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Abstract

The growth hormone regulated serine protease inhibitor (SPI) 2.1 and 2.2 gene promoters have been shown to contain a
response element similar to the y-interferon activated sequence (GAS) family of signal transducer and activator of transcription
(STAT) response elements. We have investigated the STAT and cytokine specificity of the SPI 2.1 STAT responsive element using
a luciferase (LUC) reporter construct and a cDNA complementation strategy in the COS 7 cell line. Growth hormone was found
to stimulate SPI-LUC reporter gene expression via activation of STAT 5, but not STATs 1 or 3, which indicates that the SPI 2.1
STAT responsive element is STAT 5 specific. In addition to the growth hormone receptor, the receptors for prolactin and
erythropoietin enhanced gene transcription via the SPI 2.1 STAT responsive element, which indicates that this element is, on the
other hand, not cytokine specific. Activation of STAT 5 was also observed after growth hormone treatment of cells transfected
with cDNA expression plasmids for several different truncated growth hormone receptor mutants, although this activation was
less efficient than with the wild type receptor. Point mutation of individual tyrosines in the growth hormone receptor intracellular
domain to phenylalanines had no significant effect on signal transduction via STAT 5. These data, taken together with results
from experiments using the phosphatase inhibitor sodium orthovanadate, suggest that STAT 5 may not have an absolute
requirement for specific phosphorylated receptor tyrosine docking sites. That receptor tyrosine residues in a variety of amino acid
contexts, or phosphorylated Janus kinase (JAK) 2 alone, can facilitate STAT 5 activation could explain the observed lack of
cytokine specificity in STAT 5 activation. © 1997 Elsevier Science Ireland Ltd.

Keywords: Growth hormone; STAT 5; Cytokine

1. Introduction

It is well established that the growth hormone recep-
tor associates with Janus kinase (JAK) 2 following
ligand binding (Argetsinger et al., 1993; Frank et al.,
1994; 1995). This property is shared with receptors for
many other cytokines, such as prolactin, erythropoietin,
thrombopoietin, several interleukins, and interferons o

* Corresponding author. Tel.: +46 8 6959134; fax: +46 8
6958042; e-mail: timothy.wood@eu.pnu.com

and y (Ihle and Kerr, 1995). Five unique JAKs have
been identified; JAKs 1, 2 and 3, tyk 2 and the
Drosophila hopscotch gene product (Ihle and Kerr,
1995). The JAKSs (two faced) are characterised by their
possession of both a consensus tyrosine kinase domain
and a tyrosine kinase like domain. They lack src ho-
mology (SH) domains of type 2 or 3 which are often
found in tyrosine kinases. The JAKs have been demon-
strated to catalyse tyrosine phosphorylation of a variety
of substrates including cytokine receptors (Silva et al.,
1993) and members of the signal transducer and activa-
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tor of transcription (STAT) transcription factor family
(Ihle and Kerr, 1995).

To date eight unique STATs have been identified:
STAT lo and its splice variant STAT 15 (p91 and p84
respectively, (Schindler et al., 1992)) STAT 2 (pll3, (Fu
et al., 1992)), epidermal growth factor and interleukin
(IL)-6 activated STAT 3 (acute phase response factor,
(Zhong et al., 1994; Wegenka et al., 1994; Akira et al.,
1994)), STAT 4 (Yamamoto et al., 1994), interleukin-4
activated STAT 6 (IL 4 STAT, (Hou et al., 1994)),
STAT 5 (mammary gland factor, (Wakao et al., 1994)),
interleukin-1/interleukin-6/lipopolysacharide activated
LIL-STAT (Tsukada et al., 1996) and a Drosophila
STAT (Yan et al., 1996a,b). Two isoforms of STAT 5
have been identified (Liu et al., 1995).

The STAT molecule can be divided into five func-
tional domains: a conserved amino terminal domain,
the DNA binding domain, an SH 2 domain, a domain
showing weak homology with the SH 3 domain and a
variable carboxy terminal domain. The activation of
STATSs 3 and 6 has been shown to be facilitated by the
presence of specific phosphorylated tyrosine residues in
the intracellular domains of, respectively, the inter-
leukin-6 and -4 receptors (Hou et al., 1994; Stahl et al.,
1995). The phosphorylated receptor tyrosine residues
may confer specificity on the activation of these STATs
by acting as docking sites for the STAT SH 2 domain.

The expression of the closely related serine protease
inhibitor (SPI) 2.1 and 2.2 genes is under strict hor-
monal control in rat liver and is totally repressed by
hypophysectomy. Expression can be partially restored
by growth hormone treatment (Le-Cam et al., 1987a;
Le-Cam and Le-Cam, 1987b; Le-Cam et al., 1994). The
SPI 2.1 and 2.2 gene promoters, which are virtually
identical, both contain a 9 bp element related to the
interferon y-activated sequence (GAS) family of STAT
transcription factor response elements (Sliva et al.,
1994; Berry et al., 1994). We have recently shown that
this 9 bp element, which we have designated SPI GAS
like element (GLE) 1, can confer growth hormone
responsiveness on the expression of an adjacent cDNA
in reporter gene constructs (Wood et al., 1995).

