Deakin Research Online

This is the published version:
Cooney, Gregory J., Lyons, Ruth J., Crettenand, A. Jayne, Jensen, Thomas E., Molero, Juan
Carlos, Mitchell, Christopher J., Biden, Trevor J., Ormandy,Christopher J., Jame, David E.

and Daly, Roger J. 2004, Improved glusoce homeostasis and enhanced insulin signalling in
Grb 14-deficient mice, EMBO journal, vol. 23, no. 3, pp. 582-593.

Available from Deakin Research Online:

http://hdl.handle.net/10536/DRO/DU:30006560

Reproduced with the kind permissions of the copyright owner.

Copyright : 2004, Nature Publishing Group



The EMBO Joumal (2004) 23, 582-593 | © 2004 European Molecular Biology Organization | All Rights Reserved 0261-4189/04

www.embgjournal.org

THE

EMBO

JOURNAL

Improved glucose homeostasis and enhanced
insulin signalling in Grb14-deficient mice
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Gene targeting was used to characterize the physiological
role of growth factor receptor-bound (Grb)14, an adapter-
type signalling protein that associates with the insulin
receptor (IR). Adult male Grb14~/~ mice displayed im-
proved glucose tolerance, lower circulating insulin levels,
and increased incorporation of glucose into glycogen in
the liver and skeletal muscle. In ex vivo studies, insulin-
induced 2-deoxyglucose uptake was enhanced in soleus
muscle, but not in epididymal adipose tissue. These meta-
bolic effects correlated with tissue-specific alterations in
insulin signalling. In the liver, despite lower IR autopho-
sphorylation, enhanced insulin-induced tyrosine phos-
phorylation of insulin receptor substrate (IRS)-1 and
activation of protein kinase B (PKB) was observed. In
skeletal muscle, IR tyrosine phosphorylation was normal,
but signalling via IRS-1 and PKB was increased. Finally,
no effect of Grbl4 ablation was observed on insulin
signalling in white adipose tissue. These findings demon-
strate that Grbl4 functions in vivo as a tissue-specific
modulator of insulin action, most likely via repression of
IR-mediated IRS-1 tyrosine phosphorylation, and highlight
this protein as a potential target for therapeutic interven-
tion.
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Introduction

Insulin, secreted by the B cells of the pancreatic islets of
Langerhans in response to increases in blood glucose levels,
mediates its cellular responses in target tissues (liver, muscle
and adipose) by binding to the insulin receptor (IR), a
member of the receptor tyrosine kinase superfamily (Saltiel
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and Kahn, 2001). Responses to IR activation include an
increase in glucose uptake in adipose and muscle, together
with increased glycogen synthesis and decreased gluconeo-
genesis in the liver. Critical targets for tyrosine phosphoryla-
tion by the IR are members of the docking protein class of
signal transducing proteins, which once tyrosine phosphory-
lated recruit specific src homology (SH)2 domain-containing
enzymes and adapters. IR targets include Shc, which binds
growth factor receptor-bound (Grb)2 and activates the Ras/
MAP kinase pathway, and insulin receptor substrates (IRS)-1-
4, which recruit Grb2, Nck, Shp-2 and the p85 subunit of
phosphatidylinositol (PI)3-kinase (Saltiel and Kahn, 2001).
The activation of PI3-kinase in response to IRS binding
plays a pivotal role in mediating metabolic responses to
insulin, including increased glucose uptake due to transloca-
tion of GLUT4 transporters to the plasma membrane and
increased glycogen synthesis. Two key effectors of PI3-kinase
implicated in the regulation of GLUT4 trafficking are protein
kinase B (PKB) and the atypical PKC isoform PKC{ (Bryant
et al, 2002). PKB also contributes to the regulation of glycogen
synthesis through phosphorylation and inhibition of glycogen
synthase kinase-3 (Saltiel and Kahn, 2001). More recently,
a PI3-kinase-independent pathway for insulin regulation of
GLUT4 translocation has been identified, involving regulation
of the low-molecular-weight G protein TC10 by a ¢-Cbl/Cbl-
associated protein (CAP) complex (Saltiel and Kahn, 2001).
Grb14 is a multidomain protein consisting of an N-terminal
region harbouring a conserved proline-rich motif, a central
region containing a pleckstrin homology (PH) domain and a
C-terminal SH2 domain. It belongs to a family of related
proteins, the Grb7 family, which also contains Grb7 and
Grb10 (Han et al, 2001). More recently, a novel receptor-
interacting domain was identified in these proteins, the
Between PH and SH2 (BPS) domain (He et al, 1998; Kasus-
Jacobi et al, 1998). This region is sufficient to mediate
binding to the activated IR, and both Grb10 and Grb14 exhibit
ligand-dependent association with this receptor in vivo (Han
et al, 2001). Overexpression of Grbl0 or Grbl4 in CHO-IR
cells inhibits insulin-induced tyrosine phosphorylation of
IRS-1, Shc and Dok (Liu and Roth, 1995; Kasus-Jacobi et al,
1998; Hemming et al, 2001), and reduces insulin-stimulated
mitogenesis and glycogen synthesis (Kasus-Jacobi et al,
1998). This repression is thought to be mediated via BPS-IR
binding, since addition of recombinant fusion proteins con-
taining the Grb10 or Grb14 BPS domains to in vitro kinase
assays reduces the activity of the IR towards exogenous
substrates, with the Grbl4 BPS functioning as an uncompe-
titive inhibitor (Stein et al, 2001; Bereziat et al, 2002). The
repressor role of the BPS region is further supported by the
inhibition of insulin-induced Xenopus oocyte maturation
observed upon microinjection of Grbl4 or its BPS domain
alone (Cariou et al, 2002). Recently, loss of Grb10 function in
the mouse was shown to result in overgrowth of the embryo
and placenta, although the underlying alterations in cellular
signalling remain to be defined (Charalambous et al, 2003).
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To address the physiological role of Grbl4, we have
generated mice in which expression of this protein is ablated
via gene targeting. These mice exhibit improved glucose
homeostasis and enhanced insulin signalling in the liver
and muscle, identifying Grbl4 as a tissue-specific regulator
of IR signal transmission in vivo.

