ORIGINAL RESEARCH

Dual Ablation of Grb10 and Grb14 in Mice Reveals
Their Combined Role in Regulation of Insulin
Signaling and Glucose Homeostasis
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Growth factor receptor bound (Grb)10 and Grb14 are closely related adaptor proteins that bind
directly to the insulin receptor (IR) and regulate insulin-induced IR tyrosine phosphorylation and
signaling to IRS-1 and Akt. Grb10- and Grb14-deficient mice both exhibit improved whole-body
glucose homeostasis as a consequence of enhanced insulin signaling and, in the case of the former,
altered body composition. However, the combined physiological role of these adaptors has re-
mained undefined. In this study we utilize compound gene knockout mice to demonstrate that
although deficiency in one adaptor can enhance insulin-induced IRS-1 phosphorylation and Akt
activation, insulin signaling is not increased further upon dual ablation of Grb10 and Grb14.
Context-dependent limiting mechanisms appear to include IR hypophosphorylation and de-
creased IRS-1 expression. In addition, the compound knockouts exhibit an increase in lean mass
comparable to Grb10-deficient mice, indicating that this reflects a regulatory function specific to
Grb10. However, despite the absence of additive effects on insulin signaling and body composi-
tion, the double-knockout mice are protected from the impaired glucose tolerance that results
from high-fat feeding, whereas protection is not observed with animals deficient for individual
adaptors. These results indicate that, in addition to their described effects on IRS-1/Akt, Grb10 and
Grb14 may regulate whole-body glucose homeostasis by additional mechanisms and highlight
these adaptors as potential therapeutic targets for amelioration of the insulin resistance associ-
ated with type 2 diabetes. (Molecular Endocrinology 23: 1406-1414, 2009)

he hormone insulin is preeminent for the regulation of

whole-body glucose homeostasis and mediates its cel-
lular responses in target tissues by binding to the insulin
receptor (IR). Insulin-induced receptor activation triggers
intracellular signaling cascades that promote glucose up-
take into muscle and fat, inhibit hepatic glucose produc-
tion, and enhance lipogenesis, as well as glycogen and
protein synthesis (1). The development of insulin resis-
tance in muscle, which can be due to genetic factors, a
sedentary lifestyle, ageing, and/or obesity, is a major risk
factor for development of type 2 diabetes. Although the
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pancreatic B-cells initially compensate by producing more
insulin, B-cell failure eventually occurs, leading to glucose
intolerance and overt diabetes (2).

The IR and its downstream targets, insulin receptor
substrates (IRS)-1 and IRS-2, constitute a critical node in
the insulin-signaling network (3). Tyrosine phosphoryla-
tion of IRS proteins generates binding sites for a variety of
src homology (SH)2 domain-containing proteins includ-
ing growth factor receptor-bound (Grb)2 and the p85
subunit of phosphatidylinositol (PI) 3-kinase. The latter
enzyme plays a pivotal role in mediating metabolic re-

Abbreviations: BPS, Between pleckstrin homology and SH2; dKO, double-knockout
OA2-4™*: DXA, dual-energy x-ray absorptiometry; Grb, growth factor receptor-
bound; HFD, high-fat diet; IR, insulin receptor; IRS, insulin receptor substrate; PI,
phosphatidylinositol; PLSD, protected least significant difference; PTP, protein tyrosine
phosphatase; WT, wild type.
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sponses to insulin, including glucose transporter 4 trans-
location to the plasma membrane and glycogen synthesis,
and a key PI 3-kinase effector implicated in regulation of
these endpoints is the serine/threonine kinase Akt (3).
Signal transmission downstream of the IR is regulated at
different steps by specific protein and lipid phosphatases,
adaptors and E3 ubiquitin ligases, and some of these rep-
resent potential therapeutic targets for amelioration of
insulin resistance (3, 4). For example, IR tyrosine phos-
phorylation is negatively regulated by protein tyrosine
phosphatase (PTP)1b (5), and treatment of diabetic
ob/ob mice with PTP1b-directed antisense oligonucle-
otides leads to enhanced IR phosphorylation and
downstream signaling (6).