In this study we have investigated the STAT and
cytokine specificity of stimulation of gene expression
via the STAT responsive element in the SPI 2.1 pro-
moter. The results show that although the SPI 2.1
STAT responsive element is STAT 5 specific, a number
of different cytokine receptors can stimulate gene tran-
scription via this element. We suggest that the STAT 5
SH 2 domain may not show the high level of receptor
tyrosine selectivity seen with other SH 2 domains; that
several phosphorylated growth hormone receptor ty-
rosine residues may act as docking sites for STAT 5;
and that JAK 2 may provide docking sites for STAT 5
in activated cytokine receptor—JAK 2 signalling

complexes. This last hypothesis is supported by the
observation that JAK 2 and STAT 5 form a stable
complex in the absence of ligand activated receptors in
cells treated with the phosphatase inhibitor sodium
orthovanadate.

2. Materials and methods
2.1. Cell culture

COS 7 cells were cultured at 37°C under 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies) containing 10% foetal calf serum (Life
Technologies) and 50 U/ml penicillin/50 xg/ml strepto-
mycin (Life Technologies). Growth of COS 7 cells to
confluency was avoided in order to prevent syncytia
formation.

2.2. Reporter plasmids

Six copies of the SPI-GHRE (—175 and — 114 in
the SPI 2.1 promoter (Sliva et al., 1994) DNA element
GATCTACGCTITCTACTAATCCATGTTCTGAGAA-
ATCATCCAGTCTGCCCATG (previously described
(Wood et al., 1995) GAS like elements underscored)
were fused to a minimal thymidine kinase (TK) pro-
moter (— 104 to + 51) derived from pBLCAT2 and
inserted upstream of the luciferase cDNA in pGL2
basic (Promega) to generate the pSPI-LUC reporter
plasmid (SPI-LUC luciferase reporter gene). The
pB2WT?2 luciferase reporter plasmid contains two IRF-
1 GAS like elements (TTCCCCGAA) fused to a mini-
mal TK promoter, to give the IRF-1 LUC reporter
gene).

2.3. ¢cDNA expression plasmids

The wild type and mutated rat growth hormone
receptor cDNAs were expressed using vectors (phMT-
hGH derived) containing the human metallothionein
promoter. Premature stop codons or tyrosine to pheny-
lalanine mutations were introduced by site directed
mutagenesis. The mouse prolactin receptor cDNA was
expressed using a vector (pCMVS derived) containing
the CMV promoter. The mouse erythropoietin receptor
and sheep STAT 5 cDNAs were expressed using vectors
(pXM derived) containing the AAMLP promoter. The
mouse STAT 1 and STAT 3 ¢cDNAs were expressed
using vectors (pMEI18S derived) containing the SRo
promoter. pRc-CMV-CAT (Invitrogen) was used for
chloramphenicol acetyl transferase (CAT) normalisa-
tion of transfection efficiencies. The expression of all
cDNAs was tested either by binding assay (receptors)
or Western blotting (STATs).
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2.4. Cell transfection and luciferase and
chloramphenicol acetyl transferase assays

Cells, 5 x 10°, were seeded in 30 mm, cell culture
dishes, grown to 80% confluency and then washed twice
with phosphate buffered saline (PBS). Transfections
were carried out in serum free DMEM with 2.5 ug
CsCl purified plasmid DNA and 7.5 ul/dish Transfec-
tion Reagent (DOTAP, Boehringer Mannheim) accord-
ing to the manufacturer’s instructions. Cells were
incubated with DOTAP/DNA for an initial 12 h and
then serum free media containing 100 nM hGH (Phar-
macia), 4 U/ml mouse erythropoietin (Boehringer
Mannheim) or 1 mM sodium orthovanadate, as appro-
priate, for a further 24 h. The cells were then washed
with PBS and scraped into 120 ul of lysis buffer
containing 25 mM Tris—phosphate, pH 7.8, 2 mM
DTT, 2 mM 1,2 diaminocyclohexane N,N,N',N' tetra-
acetic acid, 10% glycerol and 1% Triton X-100. Luci-
ferase activity was measured using 30 ug of cell extract
dissolved in 300 ul of buffer containing 0.12 mg/ml
D-luciferin (Sigma), 10 mM DTT, 1 mg/ml bovine
serum albumin (BSA), 10 mM Mg-acetate, 0.1 M
Tris—acetate, pH 7.75, 2 mM EDTA, 0.5 mM ATP and
0.05 mM sodium pyrophosphate. Luminescence was
monitored for 10 s using a Wallac microbeta counter. A
plasmid constitutively expressing CAT was used as a
co-transfected normalising control in luciferase reporter
experiments. CAT activity was measured in 96 well
ELISA plates using a microdiffusion assay. Twenty
microgrammes of protein extract in 100 ul of 0.15 M
Tris—HCI, pH 8.0 containing 1 mM chloramphenicol
and 2 ul (0.1 xCi, 200 mCi/mmol) [*H]butyryl coen-
zyme A (Amersham) was covered with 100 ul f-plate
Scint scintillation fluid and incubated at 65°C for 3 h.
The diffusion of [*H]butyrylated chloramphenicol into
the organic scintillant was detected using a Wallac
microbeta counter.

