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Milk protein gene expression in mammar epitheLial cells
is regulated by the action of the lactogenic hormones
insulin, glucocorticoids and prolactin. The mammary
gland factor, MGF, has been shown to be a central
mediator in the lactogenic hormone response. The DNA
binding activity of MGF is hormonally regulated and
essential for j-casein promoter activity. We have used
Red A Sepharose- and sequence-specific DNA affinity
chromatography to purify MGF from mammary gland
tissue of lactating sheep. Proteins of 84 and 92 kDa were
obtained, proteolytically digested and the resulting
peptides separated by reverse phase high pressure liquid
chromatography. The 84 and 92 kDa proteins yielded
very similar peptide patterns. The amino acid sequence
of two peptides was determined. The sequence
information was used to derive oligonucleotide probes.
A cDNA library from the mRNA of mammary gland
tissue of lactating sheep was screened and a molecular
clone encoding MGF was isolated. MGF consists of 734
amino acids and has sequence homology with the 113
(Statll3) and 91 kDa (Stat9l) components of ISGF3,
transcription factors which are signal transducers of IFNa/( and IFN-,y. Two species of MGF mRNA of 6.5 and
4.5 kb were detected in mammary gland tissue of
lactating sheep. Lower mRNA expression was found in
ovary, thymus, spleen, kidney, lung, muscle and the
adrenal gland. MGF cDNA was incorporated into a
eukaryotic expression vector and cotransfected with a
vector encoding the long form of the prolactin receptor
into COS cells. A strong MGF-specific bandshift was
obtained with nuclear extracts of COS cells induced with
prolactin. Treatment of activated MGF with a tyrosinespecific protein phosphatase resulted in the loss of DNA
binding activity. Prolactin-dependent transactivation of
a -cmasein promoter-luciferase reporter gene construct
was observed in transfected cells.
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Introduction
Prolactin exerts pleiotropic biological effects in vertebrates
and is involved in the regulation of reproduction, cell growth,
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lactation, steroidogenesis, maternal behaviour, osmoregulation, metabolism and the immune response (Russell,
1989; Kelly et al., 1991). Prolactin is best known for its
role in the development of the mammary gland and its control
of lactation. It promotes milk protein gene expression by
regulating the transcription and the stability of mRNA
(Vonderhaar and Ziska, 1989). The role of prolactin in the
immune system has also been studied extensively (Gagnerault
et al., 1993; Hooghe et al., 1993; Murphy et al., 1993).
Prolactin is a peptide hormone produced in the anterior
pituitary and a member of the growth hormone/prolactin/
placental lactogen gene family. It exerts its function via the
prolactin receptor (PRLR), a member of the cytokine/
hematopoietic growth factor receptor family. Growth
hormone (GH) (Leung et al., 1987), erythropoietin (EPO)
(D'Andrea et al., 1991), IL-2 (Hatakeyama et al., 1989),
IL-3 (Itoh et al., 1990), IL-4 (Mosley et al., 1989), IL-5
(Takaki et al., 1990), IL-6 (Yamasaki et al., 1988), IL-7
(Goodwin et al., 1990), granulocyte-macrophage colonystimulating factor (GM-CSF) (Gearing et al., 1989),
granulocyte colony-stimulating factor (G-CSF) (Fukunaga
et al., 1990), leukemia-inhibiting factor (LIF) (Gearing
et al., 1991) and ciliary neurotrophic factor (CNTF) (Davis
et al., 1991) act via receptors belonging to this family. The
extracellular domains of these receptors share structural
similarities (Cosman et al., 1990) and contain the protein
motif W-S-X-W-S. They also contain four paired cysteine
residues possibly important for ligand binding (Bazan, 1990;
Kelly et al., 1991; Miyazaki et al., 1991). Among the
ligands, only growth hormone and prolactin are structurally
related.
Prolactin triggers cellular responses by binding to a cell
surface receptor. PRLR has been cloned from different
species (Boutin et al., 1988, 1989; Davis and Linzer, 1989;
Edery et al., 1989; Shirota et al., 1990; Zhang et al., 1990).
There are isoforms of PRLR, a short form with 57 amino
acids of intracellular domain, and a longer form with 358
amino acids. Both forms have identical extracellular and
transmembrane domains and can be expressed in the same
tissue (Shirota et al., 1990). The comparison of the biological
function as signal transducers has shown that the isoforms
are distinguishable (Lesueur et al., 1991). A third, intermediate receptor form was found in Nb2, pre-T rat
lymphoma cells. Nb2 cells require prolactin for growth. This
PRLR is lacking 198 amino acids in its cytoplasmic domain
when compared with the long form (Ali et al., 1991).
In contrast to PDGF and EGF receptors, which contain
intrinsic tyrosine kinase activities (Schlessinger and Ullrich,
1993), members of the cytokine/hematopoietic growth factor
receptor family do not have such an enzymatic activity.
Nevertheless, protein tyrosine phosphorylation has been
implicated in the signalling cascades of these receptors. The
tyrosine-specific protein kinase JAK2 is associated with the
EPO receptor and the GH receptor and is also activated by
© Oxford University Press
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prolactin (Argetsinger et al., 1993; Witthuhn et al., 1993;
Rui et al., 1994).
The mechanism by which gene transcription is regulated
by prolactin has been studied most extensively in mammary
epithelial cells. A lactogenic hormone response element
within the proximal 335 bp of the rat j3-casein gene promoter
has been found (Doppler et al., 1989). Prolactin and
glucocorticoids synergistically induce f3-casein gene
transcription. The binding site of a transcription factor
(mammary gland factor, MGF) was identified in the 3-casein
gene promoter (Schmitt-Ney et al., 1991). This sequence,
5'-ACTTCTTGGAATT-3', is highly conserved in the
promoter region of the casein genes (Yoshimura and Oka,
1989; Wakao et al., 1992). MGF binding is indispensable
for ,-casein gene promoter activity. MGF is a transducer
of lactogenic hormone and environmental signals. Its activity
is highly regulated during gestation, lactation and postlactation. Little DNA binding activity is detected at early
stages of pregnancy. Its activity increases towards the end
of pregnancy. At the end of gestation, high levels of MGF
activity are observed and maintained during the lactation
period. At post-lactation, very little activity is detected.
During lactation the level of MGF activity is controlled in
part through signals induced by the suckling of the pups
(Schmitt-Ney et al., 1992), most likely by the level of
circulating prolactin.
In this paper, we describe the purification of MGF from
mammary gland tissue of lactating sheep and the cloning of
its cDNA. The protein sequence of MGF exhibits similarity
to ISGF3 proteins, mediators of the interferon response (Fu
et al., 1992; Schindler et al., 1992b). These proteins have
been termed 'Stat' for signal transducer and activator of
transcription (Shuai et al., 1993a). After activation through
ligand interaction with their respective receptors, the Stats
translocate into the nucleus where they induce gene
transcription by binding to DNA response elements. Another
member of this family is possibly the acute phase response
factor (APRF) activated by IL-6 (Wegenka et al., 1993;
Standke et al., 1994). Activation of these signal transducers
involves tyrosine phosphorylation (Shuai et al., 1993b;
Wegenka et al., 1993). As in the case of ISGF3 proteins
and APRF, phosphorylation on tyrosine is necessary for
MGF DNA binding activity. Transfected MGF is activated
by prolactin, and induces the transcription of a reporter gene
containing an MGF binding site in its promoter. These data
indicate that the sequence to which MGF binds is a prolactin
response element (PLRE) and MGF is a PLRE binding