Grb10 and Grb14 are members of a family of SH2-
containing adaptors that also includes Grb7 (7, 8). Both
Grb10 and Grb14 bind directly to the insulin receptor
(IR) via two regions: the between pleckstrin homology
and SH2 (BPS) domain, and the SH2 domain (8, 9). In
terms of function and underlying mechanism, Grb14 is
the best-characterized of these two adaptors. Grb14-de-
ficient mice exhibit improved glucose homeostasis, de-
spite lower circulating insulin levels, and enhanced insulin
signaling via IRS-1 and Akt in liver and skeletal muscle
(10). Structural studies have revealed how Grb14 regu-
lates IR signal output, identifying the N-terminal region
of the Grb14 BPS domain as a pseudosubstrate inhibitor
of the IR kinase (9). An additional effect observed in
Grb14-deficient animals is that the liver IR is relatively
hypophosphorylated upon insulin stimulation, which ap-
pears to reflect a role for Grb14 in protecting the IR
activation loop from the action of specific protein ty-
rosine phosphatases (10-12). Interestingly, Grb14 ex-
pression is increased in adipose tissue of insulin-resistant
animal models and type 2 diabetic human patients (13),
suggesting that Grb14 may modulate insulin sensitivity in
pathological, as well as in normal, states.

Grb10-deficient mice exhibit enhanced insulin-induced
tyrosine phosphorylation of IRS-1, and associated IR
hypophosphorylation, in muscle and white adipose tis-
sue (14). The gene-disrupted mice also exhibit im-
proved whole-body glucose homeostasis and insulin
sensitivity, which reflects a modest enhancement of in-
sulin action in skeletal muscle and adipose tissue, to-
gether with a significant increase in skeletal muscle
mass (14). Consistent with these data, a different strain
of Grb10 gene knockout mice exhibit enhanced insulin-
induced activation of Akt and Erk in skeletal muscle
and adipose tissue and increased insulin sensitivity in
skeletal muscle (15).

Comparison of the respective gene knockouts suggests
that Grb10 and Grb14 exhibit partially overlapping func-
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tions in vivo. To formally define the combined physiolog-
ical roles of Grb10 and Grb14, we have generated and
characterized compound gene knockout mice deficient
for both proteins. This provides further insights into the
roles of these adaptors in regulating insulin signaling in
particular tissues and, importantly, identifies that abla-
tion of both proteins protects against the impaired glu-
cose tolerance that results from high-fat feeding.

Results

Effect of compound Grb10 and Grb14 gene
disruption on body weight and body composition
We bred Grb10 heterozygote mice, on a mixed C57BL/
6:CBA background, with Grb14 heterozygote mice, on
a C57BL/6 background, to generate single and com-
pound deletions for these genes. Due to reduced fertil-
ity of Grb10 gene-disrupted females, it was difficult to
establish a colony of mice that were homozygous for
the Grb10 deletion. Because Grb10 is an imprinted
gene, disruption of the maternal allele ablates Grb10
expression in peripheral tissues (16). Therefore, we used
these maternal heterozygotes (denoted Grb10A2-4™") for
the current study. The genotype of the compound de-
letion was Grb10A2-4™*Grb14 /", denoted hence-
forth as dKOA2-4™". To confirm ablation of these
adaptors in dKOA2-4™" animals, Western blot analy-
sis was undertaken on white adipose tissue and liver,
tissues that express high levels of Grb10 and Grb14,
respectively (10, 15). This confirmed absence of pro-
tein expression (Fig. 1).
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FIG. 1. Grb10 and Grb14 protein expression is ablated in double-
knockout mice. A, White adipose tissue was analyzed by Western
blotting for the expression of Grb10. Samples from both dKOA2-4™*
and dKOA2-4™P mice are shown for comparative purposes. In the
latter, both Grb10 alleles are disrupted. B, Liver was analyzed by
Western blotting for the expression of Grb14. Expression of B-actin
was used to verify equal loading in each case.
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We have previously shown that adult mice with a dis-
ruption to the Grb10 gene have an increase in total body
weight (14). To investigate the effect of ablating the
Grb10 and Grb14 genes in combination, we first exam-
ined body weights of mice at 6 months of age. Consistent
with our earlier work, Grb10A2-4™" mice were 15%
heavier than their wild-type (WT) counterparts (Fig. 2A).
This weight differential was maintained in the dKOA2-
4™ mice. Previously we reported that the weight pheno-
type of Grb10A2-4™" mice is accounted for by an in-
crease in lean mass (14). Therefore, to determine whether
lean mass contributed to the increased body weight of
dKOA2-4™* mice, we undertook a dual-energy x-ray ab-
sorptiometry (DXA) analysis of body composition. We
found that dKOA2-4™* mice had a similar increase in
lean mass to Grb10A2-4™* mice (Fig. 2A). When the lean
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FIG. 2. dKOA2-4™" mice have increased body weight and altered
body composition. A, Body weights of 6-month-old mice fed a chow
diet and values for their lean and fat mass, determined by DXA
analysis. B, Dissected weight for tibialis anterior muscle and (C) tissue
weights. Values are expressed as means = sem; n = 4—7 mice per
group for body weight, n = 4-9 for tissue weights. *, P < 0.05; **,
P < 0.01 relative to WT by Fisher’s PLSD test.
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mass was expressed as a percentage of total body weight,
the difference was normalized, suggesting that increased
lean mass explained the enhanced body weight of these
animals. The lean mass measured by DXA predominantly
represents muscle mass. To investigate the lean phenotype
in more detail, we dissected out the tibialis anterior mus-
cles and analyzed their weights. Consistent with our pre-
vious study (14), the tibialis muscle was significantly
larger in Grb10A2-4™" mice (Fig. 2B). The increase in
tibialis weight was also significantly different in the dou-
ble-knockout mice. In our previous study, Grb10A2-4™~
animals exhibited a significant reduction in adiposity
(14). This effect was less evident on the altered genetic
background used in this study, as determined by both
DXA (Fig. 2A) and direct weighing of the epidydimal
depot (Fig. 2C), but the double-knockout animals also
exhibited a trend for decreased adipose tissue. Several
other tissues (heart, kidney, liver, spleen) were not sig-
nificantly different in size between genotypes. How-
ever, the pancreas was larger in both Grb10A2-4™*
and dKOA2-4™* mice (Fig. 2C). Ablation of Grb14
did not affect animal weight or body composition (Fig.
2). Overall, these data indicate that the lean phenotype
of Grb10A2-4™" mice is maintained in dKOA2-4™"
animals.

