalian expression vector pECE (31). Stable
CHO cell lines were established by cotransfection of 10 pg ot this con-
struct with 2 pg of pSV2 neo using a nulse generator constructed in the
laboratory. A volume of 0.5 ml of cell suspension (~10% cell/ml) in 275
mM sucrose, 1 mM phosphate buffer, pH 7.4 and 1mM “gSO. received an
electric shock of 120 V, 10 pulses/sec, 100 pusec/pulse for 5 minutes.
Cells were transferred to a tube containing the two plasmids for 20 mins
at 40 C, suspended in Ham's F12 medium with 10% fetal bovine serum and
distributed in five P100 petri dishes. Selection was made with 400 pg/ml
of active G418, the eukaryotic neomycin analog. After isolation of the
transfectant clones, cells were harvested, washed and lysed in Eppendort
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 tris-HCl, pH 7.5, 25 mM MgCll;, 1 mM PMSF, 10 pM leupeptin, 1 pug/ml
aprotinin. Three hundred fifty pg of suspension and 30,000 cpm of 125[-
hGH were used per *ube for binding studies that were performed as
previously described (32). Control CHO cells specifically bound 1.4% ot
added radioactivity compared to 8.2% in the transfected CHO cells. Human
GH used for radiolabeling and competition curves was the recombinant
hormone (G042A) kindly provided by Genentech (San Francisco, CA). Human
PRL was genervusly supplied by Dr. H. G. Friesen, University of Manitoba,
Winnipeg, Manitoba. Rat PRL (NIADDK rPRL-I-5; 30 1IU/mg), rat GH

(NIADDK rGH-I-5; 2.0 IU/mg) were kindly supplied by the National Hormene



o N

183

and Pituitary Program. Bovine insulin (24.5 1U,/mg) was obtained from
Sigma (St. Louis, MO) and human placenta! lactogen (hPL) from ICN

Pharmaceuticals, Inc. (Cleveland, Ohio).
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8.1 Cloning of the PRL receptor

Cloning a very low abundance protein 1like the PRL receplor
represented a difficult task, especially in 1984, when we undertook this
study. Indeed, at that time, only a few receptors had been cloned (see
Introduction), most of the work achieved following the purification of
the receptor protein which provided amino acid sequence information., In
the absence of homogencusly purified PRL receptor, and with the
availability of anti-PRL receptor poly- and monoclonal antibodies, two of
the techniques presented in Chapter I appeared potentially applicable to
cloning of the PRL receptor: expression systems with immunoscreening
and gene transfer. The direct expression systems in Xenopus oocytes and
in COS cells were developed only in 1987, On the other hand, the
techniques of differential hybridization and cDNA subtraction required
positive and negative tissues or cells that contaiuned, in general, the
same mRNAs, except for the PRL receptor mRNA. These requirements are not
fulfilled by any cell! system known to express the PRL receptor.
Therefore, I decided to use an expression system with immunoscreening and
keep the gene transfer technique as an alternative method, in case of
failure of the first approach. The decision to  begin with
immunoscreening of an expression system was based on the fact that the
libraries that were used were prepared in .thll. These libraries could
also be screened with oligonucleotide probes, if and when they became
available. This was indeed the case and the first positive clones for
the PRL receptors were identified in a polysome-enriched rat liver cDNA
library that was originally prepared in the expression vector .thll and

screened with poly- and monoclonal antibodies.
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Although immunoscreening of an expression library 1is a very
attractive approach, since antibodies +to partially purified receptor
preparations are relatively easily available, the success rate of this
approach is not high. In fact, there are certainly many more
unpublished, unsuccessful studies, than the few successful reports that
have been published. One notable failure of immunoscreening of a Agtll
library 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. Only 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 with 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; McDonnell et al., 1987) have been successfully
cloned using this approach. In these studies, more than 10¢ clones had
to be screened in order to find only one or a few positive clones.
Moreover, most groups had a panel of mAbs, from which they chose the
most appropriate, usually by testing their ability to detect receptor by
immunoblot analysis. It is thought that only mAbs capabie of identifying
a signal! on an immunoblot will be effective for screening. For the PRL
receptor, 2 mAbs (E21 and E29) against the rat 1liver PRL-R were
available at the time of immunoscreening, and only E21 was able to
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 screening, but at the same time 1limit their
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= usefulness, since it is only when these epitopes are expressed in the
right configuration that they can be recognized. As shown in Chapter 4,
I was unable to detect the immature form of the PRL receptor synthesized
in reticulocyte iysates (Fig 1 and 7) using the mAb E21. Even the mature
form synthesized in frog oocytes (Fig. 3) was not detected by
immunoprecipitation with the wAb E21, although it was able to
immunoprecipitate solubilized or partially purified receptor (Katoh et
al., 1987). These resulis suggested that the immunoprecipitation studies
were not sensitive enough +to detect the PRL-receptor or that the change
in glycosylation of the receptor found both in vitro and 1in frog ococytes
was sufficient to somehow change the epitope recognized by E21. Such a
change is certainly expected in the fusion proteins expressed in the