Protein (212 mg) was obtained from 6000 g of sheep
mammary gland after extraction of nuclei with a buffer
containing 400 mM NaCl (buffer D). The detergent NP40
was added to a final concentration of 0.1 % (v/v) before
dialysis and nearly 100% of the MGF activity was recovered.
Very low MGF activity was recovered in the absence of
NP-40. The specific MGF activity of the nuclear extract after
dialysis was determined in a bandshift assay and found to
be 1037 U/mg of protein. One unit of MGF activity was
defined as the amount which causes the retardation of 1 fmol
of labelled DNA probe.
Dialysed nuclear extracts were loaded onto a column of
Red A resin (Amicon) and eluted with a linear gradient of
KSCN in buffer D' (same as buffer D except KSCN was
replaced by NaCl). KSCN was used to elute the column
because poor recovery resulted after NaCl elution. Elution
with 3 M NaCl yielded < 10% of the applied activity (data
not shown). MGF activity was eluted between 100 and
180 mM of KSCN (Figure 1) and a 13-fold purification with
a yield of 76% was obtained.
Sequence-specific DNA affinity chromatography was used
for further purification. The promoter sequence of ovine ,Bcasein is not yet known. Therefore we compared two MGF
binding sequences, one from the rat ,B-casein gene (5'-GGACTTCTTGGAATTAAGGGA-3') and one from the bovine
,B-casein gene (5'-AGATTTCTAGGAATTCAATCC-3')
(Gorodetsky et al., 1988) for their ability to bind sheep
MGF. The factor bound more efficiently to the bovine
sequence (data not shown). The bovine 3-casein MGF
binding sequence was used in the bandshift and the affinity
purification experiments. MGF activity was eluted from the
sequence-specific DNA affmiity column with buffer E
containing 600 mM NaCl (Figure 2A) and a > 14 464-fold
purification resulted with a yield of 68% (Table I). The
amount of purified protein was too small to be determined
accurately. Two bands of 84 and 92 kDa were revealed when
the eluates of 600 mM NaCl from the DNA affinity column
were analysed on SDS -PAGE and after silver staining
(Figure 2B). Both proteins possessed similar DNA binding
affinity. No further purification was achieved by selection

protein.

Results
Purification of MGF from mammary gland tissue of
lactating sheep
We have described previously the purification of MGF from
rat mammary gland (Wakao et al., 1992). Because the
amount of protein obtained was too small to allow amino
acid sequence determination, we have prepared nuclear
extracts from the mammary tissue of lactating sheep as a
source for the purification of MGF and modified the
purification procedure. MGF was purified by Red A- and
sequence-specific DNA affinity column chromatography.
The purification was monitored by the bandshift activity of
MGF.

