
HAL Id: hal-02427408
https://univ-tours.hal.science/hal-02427408

Submitted on 5 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The role of GH receptor tyrosine phosphorylation in
Stat5 activation

J Hansen, L Hansen, X. Wang, J Kopchick, F. Gouilleux, B Groner, J Nielsen,
A Møldrup, E Galsgaard, N Billestrup, et al.

To cite this version:
J Hansen, L Hansen, X. Wang, J Kopchick, F. Gouilleux, et al.. The role of GH receptor tyrosine
phosphorylation in Stat5 activation. Journal of Molecular Endocrinology, 1997, 18 (3), pp.213-221.
�10.1677/jme.0.0180213�. �hal-02427408�

https://univ-tours.hal.science/hal-02427408
https://hal.archives-ouvertes.fr


The role of GH receptor tyrosine phosphorylation in
Stat5 activation

J A Hansen, L H Hansen, X Wang, J J Kopchick, F Gouilleux,
B Groner, J H Nielsen, A Moldrup, E D Galsgaard and
N Billestrup

ABSTRACT

Stimulation of GH receptors leads to rapid
activation of Jak2 kinase and subsequent tyrosine
phosphorylation of the GH receptor. Three specific
tyrosines located in the C-terminal domain of the
GH receptor have been identified as being involved
in GH-stimulated transcription of the Spi 2\m=.\1
promoter. Mutated GH receptors lacking all but
one of these three tyrosines are able to mediate a

transcriptional response when transiently trans-
fected into CHO cells together with a Spi 2\m=.\1
promoter/luciferase construct. Similarly, these GH
receptors were found to be able to mediate activation
of Stat5 DNA-binding activity, whereas the GH
receptor mutant lacking all intracellular tyrosines
was not. Synthetic tyrosine phosphorylated peptides

corresponding to the GH receptor sequence around
the three tyrosines inhibited Stat5 DNA-binding
activity while their non-phosphorylated counter-
parts were ineffective. Tyrosine phosphorylated
GST-GH receptor fusion proteins specifically
bound to Stat5 in extracts from COS 7 cells
transfected with Stat5 cDNA. This binding could
be inhibited by tyrosine phosphorylated peptides
derived from the GH receptor. This study thus
demonstrated that specific GH receptor tyrosine
residues, in their phosphorylated state, are involved
in transcriptional signaling by directly interacting
with Stat5.
Journal ofMolecular Endocrinology (1997) 18, 213-221

INTRODUCTION

The growth hormone (GH) receptor belongs to the
cytokine receptor superfamily which is character¬
ized by conserved amino acid sequences in both
their extracellular and intracellular domains (Kelly
et al. 1991). Binding of GH to its receptor results in
the association and subsequent activation of the
cytoplasmic tyrosine kinase Jak2 (Argetsinger et al.
1993). This activation of Jak2 is considered to be
required for most signaling pathways mediated by
the GH receptor since mutation of the Jak2 binding
box-1 region in the membrane proximal domain of
the GH receptor interferes with most signaling
pathways (Goujon et al. 1994, VanderKuur et al.
1994, 1995a, Allevato et al. 1995, Billestrup et al.
1995). Upon activation of Jak2 kinase, several
proteins become tyrosine phosphorylated, including

the GH receptor itself (Carter-Su et al. 1989), Jak2
(Argetsinger et al. 1993), mitogen-activated protein
(MAP) kinase (Campbell et al. 1992, Moller et al.
1992), Statl, 3 and 5 (Campbell et al. 1995,
Gouilleux et al. 1995, Wang et al. 19956, Ram et al.
1996) as well as an unidentified pp95 protein (Wang
et al. 1995a).
The functional importance of GH receptor

tyrosine phosphorylation is beginning to be re¬

solved. We have recently identified tyrosine(s) 333
and/or 338 in the membrane proximal region as