2.5. Western blotting of STATs

Cells, 5 x 10°, were seeded in 30 mm, cell culture
dishes, grown to 80% confluency and then washed twice
with PBS. Transfections were carried out in serum free
DMEM with 2.5 ug CsCl purified cDNA expression
plasmid for mouse STAT 1, mouse STAT 3 or sheep
STAT 5 and 7.5 ul/dish Transfection Reagent
(DOTAP, Boehringer Mannheim) according to the
manufacturer’s instructions. Cells were incubated with
DOTAP/DNA for an initial 12 h and then serum free
media for a further 12 h. The cells were then washed
with PBS and scraped into 120 ul SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer. The
lysate was separated by 8% SDS-PAGE transferred to
nitrocellulose membrane (Amersham) and the expres-
sion levels of STATs 1, 3 and 5 were examined by

Western blotting using specific monoclonal anti STAT
1, 3 and 5 antibodies (Tranduction Laboratories, raised
against peptides corresponding to amino acids 592-
731, 1-175 and 451-649 of respectively human STAT
1, rat STAT 3 and sheep STAT 5) at a dilution of
1:1000. Binding of primary antibodies was visualised
using horseradish peroxidase conjugated secondary an-
tibodies (Sigma) diluted 1:1000 and the enhanced
chemiluminescence detection system (Amersham) fol-
lowing the manufacturer’s protocol.

2.6. Growth hormone binding assay

Cells, 5 x 10°, were seeded in 30 mm, cell culture
dishes, grown to 80% confluency and then washed twice
with PBS. Transfections were carried out in serum free
DMEM with 2.5 ug CsCl purified growth hormone
receptor cDNA expression plasmid and 7.5 wul/dish
Transfection Reagent (DOTAP, Boehringer
Mannheim) according to the manufacturer’s instruc-
tions. Cells were incubated with DOTAP/DNA for an
initial 12 h and then serum free media for a further 12
h. The cells were then washed with PBS and ~ 100000
cpm '®-labelled human growth hormone was added in
the presence or absence of an excess (1000 nM) unla-
belled hormone. Following incubation at 37°C for 2 h
the cells were washed three times with PBS, lysed in 1%
SDS/0.5 m NaOH and radioactivity was measured us-
ing a Wallac y-radiation counter.

2.7. Immunoprecipitation and Western blotting analysis

Cells, 1 x 10°, were seeded in 75 cm? cell culture
flasks, grown to 80% confluency and then washed twice
with PBS. Transfections were carried out in serum free
DMEM with 2.5 ug CsCl purified cDNA expression
plasmid for HA (influenza hemagglutin A) epitope
tagged sheep STAT 5 cDNA and 7.5 ul/dish Transfec-
tion Reagent (DOTAP, Boehringer Mannheim) accord-
ing to the manufacturer’s instructions. Cells were
incubated with DOTAP/DNA for an initial 12 h and
then treated with vehicle or 1| mM sodium orthovana-
date for a further 4 h. Following cell lysis in hypotonic
buffer whole cell extracts (100 pg protein) were im-
munoprecipitated overnight at 4°C with 5 ul antibody
against the HA epitope (12CAS, Babco) in 20 mM
Tris—HCI pH 7.4, 20 mM MgCl,, and 0.1% BSA.
Immunocomplexes were isolated on Protein G coupled
Sepharose, resolved on 7.5% SDS-PAGE and elec-
trophoretically transferred to PVDF membrane (Mil-
lipore). Western blotting was performed with specific
mouse JAK 1 antibodies, (directed against the peptide
KTLIEKERFYSRCRPVTPSC from human JAK 1),
and specific mouse JAK 2 antibodies (Upstate Biotech-
nology, raised against a peptide corresponding to
amino acid residues 758-776) both diluted 1:1000.
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Binding of primary antibodies was visualised using
horseradish peroxidase conjugated secondary antibod-
ies (Sigma) diluted 1:1000 and the enhanced chemilu-
minescence detection method (Amersham) following
the manufacturer’s protocol.