Effect of high-fat diet (HFD) on body weight and
body composition

To determine how a HFD affects body composition in
mice of the different genotypes, mice were fed a special-
ized diet, providing 45% of calories from fat, for 16 wk
beginning at 8 wk of age. DXA analysis revealed that mice
of all genotypes displayed a significant increase in fat
mass on a HFD (Fig. 3A). Interestingly, this effect was
significantly enhanced in Grb14 ™/~ animals. Examina-
tion of epidydimal adipose depots revealed that fat-fed
Grb10A2-4™" and dKOA2-4™" mice had significantly
less fat at these sites than either WT or Grb14~/~ mice
(Fig. 3B). In the case of Grb14-deficient animals, the in-
crease in fat mass detected by DXA (Fig. 3A) was not
accompanied by a parallel increase in epidydimal fat mass
(Fig. 3B). Consequently, either small differences in a num-
ber of adipose depots may result in a significant overall
difference as measured by DXA or, alternatively, there
may be depot-specific differences in fat accumulation,
with no change observed for the epidydimal depot. DXA
analysis revealed that the increased lean mass exhibited
by Grb10A2-4™" and dKOA2-4™" mice (Fig. 2A) was
maintained after a HFD (Fig. 3C), and this was reflected
in significantly increased tibialis muscle weights for both
genotypes (Fig. 3D).

Downloaded from mend.endojournals.org at Univ New South Wales Biomedical Library on August 27, 2009


http://mend.endojournals.org

Mol Endocrinol, September 2009, 23(9):1406-1414

OWT _®Grb10A2-4M"* N Grb14--  mdKOA2-4m/* |

fat mass by DXA 25 epidydimal fat mass (HFD)

FIG. 3. Effect of HFD on body composition. Fat mass of 6-month-old
mice fed a HFD, analyzed by DXA (A) or dissected epididymal fat mass
(B). Lean mass of mice on a HFD analyzed by DXA (C) or dissected
tibialis muscle mass (D). Values are expressed as means * Sem; n =
4-9 mice/group. *, P < 0.05; **, P < 0.01 relative to WT on the same
diet, by Fisher’s PLSD test; ¥, P < 0.05 for comparison of chow with
HFD for each genotype, by Fisher’s PLSD test.