Results

Disruption of the murine Grb14 gene by homologous
recombination

The targeting strategy abolished the production of Grb14 and
replaced it with a P-galactosidase/green fluorescent protein
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(BGal/GFP) fusion. The 5’ arm spanned 8 kb down to the ATG
initiation codon, and the 3’ arm 2kb, starting within the
second coding exon. Figure 1A illustrates the targeting strategy.
The 3’ screening strategy depended upon the introduction of
an additional EcoRV site, so that the 6kb EcoRV band detected
upon Southerns of wild-type genomic DNA was replaced by a
3 kb band upon homologous recombination. Figures 1B and C
show correct targeting of the Grbl14 locus in the genetically
manipulated animals, as determined by Southern blotting and
polymerase chain reaction (PCR), respectively. Correct integra-
tion of the 5’ end of the targeting vector was confirmed based
on the introduction of an additional BamHI site upon homo-
logous recombination (data not shown).
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Figure 1 Gene targeting of the Grb14 locus. (A) Maps of the Grb14 genomic locus (top), targeting vector (middle) and targeted locus after
homologous recombination (bottom). Grb14 exons are indicated by black boxes. B, BamH]I; E, EcoRV; K, Kpnl; S, Stu I. Arrowheads indicate the
location and direction of PCR primers used in genotyping. (B) Southern blot analysis of genomic DNA isolated from wild-type, Grb14~/~ and
Grb14 ™/~ mice, digested with EcoRV, using the probe indicated in Figure 1A. (C) PCR genotyping of DNA distinguishing wild-type, Grb14 /
and Grb14*/~ mice. (D) Northern blot analysis of tissues from Grb14*/* and Grbl4—/~ mice utilizing **P-labelled mouse Grb14 cDNA as
a probe. Small int., small intestine; WAT, white adipose tissue. (E) Western blot analysis of Grb14 protein expression in different tissues. SM,
skeletal muscle.
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In order to confirm that we had abolished expression of
Grbl4 encoding mRNA transcripts, Northern blots were
performed using full-length mouse Grb14 cDNA as a probe.
In wild-type animals, expression of Grbl4 mRNA was
high in the heart, moderate in the liver, white adipose
tissue and lung, and low in the kidney, testis, skeletal
muscle and brain. However, Grb14 mRNA transcripts could
not be detected in Grbl4™/~ amimals (Figure 1D and
data not shown). Consistent with the mRNA expression
profile, Western blot analysis of tissue lysates derived
from wild-type animals revealed high expression of Grbi4
in the liver and heart, moderate levels in white adipose
tissue and low expression in skeletal muscle, while Grb14
protein could not be detected in Grb14~/~ animals (Figure 1E
and data not shown). The expression of 3Gal/GFP from the
Grbl4 gene locus was confirmed by anti-BGal staining of
E10.5 mouse embryos, which revealed strong staining in the
heart of Grb14=/~, but not Grbl4*/*, embryos (data not
shown).

Phenotypic characterization of Grb14~/~ mice
Following crosses between mice heterozygous for the Grb14
gene knockout, wild-type, Grbl4*/~ and Grbl4~/~ mice
were born at normal Mendelian ratio (58:100:51), indicating
that loss of the Grbl4 gene is not essential for embryonic
development. Mating of Grb14~/~ animals demonstrated that
there was no obvious effect of Grb14 ablation on fertility. The
tissues used for Northern analysis (Figure 1), together with
ovary, were also subjected to routine histological examina-
tion. This did not reveal any obvious differences between
wild-type and knockout adult animals.

The weight of animals of both homozygotic genotypes was
measured weekly. These data revealed a small but significant
reduction in body weight for both male and female Grb14~/~
animals. From weaning to 16 weeks of age, female Grb14~/~
animals weighed approximately 5% less than wild-type con-
trols. Male knockouts were weighed from weaning to 28
weeks of age, and a 5-10% reduction in body weight was
detected. These differences were not due to a proportional
decrease in weight of all organs and tissues. For example, at
28 weeks of age, male Grb14™/~ animals exhibited a signifi-
cant weight reduction in the liver {16%, P<0.001) and spleen
(29%, P<0.01), an increase in the heart (18%, P<0.05) and
no significant change in the kidney or white adipose tissue.
No difference in daily food intake was detected between the
two genotypes.

Grb14~/~ mice exhibit improved insulin regulation

of glucose homeostasis

As it has been proposed that Grb14 plays a role in negatively
modulating the insulin signalling pathway, the glucose toler-
ance of age- and weight-matched wild-type and Grbl4-
deficient mice was assessed. At 8-9 weeks of age, there was
no significant difference in the glucose tolerance of male or
female animals, although there was an indication of better
glucose tolerance in male knockout mice {data not shown}.
At 16 weeks of age, there was significantly better glucose
tolerance in male Grb14~/~ mice (Figure 2A), indicating an
increased ability of these mice to clear a glucose load
compared to wild-type mice. Similar results were obtained
for multiple batches of male Grb14~/~ animals between 16
and 24 weeks of age. However, there was no significant
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difference in the glucose tolerance of female Grb14™/~ and
wild-type mice at these ages (data not shown). The reason for
the difference between the male and female Grb14™/~ mice is
not clear, although it may reflect differences in body compo-
sition between males and females, or hormonal effects, as
oestrogen regulates Grb14 expression (R Kairouz and RJ Daly,
unpublished data). Owing to the lack of an obvious pheno-
type in Grbl4~/~ females, subsequent investigations were
limited to a comparison of male wild-type and Grb14~/~
mice.