‘thll system and can explain the failure to identify specific positive
recombinants with the mAbs.

Another problem involves the thll itself, since only one-sixth of
the inserted c¢DNAs will be expressed in the right sense and the correct
coding frame. This reduces the chances of finding a positive clone,
especially when the receptor is present in very low abundance, as is true
for the PRL receptor. In the case of the vitamin D receptor, for which
the cell concentration is similar to the PRL receptor, McDonnell et al.,
(1987) screened 107 independent clones with mAbs, and only found a single
positive clone, Such a low concentration of receptors requires extremely
good libraries or the enrichment of the receptor mRNAs prior to
preparation of a library. The immunopurification of polysomes that I

-~ used resulted in a 300 to 500-fold enrichment, a result which is quite

good, especially when compared to the 10-fold enrichment ohlained by
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other techniques, such as mRNA cize fractionation (Maniatis et al.,
1982). Moreover, the 32 kDa band precipitated by the antiserum no 212
from the in vitro translation products of this mRNA is highly compatible
with the My of 33,368 predicted from the cDNA structure for the
nonglycosylated rat liver PRL receptor. This form was not detected by
polyclonal Abs when non-enriched mRNAs were used. The number of positive
recombinants found when the enriched cDNA library was screened with
antisera confirmed the extent of enrichment. However, an important
proportion of these positive recombinants probably represented proteins
present in the partially purified preparation 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 wusually obtained with
monospecific polyclonal antibodies that were prepared by receptor
affinity chromatography. We were unable to produce this quality of
polyclonal antibody due to the 1low degree of purity (~1%) of our
partially purified PRL receptor preparation at that time. Nevertheless,
in the absence of any alternative cloning procedure, it is quile probable
that o thorough examination of some of the 10,000 positive recombinants
identified in the enriched 1library detected by the polyclonal antiserum
would have resulted in one or more PRL receptor cDNA clone.

The turning point in the experimental approach of the cloning of
the PRL receptor was certainly the purification to homogeneity of the rat
liver PRL receptor. This purification was made possible by the use of

immunoaffinity chromatography with the specific monoclonal antibody E21
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(Okamura et al., 1989a). This step offers several advantages compared to
hormone affinity chromatography previously described: the maintenance of
Triton X-100, which is a more efficient detergeut for solubilizing rat
liver membranes; the decrease in degradation of the receptor, due
principally to the fact that the affinity chromatography was performed at
4 C instead of at 20 C; and the larger yield of receptor. These
advantages resulted in & 1000-fold purification over microsomal
receptors, with a recovery of 52%. In spite of this improved
purification step, the opurified receptor was still only 4-6.5% pure.
Thus, a preparative SDS gel electrophoresis step was necessary to obtain
a homogeneous preparation.

Once the amino acid sequence of some peptide fragments was obtained,
peptide sequences were chosen and oligonucleotide probes were synthesized
that represented the best predicted sequence (PRLR-2) and two mixtures of
oligonucleotides, that encoded most of the possible sequences (PRLR-1,
PRLR-2A). As discussed in Chapter 1, both types of synthetic
oligonucleotides have been successfully used to clone membrane receplors.
Table II1 compares the sequences of the synthetic oligonucleotides with
that of the F3 cDNA. Based on these comparisons, one mismatch of the
four choices was seen in the 24-mixmer PRLR-1, 10 mismatches tor 14
choices in the 45-mer, best predicted sequence PRLR-2 aud O mismatches
for two choices in the 23-mixmer PRLR-2A. The two positive recombinants
E; and E; were obtained by screening the enriched library with probe PRL-
R-2A. Seventy-one per cent of the choices of the 45-mer bhest predicted
sequence were incorrect. This explains the lack of positives obtained