Insulin-induced signaling in compound gene
knockout mice

To determine the combined roles of Grb10 and Grb14
in regulation of insulin signaling, we characterized the
phosphorylation status of the IR, IRS-1, and Akt using
phosphospecific antibodies against key regulatory sites.
Phosphorylation of the IR activation loop on Y1162 and
Y1163 is critical for kinase activation and downstream
signaling (17), and Y612 of IRS-1 is a major site for p85
binding and hence PI3-kinase activation (18). In addition,
we have previously demonstrated that increased phos-
phorylation of IRS-1 on this site upon Grb14 ablation
correlates with enhanced IRS-1/p85 association (10). Fi-
nally, the kinase domain residue T308 is a major positive
regulatory site in Akt (19). Our analysis was restricted to
these sites so that the impact of all genotypes could be
examined in a range of insulin-responsive tissues. How-
ever, we acknowledge that all three proteins are subject to
phosphorylation on additional sites and other modes of
regulation.

Grb10 and Grb14 are both expressed in quadriceps
muscle and white adipose tissue (10, 14, 15). In the
former tissue, and for chow-fed animals, ablation of nei-
ther adaptor alone altered IR expression. However, total
IR levels were significantly increased in the double
knockouts, indicating redundant roles for Grb10 and
Grb14 in negative regulation of IR expression (Figs. 4
and 5A). Consistent with our previous findings (10, 14),
Grb10A2-4™"*, but not Grb14 /", animals exhibited IR
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FIG. 4. Insulin-induced signaling in quadriceps muscle of gene
knockout mice. Chow-fed mice were anesthetized at 6 months of age
and then injected with (+) or without (=) insulin (1 U/kg) via the
inferior vena cava. After 2 min, quadriceps muscle was collected and
immediately frozen in liquid nitrogen. Solubilized muscle samples were
subjected to Western blotting as indicated. Representative Western
blots are shown.p-IR, Phosphorylated IR; t-IR, total IR.

hypophosphorylation in quadriceps muscle (Figs. 4 and
5C). However, evidence that Grb14 can contribute to
regulation of muscle IR phosphorylation was obtained by
analysis of animals on a HFD, in which the individual
knockouts were without effect, but there was marked
receptor hypophosphorylation in dKOA2-4™* mice (Fig.
5D) despite normal IR levels (Fig. 5B). Total IRS-1 levels
were similar in quadriceps muscles from chow-fed ani-
mals of all genotypes (Figs. 4 and 6A). However, IRS-1
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FIG. 5. Insulin-induced signaling to IR in quadriceps muscle of mice
fed a chow or HFD. Western blots were quantified by densitometry.
Total IR normalized for tubulin in (A) chow-fed mice and (B) HFD-fed
mice. The phosphorylated signal for IR was adjusted for its total level
to give a measurement of phosphorylated IR in (C) chow-fed mice and
(D) HFD-fed mice. Values for insulin-stimulated samples are expressed
as means * sem; n = 1 (—insulin), n = 3-4 (+insulin). *, P < 0.05; **,
P < 0.01 relative to WT on the same diet, by Fisher’s PLSD test. pIR,
Phosphorylated IR; tIR, total IR; au, arbitrary units.
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FIG. 6. Insulin-induced signaling to IRS-1 and Akt in quadriceps
muscle of mice fed a chow or HFD. Western blots were quantified by
densitometry. Total IRS-1 normalized for tubulin in (A) chow-fed mice
and (B) HFD-fed mice. The phosphorylated signal for each protein was
adjusted for its total level to give a measurement of phosphorylated
IRS-1 in (C) chow-fed mice and (D) HFD-fed mice and
phosphorylated Akt in (E) chow-fed mice and (F) HFD-fed mice.
Values for insulin-stimulated samples are expressed as means =+
SemM; n = 3 (chow), n = 4 (HFD). *, P < 0.05; **, P < 0.01 relative
to WT on the same diet, by Fisher’s PLSD test; tt1, P < 0.01 relative
to WT on the same diet, by Student’s t test. pIRS, Phosphorylated
IRS; tIRS, total IRS; au, arbitrary units.