Fig. 1. Purification of MGF from mammary gland tissue of lactating
sheep. Proteins of nuclear extracts were fractionated by Matrex Gel
Red A column chromatography. Unbound proteins were washed away
with NaCl and KSCN as described in Material and methods. After
development of the column with a linear gradient of KSCN (broken
line), MGF activity was assayed by bandshift analysis, shown in the
insert. The radioactivity in the DNA-MGF complexes was determined
(0). 1 ml of the concentrated fraction was mixed with poly[d(I,C)]
and poly[d(A,T)] and applied to the DNA affinity column.
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on a DNA affinity column containing a point mutated MGF
binding sequence followed by a column containing the wild
type sequence (data not shown).

Isolation of a cDNA clone encoding MGF
The purified proteins of 84 and 92 kDa were separated by
SDS gel electrophoresis and transferred onto a nitrocellulose
membrane. The proteins were visualized by staining and
individually excised from the membrane. The proteins were
digested in situ with the protease Lyn C. The resulting
peptides were separated by reverse phase high pressure liquid
chromatography. The peptide profiles of the two proteins
obtained by reverse phase chromatography were almost
identical (data not shown). Peaks were pooled and subjected
to amino acid sequence analysis. The amino acid residues
(0.6-2.2 pmol) were recovered after the sequencing

reactions. Amino acid sequence was obtained for two
peptides (underlined in Figure 3). Based on the bias of
human codon usage, a 42 bp oligonucleotide guessmer (see
Materials and methods) representing one of the peptides was
synthesized and used as a probe to screen a cDNA library.
The library was made from mRNA derived from mammary
gland tissue of lactating sheep. Twenty positive clones were
obtained (frequency of 0.004%).
Restriction enzyme analysis and partial DNA sequencing
revealed that all clones represent the same mRNA. The
sequence of clone 10 was determined. This clone contains
a cDNA insert of 2816 bp and a coding region of 2202 nt.
The cDNA and the deduced amino acid sequence of clone
10 is shown in Figure 3. An open reading frame begins at
position 244 and ends at position 2415. The open reading
frame comprises 734 amino acids. The predicted molecular
weight corresponds well with the observed molecular weight
of the purified proteins. The two peptide sequences identified
by protein microsequencing are present in this open reading
frame (Figure 3, underlined). No poly(A) sequence was
observed within the 3' non-translated region, suggesting the
occurrence

2*5

i6

Fig. 2. Purification of MGF by sequence-specific DNA affinity
column chromatography. (A) Bandshift assay of fractions eluted from
the sequence-specific DNA affinity column.
itl of each fraction was
used in the binding reaction. Lane C, pool of positive fractions from
the Matrex Gel Red A column; lane Fr, flowthrough after the third
loading. Lanes -4, wash with 180 mM NaCl; lanes 5 -9, eluate
with 600 mM NaCi. (B) SDS- PAGE of fractions from the sequencespecific DNA affinity column. 100 141 of the wash and eluate fractions
were precipitated with TCA (1 7%, v/v) and analysed on a 7.5 %
polyacrylamide gel. Proteins are stained with silver staining kit (BRL).
-9 correspond to the lanes
M, molecular weight marker lane; lanes
shown in (A).

of a natural NotI site.

MGF has sequence homologies with the interferonstimulated gene factors Stat9l and Statl 13
Comparison of the MGF protein sequence with proteins in
the EMBL database showed a distinct homology to the
human ISGF3-a proteins (Fu et al., 1992; Schindler et al.,
1992b). The overall identity between MGF and ISGF3 113
kDa and MGF and ISGF3 91 kDa is 28.5 and 29.2%
respectively. Like the ISGF3 proteins, MGF contains a src
homology 2 (SH2)-like domain and a src homology 3 (SH3)like domain (Stahl et al., 1988; Koch et al., 1989). The SH2
and SH3 domains of MGF and those of ISGF3-a proteins
are compared in Figure 4. Although MGF and the ISGF3-a
proteins share homologies throughout, they also exhibit
distinct differences. The leucine zipper motif found in the
ISGF3-a proteins is not present in the MGF sequence. MGF
contains a putative tyrosine phosphorylation site at position
694 which is in the same relative position as the Stat9l and
Stati 13 (VDGYVKP, Shuai et al., 1993b). This tyrosine
could be phosphorylated by a protein tyrosine kinase (PTK)
and regulate the MGF DNA binding activity (see below).
A highly conserved motif, GTFLLRFSXS, is found in the
potential SH2 domain of MGF.
MGF expression in sheep organs
Northern blot analysis of mRNA from different tissues was
performed. The highest expression of MGF mRNA was
detected in sheep mammary gland. Two transcripts of 6.5
and 4.5 kb were found (Figure 5, lanes 10 and 11). The
smaller form of 4.5 kb was predominant. MGF transcripts

Table I. Summary of the MGF purification from mammary gland of lactating sheep

Fraction

Protein (mg)

Activity (U)

Mammary gland
Nuclear extract
Red A Sepharose
Specific DNA affinity

6000.0 (g)
212.0
12.6
<0.01

220 000
170 000
150 000

Specific activity (U/mg)

Yield (%)

Purification (fold)

1037
13 492
> 15 000 000

100
76
68

I
13
> 14 464

-

Total yield and purification factors have been calculated based on the content of MGF in the nuclear extract.
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Fig. 3. Nucleotide sequence and deduced amino acid sequence of MGF. The amino acid sequences derived from Lys C-generated peptides and
are underlined. The asterisk indicates the stop codon. The amino acid sequence starts at nucleotide position 244 and is

obtained by microsequencing

indicated below the nucleic acid sequence. EMBL Database accession number X78428.