3. Results

3.1. Growth hormone dependent activation of gene
expression via the SPI 2.1 STAT responsive element

A STAT responsive element present in the serine
protease inhibitor 2.1 growth hormone responsive en-
hancer element (SPI-GLE 1, (Wood et al., 1995)) has
been shown to bind STAT 5 in gel mobility shift assays
with nuclear extracts from several cell lines and rat liver
(Wood et al., 1995). It has also been shown to mediate
the stimulatory effect of STAT 5 on gene transcription
(Wood et al., 1995). STATs 1 and 3 are absent from the
SPI STAT responsive element binding complexes iso-
lated from rat liver (Thomas et al., 1995). Growth
hormone has, however, been shown to activate these
STATs in other cell types (Meyer et al., 1994; Finbloom
et al., 1994; Gronowski and Rotwein, 1994; Smit et al.,
1996) and it is probable that these STATSs are activated
by other cytokines in liver. In order to determine
whether the STAT responsive element is STAT 5 spe-
cific, a cDNA expression vector for the rat growth
hormone receptor was transfected into COS 7 cells
together with cDNA expression plasmids for STATs 1,
3 or 5 and the pSPI-LUC reporter plasmid. A reporter
plasmid containing a ~ 50 bp region of the SPI 2.1
promoter, rather than the SPI-GLE 1 element alone,
was chosen for these experiments in order to take into
account the modulating effects of sequences adjacent to
SPI GLE 1. As can be seen in Fig. 1 cells transfected
with STAT 5 cDNA showed a growth hormone depen-
dent stimulation of reporter gene expression. No such
effect was seen in cells transfected with STAT 1 or
STAT 3 ¢cDNA. The plasmids were transfected in the
molar ratio 1:1:2 (receptor:STAT:reporter). Molar
equivalent (0.1) pRc-CMV-CAT was included in each
transfection for normalisation. The luciferase induction
obtained with STAT 5 showed a ‘bell shaped’ dose
response for growth hormone treatment (Fig. 2). This is
characteristic of a system in which signalling is initiated
by receptor homodimerisation induced by a ligand with
different affinities for the two receptor chains. Nuclear
extracts from COS 7 cells transfected as in Fig. 1 were
also subjected to gel electrophoresis mobility shift as-
says using a radioactively labelled probe corresponding
to the SPI-GLE 1. The pattern of DNA binding ob-
served was identical to the pattern of transcription
activation shown in Fig. 1 (data not shown).

Although the STAT 1 and 3 expression plasmids
produced immunologically reactive protein as judged
by Western blotting of extracts from transfected COS 7
cells (Fig. 3), one interpretation of the results shown in
Fig. 1 is that these proteins were non-functional. A
variety of cytokines including prolactin, interleukins-2
and 6 and interferon y stimulate gene transcription via
a GAS like element in the interferon regulatory factor-1
(IRF-1) gene promoter (Yuan et al., 1994; Schwarz et
al., 1992; O’Neal and Lee, 1994). In addition, several
STATs have been shown to bind to the IRF-1 GAS like
element in gel electrophoresis mobility shift assays
which indicates that this element responds to a broad
range of STATs. An expression plasmid for the rat
growth hormone receptor was therefore transfected into
COS 7 cells together with expression plasmids for
STATs 1, 3 or 5 and the pB2WT?2 luciferase reporter
plasmid which contains the IRF-1-LUC reporter gene.
The plasmids were transfected in the ratio 1:1:3 (recep-
tor:STAT:reporter). Molar equivalent (0.1) pRc-CMV-

CAT was included in each transfection for
normalisation.

3000
0
=
=
g 2500-
E
S
> i
2 2000 O Control
3 B +hGH
2
) 1500
o
o)
T
2
o 1000+
D
b7
©
R
S 500
=
o
N

o 1ol al | 2l |

-~ (e} [T} lE
= = = =
= s s 7
()] [7p) w 2

Fig. 1. COS 7 cells were transfected with the pSPI-LUC luciferase
reporter plasmid, pRc-CMV-CAT normalisation control plasmid, a
cDNA expression plasmid for the rat growth hormone receptor and
cDNA expression plasmids for mouse STAT 1, mouse STAT 3 or
sheep STAT 5. The cells were treated, as indicated, with 100 nM
human growth hormone for 24 h and then harvested for reporter
gene assays. Values shown represent normalised luciferase activities in
arbitrary units. Each column represents the average of three indepen-
dent experiments. Error bars represent S.D.
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Fig. 2. COS 7 cells were transfected with the pSPI-LUC luciferase
reporter plasmid, pRc-CMV-CAT normalisation control plasmid,
and cDNA expression plasmids for the rat growth hormone receptor
and STAT 5. The cells were treated, as indicated, with human growth
hormone for 24 h and then harvested for reporter gene assays. Values
shown represent normalised luciferase activities in arbitrary units.
Each column represents the average of three independent experi-
ments. Error bars represent S.D.

As can be seen in Fig. 4 the IRF-1-LUC reporter
gene, unlike the SPI-LUC reporter gene, was activated,
albeit weakly, by growth hormone treatment of cells in
the absence of transfected STAT cDNA. Gel mobility
‘super’ shift assays using specific antibodies indicated
that the endogenous STAT activity present in COS 7
cells is STAT 1 like (Sliva et al., unpublished observa-
tion). Transfection of STAT 1 cDNA had only a small
effect on reporter gene expression. This suggests that
the expression level of STAT 1 in COS 7 cells is not
limiting for growth hormone receptor mediated stimu-
lation of gene expression via STAT 1. Transfection of
both STAT 5 and 3 cDNA clearly enhanced reporter
gene expression confirming that both STAT 3 and
STAT 5 can mediate growth hormone dependent gene
transactivation in COS 7 cells expressing transfected
cDNA. Interestingly both the background and growth
hormone stimulated levels of reporter gene expression
are increased by overexpression of STATs in COS 7

cells. This may be a result of autoactivation of the
growth hormone receptor. The correlation between the
level of cytokine receptor expression and the level of
reporter gene background expression in unstimulated
COS 7 cells supports this hypothesis (Wood et al., 1995
and Wood et al., unpublished observation). Alterna-
tively it may be a result of background activation of
STATs by other signal transduction pathways.