being phosphorylated in response to GH
(VanderKuur et al. 1995&). Mutation of these two
tyrosines to phenylalanines resulted in a receptor
which was defective in mediating GH-stimulated
lipogenesis and protein synthesis (Lobie et al. 1995).
However, these tyrosines were not required for
GH receptor internalization or GH-mediated MAP
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kinase activation and transcriptional signaling
(Lobie et al. 1995). Furthermore, it has been shown
that a truncated GH receptor lacking all intracellu-
lar tyrosines was capable of mediating a mitogenic
response when expressed in the promyeloid cell line
FDC-PI (Wang et al. \99Sb). This mutated GH
receptor also retained its ability to stimulate Jak2 as
well as to activate the DNA-binding activity of
Statl, indicating that GH receptor tyrosine phos¬
phorylation is not required for these activities. We
have previously identified two domains in the GH
receptor required for stimulation of transcriptional
signaling (Moldrup et al. 1991, Billestrup et al.
1995). One domain is the proline-rich box-1 region
which is required because of its role in Jak2 bind¬
ing and the other domain is located within the
C-terminal 184 amino acids. In this C-terminal
domain we have identified three tyrosine residues at
positions 534, 566 and 627 which were found to be
involved in transcriptional signaling (Hansen et al.
1996). When all three tyrosines were mutated to
phenylalanines the receptor could no longer mediate
GH activation of the Spi 21 promoter. However,
any one of these three tyrosines when present as the
only intracellular tyrosine was able to mediate
GH-stimulated transcription. We found that Stat5
was also not activated by a GH receptor lacking all
intracellular tyrosines, which is in contrast to that
which has been observed with Statl (Wang et al.
1995e).
In this study we have characterized the specific

tyrosine residues in the intracellular domain of the
GH receptor which are involved in Stat5 activation
and we have examined the ability of GH receptor-
derived peptides to interfere with Stat5 binding. In
addition, we have tested the ability of Stat5 to
directly bind tyrosine phosphorylated GST-GH
receptor fusion proteins.

MATERIALS AND METHODS

Plasmids
The plasmids containing the porcine GH receptor
cDNA and the RSV-ß-galactosidase gene have been
described previously (Hansen et al. 1996). The Spi
2-1 promoter/luciferase (Spi 2-1-luc) plasmid was
constructed by ligating two copies of the Xhol site
of the Spi 21-GLE I GH-responsive element
5'-tcgaACGCTTCTACTAATCCATGTTCTGA
GAAATCATCCAGTCTGCCCA-3' into the Xhol
site of the pGL2-promoter vector (Promega). The
E-tag Stat5 expression plasmid (pXM-E-MGF)
contains cDNA sequence upstream of the multiple
cloning site, this encodes an antigenic determinant
derived from the human influenza hemaglutinin

(HA) protein. The expressed HA-Stat5 protein is
specifically recognized by the monoclonal anti-HA
antibody.

Cell culture and transfection

Chinese hamster ovary (CHO) Kl cells were cultured
in Ham's F-12 medium supplemented with 10%
fetal calf serum (FCS), 100 units/ml penicillin and
100pg/ml streptomycin at 37 °C in a humidified
atmosphere containing 5% C02. Stably transfected
CHO cell lines expressing the various mutated
porcine GH receptors were generated as previously
described (Hansen et al. 1996). Binding experiments
were carried out using I-labeled human GH
(hGH; 20 000c.p.m.) in 25 mM HEPES (pH 7-4),
124 mM NaCl, 4 mM KCI, 2 mM KH2P04, 1-5 mM

MgCl2 and 1 mM CaCl2 as described pre¬
viously (Hansen et al. 1996). Individual clones ex¬

pressing between 10 000 and 15 000 GH receptors
per cell were analyzed. For the luciferase assay, CHO
cells were transfected with 15 pg Spi 21-lue plas¬
mid, 3 pg GH receptor plasmid and 3 pg RSV-ß-
galactosidase-encoding plasmid using the calcium
phosphate precipitation method. After 24 h of cul¬
ture the cells were stimulated with 20 nM hGH for
6 h. The cells were harvested in cell culture lysis
reagent (Promega) and the luciferase activity was
measured using the luciferase assay substrate accord¬
ing to the manufacturer's instructions (Promega).
The monkey kidney cell line, COS 7, was

cultured in Dulbecco's Modified Eagle's Medium
(DMEM; 4500mg/ml D-glucose; Gibco) supple¬
mented with 10% heat-inactivated FCS, 100
units/ml penicillin, 100pg/ml streptomycin, 1 mM
sodium pyruvate and 2 mM L-glutamine at 37 °C in
a humidified atmosphere containing 5% C02.
Approximately 2-2 x 106 cells per 150 mm cell
culture dish were seeded out and the cells were