were also detected in ovary, thymus, spleen, kidney, lung,
muscle, the adrenal gland (Figure 5, lanes 1-9) and
cytotoxic T cells (not shown). MGF expression is not

restricted to the mammary gland and the factor may play
a wider role than

anticipated originally,

in vitro transcription and translation of MGF CDNA
We have performed in vitro transcription and translation of
the MGF cDNA using the T7 RNA polymerase and the

rabbit reticulocyte lysate. The size of the major in vitro
translated protein is- 90 kDa (Figure 6, lanes 4 and 5).
The in vitro translation efficiency depends absolutely on the
5' non-translated region. Very little in vitro translated Protein
was observed when the 5' non-translated region comprised
243 nt (Figure 6, lane 3). Deletion up to position - 83 from
the AUG initiation codon increased the translational
efficiency (Figure 6, lane 4). Deletion to position -23
resulted in even more efficient in vitro translation (Figure 6,
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Fig. 4. Sequence alignment between ISGF3-a proteins and MGF. (A) Sequence alignment of the SH2 domains of ISGF3-a proteins and MGF.
Identical amino acids are indicated by an asterisk. A putative tyrosine phosphorylation site is underlined. (B) Sequence alignment of SH3 domains of
ISGF3-a proteins and MGF. The symbols are the same as in (A). The regions B and C (Fu, 1992; Fu et al., 1992; Schindler et al., 1992b) are
indicated under the sequence. The aA2 position is shown on the sequence (Waksman et al., 1993).

lane 5). The in vitro translated MGF was tested in a bandshift
assay and shown to have no specific DNA binding activity
(data not shown). This is most probably due to the lack of
protein phosphorylation (see below).
Activation of recombinant MGF by the long form of
the prolactin receptor
We have transfected an MGF expression vector into COS
cells to confirm that the cloned cDNA encodes a sequencespecific DNA binding protein. Forty-eight hours after
transfection, cells were harvested, nuclear extracts were
prepared and bandshift assays were performed (Figure 7).
Endogenous MGF activity was not detected in COS cells
(lanes 5 and 6). Low MGF activity was observed when COS
cells were transfected with MGF cDNA (lane 1). The
treatment of the cells with prolactin did not significantly
enhance MGF binding Oane 2).
Specific DNA binding of endogenous MGF in cultured
mammary epithelial cells is directly regulated by prolactin
(Standke et al., 1994). We investigated the prolactin
responsiveness of the recombinant MGF expressed in COS
cells. COS cells do not express prolactin receptor
endogenously. For this reason we transfected MGF cDNA
and two different forms of the prolactin receptor, the short
form and the long form. Twenty-four hours after transfection
the cells were induced with prolactin. Nuclear extracts were
prepared 24 h later and analysed in bandshift assays. COS
cells cotransfected with MGF cDNA and the long form of
the prolactin receptor show a strong MGF DNA binding
activity upon prolactin induction (Figure 7, lane 4). Low
MGF activity was found in the absence of prolactin (lane 3).
The cotransfection of the short form of the prolactin receptor
failed to enhance MGF binding, independent of prolactin
stimulation (lanes 7 and 8). The transfection of long and short
form prolactin receptor alone resulted in no MGF binding
(Figure 7, lane 5, 6, 9 and 10). These observations are
consistent with transfection experiments, which have shown
that only the long form of the prolactin receptor confers milk
protein induction and induces fl-lactoglobulin gene
transcription (Lesueur et al., 1991).
The specificity of the DNA binding was confirmed by
oligonucleotide competition experiments. In the presence of
a 100-fold molar excess of the wild type oligonucleotide,
representing the MGF binding sequence, the MGF -DNA
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Fig. 5. Northern blot analysis of MGF mRNA. Total RNA from
different tissues of sheep was separated by gel electrophoresis and
transferred onto a nylon membrane. 15 mg of total RNA and 2 Ag of
poly(A)+ RNA from lactating mammaly gland were used. The RNA
blot was probed with a BstBI and BglI (223-804, corresponding to
the N-terminal coding region) fragment from clone 10. After washing,
RNA blots from mammary gland were exposed for 16 h; RNA blots
from the other organs were exposed for 14 days at -70°C. The
position of 28S and 18S rRNA is indicated.