3.2. Prolactin and erythropoietin dependent activation
of gene expression via the SPI 2.1 STAT responsive
element

Both prolactin and erythropoietin have been shown
to activate STAT 5 DNA binding in gel electrophoresis
mobility shift assays. However, DNA binding of
STATs in the sensitive gel mobility shift assay does not
necessarily correlate with activation of transcription. It
was therefore considered interesting to determine
whether activation of STAT 5 DNA binding by these
cytokines is reflected in stimulation of expression of the
SPI-LUC reporter gene. cDNA expression vectors for
mouse prolactin or mouse erythropoietin receptors were
therefore transfected into COS 7 cells together with
expression plasmids for STATs 1, 3 or 5 and the
pSPI-LUC reporter plasmid. As can be seen in Fig. 5
the expression of SPI-LUC reporter gene was greatly
increased by ligand activation of both prolactin and
erythropoietin receptors, but only in cells expressing
STAT 5. This indicates that although stimulation of
gene expression via the SPI 2.1 STAT responsive ele-
ment is STAT 5 specific it is not cytokine specific.

Control
STAT 1
Control
STAT 3
Control
STAT 5

Fig. 3. COS 7 cells were transfected with cDNA expression plasmids
for mouse STAT 1, mouse STAT 3 or sheep STAT 5. After 12 h cells
were harvested and the expression levels of STATs 1, 3 and 5
examined by Western blotting. Extracts from untransfected cells are
shown for reference.
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Fig. 4. COS 7 cells were transfected with the pB2WT2 (IRF-1)
luciferase reporter plasmid, pRc-CMV-CAT normalisation control
plasmid, a cDNA expression plasmid for the rat growth hormone
receptor and cDNA expression plasmids for mouse STAT 1, mouse
STAT 3 or sheep STAT 5. The cells were treated, as indicated, with
100 nM human growth hormone for 24 h and then harvested for
reporter gene assays. Values shown represent normalised luciferase
activities in arbitrary units. Each column represents the average of
three independent experiments. Error bars represent S.D.

3.3. Activation of STAT 5 by truncated growth hormone
receptors

The activation of STAT 3 by several cytokine recep-
tors is facilitated by the presence of specific tyrosine
residues in the receptor intracellular domain (Stahl et
al., 1995). In addition STAT 6 has been shown to bind
directly to the interleukin-4 receptor via a phosphory-
lated receptor tyrosine (Hou et al., 1994). The intracel-
lular domain of the rat growth hormone receptor
contains ten tyrosine residues each of which could act
as a specific STAT docking site (Fig. 6). In order to
investigate the role of the membrane distal growth
hormone receptor domain in the activation of STAT 5,
cDNA expression plasmids expressing the 638 amino
acid wild type receptor or mutants truncated at amino
acids 295, 380, 455 or 540 were transiently co-trans-
fected into COS 7 cells together with a cDNA expres-
sion plasmid for STAT 5 and the pSPI-LUC reporter
plasmid. The results shown in Fig. 7 illustrate that
receptors truncated at amino acid 380 or 455 were

capable of activating STAT 5, although the efficiency of
activation was significantly reduced. Deletion of the
entire intracellular domain of the growth hormone re-
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Fig. 6. Cartoon of the rat growth hormone receptor showing intracel-
lular tyrosine residues and Box 1.

ceptor (i.e. truncation at amino acid 295) abolished the
ability of the receptor to transduce signals via STAT 5,
as expected. The specific binding of iodinated human
growth hormone to COS 7 cells which had been tran-
siently transfected with wild type or mutated growth
hormone receptor cDNAs is shown in Fig. 8. The
transfection of all of the receptor cDNAs resulted in
binding of labelled human growth hormone to cells.
The reduced binding of the 380 STOP receptor con-
struct has been observed previously, both in cells tran-
siently and stably expressing the 380 STOP cDNA
(Wood et al., unpublished observation). As can be seen
in Fig. 6 the rat growth hormone receptor contains six
tyrosine residues between amino acid 455 and the C-ter-
minus. The results shown in Fig. 7 suggest that at least
one of these is involved in determining the level of
STAT 5 activation. However, as can be seen in Fig. 9
point mutation of these tyrosines had no significant
effect on receptor signalling. The region of the receptor
between the membrane and amino acid 380, which was

Fig. 5. COS 7 cells were transfected with the pSPI-LUC luciferase
reporter plasmid, pRc-CMV-CAT normalisation control plasmid,
cDNA expression plasmids for the mouse prolactin or erythropoietin
receptor and cDNA expression plasmids for mouse STAT 1, mouse
STAT 3 or sheep STAT 5. The cells were treated for 24 h with 100
nM human growth hormone or 4 U/ml erythropoietin, as indicated,
and then harvested for reporter gene assays. Human growth hormone
binds to the mouse prolactin receptor with high affinity (Shiu, 1979).
Values shown represent normalised luciferase activities in arbitrary
units. Each column represents the average of three independent
experiments. Error bars represent S.D.

