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SOCS2 negatively regulates growth
hormone action in vitro and in vivo
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Mice deficient in SOCS2 display an excessive growth phenotype characterized by a 30-50% increase in
mature body size. Here we show that the SOCS2~- phenotype is dependent upon the presence of endogenous
growth hormone (GH) and that treatment with exogenous GH induced excessive growth in mice lacking both
endogenous GH and SOCS2. This was reflected in terms of overall body weight, body and bone lengths, and
the weight of internal organs and tissues. A heightened response to GH was also measured by examining
GH-responsive genes expressed in the liver after exogenous GH administration. To further understand the link
between SOCS2 and the GH-signaling cascade, we investigated the nature of these interactions using struc-
ture/function and biochemical interaction studies. Analysis of the 3 structural motifs of the SOCS2 molecule
revealed that each plays a crucial role in SOCS2 function, with the conserved SOCS-box motif being essential
for all inhibitory function. SOCS2 was found to bind 2 phosphorylated tyrosines on the GH receptor, and
mutational analysis of these amino acids showed that both were essential for SOCS2 function. Together, the

data provide clear evidence that SOCS2 is a negative regulator of GH signaling.

Introduction

Growth hormone (GH) is the major growth factor of the somato-
trophic axis involved in the promotion of postnatal longitudinal
growth. It acts via direct and indirect mechanisms, including
the use of second messengers such as IGF-1. GH also has other
potent effects, including modulation of lipid, glucose, nitro-
gen, and mineral metabolism, promotion of lipolysis, increase
of amino acid uptake and protein synthesis, and decrease of
protein breakdown (1). In contrast, chronic elevations of the
hormone, as seen in acromegalic patients, causes gigantism,
hyperinsulinemia, impaired glucose tolerance, insulin resis-
tance, and finally diabetes (2).

The number of clinical applications of GH are increasing, but
one of the most important has been the stimulation of growth in
children. Clinical studies have demonstrated that daily exogenous
GH injection is a successful treatment for growth disorders in chil-
dren, but its effectiveness is limited by the nature of the growth
defect and the age of diagnosis. However, this treatment can have
considerable side effects on carbohydrate metabolism, with some
studies indicating increased fasting blood glucose and diabetes in
children undergoing GH therapy (3).

GH administration is also an effective means of treating GH-
deficient adults that suffer from increased fat mass, decreased
lean muscle and muscle strength, and reduced exercise capac-
ity. Exogenous GH treatment improves the metabolic profile,
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enhances the quality of life, increases lean muscle mass with a
reduction in body fat, reduces total cholesterol, and increases
lipolysis (4), but it can also lead to the deterioration of glucose
metabolism (5). Overall, the use of exogenous GH for the treat-
ment of GH deficiency is extremely useful but can have side
effects or no additional benefits beyond particular dosages. Con-
sequently, a method of amplifying the growth-promoting and
anabolic effects of GH would be a very effective way to deal with
this problem. One strategy would be to target or inactivate mol-
ecules that act to negatively regulate GH signaling.

The SOCS proteins are a family of negative regulatory proteins
that are expressed in response to activation of a wide range of
cytokine and growth factor signal cascades, particularly those
that utilize JAK/STAT signaling systems. There are 8 known
members (SOCS1-SOCS7 and cytokine-inducible SH2 domain-
containing protein), and a number of these molecules have been
shown, in in vitro overexpression systems, to bind to and inhibita
wide array of cytokine/growth factor signaling molecules, includ-
ing GH (reviewed in 6, 7). Despite in vitro evidence that SOCS
proteins display a high degree of promiscuity, clear physiological
roles for a number of the SOCS members have been delineated
through mouse genetic studies. SOCS1 has been shown to be
involved in negatively regulating IFNY responses (8), mammary
gland function/prolactin signaling (9) and y.-using cytokines
(10), whereas SOCS3 plays central roles in placental development
(11), as well as leukemia inhibitory factor (12), IL-6 (13-15), and
granulocyte-CSF signaling (16).

Genetic studies have also shown that SOCS proteins play
important roles in growth and development. SOCS2 knockout
mice exhibit gigantism characterized by an increase in body
weight and length, alterations in major urinary protein levels,
thickening of dermal layers, and elevation of IGF-1 mRNA in
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some tissues (17). These phenotypes are observed in other mod-
els of excessive growth such as GH transgenic (18), IGF-1 trans-
genic (19) and high-growth mice (20), suggesting that SOCS2
may regulate some components of the somatotrophic pathway.
While a number of studies have indicated that SOCS2 plays a role
in GH signaling in vitro (21, 22), SOCS2 has also been found to
bind to the IGF-1 receptor in yeast 2-hybrid studies (23, 24). We
have also shown that STATSDb, one of the key mediators of GH
action (25, 26), plays an important role in the development of

Figure 1

GH is essential for the SOCS2-- phenotype. Growth curves for
SOCS2++Ghrhr'thit, SOCS2--Ghrhr'ithit, SOCS2++Ghrhr"TWT and
SOCS2--Ghrhr"™WT mice of both sexes over a 12-week period. At
least 10—-15 male mice were used at each point for the male growth
curves and 6—17 female mice are represented at each time point for
the female curves.

the SOCS27~ phenotype, and that modest prolongation of STATS
signaling is evident in primary hepatocyte cultures of SOCS2-defi-
cient mice stimulated with GH (27). Furthermore, using trans-
genic mice that overexpress a Flag-tagged SOCS2 construct, we
have shown that SOCS2 interacts with endogenous GH recep-
tors from a range of mouse tissues (28). Although the findings
to date indicate that SOCS2 plays some role in the regulation of
GH signaling, whether SOCS2 directly regulates GH signaling or
IGF signaling, or both, remains an open question. A clear in vivo
demonstration that the SOCS2-deficient phenotype relies upon
the presence of GH would be invaluable in deciphering whether
SOCS?2 is a major negative regulator of GH action and would jus-
tify SOCS2 as a target for new therapeutic strategies.