transiently transfected by a DEAE-dextran/
chloroquine method the following day. A DNA
precipitate was made by mixing 880 pi 0-1 mM

chloroquine, 110 pi 10 mg/ml DEAE-dextran and
110 pi pXM eukaryotic expression vector (11 pg).
The medium was changed to DMEM containing
0-1 mM chloroquine. The DNA precipitate was

added dropwise and the cells were incubated for 4 h.
The medium was removed and the cells were sub¬
jected to 10% DMSO (in culture medium) for 1 min.
Forty-eight hours following transfection, cell lysates
were prepared. Cells (8—16 x 10 ) were washed once

with ice-cold PBS and lysed by the addition of 2 ml
lysis buffer (50 mM HEPES, pH 7-2, 250 mM NaCl,
10% glycerol, 2 mM EDTA, 2 mM EGTA, 0-1% NP-
40, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride



(AEBSF), 1 pg/ml aprotinin, 1 pg/ml leupeptin,
10pg/ml herbimycin and 1 mM sodium orthovanad-
ate) followed by 20-min incubation on ice. The cell
lysates were centrifuged at lOOOOjf for 10 min at
4 °C and supernatants were used for GST binding
assays.

Nuclear extracts and electrophoretic mobility
shift assay (EMSA)
Cells were stimulated with 20 nM of hGH for 5 min
and washed twice with ice-cold PBS and lysed in a

hypotonie buffer (20 mM HEPES, 1 mM EDTA,
1 mM MgCl2, 10 mM KCI and 20% glycerol, 1 mM

dithiothreitol, 05 mM AEBSF, 1 mM Na3V04,
1 pg/ml leupeptin and 1 pg/ml aprotinin) containing
0-5% triton X-100. After a 5-min incubation on ice
the cells were centrifuged at 2500 £ for 7 min at
4 °C. The pellet was resuspended in a hypertonic
buffer (hypotonie buffer containing 400 mM NaCl)
and incubated on a rocking platform for 30 min on

ice. The supernatant was collected after centrifu¬
garon at 20 000 g for 30 min at 4 °C. The EMSAs
were carried out as previously described (Hansen et
al. 1996) or pre-incubated with peptides for 60 min
at 40 °C, and assayed on 5% native polyacrylamide
gel which were exposed to X-ray film. For
supershift experiments, the nuclear extract was

preincubated with either preimmune serum or Stat5
antiserum for 30 min prior to the addition of probe.
The Spi-GLEl probe 5'-agctATGTTCTGAGAA
ATC-3' was labeled and purified as previously
described (Hansen et al. 1996).

Generation of GST and GST-GH receptor
fusion proteins
The cDNA encoding the C-terminal region of the
rat GH receptor was amplified by PCR from the
plasmid pLM108 which contains the cDNA
encoding the full-length GH receptor (Mathews
et al. 1989). The following primers were used:
5'-oligonucleotide sense primer with a BamHI
restriction enzyme site at its 5'-end, 5'-
atagggatccCCAAACCACAGCCACTT-3', and an

antisense 3'-oligonucleotide primer with an Xhol
restriction enzyme site at its 5'-end, 5'-
ccgctcgagCTGCATGATTTTGTT-3'. The PCR
product was digested with BamHI and Xhol and
the BamHI/XhoI fragment encoding the GH re¬

ceptor amino acid residues 455—638 was ligated into
the GST fusion vector pGEX-5X-3 (Pharmacia).
The resulting plasmid was sequenced to verify the
fidelity of the PCR and to confirm proper, in frame,
cloning. Induction and affinity purification of the
GST protein and GST-GH receptor (455—638)

fusion proteins were performed as recommended by
the manufacturer (Pharmacia). In addition, GST
protein and tyrosine phosphorylated GST-GH
receptor (455—638) fusion proteins (denoted GST/
TKX1 and GST-GH receptor/TKXl) were in¬
duced and purified from the Eschericia coli TKXL
strain that harbors a plasmid encoding an inducible
tyrosine kinase gene as recommended by the
manufacturer (Stratagene).