with this probe and shows the limitation of prediction of codon usage by
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PRLR-1 ,  CCA GTA Gcg Arc QGG CTT gCA
(peak 13) 7Y
F3 cDNA CCA GTA TCC ATG TGG CTT GCA
210 203
PRLR-2 , CTT GAA CTG GGT CIG GIG GCC GGT GAA STG GAT CIC CCA CIC CIC
(peak 2]_—1) * * * * * * * %* * %
F3 cDNA TTT AAA CTG TGT TTG ATG ACC TGT AAA ATG GAT CTC CCA CTC TTC
187 173
PRLR-2A  , OT éAA gTG gAT ch CCA grc grc
(peak 21-1)
F3 cDNA GT AAA ATG GAT CTC CCA CTC TIC
180 173
1

Bold letters represent choices made at this base position. The
numbers under the F3 cDNA sequence indicate " the amino acid
position deduced {rom the cDNA sequence (Boutin et al.; 1988).

The peak number represents the tryptic fragment, separated by
reverse-phase HPLC, that was used to deduce the sequence 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 expression of the rat liver PRL receptor presented
in chapter 5 confirmed previous biochemical studies which suggested that
the PRL binding subunit had a mol. wt. of 35,000-45,000 (Chapter 3) but
failed to explain +the higher M. 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 some tissues the 2 kb band seen in liver on Northern blot analysis
(Chapter 5), was not the major band, suggesting the existence of
different sizes of untranslated regions or of different coding regions of
the receptor. Using the F3 rat liver cDNA as a probe, cDNA libraries
from other tissues and species were screened, in order to find other
forms of PRL receptor. In Chapter 7, the cloning of the human PRL
receptor was presented. Although this receptor showed a high sequence
identity with  the extracellular, transmembrane and part of the
intracellular domains of the rat liver PRL-R, it contained a much longer
cytoplasmic domain, that was homologous +to 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 PRL-R cDNA probe (Edery et
al., 1989). Northern blot analysis of different rabbit tissues with this
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 to the rat,
mRNAs in the rabbit and human do not vary in different tissues tested

(unpublished data). The human and 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 domain of the mature rat PRL-R.

Davis and Linzer (1989), wusing an oligonucleotide probe designed
from a region of the F3 c¢DNA clone, isolated 3 different PRL-R cDNA
clones from a mouse liver cDNA library. All these clones were nearly
jidentical to the rat liver PRL cBNA except that two of them (PR-1 and PR-
2) encoded 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 rabbit forms. Thus PR-1 encodes a mature protein of 284 aa and PR-2,
a mature protein of 273 aa. Moreover, they 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 mouse forms: one base substitution in the second codon of the
signal sequence and one base deletion at c¢odon 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 bul did not test binding to PRL.

Recently, we screened size-selected libraries from rat ovary,
estrogen-treated liver and kidney, wusing a RNA probe derived from the
cDNA F3, in order to detect a long form of PRL receptor in the rat, since
there 1is 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 receptor
(PRL-R2) in the rat, which is a major form in ovary and is present to a

much lower extent in liver (Shirota et al., unpublished). The predicted
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size of the mature form 1is 591 amino acids. The cDNAs isolated are
identical to F3, except that they diverge after residue 261 to give a
larger cytoplasmic domain. This long form of the PRL-R shows strong
overall sequence identity with the corresponding residues of the rabbit
(65%) and human. (64%) PRL-Rs, and maintains the same four regions of
localized identity with the rabbit and human GH receplors, described
previously (Chapter 7, Fig. 5). Moreover, mRNAs specific to the short
and long forms of the PRL-R are present in both the ovary and liver of
the rat, as indicated by Southern blot analysis of cDNA amplified by DNA
polymerase chain reaction (PCR) of RNA (Shirota et al., unpublished).