expression was significantly reduced in fat-fed dKOA2-
4™ animals (Fig. 6B). Characterization of insulin-in-
duced IRS-1 tyrosine phosphorylation revealed a signifi-
cant enhancement in quadriceps muscle of chow-fed
Grb10A2-4™" and Grb14 ™/~ animals, as previously re-
ported (10, 14), whereas in dKOA2-4™* mice, IRS-1 ty-
rosine phosphorylation was also increased, but only to a
level comparable to that in the single knockouts (Figs. 4
and 6C). These effects on IRS-1 in the knockout animals
were paralleled by corresponding changes in phosphory-
lation of the downstream effector Akt on T308 (Figs. 4
and 6E). For animals on a HFD, signaling to IRS-1 was
similar in the double knockouts relative to WT controls
(Fig. 6D). In line with this, Akt phosphorylation was com-
parable in WT and dKOA2-4™" mice (Fig. 6F). In white
adipose tissue, for animals on either a chow diet or HFD,
dual ablation of Grb10 and Grb14 did not lead to further
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enhancement of IRS-1 phosphorylation or Akt activation
relative to the individual knockouts (data not shown).
Grb14 is expressed at high levels in adult liver, whereas
Grb10 levels are reportedly low (14, 15, 20). Ablation of
Grb10 and Grb14, alone or in combination, did not lead
to marked changes in IR expression for chow- or fat-fed
animals (data not shown). In line with previous findings,
the IR was significantly hypophosphorylated in liver from
chow-fed Grb14 ™/~ animals (Fig. 7A). However, Grb10
ablation also led to reduced IR phosphorylation, and an
additive effect was observed in the double knockouts, so
that IR phosphorylation in dKOA2-4™" mice was signif-
icantly less than in Grb14 '~ animals (Fig. 7A). Signifi-
cant receptor hypophosphorylation was also observed for
double-knockout animals on a HFD (Fig. 7B). Conse-
quently, on this genetic background, Grb10 does contrib-
ute to regulation of liver IR phosphorylation. Interest-
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FIG. 7. Insulin-induced signaling in liver of mice fed a chow or HFD.
Western blots were quantified by densitometry, and the
phosphorylated signal for each protein was adjusted for its total level
to give a measurement of phosphorylated IR in (A) chow-fed mice and
(B) HFD-fed mice, phosphorylated IRS-1 in (C) chow-fed mice and (D)
HFD-fed mice, and phosphorylated Akt in (E) chow-fed mice and (F)
HFD-fed mice. Values for insulin-stimulated samples are expressed as
means = seM; n = 1 (—insulin), n = 3 (+insulin, chow), n = 3-4
(+insulin, HFD). *, P < 0.05; **, P < 0.01; ***, P < 0.001 relative to
WT (unless otherwise indicated) on the same diet, by Fisher’s PLSD
test; t, P < 0.05 relative to WT on the same diet, by Student’s t test.
pIR, Phosphorylated IR; pIRS, phosphorylated IRS; au, arbitrary units.
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ingly, the effects of the different knockouts on IRS-1
expression in liver were similar to those observed in mus-
cle: no effects for chow-fed animals of any knockout ge-
notype, but a significant, approximately 2-fold reduction
in IRS-1 expression for fat-fed dKOA2-4™" mice (P <
0.05 by ANOVA with Fisher’s protected least significant
difference (PLSD) test; data not shown). Consistent with
our previous study (9), IRS-1 tyrosine phosphorylation
was significantly increased in the livers of chow-fed
Grb14~/~ mice (Fig. 7C). This effect was also observed in
fat-fed animals (Fig. 7D) but was not evident in Grb10A2-
4™* mice on either diet. For dKOA2-4™" animals on a
chow or HFD, IRS-1 tyrosine phosphorylation was sim-
ilar to WT controls (Fig. 7, C and D). For chow-fed ani-
mals, a significant enhancement of Akt phosphorylation
in liver was observed in both Grb10- and Grb14-deficient
mice, but in line with data from muscle, an additive effect
was not detected in double-knockout mice (Fig. 7E). For
animals on a HFD, Akt activation in liver was reduced in
Grb10A2-4™" mice and comparable to WT animals for
the other genotypes (Fig. 7F).

Overall, these data indicate that although ablation of
either Grb10 or Grb14 can enhance insulin-induced sig-
naling, this is not increased further upon their combined
loss, and under certain conditions, may be attenuated by
the IR hypophosphorylation and/or decreased IRS-1 ex-
pression that occurs.