GST-GH receptor fusion protein binding
assays

Preclearing of cell lysates was performed in
microcentrifuge tubes first by binding 300 pg
GST/TKX1 protein to 600 pi (50%) glutathione
Sepharose 4B (Pharmacia) for 30 min at room

temperature followed by four washes with PBS.
Cell lysate (1 ml; 4-8 x 106 cells) was then added to
the tubes which were incubated for 4 h at 4 °C.
After centrifugation for 5 min, 250 pi of the
supernatants were added to microcentrifuge tubes
containing 50 pi (50%) glutathione Sepharose 4B
prebound to either 25 pg GST protein or GST-GH
receptor (455-638) fusion protein. The tubes were
rotated and incubated for 12-14 h at 4 °C. In
experiments in which GH receptor peptides were
used for competition, the indicated amount of
peptide was added to the GST glutathione
Sepharose prior to the addition of cell lysate. The
resulting Sepharose pellets were washed five times
with ice-cold lysis buffer, resuspended in 50 pi
SDS-PAGE sample buffer, boiled for 5 min and
centrifuged for 5 min. Finally, 40 pi of the super¬
natants were analyzed by SDS-PAGE followed by
Western blotting.

Peptides
Synthetic peptides were purchased from Affinity
Research Products Limited either non-

phosphorylated or tyrosine phosphorylated. Four,
13 amino acid long peptides derive from the porcine
GH receptor were synthesized: FIMDNAYFC
EADA (peptide Y534), FNQEDIYITTESL (pep¬
tide Y566), EMPVDPYTSIHIV (peptide Y595)
and FLSSCGYVSTDQL (peptide Y627). The
peptides were purified by HPLC and verified by
mass spectroscopy.

Western blot analysis
Proteins were separated by SDS-PAGE (4%
stacking gel, 7-5% separating gel) and transferred by
electroblotting to ECL nitrocellulose membranes
(Amersham International pic, Amersham, Bucks,



UK). The membranes were blocked for 1 h in
TBST buffer (50 mM Tris-HCI, pH 7-4, 15 mM
NaCl and 0-1% Tween 20) containing 5% non¬

fat dry milk (1% BSA when membranes were
used for anti-phosphotyrosine Western blot). The
membranes were washed four times with TBST
before the primary antibody diluted in TBST (with
0-2% gelatine) was added (monoclonal anti-
phosphotyrosine antibody, 4G10; Upstate Biotech¬
nology; 1:1500 dilution and monoclonal anti-HA,
12CA5; Boehringer Mannheim, Germany; 1:250
dilution) and incubated for 1 h at room temperature.
After three successive 20-min washes with TBST
the secondary antibody (sheep anti-mouse Ig, horse¬
radish peroxidase-linked whole antibody, NXA 931;
Amersham International pic; 1:5000 dilution) was
added and the membranes were incubated for an
additional 1 h. Following three further 20-min
washes with TBST, the proteins were visualized by
the ECL detection system according to the manu¬
facturer's instructions (Amersham International
pic). Rainbow colored protein molecular weight
markers (Amersham International pic) were used to
determine molecular weights.

RESULTS

The relative importance of GH receptor tyrosines in
transcriptional signaling was determined from
transient transfection assays using either an Spi 2-1
promoter/CAT construct (Hansen et al. 1996) or an

Spi 2-1 promoter/luciferase construct cotransfected
together with the wild-type GH receptor or various
tyrosine-mutated GH receptors. As can be seen in
Fig. 1, any one of the three tyrosines at positions
534, 566 and 627 was able to function in GH
receptor transcriptional signaling when present as
the only intracellular tyrosine.

As the transcription factor Stat5 has been impli¬
cated in the transcriptional activation by the GH
receptor we investigated the ability of single
tyrosine-containing mutant GH receptors to medi¬
ate GH-induced Stat5 DNA-binding activity in
individual clones (Fig. 2A) or pools (Fig. 2B) of
CHO cells transfected with various GH receptor
tyrosine mutants. All clones expressed between
10 000 and 15 000 GH receptors per cell. In cells
expressing GH receptors containing tyrosine 534,
566 or 627, a GH-induced band could be observed
in gel-shift experiments using an Spi 2-1 promoter
probe. The presence of Stat5 in the GH-induced
complex is indicated by the ability of a Stat5
antibody to supershift this complex. In contrast,
no DNA-binding activity was observed in cells
expressing the tyrosine-deficient GH receptor
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figure 1. The role of GH receptor intracellular
tyrosines in transcriptional signaling. A schematic
representaion of the porcine GH receptor is shown to
the left, including the extracellular domain (hatched
box), the transmembrane domain (solid box) and the
intracellular domain (open box). The localization of the
eight intracellular tyrosines is also indicated. The
percent transcriptional activity refers to the ability of a