Here we demonstrate that the presence of SOCS2 is dependent
upon an intact somatotrophic pathway and that many aspects of
the SOCS27/~ phenotype can be recapitulated with GH adminis-
tration to mice lacking SOCS2 and endogenous GH. We further
characterized the interaction between SOCS2 and the GH recep-
tor and found that SOCS2 binds to 2 phosphorylated tyrosines
on the GH receptor that are also targeted by another signaling
regulator, Src homology 2-containing tyrosine phosphatase
(SHP2), and these tyrosine residues are essential for the regula-
tory effects of SOCS2. Together, our data indicate that SOCS2 is
a key modulator of GH sensitivity in vivo.

A C
204 0 80CS2 Ghrhr*“+saline 20 4 0 S0CS52Ghriv**+saline
18 gggggg Ig{?mr::‘tm-r_ 18 | ®SOCS2" Ghrhr**+GH
rhr**+saline A S0C52Ghrhr**+saling
S 1614 socszGhehrvsGH S 1614 socsz GhhrvsGH
24 2 4y
12 : E 12 :
o ., St ¥y O ax & » 1
2 RAAAARRRAEER B 10 A
=2 6 = 5
4 4
2 2 E-
04 04
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
Injection after 4 weeks of age (d) Injection after 4 weeks of age (d)
B
(" Carcass 2 *# CarCass ——— i
Fat —— Fat j—
Pancreas *#t Pancreas | — *#
Spleen — *# Splean | — *#
Kidney — * Kidney #
Liver L3 * Liver | ———
LUNgs —— LUNGS je——
Hearn —— Hear | —
Sal gland e *i Sal gland fe—
Brain e Brain e
Body weight L * Body weight | e—— *#
Body length e % Body length | %
0 10 20 30 40 50 60 70 80 90 100 o 20 40 60 80 100 120
% Increase in organ/tissue weight % Increase in organ/tissue weight
Figure 2

SOCS2 controls growth responses to GH. (A) Male and female SOCS2++Ghrhrt and SOCS2--Ghrhrt mice were weighed daily before being
injected twice daily with 10 ug rpGH or saline for 28 days from 4 weeks of age. Growth curves were constructed from 5—-10 male mice or 5-7
female mice per treatment group. (B) Differences in organ weights of male and female SOCS2++Ghrhritit (white bars) and SOCS2--Ghrhrithit
(black bars) mice are represented as a percentage increase over the mean of saline-injected mouse organ weights. *P < 0.05 vs. saline-injected
mice; #*P < 0.05 vs. SOCS2++Ghrhrt mice. Sal gland, salivary gland. (C) Picture of 6-month-old SOCS2--Ghrhr*t mice that have had 3 preg-

nancies (upper) or no pregnancies (lower).
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Results

Removal of GH deletes the SOCS27/~ phenotype. Previous work with
SOCS2-deficient mice has suggested that SOCS2 acts to negatively
regulate the actions of GH (17, 27, 28). To test this hypothesis,
we crossed male and female SOCS27~ mice with Ghrhrl/i (little)
mice, a mutant strain with a point mutation in the GH-releasing
hormone receptor (GHRHR) that causes a nearly complete defi-
ciency in pituitary-derived circulating GH and induces dwarfism
(29). We used little mice because other models of GH deficiency or
inaction do not exist (GH knockout mice), do not allow for GH
growth recapitulation experiments (GH receptor knockout mice),
or have other complicating deficiencies that could confound
results (Ames and Snell dwarf mice). Growth curves were measured
for Ghrhrit/t and SOCS2~/~Ghrhr!/ mice over a 12-week period
(Figure 1). Female SOCS27/-Ghrhr'** mouse growth curves were
indistinguishable from those of female Ghrhr!/i mice, whereas
male SOCS27/-Ghrhr*/ mice were only slightly larger than Ghrhr/®/
mice by 12 weeks of age, suggesting that GH signaling is required
for development of the SOCS27~ phenotype.

SOCS2 modulates growth responses to GH. To definitively classify
SOCS2 as a negative regulator of GH action, it is important not
only to demonstrate dependence of the excess growth in SOCS27~
mice on the presence of GH, but also to recapitulate the phe-
notype by supplying the cytokine exogenously to GH-deficient
SOCS2~/~ mice. Four-week-old male and female SOCS2"/*Ghrhrlt/'
and SOCS27-Ghrbr'®/* mice were injected subcutaneously twice
daily with 10 ug GH or saline for 4 weeks, and body weights were
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Figure 3

SOCS2 controls bone growth parameters. (A) Long bone lengths and
femur morphometric data (B) were measured from 4-9 male mice of
both genotypes. Data for each parameter is expressed as the per-
centage change with GH treatment compared to saline controls for
SOCS2++Ghrhr'tt (white bars) and SOCS2--Ghrhr't't (black bars)
mice. *P < 0.05, vs. saline-treated mice; *P < 0.05 vs. SOCS2++
Ghrhr'tit mice. Trabec. BMD, trabecular bone mineral density; cir-
cum., circumference.

measured daily (Figure 2A). Growth was considerably exaggerated
in male SOCS2~/-Ghrhr*/% mice receiving GH over that in male
SOCS2*+*Ghrhr'/ mice receiving GH when evaluated against each
genotype given saline injections (by 58% and 35%, respectively).
This trend was also observed in SOCS27/-Ghrhr!#/ and SOCS2*/*
Ghrbrl#/* females given GH injections when evaluated against
saline-treated mice (by 68% and 35%, respectively).