To investigate the mechanism for the increased ability of
Grbl4~/~ animals to clear glucose, the circulating insulin
concentration in wild-type and Grbl4-deficient mice during
a glucose tolerance test was measured. Figure 2B shows
that the circulating level of insulin was significantly lower
in response to the same glucose load in Grbl14~/~ mice
compared to wild-type mice, demonstrating that the im-
proved tolerance was not due to increased insulin release in
response to the glucose chailenge, and indicating that insulin
action is enhanced in Grbl4-deficient animals. To determine
the role of particular insulin target tissues in the improved
whole-body glucose tolerance, we performed a glucose toler-
ance test where the glucose load was labelled with a tracer
amount of U-"*C-glucose and examined the incorporation of
labelled glucose into glycogen (liver and muscle) and lipids
(white adipose tissue). There was a significant increase in the
amount of labelled glucose incorporated into glycogen
in both liver and muscle of the gene knockout mice,
which is consistent with an improved insulin action in
these tissues. However, there was no difference in the
amount of labelled glucose incorporated into lipid in white
adipose tissue (Figure 2C). Increased glucose incorporation
into tissue glycogen in association with lower insulin levels
during the glucose tolerance test strongly suggests that the
signalling pathways involved in the insulin regulation of
glycogen deposition in the liver and muscle are enhanced
in Grb14~/~ mice, while the results from white adipose tissue
indicate that the effects of Grbl4 ablation may be tissue
specific.

In order to investigate whether the male Grb14 /™ animals
were more sensitive to insulin with regard to whole-body
glucose clearance, intraperitoneal insulin tolerance tests
were performed in mice at 16-18 weeks of age. At a dose of
1U/kg, there was no significant difference in the ability
of insulin to lower blood glucose in Grbl4-deficient and
wild-type mice (data not shown). However, at a lower dose
of insulin {0.5U/kg), a clear difference in the cumulative
decrease in glucose between Grbl4-deficient and wild-type
mice was observed (Figure 3A). Also, fasting plasma insulin
levels in male Grbl4~/~ mice were significantly lower at
28-30 and 54-56 weeks of age compared with wild-type
animals (Figure 3B), providing another indication of in-
creased whole-body insulin sensitivity in Grbl4-deficient
male mice.

Grb14-deficient skeletal muscle exhibits enhanced
insulin-induced glucose uptake

Skeletal muscle is the major tissue that contributes to insulin-
stimulated glucose uptake after a glucose load (DeFronzo
et al, 1981). Therefore, to further explore the mechanism
underlying increased insulin sensitivity in Grbl4-deficient
animals, we measured glucose uptake in isolated soleus
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Figure 2 Glucose tolerance in wild-type and Grb14™/~ mice. (A) Intraperitoneal glucose tolerance tests in male mice. The histogram represents
the incremental area under the glucose curve. (B} Serum insulin levels during a glucose tolerance test in male mice. The histogram represents
the incremental area under the insulin curve. (C) Clearance of U-'*C glucose into glycogen in muscle and liver and into lipid in white adipose
tissue. For (A-C) black shading: wild-type animals; white: Grb14™/~ animals. *P<0.05, indicating a significant difference between genotypes.
Results for (A-C) were obtained using male mice at 16-24 weeks of age.

muscle from wild-type and Grbl4™/~ mice. At the physiolo-
gically relevant, submaximal, concentration of 1.8nM
(300 wU/ml), there was a 1.7-fold greater uptake of 2-deoxy-
glucose (2-DG) in isolated soleus from Grbl4~/~ mice
compared with wild-type mice (P=0.001), but at maximal
insulin concentrations this difference was not evident
(Figure 4A). Interestingly, fat explants from wild-type and
Grb14-deficient mice exhibited no difference in 2-DG uptake
across a range of insulin concentrations (Figure 4B and data
not shown). These observations (in combination with the
data on glucose disposal in vivo, Figure 2C) indicate that
Grb14 ablation differentially affects particular insulin target
tissues.

©2004 European Molecular Biology Organization

Grb14 ablation reduces IR tyrosine phosphorylation

in the liver

In order to investigate IR signalling in insulin target tissues,
tissue extracts were prepared from control or insulin-stimu-
lated Grb14*/* or Grb14~/~ mice. Western blot analysis
revealed that expression of the IR was not altered in the liver,
skeletal muscle or white adipose tissue of the mutant mice
(Figures 5A, B and data not shown). To determine whether
removal of Grb14 altered tyrosine phosphorylation of the IR,
the receptor was immunoprecipitated and then Western
blotted with an anti-phosphotyrosine antibody. Insulin-sti-
mulated IR autophosphorylation was significantly reduced
in the liver of Grb14~/~ animals (Figure 5C, P=0.03), but not
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Figure 3 Measures of insulin action in wild-type and Grb14/~ mice. (A) Intraperitoneal insulin tolerance tests on male mice at 18-20 weeks
of age. The histogram represents the cumulative decrease in blood glucose from basal levels after the injection of insulin (0.5 U/kg). (B) Fasting
serum insulin levels in male wild-type and Grb14-deficient mice. For (A) and (B) black shading: wild-type animals; white: Grb14™/~ animals.