GH receptor containing the indicated tyrosine as the
only intracellular tyrosine to stimulate transcription of
the Spi 2-1 promoter in a transient CAT (Hansen et al.
1996) assay (n—4) or luciferase assay (n—3) as described
in Materials amd Methods. The numbers show the
range of activitites observed compared with the
transcriptional activation by the wild-type GH receptor.

mutant (mC8) or the GH receptor containing only
tyrosine number 595 (mC8F595Y).
To further characterize the mechanism by which

GH receptor tyrosine phosphorylation regulates
Stat5 activation, we tested the ability of GH
receptor-derived synthetic peptides to interfere
with Stat5 binding to DNA. Activated Stat5 was

isolated from the nuclei of GH-stimulated cells and
incubated with synthetic peptides which were either
non-phosphorylated or tyrosine phosphorylated. As
shown in Fig. 3, peptides containing one of the
phosphorylated tyrosines 534, 566 or 627 were able
to inhibit binding of Stat5 to the Spi-GLE probe
derived from the Spi 2-1 promoter dose-
dependently. Although it appears from Fig. 3 that
phosphopeptide 534 was less effective in inhibiting
Stat5 DNA binding compared with phosphopep-
tides 566 and 627, this difference was not observed
in subsequent experiments and thus probably



figure 2. EMSA of GH-stimulated nuclear extracts from CHO cells expressing wild-type or

tyrosine-mutated GH receptors. (A) Pools or (B) clones of GH receptor-transfected CHO cells were

stimulated with 20 nM GH for 5 min and nuclear extracts were isolated. Binding of Stat5 to a 32P-labeled
Spi 2-1 promoter probe was determined as described in Materials and Methods. Nuclear extracts from
GH-stimulated CHO cells expressing the wild-type GH receptor were incubated with preimmune serum (PI)
or Stat5 antiserum (a-STAT5) as indicated. The results shown are representative of one of three
independent experiments. GHRwt, wild-type GH receptor.

figure 3. Inhibition of Stat5-DNA binding activity by phosphopeptides derived
from the GH receptor. EMSA using nuclear extracts from GH-stimulated CHO
cells expressing the wild-type GH receptor were performed in the presence of
synthetic peptides or phosphopeptides derived from the GH receptor. Peptides at
the indicated final concentrations were incubated together with the nuclear extract
for 30 min at 4 °C prior to adding the DNA probe. The arrow indicates the
migration of the StatS/DNA complex. The results shown are representative of one
of three independent experiments. P, phosphorylated.

represents experimental variance. None of the
non-phosphorylated peptides affected Stat5 DNA
binding. As a control, a peptide containing
phosphotyrosine 595 did not affect Stat5 binding
when tested at 30 pM and only slight inhibition was
observed at 100 pM.

The inhibitory effects of GH receptor-derived
peptides on Stat5 binding indicates a direct
interaction between the Stat5 SH-2 domain with the
phosphorylated GH receptor. Therefore in order to
test this hypothesis we produced GST-GH receptor
fusion proteins containing the C-terminal 184



figure 4. Characterization of the GST-GH receptor
fusion protein. Approximately 5 ug of the indicated
protein was analyzed by SDS-PAGE followed by
Coomassie blue staining (top panel) or 500 ng of the
indicated protein by Western blotting using anti-
phosphotyrosine antibodies (bottom panel). The arrows
indicate the mobility of the non-phosphorylated
GST-GH receptor (GST-GHR) or the tyrosine
phosphorylated GST-GH receptor (GST-GHR-P).
The results shown are representative of one of three
independent experiments.