Analysis of organ and tissue weights from these mice further
emphasized the role that SOCS2 plays in attenuating GH-driven
growth (Figure 2B). The magnitude of GH-stimulated organ weight
gain in male SOCS2~/~Ghrhr'*/* mice was significantly greater than
that observed in SOCS2*/*Ghrhbr!*/* mice in most tissues, particularly
the carcass, which doubled in weight. The only tissue that decreased
in weight was abdominal fat. Similar trends for organ weights were
also observed in female SOCS27~-Ghrhr'/t mice.

Another feature of the SOCS2~~ gigantic phenotype was the depo-
sition of large amounts of collagen in ducts and vessels through-
out the body, particularly in the skin (17). The enhanced growth
response of SOCS2/~Ghrhr'** mice to GH was also reflected in mod-
est increases in skin thickness of most male SOCS27~Ghrhr'/i mice
at the end of GH-induced growth experiments (data not shown).

An interesting aspect of the female Ghrbr'*/* mouse pheno-
type is the growth recovery observed throughout pregnancy that
recurns Ghrhr'/ females to wild-type size after 3 pregnancies
(30). Although unmated SOCS27*Ghrhr'®/* and SOCS2~/~Ghrhr'i/it
female mice were the same size, remarkably, following several
pregnancies, SOCS2~/-Ghrhr!*/* female mice not only reached
wild-type female weight but attained the dimensions of adult
SOCS27/- female mice (Figure 2C and data not shown), indicat-
ing a hyperresponsiveness to a pregnancy-induced growth factor,
such as prolactin or placental lactogens.

Increases in body weight were also accompanied by enlarged
skeletal dimensions. Male SOCS2~/~-Ghrhr'®/* mice displayed
enhanced body length compared to SOCS2%*Ghrhr!/!* mice upon
GH treatment, and measurements of long bones revealed sig-
nificant growth enhancement in SOCS2~-Ghrhr'/"* compared to
SOCS2*/*Ghrbr*/it mice (Figure 3A). Computer tomography scan-
ning of femurs from these mice revealed significant enhancement
of a number of bone growth and strength parameters in male
mice lacking SOCS2 (Figure 3B), but many of these changes were
not observed in female mice (data not shown).

GH-induced gene expression in livers of mice lacking SOCS2.
While the studies described above provide good physiological evi-
dence that SOCS2 attenuates GH signaling, we wished to exam-
ine whether a hyperresponsiveness to GH could be detected in the
liver gene expression profiles of SOCS2/Ghrhr'/ mice compared
to SOCS2**Ghrhr'™/* mice, identify GH-responsive genes that are
regulated by SOCS2, and gain insight into the molecular mecha-
nism of SOCS2 action from the expression profile differences. We
performed microarray analysis on liver RNA extracts from male
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Figure 4

SOCS2 regulates GH-induced gene expression in the liver. (A) The number of GH-regulated genes in the liver of SOCS2++Ghrhr't and
SOCS2--Ghrhr'tit mice 2 hours after GH injection was compared based on SAM analysis (5% FDR) for 4 independently replicated treat-
ments. Individual genes are arranged along the x axis according to the value order of decreases and increases in gene expression of
SOCS2--Ghrhr'tit mice. The y axis shows the log ratio of the transcript signals in GH-treated SOCS2++Ghrhr'it and SOCS2--Ghrhr't'it mice
(B), and the average changes in gene expression in SOCS2++Ghrhr'tt and SOCS2--Ghrhr'tt was also examined (C). Real-time RT-PCR
results from SOCS2++Ghrhritit and SOCS2--Ghrhritt mouse livers showing genes that were downregulated (D) or upregulated (E). *P < 0.05.

SOCS2/-Ghrhr'™/'* and SOCS2**Ghrhr!*/# mice injected with GH
2 hours prior to sacrifice. We had previously shown that SOCS2
mRNA levels reach maximal concentrations 2 hours after GH
treatment in the BRL4 hepatocyte cell line (31); therefore we sup-
posed that differences in liver mRNA between SOCS2~/~Ghrhr't/tit
and SOCS2**Ghrhr'*/* mice would be evident by this time. The
number of genes induced and repressed by GH injection was
increased almost 2-fold in the SOCS27~Ghrhr*/ livers compared to
SOCS2**Ghrhr'/' livers (Figure 4A). Comparative analysis of genes
with altered expression levels from both genotypes revealed consid-
erable differences in the degree of change, with SOCS2~~Ghrhr'/!it
mice demonstrating a hyperresponsiveness in nearly all cases
(Figure 4B). Examination of the average change in gene expres-
sion of the SOCS2"*Ghrbr'/t and SOCS27/-Ghrhr'*/ regulated gene
populations also emphasizes the significant over-response of mice
that lack SOCS2 (Figure 4C and Supplemental Table 1; supple-
mental material available online with this article; doi:10.1172/
JCI200522710DS1). Hyperresponsiveness to GH is evident for
well-known GH-regulated genes such as IGF-1, Spi2.2, fibrinogen,
GADDA4S5, and PPARo. (32). Quantitative real-time RT-PCR analysis
of the relative concentrations of 4 genes (IGF-1, PPARa, CYP8b1,
and PIM-3) in the 2 models studied confirmed the results obtained
by microarray analysis (Figure 4, D and E). Taken together, these
results clearly demonstrate that the absence of SOCS2 creates a
state of hypersensitivity to GH actions in the liver.