*P<0.05, indicating a significant difference between genotypes.

in skeletal muscle (Figure 5D) or white adipose tissue (data
not shown).

In order to investigate the mechanism underlying the
reduced IR tyrosine phosphorylation in liver, primary hepa-
tocyte cultures were established from the mice, as these were
more amenable to experimental manipulation. Receptor
phosphorylation was determined by Western blotting using
a phosphospecific antibody directed against the autopho-
sphorylated IR, but comparable results were obtained when
IR immunoprecipitates were analysed using an anti-phospho-
tyrosine antibody, and immunodepletion experiments con-
firmed that the receptor detected by the phosphospecific
antibody was the IR, not the closely related IGF-1R. First,
we investigated the kinetics of insulin-induced IR tyrosine
phosphorylation. Immunoblotting of cell lysates revealed that
receptor tyrosine phosphorylation was increased approxi-
mately 10-fold in both wild-type and Grb14~/~ cells following
30s of insulin treatment. However, unlike the wild-type cells,
receptor phosphorylation in the Grb14™/~ cells did not con-
tinue to increase further with time, resulting in an approxi-
mately three-fold difference between the two cell types at
2 and 5min (Figure 6A). Consequently, the isolated hepato-
cytes reproduced the decreased insulin-induced IR tyrosine
phosphorylation observed in the liver in vivo (Figure 5), and
provided a useful model system to investigate the underlying
mechanism.

Estimation of surface IR by biotin labelling did not reveal a
significant difference between wild-type and Grb14~/~ hepa-
tocytes (data not shown). Also, pretreatment of the cells with
H7, a broad-spectrum serine/threonine kinase inhibitor, did

586 The EMBO Journal VOL 23 | NO 3 | 2004

not increase IR tyrosine phosphorylation in Grbl4-deficient
cells {data not shown), although recovery of IR tyrosine
phosphorylation in insulin-resistant cells following treatment
with this compound has been described (Li et al, 2002). Since
it was recently demonstrated that Grb14 protects the IR from
protein tyrosine phosphatase (PTP)1b (Bereziat et al, 2002},
Grb14 ablation may lead to enhanced sensitivity of the IR to
PTPs. To test this hypothesis, we pretreated hepatocytes with
a concentration of the PTP inhibitor pervanadate sufficient to
inhibit PTP activity towards the IR, while maintaining ligand
dependence of IR tyrosine phosphorylation. This increased
insulin-induced IR tyrosine phosphorylation in both wild-
type and Grb14~/~ cells, and importanily, normalized recep-
tor phosphorylation between cells of these two genotypes
(Figure 6B), indicating that the reduced IR tyrosine phosphor-
ylation in Grbl4™/~ hepatocytes is due to PTP-mediated
dephosphorylation.

To investigate the tissue specificity of this effect, we
examined the expression levels of PTP1b, which regulates
IR tyrosine phosphorylation in the liver and skeletal muscle,
but not white adipose tissue, in vivo (Elchebly et al, 1999).
Expression of this enzyme was similar in wild-type and
Grb14~/~ liver (Figure 6C), indicating that the enhanced IR
dephosphorylation in the latter is not due to an increase in
PTP1b levels. Interestingly, PTP1b levels in liver tissue from
the gene knockout mice were approximately seven-fold high-
er than those in skeletal muscle (Figure 6C). Following
correction for the specific activity of the enzyme, which
was slightly higher in Grb14-deficient muscle versus liver
(data not shown), the total PTP1b activity in Grbl4-deficient

©2004 European Molecular Biology Organization
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liver was approximately four-fold higher. Consequently, a
plausible explanation is that in the absence of Grbl4,
PTP1b has enhanced access to the tyrosine-phosphorylated
IR, and that this effect i$ greater in liver versus muscle due to
the higher PTP1b activity present.

Grb14 represses signalling through the IRS-1/PKB
pathway in the liver and muscle

Tyrosine phosphorylation of IRS-1 and the subsequent activa-
tion of PI3-kinase and its downstream effector PKB represent
critical events in insulin-induced metabolic signalling. To
investigate this pathway, we first Western blotted liver ex-
tracts with a phosphospecific antibody against IRS-1 tyrosine
612, which once phosphorylated, binds the p85 subunit of
PI3-kinase. Although total IRS-1 levels were similar, a sig-
nificant increase in insulin-stimulated IRS-1 tyrosine phos-
phorylation at this site was observed in Grbl4-deficient
animals compared to wild-type controls (Figure 7A,
P=0.02). Consistent with this observation, coimmunopreci-
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pitation of p85 with IRS-1 was significantly enhanced in gene
knockout animals (Figure 7B, P=0.01), although p85 levels
were similar between mice of the two genotypes. A marked
enhancement of insulin-induced IRS-1 tyrosine phosphoryla-
tion was also observed in the skeletal muscle of Grb14~/~
mice (Figure 7C, P=0.02), whereas in white adipose tissue it
was unaltered (data not shown). Finally, although the total
PKB levels remained unchanged, PKB activation, as deter-
mined by serine 473 phosphorylation, was significantly in-
creased in the liver and skeletal muscle of Grbl4-deficient
animals (Figures 8A and B, P=0.05 and 0.01, respectively).
In contrast, PKB activation was similar in white adipose
tissue from gene knockout and wild-type mice (Figure 8C).
This selective enhancement of signailing via IRS-1/PKB in the
liver and skeletal muscle, but not in white adipose tissue, is
consistent with the tissue-specific metabolic effects observed
(Figures 2C, 4).