complex was efficiently competed. In the presence of a
mutated oligonucleotide, not capable of MGF binding, no
competition was observed (data not shown). These data
further confirm that the cloned cDNA encodes MGF and
that the DNA binding of the recombinant protein can be
activated directly by the long form of the prolactin receptor.
Tyrosine phosphorylation is required for the DNA
binding activity of MGF
We have investigated the effect of phosphorylation on MGF
DNA binding activity using purified MGF from sheep
mammary gland. MGF purified by DNA affinity
chromatography was treated with the serine/threoninespecific phosphatases PP1C and PP2A. No effect on the
DNA binding activity of MGF was observed (data not
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vitro transcription and translation of MGF cDNA. Three
with different 5' non-translated regions were tested. The
numbering refers to the ATG initiator codon (lanes 3-5). DNA
encoding the luciferase gene was used as a control. This DNA yields
67 kDa product (lane 2). 2 dl from a 25 Id reaction were used for
SDS-PAGE. The gel was dried and exposed for 16 h at room
temperature. Molecular weight markers are indicated.
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shown). Treatment of MGF with the tyrosine-specific
phosphatase PTP1B, however, abolished DNA binding
(Figure 8, lanes 3, 5, 7 and 9). Inclusion of vanadate, a
potent protein tyrosine phosphatase inhibitor, in the
dephosphorylation reaction prevented the loss of DNA
binding activity (Figure 8, lanes 4, 6, 8 and 10).
Recombinant MGF activated by prolactin from transfected
COS cells was also tested. Tyrosine-specific phosphatase
treatment of nuclear extracts prevented the formation of the
MGF-DNA complex (data not shown). These data show
that MGF phosphorylation on tyrosine is essential for its
DNA binding activity.
Prolactin-dependent transactivation of a reporter gene
construct in CHO cells transfected with MGF cDNA
The activation of the prolactin receptor induces the DNA
binding activity of recombinant MGF in transfected cells
(Figure 7). We have tested the ability of recombinant MGF
to transactivate a reporter gene construct. For this purpose
MGF cDNA was cotransfected with a 13-casein promoterluciferase gene construct into CHO cells (Figure 9). A very
slight increase in luciferase activity was detected when the
3-casein promoter construct was cotransfected with the MGF
cDNA (lanes 5 and 6) or the long form of the prolactin
receptor (lanes 3 and 4). Cotransfection of the promoter
construct, the prolactin receptor and the MGF cDNA
resulted in a substantial increase in luciferase activity which
could be enhanced further by prolactin treatment of the
transfected cells (lanes 7 and 8). These data demonstrate that
recombinant MGF has the potential to activate transcription
in transfected cells.
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Fig. 7. Prolactin induces DNA binding of MGF via the long form of
the prolactin receptor. COS 7 cells were transfected with MGF cDNA
(lanes 1 and 2), MGF cDNA and prolactin receptor cDNA (long
form) (lanes 3 and 4), MGF cDNA and prolactin receptor (short form)
(lanes 7 and 8) and prolactin receptor cDNA alone long form (lanes 5
and 6) and short form (lanes 9 and 10) and induced with prolactin
(lanes 2, 4, 6, 8 and 10) or not (lanes 1, 3, 5, 7 and 9).

Discussion
Purification of MGF from mammary tissue of lactating
sheep
MGF from rat mammary glands has been purified previously
to homogeneity by anion exchange chromatography on BioRex 70, non-specific DNA and sequence-specific DNA
affinity chromatography (Wakao et al., 1992). MGF from
sheep mammary gland does not bind to the Bio-Rex 70 resin
under the same conditions used for the purification of rat
MGF. This indicates different charge properties of MGF
from rat and sheep. NaCl was not sufficient to elute sheep
MGF from the Red A resin KSCN was used instead.
KSCN shows a much stronger negative elution coefficient
(Robinson et al., 1981), suggesting that sheep MGF was
bound tightly to the Red A resin through ionic and
hydrophobic interactions.
After the sequence-specific DNA affinity column, two
bands of 92 and 84 kDa were detected by SDS gel
electrophoresis. Only one band of 89 kDa was found after
purification from rat tissue. This band was sufficient to form
a specific protein-DNA complex in a bandshift experiment
(Wakao et al., 1992). The 84 kDa protein is closely related
to the 92 kDa protein and might originate from alternative
splicing or proteolytic clipping. Both proteins have very
similar DNA binding specificities and bind to the wild type
MGF binding sequence and not to a mutated version. The
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Fig. 9. MGF transactivates the j3-casein gene promoter in transfected

Fig. 8. Treatment of purified MGF with tyrosine-specific protein
phosphatase causes loss of DNA binding. 1 Ad of purified MGF were
treated with 0.1 U of protein tyrosine phosphatase (PTP) for the times
indicated. The MGF-DNA complex is indicated by an arrow. No
PTP was added in lanes 1 and 2. Incubations were carried out with
(+) or without (-) vanadate (lane 3-10). The concentration of
vanadate was 100 jiM.

relative abundance of the two proteins varied in different
preparations. The 92 kDa protein was usually more abundant
than the 84 kDa protein. The peptide patterns after in situ
lysine C digestion were similar. Both proteins were observed
after in vitro transcription and translation of MGF cDNA.
The primary structure of MGF
The cDNA sequence indicates that MGF belongs to a new
family of transcription factors involved in the cytokine
responses, the Stats (signal transducers and activators of
transcription). The presence of SH2 and SH3 domains and
the homologies to the Stat9l and the Statl 13 of ISGF3 are
noteworthy. SH2 domains play a crucial role in proteinprotein interactions and mediate the binding to phosphorylated tyrosine residues (Anderson et al., 1990; Hirai and
Varmus, 1990; Mayer and Hanafusa, 1990; Matsuda et al.,
1991; Mayer et al., 1992). The presence of an SH2 domain
within MGF suggests that MGF could interact directly with
PTKs. Within the SH2 domain of MGF there is a basic
amino acid, lysine, at position ciA2, as in other src family
proteins (Figure 4A). A basic amino acid at this position is
highly conserved amongst different Wpes of SH2, and is
directly involved in the interaction with phosphotyrosine
(Waksman et al., 1992, 1993). MGF and ISGF3 proteins
do not contain a region A. The region B present in ISGF3
proteins is absent in the SH2 domain of MGF (Figure 4A).
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CHO cells. CHO cells were transfected with the prolactin receptor
(long form) cDNA, MGF cDNA and MGF cDNA and the prolactin
receptor Oong form). Cells were treated with prolactin for 24 h before
harvesting (columns 2, 4, 6 and 8). All transfections include a 3casein promoter-luciferase construct. Luciferase and ,B-galactosidase
activities were measured. The luciferase activity divided by the ,Bgalactosidase activity is shown. No cDNA was transfected (columns 1
and 2), prolactin receptor cDNA was transfected (columns 3 and 4),
MGF cDNA was transfected (columns 5 and 6) and prolactin receptor
and MGF cDNA was transfected (columns 7 and 8).