All 3 domains of SOCS2 plary crucial functions. Given the evidence sug-
gesting that SOCS2 negatively regulates GH signaling, we sought
to understand the mechanism and nature of the SOCS2-GH recep-
tor interaction. SOCS proteins have been defined as consisting of a
central SH2 domain, an N-terminal domain of varying length, and
a C-terminal motif termed the SOCS box (33, 34). While each of
the 3 domains for SOCS1 and SOCS3 has been ascribed a function,
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liccle is known regarding the role each domain plays in SOCS2 regu-
lation of GH function. Studies using SOCS2 overexpression systems
have found that a low level of SOCS2 partially inhibits GH signal-
ing, while higher concentrations cause a recovery and enhancement
of signaling, implicating it as a dual effector molecule (35, 36).
This hypothesis was strengthened with the observation that mice
transgenically overexpressing SOCS2 at high levels suffered a mild
excessive growth phenotype (28). Transient transfection assays, in
which mutated SOCS2 proteins were expressed, were used to elu-
cidate these roles (Figure SA). SOCS2 that had a point mutation in
a conserved arginine residue within the SH2 domain showed only
slightly impaired inhibitory or enhancement effects, whereas the
mutation of 2 additional sites next to this residue led to a more
complete reduction of SOCS2 activity (Figure 5B). SOCS2 lack-
ing the N terminus failed to have any significant effects on GH-
mediated STATS reporter activity, but SOCS2 with the N terminus
of SOCSI1 substituted onto the molecule displayed some inhibi-
tory capacity at higher concentrations of transfected construct
(Figure 5C). A SOCS2 construct lacking the SOCS box displayed
no inhibitory effects at all, but surprisingly triggered an enhance-
ment of signaling even at low concentrations (Figure 5D). Other
researchers have found that the SOCS-box motif from a range of
SOCS molecules binds Elongin B and C complexes (37, 38), and
we found an association between SOCS2 and Elongin B and C in
immunoprecipitation studies (Figure SE).

SOCS2 actions are dependent upon specific sites on the GH receptor.
We have previously shown that SOCS2 interacts with endog-
enous GH receptor from a number of different mouse tissues
and that this interaction occurs at Tyr595 in a phosphorylation-
dependent manner (28). Modification of the recombinant
SOCS2 protein purification strategy to use cobalt metal ion
affinity resin and thrombin to enzymatically cleave NusA from
Number 2
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Figure 5

SOCS2 motif control of GH signaling. (A) A schematic diagram of SOCS2 is provided to help clarify mutant constructs used and residues
mutated in the SH2 domain. (B—D) 293T cells were transfected with pig GH receptor and SOCS2 (SOCS2 WT), or with the following SOCS2
mutant constructs: (B) SOCS2 with a point mutation in the SH2 domain R73K (SOCS2 D) or SOCS2 with a triple mutation at R73K, D74E, and
S75C in the SH2 domain (SOCS2 KD); (C) SOCS2 lacking the 37-AA N terminus (SOCS2ANT) or SOCS2 with the N-terminal region of SOCS1
(SOCS1/2/2); or (D) SOCS2 lacking the 39-AA C terminus (SOCS2ASB) at a range of plasmid concentrations (ng). The transfected cells were
then stimulated with rpGH and the luciferase activity from an LHRE-luciferase reporter was measured. Data is corrected for transfection efficiency
by cotransfection of a f3-galactosidase—expressing plasmid. Luciferase activity was corrected using values obtained in the absence of GH, then
expressed as a percentage of wild-type activity, which was assigned a value of 100%. Experiments were performed in triplicate, and data pre-
sented here are representative of 3 independent experiments. (E) Flag-tagged SOCS2 and empty vector were transfected into 293T cells, lysed,
and immunoprecipitated using antibodies against Flag. After separation on SDS-PAGE and Western transfer, blots were probed with antibodies

against Elongins B and C, then stripped and reprobed with antibodies against the Flag epitope.

SOCS2 protein led to a significant stabilization of protein activ-
ity (data not shown), thus allowing a more thorough examina-
tion of SOCS2-GH receptor interactions.

Biomolecular interaction analysis, using recombinant SOCS2
SH2 domain protein passed over phosphorylated peptides derived
from the GH receptor fixed to a biosensor chip, confirmed the
Tyr595 interaction and its dependence on phosphorylation, butalso
indicated that an additional residue, Tyr487, is also a site of interac-
tion (Figure 6). Interestingly, Tyr595 and Tyr487 have previously
been implicated as SHP2 binding sites that regulate GH receptor
signaling (39). Biomolecular interaction analysis of recombinant
SHP2 protein binding to GH receptor-derived peptides confirmed
Tyr595 and Tyr487 interactions, but also indicated some bind-
ing with the Tyr534 residue (Figure 6). Verification of SOCS2-GH
receptor peptide interactions was performed using an AlphaScreen
(PerkinElmer Life Sciences) interaction assay (40, 41). The a-screen
assay utilizes donor beads coated with phosphorylated peptide
and acceptor beads coated with recombinant SOCS2-SH2 domain
protein. Interaction between phosphopeptide and SOCS2 brings
the acceptor and donor beads into close proximity, and excitation
of the donor beads by laser light (680 nm) induces production of
highly reactive singlet oxygen that diffuses from the donor bead for
a distance of approximately 200 nm in aqueous solution before rap-
idly decaying. When an acceptor bead is held in close proximity to
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the donor bead, singlet oxygen reacts with a reagent in the acceptor
beads to generate chemiluminescence of 580 to 620 nm. The inten-
sity of the fluorescence output therefore provides a quantifiable
measurement of the SOCS2/phosphopeptide binding interaction.
Analysis of SOCS2/peptide interactions using the a-screen assay
showed that phosphorylated Tyr595 and Tyr487 peptides bound
to the SOCS2 SH2 domain with high affinity compared to Tyr332,
Tyr534, and nonphosphorylated Tyr595 (Table 1).

To validate the biological relevance of the candidate GH receptor
interaction sites, we generated GH receptor constructs that lacked
one or more of the tyrosine residues identified by biomolecular
interaction analysis and used these in transfection studies. The
activity of these constructs was examined by their ability to stimu-
late the STATS-responsive luciferase reporter with and without
GH stimulation (Figure 7A). Mutant receptors that lacked either
Tyr487 or Tyr595 demonstrated enhanced reporter activity, and
receptors lacking both showed a compounded increase in activity.