Discussion

Although Grbi4 exhibits ligand-inducible association with
the IR in vivo, the physiological role of this protein has
remained unclear. Therefore, we have used gene targeting
in mice to define the role of Grb14 in the context of the whole
organism. Significantly, loss of Grbl4 in mice results in
improved whole-body glucose tolerance despite less insulin
release, correlating with enhanced insulin action in the liver
and skeletal muscle. This identifies Grbl4 as a tissue-specific
modulator of insulin signalling.

Analysis of IR signalling in the major insulin-responsive
tissues of liver and skeletal muscle revealed that both IRS-1/
PI3-kinase signalling and PKB activation were enhanced in
Grbl4-deficient animals (Figures 7 and 8). Since Grbl4 is a
direct target of the IR (Kasus-Jacobi et al, 1998), but IR
tyrosine phosphorylation was not increased upon Grbi4
ablation, these findings are consistent with a model in
which BPS domain-mediated receptor recruitment of Grbl4
inhibits receptor catalytic activity towards IRS-1 and other
specific substrates (Bereziat et al, 2002). The similar total
protein levels for the IR and IRS-1 in wild-type and Grb14-
deficient cells also indicate that Grbl4 does not normally
target either protein for degradation. This is in contrast to the
SOCS-1 and SOCS-3 SH2 domain containing adaptors, which
bind IRS-1 and IRS-2 and link them to the elongin BC
ubiquitin ligase, resulting in their ubiquitylation and protea-
somal degradation (Rui et al, 2002).

Signalling via IRS-1 and PI3-kinase to the downstream
effector PKB plays a major role in mediating the metabolic
effects of insulin, including stimulation of glucose transport
and glycogen synthesis (Saltiel and Kahn, 2001; Bryant et al,
2002). Consistent with this, isolated soleus muscle from
Grbl4-deficient mice exhibited increased insulin-stimulated
glucose uptake (Figure 4), and there was enhanced incor-
poration of glucose into skeletal muscle glycogen in Grb14~/~
animals in vivo (Figure 2). Intriguingly, the effect on glucose
transport was only observed at a submaximal dose of insulin,
which is in line with the observation that the maximal insulin
response for glucose transport occurs when only 30% of PKB
is activated (Guilherme and Czech, 1998). Thus, increased
PKB activation in Grbl4 "/~ mice could conceivably cause a
leftward shift in the insulin dose response curve for glucose
transport without altering the maximal response. Since
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Figure 5 IR expression and tyrosine phosphorylation in liver and skeletal muscle from wild-type and Grb14~/~ mice. (A) IR expression in liver,
as determined by Western blot analysis of tissue from control (-} or insulin-stimulated (+ )} animals. The histogram shows IR levels derived
from densitometric analysis of the blots for insulin-stimulated animals (au, arbitrary units). (B) IR expression in skeletal muscle. The histogram
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skeletal muscle is the major site for insulin-stimulated
glucose uptake after a glucose load (DeFronzo et al, 1981),
the enhancement of insulin-induced metabolic signalling in
this tissue is likely to make a significant contribution to the
improved glucose tolerance observed in Grbl4~/~ animals.
However, since enhanced insulin-induced signalling and glu-
cose incorporation into glycogen was also observed in the
liver of Grbl4-deficient animals, this tissue may also con-
tribute to the improved glucose homeostasis. In support of
this, a failure to suppress hepatic glucose production results
in severe glucose intolerance in liver-specific IR knockout
mice (Michael et al, 2000).

Despite the fact that Grb14 is widely expressed, we ob-
served several tissue-specific effects in the Grb14=/~ mice.
First, there were small, but significant, alterations in the
weights of specific organs and tissues. As there is no obvious
link between these effects and IR signalling, they may reflect,
directly or indirectly, an involvement of Grb14 in signalling
downstream of receptor tyrosine kinases other than the IR,
for example FGFR1 (Reilly et al, 2000). Notably, the mice do
not exhibit the embryonic overgrowth phenotype of Grbl0-
deficient mice (Charalambous et al, 2003), highlighting a
major difference in the physiological role of these two Grb7
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family members. Also of interest is that the Grbl4-deficient
animals do not exhibit the decrease in white adipose tissue
observed in male PTP1b™/~ mice (Klaman et al, 2000), which
may reflect the additional roles for PTP1b in regulating leptin
signalling or fat metabolism in adipocytes {Asante-Appiah
and Kennedy, 2003).

Second, there was a marked reduction in insulin-stimu-
lated IR tyrosine phosphorylation in the liver, but not in
skeletal muscle or white adipose tissue, of Grbl4-deficient
mice. Since this effect was reversed in primary hepatocytes by
pretreatment with pervanadate (Figure 6B), this strongly
implicates PTP-mediated dephosphorylation as the under-
lying mechanism. PTP1b is a strong candidate, since this
enzyme regulates liver IR tyrosine phosphorylation in vivo
(Elchebly et al, 1999), and Bereziat et al {2002) reported that
Grbl4 overexpression reduces association of the IR and
PTP1b in vivo and that addition of recombinant Grbl4
reduces dephosphorylation of the IR by this enzyme
in vitro. The kinetics of IR tyrosine phosphorylation in
wild-type and Grbl4™/~ hepatocytes, where an effect of
PTP activity was first observed following 30s of insulin
stimulation (Figure 6A), is also consistent with a role for
this enzyme. Dephosphorylation of the IR by PTPlb is
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Figure 6 Role of PTP activity in regulating IR tyrosine phosphorylation. (A) Primary hepatocytes from wild-type or Grbl4™/~ mice
(approximately 20 weeks of age) were stimulated with insulin for 0-300s, as indicated. IR tyrosine phosphorylation was determined by
Western blotting cell lysates with a phosphospecific antibody (pIR, upper panel) and an IR-specific antibody (lower panel). The histogram
shows IR tyrosine phosphorylation normalized for IR levels. Values represent the mean of duplicate experiments. (B) Hepatocytes were
pretreated with pervanadate and stimulated with insulin for 5min as indicated. IR tyrosine phosphorylation was determined by Western
blotting (upper and lower panels). The histogram shows IR tyrosine phosphorylation for insulin-stimulated cells, normalized for IR levels.
Values represent the mean of triplicate experiments. **P<0.01, indicating a significant difference between genotypes. NS: not significant. (C)
Expression of PTP1b in liver and skeletal muscle (SM) from wild-type or Grb14~/~ mice (19-23 weeks of age). Tissue lysates were subjected to