Both regions are distinctive sequences for SH2-containing
proteins (Fu et al., 1992; Schindler et al., 1992b). It has
been suggested that these sequences might be targets for
PTKs.
The SH3 domain of MGF also shares extensive homologies with the SH2 domains of the ISGF3 (Figure 4B).
MGF does not contain the YDYEE sequence which is
conserved in many other SH3-containing proteins. Although
the role of the SH3 domain is not unequivocally established,
several functions have been proposed such as cytoskeleton
assembly and membrane rearrangement (Drubin et al., 1990;
Rodaway et al., 1990). The DNA binding domain of MGF
has yet to be identified. The DNA sequence to which MGF
binds contains an imperfect palindrome, 5'-TTCNNNGAA-3', which might indicate that MGF binds to DNA as
a homodimer. The DNA motif 5'-TTC/ACNNNAA-3' is
also present in the GAS element, the sequence to which
Stat9l binds (Pearse et al., 1993), and in the APRF response
element (Wegenka et al., 1993).
The activation of MGF by prolactin
Only the long form of prolactin receptor activates the 92
kDa MGF. The short form of the prolactin receptor is unable
to do so (Figure 7). The intermediate form of the prolactin

receptor, missing 198 amino acids at its C-terminus, does
not affect its signal transducing capacity (Russell, 1989; Ali
et al., 1991). One hundred and sixty amino acid residues
of cytoplasmic domain are sufficient to transduce a signal.
Similar deletion mutants have been reported for the IL-2 and

Mammary gland factor confers the prolactin response

EPO receptors (Hatakeyama et al., 1989; D'Andrea et al.,
1991). The cytokine and hematopoietic cell surface receptors
do not have enzymatic kinase domains. Nevertheless,
tyrosine phosphorylation is involved in cytokine cell surface
receptor signalling pathways. Prolactin receptor activation
induces tyrosine phosphorylation of several cellular proteins,
e.g. p120, p97 and p40 (Rui et al., 1992). The PTK JAK2
is 130 kDa and associates with erythropoietin receptor
(EPOR), growth hormone receptor (GHR) and PRLR
(Argetsinger et al., 1993; Witthuhn et al., 1993; Rui et al.,
1994). This strongly indicates that the p120 phosphorylated
upon prolactin binding is JAK2. JAK2 is also activated by
IL-3, GM-CSF and IFN-y (Silvennoinnen et al., 1993a;
Witthuhn et al., 1993). The similarity in molecular weight
of the 97 kDa protein and MGF might also be indicative.
In IFN--y signalling, JAKI and JAK2 are responsible for
the tyrosine phosphorylation of Stat9l. A tyrosine residue
at position 701 has been shown to be important for the
activation of Stat9l protein and for the translocation of this
factor into the nucleus (Shuai et al., 1993a,b; Silvennoinnen
et al., 1993a,b). MGF has a putative tyrosine phosphorylation site at position 694. The sequence around position 694
(VDGYVKP) is similar to that of Stat9l around position 701
(GTGYIKT). Mutation of this tyrosine will reveal whether
this phosphorylation affects MGF DNA binding activity or
translocation into the nucleus, similar to that reported for
ISGF3 proteins upon IFN receptor activation (Shuai et al.,
1993b).
It might become interesting to analyse the phosphotyrosine
residues in JAK2 and their interaction with SH2-containing
molecules. It is possible that MGF interacts directly with
JAK2 via its SH2 domain. An anti-phosphotyrosine mAb
detected three proteins, including p97, upon prolactin
receptor activation. When antibodies against the prolactin
receptor were used, p97 was not detected (Rui et al., 1992).
This might support our hypothesis that MGF interacts with
JAK2.
The electrophoretic migration of the DNA -protein
complex formed by recombinant MGF from transfected COS
cells is slightly different from that of the purified protein
(data not shown). This difference may be due to posttranslational modifications of MGF. MGF contains several
putative PKC and CKII sites in addition to the potential
phosphotyrosine site. The suppression of MGF activation
and 13-casein promoter induction by a selective inhibitor of
PKC indicates additional regulatory phosphorylation events
(Marte et al., 1994). Other post-translational modifications,
glycosylation and myristylation, and their effects on MGF
function, will also have to be considered.
MGF activates a reporter gene in a prolactin-dependent
manner. The promoter of the reporter construct is a truncated
rat,B-casein gene comprising positions -334 to -1 (SchmittNey et al., 1991). The cotransfection of MGF cDNA and
the prolactin receptor into CHO cells and prolactin induction
resulted in an 18-fold increase in the transcription of the
reporter construct. MGF cDNA transfection or prolactin
receptor transfection by themselves slightly increased the
reporter gene promoter activity. Our bandshift analysis
showed that slightly increased levels of MGF -DNA
complex could be observed when MGF cDNA was
transfected without the prolactin receptor construct
(Figure 7, lanes 1 and 2). This might be attributed to the