However, expression of the data in terms of fold induction after
GH stimulation failed to reflect these changes (14.7-fold for wild-
type receptor, 13.8-fold for Y487F receptor, 16.2-fold for YS9SF
receptor, and 14.6-fold for Y487,595F receptor). Real-time PCR
was also used to determine that only very low levels of endogenous
SOCS2 were present in 293T cells when compared to exogenous
SOCS2 expression levels, and this low level of endogenous SOCS2
Volume 115
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probably did not contribute to the upregulation of STATS activa-
tion by the Y487,595F mutant GH receptor in the unstimulated
state (data not shown).

Titrations of SOCS2 have previously demonstrated a biphasic
response in terms of GH-stimulated STATS reporter activ-
ity derived from wild-type GH receptors: low levels of SOCS2
inhibited approximately 50% of signaling, whereas higher levels
led to a recovery or enhancement of signal (28). Consequently,
it was expected that removal of SOCS2 binding sites would
ameliorate these effects. Analysis of the Y487F mutant con-
struct revealed that SOCS2 could still inhibit signaling by this
receptor, although the degree of recovery may have lessened
(Figure 7C). However, there appeared to be some weakening of
the inhibitory effects of SOCS2 on the YS9SF mutant (Figure 7B).
Deletion of both the Tyr487 and Tyr595 residues removed all
the inhibitory effects of SOCS2 and also significantly affected
the recovery effects of SOCS2 (Figure 7D). Analysis of Tyr534
mutant SOCS2 revealed no significant role for this residue in the
ability of SOCS2 to function (data not shown).

Discussion

The amelioration and reconstitution of the excessive growth
phenotype in SOCS27~ mice in response to GH provides compel-
ling evidence that SOCS2 plays an important role in the negative
regulation of GH signaling. The exact site of SOCS2 action in the
somatotrophic axis has been controversial, as SOCS2 has been
shown to bind to the IGF-1 receptor in yeast 2-hybrid studies (23),
and the phenotype of SOCS2 knockout mice has some similarities
to that of IGF-1 transgenic mice (19). However, there are no data
to indicate that IGF-1 induces SOCS2 mRNA expression in vitro,
and IGF-1 signaling is not perturbed in SOCS2-deficient embryonic
fibroblasts (27). The hypothesis that SOCS2 is a negative regulator
of GH signaling is supported by data presented here and published
results showing the following: SOCS2-GH receptor interactions in
vitro and in vivo (28); the role of STATSb in the development of the
SOCS27~ phenotype; modestly prolonged GH signaling in SOCS2-
deficient hepatocytes (27); and increases in size of non-IGF-1
responsive tissues such as the liver (17, 27). Furthermore, detection
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Figure 6

SOCS?2 interacts with tyrosine residues on the GH receptor. Biosensor
analysis was performed on the binding between GH receptor—derived
phosphopeptides and NusA.SOCS2 SH2 protein (A) or SHP2 protein
(B). Sensorgrams correspond to binding of immobilized peptide on a
streptavidin sensorchip.

of significant differences in the liver gene expression profiles in
the SOCS2*/*Ghrhr'*/ and SOCS2~/~-Ghrhr'/ mice 2 hours after GH
injection almost certainly precludes the role of other growth fac-
tors in mediating these differences. We do not believe that there is
sufficient time for GH signaling to induce another growth factor
to then act upon its own signaling system to induce SOCS2 mRNA
expression, and then for the subsequent protein to exert an effect
such that it could be detected in mRNA.

The hyperresponsiveness of these genes to GH in hepatic tissue,
as well as the identification of new GH-regulated genes in the dou-
ble knockourt, further emphasize that SOCS2 is an important regu-
lator of GH signaling and a therapeutic target for the enhancement
of the growth-promoting effects of GH. The magnitude of organ
and tissue growth in SOCS2-deficient mice in response to GH was
significant, but size differences were also tissue dependent. Tissue-
specific sensitivities to GH, the level and timing of SOCS2 expres-
sion in that tissue, gender, and sexual dimorphisms all appeared to
be modifying factors in controlling target sensitivity to GH. This is
emphasized in the pregnancy-driven enhancement of body size in
SOCS2-/-Ghrhr'®/ females. Although the mechanism behind this
phenomenon is not completely clear, it is plausible that pregnant
female mice are exposed to placentally derived GH or prolactin, to
which SOCS27-Ghrbr'*/* mice are hyperresponsive.

The unique nature of SOCS2 action is further emphasized in
the microarray studies. SOCS27/-Ghrhr#/i mice clearly have an
enhanced GH-induced liver gene expression response compared

Table 1
a-screen analysis of SOCS2 SH2 domain protein interactions
with receptor-derived phosphopeptides

B-PY595
Peptide (nM) 100 50 25 125
Signal/noise 27.52 23.22 28.73 16.09
B-nonP595
Peptide (nM) 100 50 25 12.5
Signal/noise 0.74 0.67 0.65 0.64
B-Y534
Peptide (nM) 100 50 25 12.5
Signal/noise 0.66 0.77 0.68 0.78
B-Y487
Peptide (nM) 100 50 25 125
Signal/noise 23.17 28.29 17.18 422
B-Y332
Peptide (nM) 100 50 25 12.5
Signal/noise 0.75 0.74 0.83 0.58

Peptide indicates concentration used for coating the a-screen beads.
Signal/noise indicates the ratio of the signal intensity measured at the
indicated concentration of biotinylated peptide to the signal intensity
measured for donor and acceptor beads without peptide.
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Our results demonstrate that all 3
domains of SOCS2 may play a role in
protein function. The SH2 domain of a
number of SOCS proteins plays a cen-
tral role in their function and SOCS2
is no different. Whereas mutating the
conserved arginine in the SOCS1 SH2
domain was sufficient to eliminate
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the inhibitory activity of SOCS1 (43),
SOCS2 required additional muta-
tions to become inactive. The reasons
for this are unclear, but it may reflect
redundancy in SOCS2 generated by
its ability to bind a number of differ-
ent residues on the GH receptor. The
SOCS box of SOCS2 plays a central
role in the negative regulation of GH
signaling. This is intriguing, as remov-
al of the SOCS box from other SOCS
molecules does not impede inhibitory
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Figure 7