1000 O Control
B +hGH
750-
500-

SPI-luciferase reporter gene activity (arbitrary units)

250+ | I I
OH ul Hul B BN

Fig. 7. COS 7 cells were transfected with the pSPI-LUC luciferase
reporter plasmid, pRc-CMV-CAT normalisation control plasmid,
and cDNA expression plasmids for sheep STAT 5 and wild type rat
growth hormone receptor cDNA or rat growth hormone receptor
cDNA truncated at codon 295, 380, 455 or 540. The cells were
treated, as indicated, with 100 nM human growth hormone for 24 h
and then harvested for reporter gene assays. Values shown represent
normalised luciferase activities in arbitrary units. Each column repre-
sents the average of three independent experiments. Error bars repre-
sent S.D.

Wild type
295 STOP
380 STOP
455 STOP
540 STOP

found to constitute a minimal STAT 5 activation do-
main contains two tyrosines. Point mutation of both of
these also had no significant effect on receptor sig-
nalling. Since the receptor mutants truncated at amino
acids 455 and 380 show essentially the same signalling
capacity it is unlikely that tyrosines 391 and 437 play a
role in STAT 5 activation.

3.4. Activation of gene expression via STAT responsive
elements by sodium orthovanadate

It has been reported that sodium orthovanadate can
prevent the inactivation of STAT la DNA binding
induced by prolonged interferon treatment, and that
sodium pervanadate can simulate interferon y induced
phosphorylation of JAK 1, JAK 2, STAT 1« and the
interferon y receptor (Igarashi et al., 1994). These stud-
ies indicate that, by non-specifically inhibiting tyrosine
phosphatases, vanadate ions cause an increase in the
level of cellular protein tyrosine phosphorylation, and
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that this could serve as a useful tool in the investigation
of signal transduction. COS 7 cells were therefore trans-
fected with an expression plasmid for STAT 5 and the
pSPI-LUC reporter plasmid, and then treated with 1
mM sodium orthovanadate for 24 h. As can be seen in
Fig. 10 sodium orthovanadate was clearly able to acti-
vate SPI-LUC reporter gene expression in STAT 5
transfected cells. The STAT specificity of reporter gene
expression was identical to that seen following growth
hormone treatment. It should be noted that the cells in
this experiment were not transfected with receptor
cDNA. As can be seen in Fig. 11 sodium orthovana-
date was also found to activate STATs | and 3 when a
broad specificity STAT responsive element, in this case
from the IRF-1 promoter, is present in the reporter
plasmid.

3.5. JAK 2 binds directly to STAT 5 following sodium
orthovanadate treatment of cells

JAK 2 has been reported to phosphorylate and
thereby activate the DNA binding capacity of in vitro
translated STAT 5 (Gouilleux et al., 1994). We wished
to determine whether JAK 2 and STAT 5 were capable
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Fig. 9. COS 7 cells were transfected with the pSPI-LUC luciferase
reporter plasmid, pRc-CMV-CAT normalisation control plasmid,
and cDNA expression plasmids for sheep STAT 5 and wild type rat
growth hormone receptor cDNA or rat growth hormone receptor
cDNA containing tyrosine to phenylalanine point mutations, as
indicated. The cells were treated, as indicated, with 100 nM human
growth hormone for 24 h and then harvested for reporter gene assays.
Values shown represent normalised luciferase activities in arbitrary
units. Each column represents the average of three independent
experiments. Error bars represent S.D.

of physical association in cultured cells. COS 7 cells
were therefore transfected with a cDNA encoding an
HA (influenza hemagglutin A) epitope tagged STAT 5.
The HA epitope tag allowed the ready precipitation of
the transfected STAT 5. Whole cell extracts were pre-
pared from the transfected COS 7 cells which had been
treated with 1 mM sodium orthovanadate for 4 h.
STAT 5 was then immunoprecipitated with the HA
epitope specific antibody and the presence of STAT 5
and co-immunoprecipitated JAK 2 or JAK 1 was deter-
mined by Western blot analysis. As can be seen in Fig.
12 a faint band at 130 kDa corresponding to JAK 2
was observed in extracts from vehicle treated cells.
However, the intensity of this band was markedly in-
creased in sodium orthovanadate treated cells which is
consistent with a sodium orthovanadate induced associ-
ation of JAK 2 with STAT 5. STAT 5 immunoprecipi-
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tates were also subjected to Western blot analysis for
JAK 1. No sodium orthovanadate induced association
of STAT 5 with JAK 1 was observed. This indicates
that the immunoprecipitation conditions used were ap-
propriate for observation of a specific association be-
tween JAK 2 and STAT 5.