amino acids of the GH receptor. The fusion
proteins were produced either in normal E. coli or in
bacteria containing an inducible tyrosine kinase
(TKX1 cells). The GST-GH receptor fusion
proteins were analyzed by SDS-PAGE followed
by Coomassie staining as shown in Fig. 4. The
GST-GH receptor fusion protein produced by
normal E. coli had an electrophoretic mobility
according to the expected molecular mass of
52 kDa, whereas the tyrosine phosphorylated fusion
protein produced in TKX1 cells had a reduced
electrophoretic mobility which is characteristic of
phosphorylated proteins (Fig. 4, lanes 3 and 4).
Western blotting using anti-phosphotyrosine anti¬
bodies esulted in a strong signal which was present
only in the lane containing GST-GH receptor
protein from cells expressing the inducible tyrosine
kinase. The GST protein itself was not tyrosine
phosphorylated as indicated by the lack of signal in
lane 2, and the identical mobility of the GST
proteins from normal and TKX1 cells. It has not

figure 5. Binding of Stat5 to the tyrosine
phosphorylated GST-GH receptor fusion protein.
Extracts from non-transfected or StatS cDNA-
transfected COS cells were incubated together with the
indicated GST-GH receptor fusion protein coupled to

gluthathione Sepharose. After binding and washing, the
bound proteins were analyzed by SDS-PAGE followed
by Western blotting using a Stat5 antibody. Lanes 9 and
10 contain Stat5 immunoprecipitated (IP) material from
non-transfected or StatS-transfected COS cells
respectively. The arrow indicates the mobility of StatS.
The results shown are representative of one of three
independent experiments.

been possible to determine which of the six tyrosine
residues in the GH receptor (454—638) part of the
fusion protein are phosphorylated. However, using
mass spectrometry we have found that at least three
of the tyrosines are phosphorylated (J A H and N B,
data not shown). When the GST fusion proteins
were incubated together with extracts from COS
cells, Stat5 binding was observed only when the
GST-GH receptor was tyrosine phosphorylated
and only when the extracts were made from
Stat5-transfected COS cells (Fig. 5). The Stat5
which was bound to the phosphorylated GST-GH
receptor co-migrated with Stat5 immunoprecipi-
tated from transfected COS cells (Fig. 5, lanes 8 and
10). Incubation of the GST-GH receptor together
with the various GH receptor-derived synthetic
peptides showed that the three peptides containing
any of the tyrosines 534, 566 or 627 inhibited
binding of Stat5 to the phosphorylated GST-GH
receptor protein (Fig. 6). However, the peptide
containing tyrosine 595 did not inhibit binding nor
did any of the non-phosphorylated peptides.

DISCUSSION

Using transient co-transfection of CHO cells with a
GH response element/luciferase construct together
with mutated GH receptors in which all but one of



figure 6. Inhibition of StatS binding to the GH
receptor by phosphopeptides derived from the GH
receptor. Cell extracts from Stat5-transfected COS cells
were incubated with tyrosine phosphorylated GST-GH
receptor fusion protein in the presence of the peptide or

phosphopeptide at the indicated concentrations. After
binding and washing, the bound proteins were analyzed
by SDS-PAGE followed by Western blot analysis using
a Stat5 antibody. The arrows indicate the mobility of
Stat5. The results shown are representative of one
of three independent experiments.

the intracellular tyrosines were mutated to phenyl¬
alanines, we identified specific tyrosines (at pos¬
itions 534, 566 and 627) required for transcriptional
signaling; this is in agreement with previous studies
(Hansen et al. 1996). However, in the present study,
we used a luciferase reporter gene which allows us

to detect GH induction after only 6 h of stimulation,
in contrast to 48 h needed for CAT activity. The
shorter stimulation time further supports a direct
involvement of GH on transcription, in contrast
to possible long-term effects of GH on post-
transcriptional events such as mRNA stabilization
or increased translational activity.