SOCS?2 effects are mediated through Tyr487 and Tyr595. (A) 293T cells were transfected with wild-
type or mutated GH receptor constructs, then they were starved of (white bars) or stimulated with
rpGH (black bars), and the luciferase activity from an LHRE-luciferase reporter was measured. Data
were corrected for transfection efficiency by cotransfection of a f-galactosidase—expressing plasmid.
*P < 0.05, significant difference between stimulated receptors. (B—D) 293T cells were transfected
with wild-type GH receptor, (B) Y595F GH receptor, (C) Y487F GH receptor, or (D) Y487,595F GH
receptor and increasing concentrations of SOCS2 plasmid (ng). Data were corrected for transfection
efficiency by cotransfection of a f-galactosidase—expressing plasmid. Luciferase activity was cor-
rected using values obtained in the absence of GH, then expressed as a percentage of wild-type GH
receptor activity without SOCS2 expression, which was assigned a value of 100%. Experiments were
performed in triplicate and data presented here are representative of 3 independent experiments.
Expression of SOCS2 was confirmed by Western blotting of cell lysate with antibodies against the

Flag epitope at the N terminus of the SOCS2 expression construct.

to SOCS2**Ghrhr'*/i* mice, although the magnitude and type of
response do not simply fit a model of a completely deregulated
GH receptor signaling action. IGF-1 is a classic GH-induced gene
of the liver, and it has been shown to be a contributor to somatic
growth (42). The overexpression of IGF-1 in SOCS2~/~-Ghrhrh/t
mice may contribute to their increased growth response when
administered GH. The appearance of other GH-regulated genes
such as PPARo and Spi2.2 fits the proposed model, but the altera-
tions of other genes that were previously thought to be unrespon-
sive to GH (e.g., PIM-3 and CYP8b1) indicate that SOCS2 function
is more complicated than first thought. Similar observations have
been made in other SOCS knockout models where IL-6 stimula-
tion of SOCS3-deficient livers led to exaggerated gene expression
of IL-6-responsive genes, as compared to wild-type expression,
butitalso let to the induction of other genes thought to be classi-
cally IFN-y-inducible genes (12, 14). The magnitude of change in
GH-induced expression with a lack of SOCS2 was not as large as
might be predicted from that observed in SOCS3-deficient livers
stimulated with IL-6 (14), but these small changes in signaling
and expression may be large when considering that they would be
cumulative over an animal’s somatic growth period.
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10 50100200  function in overexpression studies,
although the SOCS box of SOCS1 has
been shown to play an important role
physiologically (44). Consequently,
this may reflect a difference in the
mechanism of SOCS2 action, with
a strong reliance on ubiquitination
and degradation to terminate GH
signaling, rather than on inhibition
of receptor function. Consistent
with this interpretation, SOCS1 and
SOCS3 contain a kinase inhibitory
region that is absent in SOCS2 (45).
We have shown here that it is neces-
sary to delete both the Y487 and Y595
residues to remove the inhibitory
effects of SOCS2 on GH signaling.
Mutations of these 2 sites have previ-
ously been shown to result in the pro-
longation of the GH-activated JAK/STATS pathway. SHP2 binds
these residues and is thought to act as the negative regulator of
the receptor (39). However, when the function of SHP2 is directly
tested in overexpression systems, it acts as a positive regulator of
GH signaling (46). In retrospect, the data supporting a role for
SHP2 as a negative regulator generated using GH receptor tyro-
sine mutations could now be reinterpreted as SOCS2 mediating
the inhibition directly or acting to inhibit SHP2 action (39). This
model has a number of similarities to that for SOCS3 and SHP2
binding to the gp130 receptor (47-49). The observations of sig-
nificant increases in luciferase output of the GH mutant receptors
when stimulated with hormone, as well as increased basal levels
without stimulation, are also seen in similar studies in which
the SOCS3 binding site of gp130 was mutated (48). A possible
explanation for this phenomenon is that basal receptor activity
also utilizes low levels of SOCS2 for negative control, and muta-
tion of SOCS2 binding residues causes a proportional increase in
luciferase output compared to the stimulated levels. Presuming
that SOCS2 protein levels are low in unstimulated cells, it is pos-
sible that other negative regulators can interact with the receptor
through these tyrosines. Another candidate is PTP1B, a tyrosine

- -
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phosphatase known to interact with the GH receptor and has
been confirmed to have negative actions on GH signaling (50). A
negative action of SHP2 on certain tissues cannot be excluded, and
the fact that SOCS2 and SHP2 both bind the same sites on the
GH receptor sets the scene for potential interplay between these
molecules. It is anticipated that further characterization of these
phosphatases and SOCS?2 interactions in the negative regulation
of the GH receptor will decipher the nature of interplay that may
exist between these molecules and provide further insights into
the exact mechanism by which SOCS2 inhibits GH signaling.

Converting the information gathered in this manuscript into
a clinical application is the next step. The a-screen assay tech-
nology used in this work forms the basis of a high-through-
put screen, and we are currently using this approach to screen
chemical compound libraries for small-molecule inhibitors of
SOCS2-GH receptor interactions. An alternate approach would
be to downregulate SOCS2 mRNA expression by using antisense
or siRNA approaches, which are becoming more prevalent in
strategies to target intracellular molecules. It is hoped that such
approaches may be useful in the development of new strategies
targeting growth disorders by replacing or amplifying the effects
of exogenous GH administration.