Western blot analysis. Shading of the histogram is as for Figure 6A.

thought to occur following receptor internalization into en-
dosomes, which occurs 30s to 1 min following insulin treat-
ment (Burgess et al, 1992; Asante-Appiah and Kennedy,
2003). The high expression of PTP1b in the liver compared
with skeletal muscle (Figure 6C), and the absence of an effect
of PTP1b ablation on IR phosphorylation in white adipose
tissue (Elchebly et al, 1999), may explain why this effect is
specific to liver. However, since PTP1b acts postreceptor
internalization, tissue-specific differences in IR trafficking
could enhance exposure of the receptor to this enzyme in
the liver. Also, since other PTPs also demonstrate activity
towards the IR (Asante-Appiah and Kennedy, 2003; Galic et al,
2003), we cannot rule out contributions from other enzymes
towards this tissue-specific effect.

Interestingly, despite a decrease in IR tyrosine phosphor-
ylation in the liver, enhanced signalling via IRS-1/PKB was
observed (Figures 7 and 8). It is noteworthy that upon over-
expression of Grb14 in CHO-IR cells, the converse is observed
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in that IRS-1 phosphorylation is reduced despite enhanced
and more sustained IR tyrosine phosphorylation (Kasus-
Jacobi et al, 1998; Bereziat ef al, 2002). A likely explanation
is that since Grb14 acts as an uncompetitive inhibitor of IR
activity, the remaining population of phosphorylated recep-
tors, which is still relatively large given the high expression of
the IR in the liver, has a higher catalytic activity towards
substrates such as IRS-1. However, it is also possible that the
absence of Grbl4 reduces the activity of pathways that
normally act to attenuate signalling via IRS-1, for example,
via tyrosine dephosphorylation or serine/threonine phos-
phorylation of this docking protein (Saltiel and Kahn,
2001). With regard to the latter possibility, Grb14 binds to
the adapter ZIP leading to the formation of a trimeric Grb14/
ZIP/PKC( complex (Cariou et al, 2002), and negative regula-
tion of IRS-1 by PKC{ has been documented (Liu et al, 2001).
Feedback regulation of IRS-1 in Grb14~/~ cells is currently
under investigation.
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Figure 7 Insulin-induced signalling via IRS-1 in liver and skeletal muscle. (A) IRS-1 tyrosine phosphorylation in liver. Tissue lysates were
Western blotted for tyrosine-phosphorylated IRS-1 using a phosphospecific antibody (pY612, upper panel) and for total IRS-1 (lower panel).
The histogram shows normalized IRS-1 tyrosine phosphorylation for insulin-stimulated animals. (B) Association of IRS-1 with the p85 subunit
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animals, normalized for the amount of IRS-1 present. (C) IRS-1 tyrosine phosphorylation in skeletal muscle. The histogram was derived as for
liver. *P<0.05, indicating a significant difference between genotypes. Results for (A-C) were obtained using male mice at 16-23 weeks of age.

A further tissue-specific aspect of the Grb14~/~ phenotype
was the enhanced activation of IRS-1/PKB signalling in liver
and skeletal muscle but not in white adipose tissue. This is
consistent with the in vivo data on glucose incorporation into
glycogen or lipid (Figure 2C) and the ex vivo data on 2-DG
uptake (Figure 4), where effects were observed in the liver
and/or muscle, but not in white adipose tissue. This is not
due to compensation by the related family member Grbl0,
which also inhibits IR signalling, at least in vitro (Liu and
Roth, 1995), or PTP-1b, as the expression levels of both
proteins are similar in white adipose tissue from wild-type
and Grb14™/~ animals (data not shown). Consequently, the
absence of an effect in adipose may indicate that other
regulatory mechanisms are rate limiting for IR signalling via
IRS-1 in this tissue. A difference in the regulation of IR
signalling between the liver and muscle on the one hand,
and adipose on the other, was also revealed upon analysis of
PTP1b-deficient animals, where a role for this enzyme was
only detected in the former tissues (Elchebly et al, 1999).
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Whether these observations relate to the role of the APS/Cbl/
CAP pathway (Saltiel and Kahn, 2001) in insulin regulation of
glucose transport in adipocytes awaits further investigation.