4. Discussion

Considerable progress has been made in elucidating
the signal transduction mechanisms employed by the
cytokine receptors. It is now possible to hypothesise a
working model for the cytokine dependent transcrip-
tional activation of a number of genes. Hormone bind-
ing leads to activation of members of the JAK family of
protein tyrosine kinases. This is followed by phospho-
rylation of both the kinase and the associated receptor.
A variety of intracellular signalling molecules then bind
to the phosphorylated receptor and become available as
substrates for the activated JAK molecule. These sig-
nalling molecules include members of the STAT family
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Fig. 10. COS 7 cells were transfected with the pSPI-LUC luciferase
reporter plasmid, pRc-CMV-CAT normalisation control plasmid and
cDNA expression plasmids for sheep STAT 5 or mouse STATs 1 or
3. The cells were treated, as indicated, with 1 mM sodium orthovana-
date for 24 h and then harvested for reporter gene assays. Values
shown represent normalised luciferase activities in arbitrary units.
Each column represents the average of three independent experi-
ments. Error bars represent S.D.
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Fig. 11. COS 7 cells were transfected with the pIRF-1-LUC luciferase
reporter plasmid: pRc-CMV-CAT normalisation control plasmid and
cDNA expression plasmids for sheep STAT 5 or mouse STATs 1 or
3. The cells were treated, as indicated, with 1 mM sodium orthovana-
date for 24 h and then harvested for reporter gene assays. Values
shown represent normalised luciferase activities in arbitrary units.
Each column represents the average of three independent experi-
ments. Error bars represent S.D.

of DNA binding transcription enhancers. Following
their phosphorylation on tyrosine residues STATs form
homo or heterodimers (Shuai et al., 1994), presumably
as a result of phosphotyrosine—SH 2 domain associa-
tion. This dimerization is accompanied by nuclear
transport (Decker et al., 1991), DNA binding to specific
STAT response elements and stimulation of gene tran-
scription.

In this report we have investigated several aspects of
the specificity of the STAT response element present in
the growth hormone regulated serine protease inhibitor
(SPI) 2.1 promoter. The results show that the SPI 2.1
STAT responsive element shows preference for STAT 5
and does not respond to STATs 1 or 3, although all
three of these STATs are activated by growth hormone
treatment of cells. We also show that the ligand bound
prolactin and erythropoietin receptors enhance gene
transcription via STAT 5 binding to the SPI STAT
response element.

The SPI 2.1 gene is expressed principally in the liver.
It is not expressed in a variety of other tissues express-
ing receptors for growth hormone, nor is its expression
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stimulated by other cytokines, such as prolactin, which
are capable of activating STAT 5 (Warren et al.,
1993). In addition to the region containing the STAT
responsive element the SPI 2.1 promoter has been
shown to contain other growth hormone responsive
regions (Le-Cam et al., 1994). It is possible that these
must be activated simultaneously, or according to a
growth hormone specific temporal pattern, in order to
confer growth hormone responsiveness on SPI 2.1 ex-
pression. Alternatively the expression of the SPI 2.1
gene may be more strongly repressed in non-hepatic
tissues than in the liver. Other signalling pathways,
such as those leading to serine phosphorylation of
STATs (Zhang et al., 1995; Eilers et al., 1995), may
also have a role in maintaining tissue specific expres-
sion of the SPI 2.1 gene. Interestingly the serine
protease inhibitor 2.3 gene which shows extensive ho-
mology with the serine protease inhibitor 2.1 gene has
a 42 bp insertion close to the STAT response element.
In addition, the STAT responsive element equivalent
to SPI-GLE 1 contains a number of base substitution
which make it responsive both STATs 3 and 5B (Kor-
dula et al., 1996). This demonstrates that minor
changes in the sequence of STAT response elements
can have profound effects on their physiology.

The activation of STAT 3 and STAT 6 by cytokine
receptors has been shown to be facilitated by the pres-
ence of specific phosphorylated receptor tyrosine
residues (Hou et al., 1994; Stahl et al., 1995). This has
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Fig. 12. COS 7 cells were transiently transfected with HA epitope
tagged STATS cDNA as described. The cells were then treated with
vehicle or | mM sodium orthovanadate for 4 h. Whole cell extracts
were prepared and immunoprecipitated with anti HA 12CA5 anti-
body (1:1000 dilution) and protein G. The immunoprecipitated mate-
rial was divided into three identical aliquots and analysed as follows:
(1) Western blot with anti JAK 2 antibodies; (ii) Western blot with
anti JAK 1 antibodies; (iii) Western blot with anti STAT 5 antibod-
ies.