The common site of divergence of many sequences at residue 262 of
the rat PRL-R suggests that these forms arise by alternative RNA
splicing. This has been confirmed by the identification of the
structural arrangement of the PRL-R gene (Banville et al., unpublished).
Indeed, the PRL-R gene includes at least 11 exons spread over »>60 kb.
The short (PRL-R1) form contains the first nine exons plus exon 11, exon
10 being spliced out. The long (PRL-R2) form is formed by the first 10
exons (Fig. 1). It will be interesting to see if other exons
corresponding to the two different carboxyl-terminal sequences of the
mouse PR-1 and PR-2 can be found in the rat genome. It is probable that
other exons will be found tn explain the complex pattern of mRNAs for
certain tissues (e.g., ovary) of the rat (Shirota et al., unpublished).
Moreover, preliminary results of primer extension experiments indicate
that several different start sites of PRL-R mRNAs can be detected in rat
liver (Banville et al., unpublished). These results suggest a pattern of
receptor heterogeneity that was suspected but not well appreciated by

previous biochemical studies.
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FIG. 1 Genomic organization of the rat prolactin receptor.

The upper panel shows a map of the rat PRL-R gene. The position 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 sequences, The name as well 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,
respectively. In the lower panel are shown the cDNAs corresponding to
{he alternative splicing products which result in the short (A) and long
(B) forms of the receptor. 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 (Haeuptle et al., 1983; Katoh et al.,
1985), or immunoprecipitation (Dusanter-Fourt et al., 1987). These
studies identified a major M, band of 32,000-40,000. Only the
development of more sensitive techniques using mAbs recently allowed tle
detection of a larger band of 77,000 in this tissue (Sakai et al., 1988;
Okamura et al., 1989DL). This 1larger form probably represents the
glycosylated form of +the rabbit mammary gland PRL-R, which has a
itheoretical My of 75,000-80,000 according to the cDNA sequence (Edery et
al., 1989). Difficulty to detect this 1large form by biochemical
techniques can be explained by degradatior. of the receptor during these
procedures. In the human, a similar form is expected, based on the cDNA
sequence, although there is no reliable biochemical 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; Okamura
et al., 1989b) is probably the result of dimer formation of the small
42,000 form. First a homogeneous preparation of [!25I]-labeled purified
PRL-R, obtained by electroelution from a gel slice corresponding to a
mol. wt of 38,000-43,000, was stored at =-20 C for 3 weeks and then
analyzed on SDS-PAGE followed by autoradiography. A larger M, form
(84,000) could be generated from the smaller (42,000) preparation
(Okamura et al., 1989a). Second, immunoblot analysis with specific anti-
rat liver PRL-R mAbs of extracts of CHO cells transfected with F3 cDNA
(see Chapter 5) revealed the presence of both 42,000 and 84,000 forms,

although the F3 cDNA cncodes only the short form (unpublished results).

Finally, the baculovirus expression system (Smith et al., 1983) was used
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to overexpress the short form of the rat liver PRL-R by using the F3
cDNA. When the synthetic products were analyzed by immunoblot analysis,
two forms of 38,000 and 76,000 were detected, corresponding to a
differently glycosylated form of RPL-R1 and a probable homodimer of the
38,000 subunit (Okamura et al., unpublished data). Thus these results
strongly suggest that the larger form represents a homodimer of 42,00C M.
form but at present the mnature of the link (disulfide or other non-
covalent bonds) has not been established. If the 84,000 My band detected
in rat ovary does not correspond to the 1long 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
carbohydrate moieties in PRL receptors. Concanavalin A can affect the
binding of PRL to its receptors and solubilized PRL receptors can be
retained by concanavalin A-Sepharose column and eluted with specific
sugars (Costlow and Gallagher, 1979; Bhattacharya and Vonderhaar, 1982;
Sasaki et al., 1982). However, studies of Necessary et al (1984) on
purified rabbit mammary giland PRL-R and of Vonderhaar et al., (1985) on
purified mouse liver PRL receptors, did not confirm retention on