Characterization of the Grbl4~/~ metabolic phenotype
emphasizes how glucose homeostasis is achieved by balan-
cing the insulin sensitivity of peripheral tissues with an
appropriate level of insulin secretion. Thus, insulin levels
during glucose tolerance tests were markedly reduced in
Grb14-deficient animals, as were fasting insulin levels in
ageing mice. However, islets isolated from wild-type and
Grb14-deficient animals exhibited no difference in glucose-
stimulated insulin secretion. Potentiation of glucose-stimu-
lated insulin secretion by the muscarinic receptor agonist
carbachol was also unaffected {data not shown). Therefore,
the lower circulating insulin levels after a glucose load were
not the result of a reduction in the ability of p-cells to respond
to this stimulus. Interestingly, heterozygous knockout mice
for a different repressor of insulin-induced metabolic signal-
ling, SHIP-2, display a similar phenotype in terms of glucose-
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Figure 8 Insulin-induced activation of PKB in different tissues. (A}
PKB activation in liver. Tissue lysates were Western blotted for
serine 473-phosphorylated PKB (upper panel) and total PKB (lower
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stimulated animals. (B, C) PKB activation in skeletal muscle and
white adipose tissue, respectively. The histograms were derived as
for liver. For (A) and (B), *P<0.05, indicating a significant differ-
ence between genotypes. Results for (A-C) were obtained using
male mice at 16-23 weeks of age.

induced insulin secretion in vivo and by isolated islets in vitro
(Clement et al, 2001). In the absence of obvious B-cell defects
in Grb14™/~ and SHIP-2*/~ mice, this suggests that islets
somehow ‘sense’ the insulin responsiveness of other tissues
in vivo. This is supported by the restoration of glucose-
induced acute insulin release that occurs when B-cell-specific
IR gene knockout mice are crossed with the corresponding
muscle-specific knockout (Mauvais-Jarvis et al, 2000).

This study substantiates the emerging concept that insulin
action in vivo is regulated by the opposing action of positive-
acting signdl transducers (e.g. IR, IRS-1 and PKB) and nega-
tive regulatory factors that target different steps in the
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signalling cascade (e.g. PTPlb, Grbl4 and SHIP2).
Perturbation of the expression or activity of either type of
protein can enhance or inhibit insulin action, as demon-
strated by this and other studies using genetically modified
mice (Baudry et al, 2002). Furthermore, enhanced expression
of particular negative regulators has been correlated with the
development of insulin resistance in animal and human
studies. For example, increased expression of PTP1b and
SOCS-3 has been reported in obesity-associated insulin-resis-
tant states (Ahmad and Goldstein, 1995; Emanuelli et al,
2001). Consequently, blocking the activity of such negative
regulators may ameliorate insulin-resistant states by enhan-
cing signal flux through the IR pathway. This is supported by
the enhanced insulin signalling observed in ob/ob mice upon
treatment with antisense oligonucleotides designed to inhibit
PTP1b expression (Gum et al, 2003). Our definition of the
physiological role of Grb14 now highlights this protein and its
BPS-domain-mediated interaction with the IR as additional
targets for therapies aimed at improving insulin action in
vivo.

Materials and methods

Generation of Grb14-deficient mice

A lambda FIX II 129/Sv} mouse genomic library (Stratagene) was
screened with a mouse Grbl4 cDNA probe (murine EST clone
AA221592, Genome Systems). A 10kb Kpnl/BamHI fragment and a
2 kb Stul/BamHI fragment were subcloned into the pBGal GFPpA-
lox neo targeting vector (a kind gift from D Hilton, WEHI)
(Figure 1A). A 1kb Grbl4 probe and a probe specific for the neo
gene were used 1o screen for positively targeted ES cell lines. Two of
these clones were injected into C57BL/6 blastocysts and implanted
into pseudopregnant females. Highly chimeric males were bred
with C57BL/6 females, and offspring that were heterozygous for the
Grb14 null allele were used to derive the Grbl4(Neo) line.
Subsequently, these animals were bred with C57BL/6 transgenic
animals containing the Cre-recombinase gene. The progeny of these
animals had the neo cassette removed, but carried the CRE
recombinase transgene. This transgene was removed by mating
heterozygous animals and then pairing the male progeny that did
not carry the transgene with C57/BL6 females to create the Grb14
knockout line. The genotype of the mice was determined by
Southern blot analysis as described in the Results section
(Figure 1B), and by PCR using oligonucleotides X-Z (Figure 1C).
Experiments were performed on mice maintained on the hybrid
129/5vJ x C57BL/6 background.

Northern and Southern blots

Total RNA was isolated from frozen tissues by homogenization in
TRizo) (Invitrogen) and further purified using Qiagen RNeasy Mini
Kit (Qiagen). Blots were hybridized to [**P]dCTP-labelled Grb14 or
glyceraldehyde-3-phosphate dehydrogenase cDNA probes. North-
ern and Southern blotting were performed as described elsewhere
(Hui et al, 1998).

Antibodies

The commercial antibodies used were Grbl4 (Chemicon Interna-
tional), Grb10, p85 subunit of PI3-kinase and PTP-1b (all Upstate
Biotechnology), IRS-1 (Santa Cruz Biotechnology), PKB and
phospho-PKB (pS473) (both Cell Signalling Technology), HRP-
RC20 and IR B (both Transduction Laboratories), IR Ab-3 (Oncogene
Research Products), phospho-IR (pY1162, pY1163) and phospho-
IRS-1 (pY612) (both Biosource).

Analysis of IR signalling in mouse tissues

Mice (3-8/phenotype) were fasted overnight and anaesthetized by
injection of 30 mg/kg of pentabarbitone. The peritoneal cavity was
opened and insulin (1U/kg) was injected into the hepatic portal
vein. After 2 min, the liver, epididyma! white adipose tissue and
quadriceps muscle were rapidly excised and immediately frozen in
liquid nitrogen. Lysates from the liver and white adipose tissue
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were prepared by homogenizing the tissue in modified RIPA buffer
(0.5% deoxycholate, 150mM NaCl, 1% NP40, 50mM Tris-Cl pH
8.0, 0.1% SDS, 10% glycerol, 5mM EDTA, 20 mM NaF) containing
1mM phenylmethylsulphony! fluoride, 1 mM sodium orthovana-
date, 10pg/ml aprotinin and 10pg/ml leupeptin. Debris was
removed by centrifugation at 17 500 g for 10 min at 4°C. For muscle
lysates, the tissues were treated identically, except that the frozen
muscle was pulverized in a micro-dismembrinator and the resulting
powder was resuspended in RIPA buffer. Immunoprecipitations and
Western blots were performed essentially as previously described
(Janes et al, 1994).