Effect of compound disruption of Grb10 and
Grb14 on whole-body glucose homeostasis

We have previously demonstrated that both the Grb10
and Grb14 knockout mouse models have improved
whole-body glucose homeostasis (10, 14). To determine
whether compound gene disruption enhanced this effect,
we performed glucose tolerance tests on dKOA2-4™*
mice. Whereas the fasting blood glucose levels of chow-
fed mice of all genotypes were similar (Table 1), the glu-

TABLE 1. Plasma concentrations of glucose and insulin
in fasted mice

Genotype Chow diet HFD
Glucose (mwm)

WT 8.0=*03 11.0 £ 0.5

Grb10A2-4™+ 7.8 +0.3 93=*0.7

Grb14="~ 88 0.3 10.5 £ 0.5

dKOA2-4™+ 8.1*02 10.0 + 0.9
Insulin (ng/ml)

0.84 = 0.14 1.36 = 0.18°

Grb10A2-4™* 0.98 +0.18 0.52 +0.27°

Grb14~/~ 0.61 + 0.09 0.79 + 0.11¢

dKOA2-4™* 0.78 = 0.15 0.57 = 0.15¢

Data are presented as means = sem (n = 3—12 mice per group): ¢, P <
0.05 for chow vs. HFD-fed mice, by Fisher’s PLSD test; P < 0.01
relative to WT on the same diet; <, P < 0.05.
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cose tolerance of Grb14~'~ and double-knockout mice
was significantly improved compared with WT animals
(Fig. 8, A and B). In addition, we performed glucose tol-
erance tests on mice that had been fed a HFD for 16 wk.
Whereas ablation of Grb10 and Grb14 alone, or in com-
bination, prevented HFD-induced hyperinsulinemia (Ta-
ble 1), neither of the single-gene disruptions affected the
impaired glucose tolerance that results from high-fat feed-
ing (Fig. 8, A and B). In contrast, the incremental area
under the glucose tolerance curve for dKOA2-4™" mice
on the HFD was similar to WT mice on chow diet (incre-
mental area under the curve = 965 and 955, respectively;
P = 0.9 by ANOVA with Fisher’s PLSD test), indicating
that dual ablation of Grb10 and Grb14 allows mainte-
nance of normal glucose homeostasis following this di-
etary regimen (Fig. 8B).

Discussion

In recent years, it has become evident that, in addition to
the canonical IR targets IRS-1/2 and Shc, several adaptor-
type signaling proteins bind directly to the IR in an insu-
lin-dependent manner and regulate signal output. In the
case of SH2-B, this results in amplification of IR signaling
(21). In contrast, Grb10 and Grb14 perform a negative
modulatory role (9, 10, 14). However, how these adap-
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FIG. 8. Compound disruption of Grb10 and Grb14 protects against
HFD-induced glucose intolerance. A, Glucose tolerance tests for 6
month-old mice fed either chow or HFD. B, Quantification of the
incremental area under the curve for total glycemic excursions from
panel A. Values are expressed as means =+ seM; n = 4—13 mice per
group. *, P < 0.05; **, P < 0.01 relative to WT on the same diet, by
Fisher's PLSD test. IAUC, Incremental area under the curve.
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tors cooperate to regulate insulin signaling and whole-
body glucose metabolism remains poorly characterized.

In this study, we have used dual gene disruption to
characterize, for the first time, the combined physiologi-
cal roles of Grb10 and Grb14. Interestingly, whereas
Grb14-deficient mice on a mixed 129/Sv] x C57BL/6
background exhibited a slight decrease in body weight
(10), this was not observed on the different genetic back-
ground used in this study. However, the increases in body
weight and lean mass that occur in Grb10A2-4™* mice
(14) were largely phenocopied in dKOA2-4™% animals,
indicating that these effects represent a functional role of
Grb10 that is not shared by Grb14. The enhanced body
weight of Grb10-deficient adult mice reflects the ability of
Grb10 to suppress fetal growth. This may be mediated via
a pathway outside of the IGF axis, because it is indepen-
dent of IGF-II (16). However, disruption to negative reg-
ulation of the IGF-1 receptor by Grb10 (22) may lead to
postnatal maintenance of increased muscle mass in
Grb10-deficient animals (14). Whether Grb14 also regu-
lates the IGF-1 receptor is unclear at present, although the
phenotype of Grb14 ™/~ mice suggests that this adaptor
may be more specific for the IR. Consequently, it will be
of great interest to further characterize the growth-regu-
latory pathway(s) modulated by Grb10 and to identify
the structural determinants that confer signaling specific-
ity to Grb10 and Grb14.