presence of small amounts of prolactin in the serum (Lesueur
et al., 1991). Our results demonstrate that MGF can be
activated directly by prolactin and can transactivate a target
gene. The MGF binding sequence is a prolactin response
element.
The sequence to which MGF binds is highly conserved
in milk protein gene promoters (Yoshimura and Oka, 1989).
Similar sequences are also found in IL-4, IL-6, IFN-a and
LFN-'y response elements (Hocke et al., 1992; Kotanides and
Reich, 1993; Wegenka et al., 1993; Pine et al., 1994;
Standke et al., 1994). IFN-'y activation factor (GAF) and
acute-phase response factor (APRF) bind to GAS and
IL-6RE. Both factors are recognised by an antibody against
the Stat9l component of ISGF3 (Kanno et al., 1993). The
GAS consensus sites to which Stat9l binds is TTC/
ACNNNAA (Pearse et al., 1993). The MGF consensus
binding sequence is TTCNNNGAA. The G in this sequence
element is essential for MGF binding (Schmitt-Ney et al.,
1992), but not for Stat91. It is possible that MGF recognizes
a subset of GAS core sites. MGF also recognizes the APRF
binding sequence and shares DNA binding and
transactivation potential with this IL-6-induced factor
(Standke et al., 1994).The molecular weights of APRF and
MGF are similar (90-92 kDa). We suggest that Stat91,
StatI 13, MGF and possibly APRF are products from related,
but distinct, genes and that MGF is a novel member of this
Stat gene family. Additional receptors might be coupled to
members of this family. An 84 kDa protein was detected
in immunoprecipitates of activated GHR (Argetsinger et al.,
1993). EPO and IL-4 have been shown to induce phosphorylation of 91 and 92 kDa proteins, respectively (Izuhara and
Harada, 1993; Witthuhn et al., 1993). These observations
suggest that MGF and/or related molecules transduce the
effects of various cytokines such as IL-6, EPO, IFN--y and
prolactin. MGF may play a wider physiological role than
anticipated originally and may be renamed as a member of
the Stat family.

Materials and methods
Purification of MGF
Mammary gland tissue was obtained from sheep lactating for 4 days. The
tissue was frozen in liquid nitrogen and stored at -70°C. All purification
steps were performed at 4°C. Nuclei were prepared as described previously
(Wakao et al., 1992) and extracted with buffer D containing 400 mM NaCl.
This fraction contained most of the MGF activity and was used for the
purification. NP-40 was added to a final concentration of 0.1% (v/v) and
the fraction was centrifuged at 18 000 r.p.m. in an SW21 rotor for 16 h.
After centrifugation, the fraction was dialysed against buffer D [20 mM
HEPES-NaOH pH 7.5, 50 mM NaCl, 2 mM EDTA, 1 mM DTT, 10%
(v/v) glycerol, 0.1% (v/v) NP-40 and 0.2 mM PMSF]. After dialysis the
proteins were applied to a Matrex gel Red A (Amicon) column (radius
15 x 200 mm), pre-equilibrated with buffer D. After loading, the column
was washed with three bed volumes of buffer D containing 300 mM NaCl
and subsequently with the same volume of buffer D containing 50 mM
KSCN. The column was developed with 800 ml of a linear gradient of
50-500 mM KSCN. 4 ml fractions were collected and 2yl from each
fraction were assayed for MGF DNA binding activity. Positive fractions
(180ml) were collected and dialysed against 21 buffer D. Dialysed fractions
were concentrated with Red A column (1/5 volume of the first column).
MGF was eluted with 500 mM KSCN and dialysed against buffer E [10
mM Tris-HCl pH 7.5, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 5%
(v/v) glycerol, 0.1% NP-40 and 0.2 mM PMSF]. The eluate was
concentrated to 20 ml after dialysis and aliquots of 1 ml were stored at
-700C. A sequence-specific DNA affinity column was prepared as described
(Wakao etal, 1992), except at the bovine (3-casein MGF binding sequence

2189

H.Wakao, F.Gouilleux and B.Groner
was used. For the sequence-specific DNA affinity column, 1 ml of material
concentrated on Red A was mixed with the poly[d(l,C)] and poly[d(A,T)]
(50 jg of each per mg protein), incubated on ice for 40 min and loaded
onto 1 ml of the affinity column pre-equilibrated with buffer E. The sample
was mixed with the DNA affinity resin and incubated for 45 min. The
flowthrough was reloaded three times and the column washed with 20 vols
buffer E containing 180 mM NaCl. MGF was eluted with S ml buffer E
containing 600 mM NaCl. 1 ml fractions were collected and 1 yd of each
fraction was assayed for MGF activity.