concanavalin A-sepharose column, suggesting that the core binding unit of
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the receptor does not contain con A-specific carbohydrate residues.
Cloning of the rat PRL receptor clearly showed the presence of N-linked
carbohydrates. Indeed, two of the three potential N-linked glycosylation
chains, as assessed by cDNA structure, were confirmed to be glycosylated
by protein sequencing of the corresponding peptide fragments (see Chapter
5 and Okamura 1989a). In fact all membrane receptors that 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 mRNA and binding levels of
PRL receptors are both regulated by development and estrogens, but that
binding does not exactly parallel mRNA levels. From these results, it
was concluded that PRL-R gene expression in rat liver is regulated at
both the pretranslational and translational levels. Towever, the
mechanism involved in this dual regulation is still completely unknown.
One such a mechanism invelved in the regulation of transterrin-receptor
has been recently described by Klausner and coworkers. They discovered a
family of regulatory RNA sequences, iron-responsive elements (IREs),
located in the 5’-untranslated region of ferritin mRNA and the
3'—untranslated region of transferrin receptor mfNA, that can mediate
iron-dependent control of ferritin translation and transferrin receptor
mRNA stability (Hentze et al., 1987; Casey et al., 1988). The IREs are
conserved stemloop structures that bind a cytosolic protein (IRE-BP) and
free-sulfhydryl groups are 1involved in this RNA-protein interaclion

(Hentze et al., 1989). Although there is actually no evidence for the
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existence of similar scquences in the untranslated regions of the PRL-Rs
mRNAs, the possibility that other types of mRNA control sequences are
involved remain attractive, especially with the discovery of multiple
forms of PRL-R mRNAs which could contain different responsive elements
and be expressed accordingly in various tissues. On the other hand,
short open-reading frames are present in +the 5’-untranslated regions of
the human, rabbit and to a lesser extent, mouse PRL-Rs but not of the rat
PRL-R. It has been suggested that these sequences may be involved in
translational control (Mueller and Hinnebusch, 1986). In the case of the
human PRL-R we tried to improve expression of the receptor in transfected
CHO cells 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. Moreover,
PRL can cause 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 mRNA
and protein levels. Furthermore, using probes specific to 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 specific forms of the
receptor. These probes can be either a c¢DNA or a cRNA covering one
specific C-terminus region, after residue 261 of the rat PRL, and used on
Northern blot analyses, Sl (or RNase A) mapping and in situ

hybridization. Alternatively, antibodies directed against these same
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specific regions of the PRL-R can be used in immunoblot studies and for
immunocytochemistry.

It is also possible that more than one gene encodes the multiple
forms of PRL-R. In the rat, the opresent data suggest only one PRL-R
gene, since the pattern of hybridization to genomic DNA digested with
various restriction enzymes (Banvilie, unpublished) and the evidence for
alternative RNA splicing are compatible with the formation of various
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 necessary
to account 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 some paradoxical hormonal effects on
PRL-R. More work on genomic organization of the PRL-R is required to
resolve this issue and to isolate the 5’-flanking region of the PRL-R
gene(s). With the availability of this region of the gene, it will be
possible to 1link this sequence to reporter genes and identify the
presence of re.ponsive elements +to different DNA binding factors by
mutagenesis and transfection techniques, in order to 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 receptors originated from a common
ancestor. It is expected that the placental 1lactogen (PL) receptor
belongs to this new receptor family. Indeed the PL-R has been recei”ly
purified from fetal and maternal sheep liver and shown to be a protein of

My 44,000 binding oPL with a potency 30-50 times greater than that of oGH
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and 500-1000 times greater than that of oPRL (Freemark and Comer, 1989).
Interestingly, while there is little or no specific binding of GH or PRL
to fetal tissues, as demonstrated in rat liver (Chap. 6; Kelly et al.,
1974. Dhanireddy and Ulane, 1984), specific PL binding sites are detected
in the liver of the fetal 1lamb (Freemark et al., 1986), fetal mouse
(Harigaya et al., 1988) and human fetus (Hill et al., 1988). As seecn 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
ontogenic difference between the two distinct but related receptors. It
is probable that different +transcriptional regulation occurs in the 5’'-
flanking region of both genes.

The structure of the PRL and GH receptors, as revealed by their c¢DNA
sequences, suggests thev form a new family of receptors that are part of
the single membrane-spanning class of receptors. In fact, they do not
have any domain related to structures known to be involved in one of the
classical transduction systems. An ATP binding site, like that found in
the cytoplasmic domain of the RTKs, is absent and there is no potential
auto-phosphorylation site 1in the cytoplasmic domains of either the PRL
or GH receptors. There is a growing 1list 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 1is
particularly true for the "Miscellaneous" family into which PRL and GH

receptors can be placed. In this class of receptors, there is evidence
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ithat most (IL-2-R, NGF-R and IFN-Y¥-R) are associated with a second
effector subunit that may or may not bind the ligand, and interacts with
a cytoplasmic transduction system (see Chap. 2). There is actually no
evidence for the existence of such a second subunit linked to either the
PRL or GH receptors. As discussed previously, it is possible that the
very large mol wt forms of PRL-R found under non-dissociating conditions,
if not an artifact, may represent oligomers including other suhbunits.
Contrary to IL-2-R and NGF-R, another subunit is not required for high
affinity binding, since transfection of the cloned rat and human PRL-R in
frog oocytes or eukaryotic cells allows the expression of receptors with
a K; similar to that reported for the membrane-bound or solubilized
receptors.