Methods

Animals. Ghrbr/t mice were obtained from Jackson ImmunoResearch Labo-
ratories and were maintained by mating Ghrhr'/ or GhrbrV7/" females with
Ghrhr'/it males. Mice were phenotyped for the /ittle mutation after weaning.
SOCS27/~ mice were mated with Ghrhr/# mice and genotyped for SOCS2 as
previously described (17), while genotyping of the little mutation was per-
formed by PCR across the mutation and direct sequencing of PCR products
(51). SOCS27/-Ghrbr'¥ mice were generated from matings between male
SOCS27/-Ghrhr!®/t or SOCS27/~Ghrhbr'*/¥T mice and female SOCS27/-Ghrhr!/it
or SOCS27/-Ghrhr/"T mice. All experiments were performed in accordance
with National Health and Medical Research Council of Australia guide-
lines and were approved by the Melbourne Health Research Directorate
Animal Ethics Committee (Melbourne, Victoria, Australia).

For GH-induced growth experiments, 10 ug of recombinant pig GH
(rpGH) dissolved in 50 ul saline, or 50 ul saline alone, was injected subcu-
taneously twice daily on weekdays and once daily on weekends. The site of
injection was rotated daily to minimize discomfort, and weight measure-
ments were taken in the morning before injection.

Microarray experiments were performed on livers from male SOCS27*
Ghrhr!/ and SOCS2~/-Ghrhr'*/* mice that had been injected with 100 ug
rpGH 2 hours before sacrifice.

Histological examination. Skin sections were prepared from tissues fixed
in 10% saline-buffered formalin by standard techniques, stained with
hematoxylin and eosin, and examined by light microscopy. Bone lengths
were measured using x-ray imaging as previously described (17). Other
bone measurements were obtained by computerized tomography using a
Stratec pQCT XCT Research M (Norland; v5.4B) operating at a resolution
of 70 um as previously described (52). Trabecular bone mineral density was
determined ex vivo, with a metaphyseal pQCT scan of the distal femur and
the proximal tibia. The scan was positioned in the metaphysis at a distance
corresponding to 4% of the total length of either the femur or the tibia.
The trabecular bone region was defined as the inner 45% of the total cross-
sectional area. Cortical bone parameters were determined ex vivo with a
mid-diaphyseal pQCT scan of the femur and tibia.

Elongin B and C interaction. Either pEF-Flag or pEF-SOCS2-Flag
plasmids (200 ng) (43) was transfected into 293T human embryonic
kidney cells. Cells were washed and lysed 48 hours after transfection,
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and lysates were precipitated with antibodies against the Flag epitope
(monoclonals 9H1 and 9B4 provided by David Huang, WEHI). After
SDS-PAGE separation and Western transfer, blots were probed with anti-
bodies against Elongin B and C (provided by Zhang-Guo Jiang, WEHTI)
then reprobed with antibodies directed against the Flag epitope.

Vector construction. Mutations in the SH2 domain of SOCS2 were gener-
ated using splice overlap extension PCR of the SOCS2R73K plasmid (43)
to generate additional mutations, D74E and S75C. SOCS2Abox (lacking
the last 39 amino acids) and SOCS2ANterm (lacking the first 37 amino
acids) constructs were generated by PCR to give fragments with in-frame
Ascl and Mlul restriction enzyme sites at the N and C termini, respectively,
and subcloned into pEF-Flag-I to give proteins with an N-terminal Flag
epitope tag. A plasmid encoding the N terminus of SOCS1 (amino acids
1-78) fused to the SOCS2ANterm was generated using PCR-based tech-
niques as previously described (43). GH receptor constructs for mutation-
al analysis were generated by excising the GH receptor coding region from
the pMet-Ig7 GHR plasmid (sourced from Nils Billestrup, Steno Diabetes
Center, Gentofte, Denmark [53]) and inserting it into the pEF-BOS vec-
tor. The Y487F, YS9SF, Y534F, and Y487,59SF mutants were generated by
using overlapping PCR strategies to introduce mutations at these sites. All
constructs were sequenced in their entirety before use.

Luciferase assays. 293T cells were transfected with Lipofectamine 2000
(Invitrogen Corp.) reagents according to the manufacturer’s instruc-
tions. For SOCS2 domain analysis, 4 x 10° cells were transfected with
200 ng each of pIG-GH receptor plasmid, lactogenic hormone response
element-luc (LHRE-luc) reporter plasmid, B-galactosidase plasmid,
and 0-200 ng pEF-SOCS2-Flag plasmid (43) made up to 200 ng with
pEF-BOS plasmid into a 24-well plate 6 hours after cells were plated.
Twenty-four hours later, cells were washed once with mouse-tonicity
PBS (18.9 mM Na,HPOy, 3.9 mM NaH,PO4 x H,0O, and 148 mM NacCl)
and the culture medium was replaced with DMEM containing 1% BSA.
Cells were left to equilibrate for 1 hour before 500 ng/ml of rpGH was
added to appropriate groups. Cells were incubated for a further 16 hours
before being lysed and assayed for luciferase and -galactosidase activity
as described (28). Luciferase activity was normalized to f3-galactosidase
activity. Luciferase assays examining point mutations in GH receptors
were performed as described above except that only 2 ng of each pEF-GH
receptor plasmid was used.

Recombinant protein expression. Murine SOCS2 SH2 domain was produced
as described previously (28), with the following modifications. Bacterial
lysate containing NusA-hexaHis-SOCS2-SH2 fusion protein was passed
through a Talon column (cobalt metal ion affinity chromatography [BD
Biosciences — Clontech]) to bind fusion protein before the NusA protein was
cleaved from the column at a thrombin cleavage site using thrombin (Sigma-
Aldrich). The column was washed extensively with PBS (pH 6.4) before the
SOCS2 SH2 domain was eluted with 150 mM imidazole in PBS (pH 7.5).
Fractions were collected and separated by SDS-PAGE to determine purity.
Recombinant SHP2 protein was produced as described previously (48).