We (Hansen et al. 1996) and others (Wang et al.
1995e) have recently shown that GH receptor
tyrosines are not required for GH stimulation of
Jak2 activity, MAP kinase activity, mitogenic
signaling, Statl activation or Ca + signaling.
However, the activation of Stat5 was abolished in
cells expressing a GH receptor lacking intracellular
tyrosines. By replacing individual tyrosines into
the tyrosine-deficient GH receptor we found three

tyrosines which, when present as the only intra¬
cellular tyrosines, could function in mediating
GH-induced gene transcription and that each of
these three tyrosines involved in transcriptional
signaling could also function in the activation of
Stat5. Furthermore, these GH receptor mutants

containing any one of these three tyrosines were just
as active as the wild-type GH receptor, indicating
redundancy in this portion of the GH receptor.
Interestingly, it was recently reported that the three
GH receptor tyrosine residues 534, 566 and 627 are

phosphorylated in response to GH in transfected
mouse L-cells (Wang et al. 1996).
In other receptors of the cytokine receptor

superfamily, specific tyrosines have been implicated
in signaling. In both the LIF and the interleukin 4
(IL-4) receptors as well as in the signal transducer
gpl30, specific tyrosines were found to be required
for Stat activation (Hou et al. 1994, Stahl et al.
1995). The activation of Stat factors by activated
cytokine receptors probably involves interaction of
the SH-2 domain of the Stat factors with a

phosphotyrosine in the receptor. This concept is
supported by the finding that the amino acid
sequences C-terminal to the tyrosine residues found
to be important for IL-4 and LIF receptor signaling
are homologous, since the specificity of SH-2
domain binding to phosphotyrosines is determined
by the amino acids located in the +1 to +3 positions
relative to the phosphotyrosine (Songyang et al.
1993). Surprisingly, the amino acid sequence
C-terminal to the three tyrosines of the GH
receptor found to be involved in signaling showed
no obvious similarity (534-YFCEA, 566-YITTE
and 627-YVSTD) other than a hydrophobic residue
at position +1. However, phosphopeptides contain¬
ing one of these three sequences were able to
interfere with StatS DNA binding and to compete
for StatS binding to the phosphorylated GST-GH
receptor fusion protein. This observation suggests
that the SH-2 domain of StatS is able to bind
phosphotyrosines, having quite different amino
acids at the 4-1 and +3 positions. Taken together,
these results strongly support the two-step model of
Stat activation by cytokine receptors proposed by
Stahl et al. (1995) and Hou et al. (1994), suggesting
that the first step in Stat activation is specific
tyrosine phosphorylation of the receptor and that
this phosphotyrosine serves as a binding site for the
latent cytoplasmic form of the Stat factor. However,
from our studies it cannot be excluded that other
SH-2 domain-containing factors are present and
that Stat5 binds to the GH receptor via such
adaptor proteins. Following receptor binding, the
Stat factor becomes tyrosine phosphorylated and
forms a dimer by intermolecular SH-2 domain



phosphotyrosine binding. The Stat dimer then
translocates to the nucleus where it binds specific
GLE sequences in the promoters of cytokine-
responsive genes.

Several other GH receptor-mediated signaling
pathways do not require GH receptor tyrosine
phosphorylation. The activation of voltage-
dependent Ca + channels by GH was not affected
in cells expressing GH receptors in which all
intracellular tyrosines were mutated to phenyl-
alanine (Hansen et al. 1996). This is in agreement
with the finding that GH-induced Ca2+ signaling is
independent of tyrosine kinase activity (Hondo et al.
1994). GH stimulation of cell proliferation, Statl
activation and MAP kinase activity was also normal
in cells expressing GH receptors lacking intracellu¬
lar tyrosines (Wang et al. 19956, Hansen et al.
1996), despite the fact that these pathways are

dependent upon Jak2 activation and tyrosine
phosphorylation, suggesting that other Jak2 kinase
substrates must exist which act as intermediates
between the activated tyrosine kinase and down¬
stream signaling. Since the Jak2 kinase itself is
tyrosine phosphorylated and since a chimeric GH
receptor in which the entire intracellular domain
was replaced by Jak2 could mediate GH stimulation
of Stat3 activation (Yi et al. 1996), it may be
speculated that phosphotyrosines on Jak2 itself
mediate activation of Stat3.
In conclusion, we have shown that three tyrosine

residues of the GH receptor are involved in
transcriptional signaling by serving as direct
binding sites for Stat5 in their phosphorylated state.
This is in contrast to GH activation of Stat3 which
does not require GH receptor tyrosine phosphoryl¬
ation. In addition, in view of the fact that we have
previously identified different tyrosine residues in
the GH receptor which are required for metabolic
signaling pathways, it appears that GH can activate
several independent signal transduction pathways
which are mediated by discrete domains of the
intracellular portion of its receptor.
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