Comparison of the cytoplasmi: domain of the PRL-Rs, especially the
long forms, with that of the GH-Rs revealed regions of strong localized
sequence identity. These sequences may potentially interact with some
unknown transduction system to transduce the message for both 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 Table I and Chap. 2). The ANP-C is a truncated form of the
GC/ANP-R with a similar extracellular and transmembrane regions but with
a short cytoplasmic domain lacking the guanylate cyclase domain of the
latter. For this reason the ANP-C is a transporter, 1like the LDL and

transferrin receptors, unable to transduce the ANF sigmal which requires
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Lhe OC domain of the GC/ANP-R. It is therefore possible that the short
form of +the PRL-R is uniquely a transporter, incapable of transmitting a
signal inside the cell, while the long form contains 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
stimulatory effects of PRL 1is essential. Thus far, lactogenic and
mitogenic effects in the mammary gland have been used as a model system.
This tissue, however, consists of a mixed population of PRL sensitive and
insensitive cells, making it difficult to detect minor intracellular
changes in response to FRL. The establishment and use of cell lines
which are highly sensitive to PRL is a necessary step. The rat Nb2
lymphoma cell 1line has been extensively wused to study the mechanism of
action of PRL, but lactogenic hormones affect mainly mitogenesis in
these cells without the metabolic effects found in mammary gland.
Moreover, there is evidence that Nb2 cells may express a different form
of PRL receptor (Okamura et al., 1989b), suggesting that studies with
this cell type may reflect only a particular action of PRL.

Usually, cell lines isolated from the mammary gland lose their
ability to produce milk proteins when maintained in culture. Recently,
some mammary epithelial cell 1lines, COMMA-1D (Danielson et al., 1984),
HC11 (Ball et al., 1988) and HBL-100 (Gaffney, 1982), were shown to
respond to PRL by the production of casein. These cell 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, these cells have a very low number of endogenous PRL
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receptors and the magnitude of response of the casein gene is low. With

the availability of PRL-R cDNAs, it will be possible to transfect these

cells with a short or long cDNA form to amplify the casein response to
PRL and test the ability of each form to transduce a PRL signal. Further
studies with mutagenesis of the conserved cytoplasmic regions coupled

with such transfections should 1identify the functional importance of

these sequences. Finally, construction of PRL/GH receptor chimeras and

subsequent transfection into functional systems, will help clarify the

role of the different receptor domains involved 1in 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
ability to immunoprecipitate the PRL-R synthesized from mRNA in vitro and
in vivo gave a good appreciation of their value for screening );gtll
expression libraries, for the isolation of the PRL-R cDNA clone (Chapter

4).

2) The wprimary structure of the rat liver and human prolactin
receptors have been deduced from their respective cDNA clones (Chapters 5

and 7).

3) Regions of strong localized sequence identity between 1he PRL and
GH receplors and tne absence of sequence identity witk any other reported
protein suggest that the GH and PRL receptors form a new receptor gene

family of the single membrane-spanni.g type (Chapters 5 and 7).

4) There are at least two forms of PRL-R. The long one (human PRL-R)
shares the same extracellular, transmembrane and part of the cytoplasmic
domains with the short one (rat liver PRL-R) but contains a much longer
cytoplasmic demain, which is' similar in size +to that of the GH-R,

(Chapters 5 and 7).



212

5) Both the short and long forms of +the PRL-R direct the
expression of protein binding PRL with high affinity in eukaryotic cells,

suggesting that the PRL-R contains a single binding subunit (Chapters 5
and 7).

6) The PRL-R gene expression in rat liver is regulated 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 involved in the transfer of

the hormonal message (Chapters 5 and 7).
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