SDS-PAGE analysis and Western blotting. All SDS-PAGE, Western blot-
ting, and detection of Flag-tagged proteins was performed as described
previously (27, 28).

Biomolecular interaction analysis. All analyses were performed essentially as
previously described for SOCS3 (48). Briefly, biotinylated phosphopeptides
(1 ug/ml) were bound to streptavidin-coated biosensor chips (SAS, Biacore)
at a density of 400 RU. SOCS2 binding studies were measured in buffer A
(20 mM HEPES, 150 mM sodium chloride, 3.4 mM EDTA, and 0.005% (v/v)
Tween 20) with a flow rate of 10 ul/min. Chips were washed with 6 M
guanidinium hydrochloride between binding measurements to remove
residual SOCS2 protein, then washed with buffer A. Binding profiles were
analyzed using BIAEVALUATION software Ver. 3.0 (Pharmacia).
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AlphaScreen binding assay. Nickel chelate-derived AlphaScreen beads
(PerkinElmer Life Sciences) were diluted to a final concentration of 5 mg/ml
in buffer (bead buffer) containing 0.1 mg/ml casein, 50 mM HEPES (pH 7.4),
10 mM dithithreitol, 100 mM NaCl, and 0.1% Tween 20. Hexa-His-tagged
SOCS2-SH2 domain was added at a final concentration of 16 nM and
the mixture was incubated for 30 minutes at room temperature. The
biotinylated phosphopeptide was mixed at a concentration of 32 nM with
5 mg/ml of streptavidin-coated a-screen beads in bead buffer and incubated
at room temperature for 30 minutes. The assay was performed by mixing
10 ml of each bead stock solution in the wells of a 384-well microtiter plate
and incubating the mixture at room temperature for 2.5 hours. The assay
results were read using a Fusion Alpha plate reader (PerkinElmer Life Sci-
ences). For peptide competition experiments, the non-biotinylated competi-
tor peptide was diluted in bead buffer and 5 ml of this stock solution was
mixed with 10 ml of the SOCS2 bead solution in the wells of the microtiter
plate. The mixture was incubated for 30 minutes at room temperature
before 10 ml of streptavidin beads coated with 32 nM of Tyr595 was added.
The rest of the assay was performed as described above.

Microarray analysis. A microarray containing 16,500 mouse oligo
70-mers, printed twice and produced at the SweGene DNA Microarray
Resource Center at Lund University, was used to evaluate the hepatic GH
responsiveness in the 2 models studied. Total RNA was isolated by homog-
enization of liver tissue using TRIzol Reagent (Invitrogen Corp.), accord-
ing to the protocol supplied by the manufacturer. Twelve independent
hybridizations were performed, comparing individual animals from the
different experimental groups (SOCS27*Ghrhr'®/t vs. SOCS2-/-Ghrhr!t/!,
SOCS2*/*Ghrbrlit/it vs, SOCS2*/*Ghrhr#/t + GH, and SOCS2~/~Ghrhrlt/it ys,
SOCS2/-Ghrbr'/'* + GH). The protocols employed for probe labeling,
purification, and hybridization were essentially as described previously
(32). Total RNA (20 ug) was used in each of the labeling reactions and
balance dye swaps were included in the experimental design. Image
analysis was performed using GenePix Pro software (Axon Instruments).
Fluorescence ratios were normalized (54) using the locally weighted scat-
ter plot smoother (LOWESS) method in the statistics for microarray
(SMA) package (Axon Instruments). Individual measurements for spe-
cific probes were calculated as the gene average of 2 probe measurements.
The variability of the analysis was estimated using significance analysis
of microarray (SAM) software (Stanford University) (55). A q value was
assigned for each of the detectable genes in the array. This value is similar
to the P values, measuring the lowest false discovery rate (FDR) at which
the differential expression (the ratio between control and treatment) of
the gene is called significant. In this study, genes with a FDR value of
less than 5% were listed as differentially expressed. In order to allow for
comparison between models, the analysis was performed on gene probes
that were consistently detected in both models (i.e., in 3 out of the 4
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independent measurements). A total of 2,219 gene-specific probes were
used for the comparison. Statistical analysis comparing the average of log
ratio values in both models was performed using Student’s ¢ test analy-
sis; complete results are available at htep://www.cmm.ki.se/gnorstedt/
CCMCore/Index.html.

Gene expression analysis by real-time quantitative RT-PCR. The expression
of IGF-1, PPAR-a, CYP8b1 (12 o hydroxylase), and the serine/threonine
kinase PIM-3 was analyzed using quantitative real-time PCR (DNA Engine
Opticon 2 System; MJ Research Inc.) in RNA samples from individual
animals. Briefly, 2 ug of total RNA treated with DNase I (Promega) was
reverse-transcribed using a First Strand cDNA Synthesis Kit (Invitrogen
Corp.). Gene-specific primers corresponding to the target genes were
used to generate the amplicons.

To measure the relative concentration of the gene expression, 2 ul of
each sample (dilution 1:3) was analyzed in duplicate. Real-time PCR was
performed in a 20 ul volume with 2 ul of respective cDNA and 0.4 uM
primers. Nucleotides, Taq polymerase, reaction buffer, and SYBR Green
I dye were supplied in the iQ SYGR Green Supermix (Bio-Rad Labora-
tories Inc.). The amplification program consisted of 1 cycle of 95°C for
3 minutes, followed by 45 cycles of 95°C for 15 seconds, 10 seconds at
annealing temperature, and 72°C for 30 seconds; fluorescent intensity
was measured at a specific acquisition temperature for each gene. The
individual mRNA levels were obtained by comparison to a standard curve.
GH-induced changes in expression were calculated after normalization

with the level of f-actin in each sample.
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