been suggested to confer receptor specificity on the
activation of these STATs. However, the data con-
cerning the role of growth hormone receptor tyrosine
residues in activation of gene transcription via STAT 5
is somewhat contradictory. Wang et al. and Hacket et
al. have shown that a human growth hormone recep-
tor truncation mutant, equivalent to the 380 STOP
mutant used here but containing no tyrosine residues,
activated STAT DNA binding in gel electrophoresis
mobility shift assays (Wang et al., 1995a,b and Hack-
ett et al., 1995). Goujon et al., Sotiropoulos et al. and
Hansen et al. have, on the other hand, reported that a
rat growth hormone receptor truncation mutant corre-
sponding to the 455 STOP mutant used here, failed to
stimulate the activation of a CAT reporter gene con-
taining the SPI-GHRE (Hansen et al., 1996; Goujon
et al., 1994; Sotiropoulos et al., 1994). Furthermore,
Hansen et al. observed that at least one of the recep-
tor tyrosines 534, 566 or 627 are required for reporter
gene activation. Smit et al. used STAT 5 phosphoryla-
tion as an assay for signalling by receptor mutants,
and found that a rat growth hormone receptor trunca-
tion mutant corresponding to the 455 STOP mutant
transduced signals weakly, and that a similar mutant
lacking tyrosines was inactive (Smit et al., 1996). Fi-
nally, Frank et al. have reported that a chimera con-
sisting of the extracellular and transmembrane
domains of the growth hormone receptor fused to
JAK 2 tranduces signals via STATs (Frank et al.,
1995).

The results presented here indicate that the mem-
brane proximal region of the growth hormone recep-
tor, which contains the conserved Box 1 motif (amino
acids 296-310) required for association with JAK 2
(Frank et al., 1994), is sufficient for activation of
STAT 5. This region contains two tyrosine residues
(333 and 338) which could act as STAT 5 docking
sites. However, point mutation of these tyrosines to
phenylalanines in the full length receptor had no sig-
nificant effect on activation of STAT 5. That the
growth hormone receptor mutants truncated at amino
acids 455 and 380 activated SPI-LUC expression sig-
nificantly less efficiently than the full length receptor
indicates that tyrosines residues in the receptor C-ter-
minus normally play a role in STAT 5 activation.
However, point mutation of these tyrosines to pheny-
lalanines also had no significant effect on activation of
STAT 5. Thus it is likely that several phosphorylated
tyrosine residues in the growth hormone receptor can
potentially act as docking sites for STAT 5.

The results of the experiments involving sodium or-
thovanadate treatment of cells and reporter gene as-
says or immunoprecipitation indicate that STAT 5 can
form a complex with activated JAK 2 in the absence
of ligand activated receptor. Sodium orthovanadate
treatment of cells results in the phosphorylation of a
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large number of proteins including JAK 2, and STATs
1, 3 and 5. Although it cannot be considered a physio-
logical stimulus treatment of cells with vanadate ions
provides a useful tool for the study of phosphoty-
rosine—SH 2 domain interactions. We have also ob-
served the formation of a complex between activated
JAK 2 purified from growth hormone treated rat liver
cells by immunoprecipitation and STAT 5 expressed
using the baculovirus system (Flores et al., unpub-
lished observation). That STAT 5 and activated JAK
2 form an substrate-enzyme complex, in the absence of
ligand activated receptors, leads to the hypothesis that
phosphorylated tyrosine residues on JAK 2 may
provide docking sites for STATs in activated cytokine
receptor—JAK 2 signalling complexes. This may ex-
plain why growth hormone receptors containing no or
very few tyrosine residues maintain a residual level of
STAT activation (Hackett et al., 1995; Wang et al.,
1995a,b). It may also explain why a chimera consisting
of the extracellular and transmembrane domains of
the growth hormone receptor fused to JAK 2 tran-
duces signals via STATs (Frank et al., 1995). The
evidence presented here, taken together with previ-
ously published work, suggests the existence of two
potential pathways leading to growth hormone in-
duced phosphorylation of STAT 5. STAT 5 may first
bind to phosphorylated tyrosine residues 333/338, 534,
566 or 627 in the receptor intracellular domain and
then migrate to the JAK 2 binding region. Alterna-
tively it may associate with JAK 2 directly, following
ligand binding to the receptor. Although these mecha-
nisms may operate in parallel the former appears to be
more efficient. That receptor tyrosine residues in a
variety of amino acid contexts, or phosphorylated
JAK 2 alone, can facilitate STAT 5 activation could
explain the observed lack of cytokine specificity in
STAT 5 activation.

In conclusion, the work presented here demonstrates
for the first time a clear STAT 5 specificity in the
enhancement of gene transcription via the STAT re-
sponse element in the SPI promoter. It also demon-
strates that a variety of cytokines can utilise this signal
transduction pathway. This data was derived using a
transfected reporter gene assay rather than the ubiqui-
tous gel electrophoresis mobility shift assay. Quantita-
tive differences in the activation of different signal
transduction pathways appear to be important to the
mechanism of enhancement of gene transcription via
the STATs. Reporter assays allow the quantitation of
the effect of variables, such as the activating cytokine
and the sequence of the response element in STAT
signalling, in a semi-physiological setting. They are
therefore likely to play an important role in future
investigations.
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