Intemal amino acid sequencing
The eluate of the DNA affinity column was precipitated with TCA
(trichloroacetic acid) at a final concentration of 17% (v/v) on ice for 2 h.
The precipitate was collected by centrifugation and washed twice with
ethanol/diethylether (1/1). The pellet was dried and the proteins were
dissolved and separated by SDS gel electrophoresis. Then they were
transferred onto a nitrocellulose membrane. The filter wash with NaOH
was omitted. The filter was stained with Ponceau S and the two bands of
92 and 84 kDa were cut out. Protein sequencing was carried out at the
Harvard Microchemistry facility. The proteins were digested in situ with
lysine C and the resulting peptides were separated by reverse phase
chromatography. The amino acid sequence of individual peptides was
determined with an ABI 477 A protein sequencer connected to a 120 A
on-line PTH amino acid analyser.
Construction of a cDNA library from the mRNA of lactating
mammary tissue
A cDNA library was constructed from the RNA of mammary gland of sheep
lactating for 4 days. RNA was prepared and poly(A)+ RNA was selected.
cDNA was synthesized with the Super Script lambda system cDNA synthesis
kit (BRL), except EcoRI adapters were used instead of Sall adapters and
Xgt 11 phage instead of Xgt 22A phage for the construction of the phage

library.
Isolation of cDNA clones
6 x 105 phage clones were screened with a guessmer derived from the 14
amino acid sequence of a peptide. The sequence of this oligonucleotide was
5'-TTCCACTGGATIAGCTCIT'rCITCIAGGATGATGGTCTGCTGT-3' (I
indicates inosine). The synthetic oligonucleotide was end-labelled with
[jy-32P]ATP and T4 polynucleotide kinase and used to screen clones on
Hybond N+ (Amersham). Prehybridization was performed in 25 ml of
solution containing 5 x SSPE, 6% (w/v) polyethyleneglycol (mol. wt 6000),
S x Denhard's solution, 0.5 % SDS (w/v) and 500 ug salmon sperm DNA
at 37°C under gentle agitation. Hybridization was carried out for 16 h at
45°C in the same solution containing the radioactive probe. Filters were
washed twice at room temperature in 2 x SSPE and 0.1% (w/v) SDS for
10 min, then washed at 370C in 1 x SSPE and 0.1% (w/v) SDS for 15
min. The washing temperature was increased to 480C in 1 x SSPE and
0.1% (w/v) SDS. After the wash at 480C for 15 min, filters were
autoradiographed and kept at -700C for 16 h. After a second screening
using the same oligonucleotide, 20 positive clones were isolated. These clones
were hybridized with another oligonucleotide (5'-ATCTGIGGYTTCACICCICCGTCCACIGCYTT-3'; Y indicates pyrimidines and I indicates
inosine) derived from the second peptide sequence obtained by microsequencing. All 20 clones hybridized with both oligonucleotides and were
isolated as single plaques. These clones were subjected to restriction enzyme
analysis and the DNA sequences of their 5' and 3' ends were determined.
The longest cDNA (clone 10) was inserted in Blue Script KS+ using EcoRI
and NotI sites.
DNA sequencing
The cDNA clones were sequenced using SequenaseTM kits from US
Biochemicals. Both strands of the clone 10 cDNA were sequenced. Synthetic
oligonucleotides were used as primers. 5' and 3' deletion mutants were
sequenced with T7 and M13 universal primers. These deletion mutants were
generated by ExoIll limited digestion using Erase Base kits from Promega.
5' deletion mutants were used for the in vitro transcription and translation
experiments and for the construction of the eukaryotic expression vector.

Northem blot analysis
Total RNA or poly(A)+ RNA was prepared from different organs of
lactating sheep and separated on 1 % agarose gels. RNA was transferred
on the nylon filter and hybridized with the radiolabelled clone 10 fragment.
Washing was performed with 0.1x SSC and 0.1% SDS at 600C.
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In vitro transcription and translation
In vitro transcription was performed with TNT T7 polymerase (Promega)
and translation with a rabbit reticulocyte lysate according to the
manufacturer's protocol. 1 ,ug cDNA in Blue Script KS+ was used. The
in vitro translated proteins were separated by SDS gel electrophoresis and

autoradiographed.
Transient expression of cDNA clones in COS and CHO cells
The clone 10 cDNA (BstBI cleaved, comprising nucleotides 222-2634)
was inserted into the pXM eukaryotic expression vector. COS cells were
grown in RPMI medium with 10% FCS. COS cells were transfected with
5 /tg pXM-MGF, 0.5 itg of the SV-40-(,-galactosidase expression vector
and 5 isg of the pcDNAI vector containing the long or short form of the
murine prolactin receptor (R.Ball, Basel, Switzerland, unpublished data).
The total amount of DNA was adjusted with salmon sperm DNA to 20 /g.
Transfection was performed by the calcium phosphate precipitation technique.
24 h after transfection, COS cells were induced with 5 jtM ovine prolactin.
The cells were harvested 48 h after transfection and nuclear extracts were
prepared. Gel retardation assays were performed (Wakao et al., 1992). CHO
cells were grown in Optimem 1 medium (BRL) in the presence of 2% FCS.
Transfection into CHO cells was performed in the same way as COS cells.
1.5 fig of the reporter gene (j3-casein promoter-luciferase) was included.
Protein tyrosine phosphatase (PTP) treatment of purified MGF
DNA affinity-purified MGF was incubated with beads coupled to GSTfused PTP lB (UBI) in buffer E for the indicated times and was used for
bandshift analysis.
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