PTP1b activity assay

This was performed on immunoprecipitated enzyme using a c¢-Src-
derived phosphopeptide substrate, as previously described (Taghi-
biglou et al, 2002).

Metabolic assays

Serum glucose concentrations were determined by an enzymic
method using glucose oxidase/peroxidase and the dye 4-aminoan-
tipyrine. Serum insulin levels were measured using a commercial
radioimmunoassay kit (Linco). For glucose tolerance tests, age- and
weight-matched mice were fasted overnight and then injected
intraperitoneally with glucose (2g/kg). Blood samples were
obtained from the tail tip at the times indicated. Insulin concentra-
tions during these tests were assayed using an ultrasensitive mouse
ELISA (Mercodia AB). The change in blood glucose in response to
exogenously administered insulin was used to assess whole-body
insulin action. Actrapid insulin (NovoNordisk Pty Ltd) was injected
intraperitoneally (0.5U/kg) into overnight fasted mice and blood
samples were collected from the tail for glucose determination.

Assessment of insulin action in vivo

A tracer amount of U-"*C-glucose was mixed with 50% glucose in
normal saline and injected intraperitoneally into overnight fasted,
wild-type and Grb14 gene-deleted mice (2 g/kg body weight, 10 uCi
per mouse). During this radiolabelled glucose tolerance test, blood
was collected from the tip of the tail at 15, 30, 45, 60 and 90 min.
Blood glucose and blood radioactivity were determined at each time
point and the area under the curve was calculated for both these
parameters. For the determination of incorporation of radiolabelled
glucose into glycogen, tissue samples of the liver and muscle (50—
100 mg) were digested in 300 ul of 1 M KOH at 70°C for 20 min. After
the addition of 75 pl of saturated NaSO,, glycogen was precipitated
by the addition of 1.7 ml of 95% ethanol. The pellets were washed
with 95% ethanol and re-dissolved in 1 ml of water. The clearance
of radioactive glucose into glycogen was assessed by liquid
scintillation counting of a sample of the glycogen solution and
correction for the area under the curve for radioactive glucose
during the glucose tolerance test and for the weight of the tissue
sample used. Incorporation of U-*C glucose into lipid in white
adipose tissue was determined after homogenizing samples of
tissue in 2ml of chloroform/methanol (2:1) followed by the
addition of 1ml of 0.6% saline to facilitate separation of the
organic and aqueous phases. The lower chloroform phase (which
contained extractable, neutral lipids) was collected and evaporated
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to dryness before liquid scintillation counting to determine the
amount of C glucose incorporated into the lipid fraction. The
clearance of radioactive glucose into lipid was calculated by
correcting for the area under the curve for radioactive glucose
during the glucose tolerance test and for the weight of the tissue
sample used.

Analysis of glucose uptake by isolated muscle strips and
adipocyte explants

Overnight fasted mice were killed by cervical dislocation and soleus
muscles were removed immediately. Muscles were preincubated in
the presence or absence of insulin and glucose transport activity
was assayed as described previously (Hansen et al, 1995).
Epididymal fat pads were removed and cut into 1-2-mm-sized
explants. Explants were placed in 12-well plates (10-50 mg per well)
in 0.5ml of Krebs-Ringer buffer (pH 7.4) supplemented with 2%
BSA and 2 mM sodium pyruvate. Explants were incubated at 37°C
for 30 min to establish basal conditions. Where required, explants
were treated with insulin (0.05-100 nM) for 15 min. Glucose uptake
was assayed as described previously (Molero et al, 2001).

Isolation and analysis of primary hepatocytes

Mice were anaesthetized by injection of 30 mg/kg of pentabarbi-
tone. The liver was infused via the vena cava with collagenase
(Gibco) and then placed in RPMI 1640 medium (Gibco) containing
10% FCS (Trace Biosciences) and 50uM 2-mercaptoethanol.
Following dissociation of hepatocytes into the medium, the cells
were collected by centrifugation and washed in PBS. Following
purification on a Percoll gradient (Amersham Pharmacia Biotech),
the cells were seeded in growth medium at 3 x 10° cells/well of a
six-well tissue culture plate (Corning Inc.). Following culture for
16-24h, the cells were serum-starved for 6h and then stimulated
with insulin (10 ug/ml). Cells were lysed as previously described
(Janes et al, 1994}. To analyse surface IR in hepatocytes, cell surface
proteins were labelled at 4°C with sulpho-NHS-biotin (Pierce) by
standard procedures. Cell lysates were then prepared and biotin-
labelled proteins were isolated using streptavidin-sepharose beads
(Amersham Pharmacia Biotech.). The amount of IR in this fraction
was assayed by Western blotting. Pretreatment of cells with
pervanadate (1pM) or the serine/threonine kinase inhibitor H7
(Calbiochem) (2uM) was performed for 15 and 20min, respec-
tively, prior to insulin stimulation.

Statistical analysis

All results were analysed by ANOVA with appropriate post hoc tests
performed using Statview 4.5 for Macintosh (Abacus Concepts).
Results are expressed+standard error, and differences were
considered to be statistically significant at P<0.05.
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