Our previous studies determined that upon Grb10 or
Grb14 ablation, enhanced signaling to IRS-1 can occur in
particular tissues despite relative IR hypophosphoryla-
tion (10, 14). This may reflect the increased catalytic ac-
tivity of the residual phosphorylated receptor due to the
absence of a pseudosubstrate inhibitor (9), and/or spatio-
temporal segregation of signaling events, so that receptor
coupling to IRS-1 occurs at the plasma membrane and
before receptor dephosphorylation, which occurs after
internalization (23). However, although under certain
conditions IR hypophosphorylation is increased in
dKOA2-4™* mice compared with Grb10A2-4™" or
Grb14~/~ animals (Figs. SD and 7A), it is not paralleled
by a further enhancement of signaling to IRS-1. Instead,
signaling is similar to that observed in WT animals (Figs.
6D and 7C). A potential explanation is that Grb10 and
Grb14, while gating the initial signal output from the
receptor, perform an additional role of maintaining a
pool of receptor in a latent, but activated, state, as dis-
cussed by Dufresne and Smith (22). Because the IR-adap-
tor association is presumably dynamic, cycles of disasso-
ciation/association of the adaptor with the receptor may
then allow maintenance of IRS-1 phosphorylation, while
protecting the receptor from PTP activity. This explains
the apparent conundrum of Grb10 and Grb14 perform-

Mol Endocrinol, September 2009, 23(9):1406-1414

ing two opposing roles in inhibiting the catalytic activity
of the receptor, but protecting it from dephosphorylation.
It is also consistent with a recent report that IR-Grb14
complexes can be detected in the endosomal fraction of
rat liver (24). According to our model, ablation of one
adaptor results in enhanced signaling to IRS-1 at the
plasma membrane, but to maintain this level of IRS-1
tyrosine phosphorylation, a pool of receptor must be pro-
tected from dephosphorylation after internalization and
remain in an active state. This protective function can be
provided by the remaining adaptor in the single knock-
outs. However, in the double knockouts, the enhanced
receptor dephosphorylation results in there being insuffi-
cient activated IR to maintain sustained IRS-1 tyrosine
phosphorylation.

This study has also revealed effects of dual Grb10/14
deficiency on the expression levels of two components
of the insulin-signaling network. Previously we re-
ported that Grb10 ablation led to increased IR levels in
quadriceps muscle of chow-fed animals (14). However,
on the modified genetic background used in the double-
knockout study, this effect was only observed for
dKOA2-4™* mice (Fig. SA). Although the ability of
Grb10 to promote IR degradation has been reported
(25), this is the first indication that Grb14 also contrib-
utes to this process. Second, IRS-1 expression was sig-
nificantly reduced in muscle and liver of fat-fed double-
knockout animals. Because this represents a novel
effect of Grb10 or Grb14, it will be important to de-
termine the level at which this regulation occurs. Of
note, it has recently been reported that the CUL7 E3
ubiquitin ligase targets the IRS-1 docking protein for
ubiquitin-dependent degradation after mammalian tar-
get of rapamycin-dependent phosphorylation of IRS-1
(4). Consequently, one possibility is that the absence of
Grb10 and Grb14 leads to enhanced phosphorylation
of IRS-1 by particular serine/threonine kinases, leading
to its degradation. This is currently under investigation.

As well as characterizing the effects of combined
Grb10 and Grb14 deletion on insulin signaling, this study
provides a significant insight into the physiological signif-
icance of global deletion of these genes on glucose ho-
meostasis. Because the double-knockout animals exhib-
ited protection from the impaired glucose tolerance that
results from high-fat feeding, this indicates that the gene
deletions are having nonredundant effects that, when
combined, can significantly alter the way the animal dis-
poses of a glucose load. However, although the muscle
phenotype of Grb10A2-4™* animals is maintained in the
double knockout, enhanced signaling to Akt in insulin-
responsive tissues, relative to the single knockouts, is not
readily apparent. A potential explanation is that the en-
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hancement of Akt activation upon Grb10 and Grb14 ab-
lation is masked at high insulin concentrations, as previ-
ously reported for mice with peripheral disruption of
Grb10 (15). Alternatively, Grb10 and Grb14 may have
additional functions that impact upon glucose homeosta-
sis, beyond their known roles in regulating coupling of the
IR to IRS-1. Indeed, it was recently reported that Grb14
plays a positive role in promoting sterol regulatory
element-binding protein 1c maturation in primary hepa-
tocytes (26), although this cannot explain the improved
glucose homeostasis of the double-knockout animals. Fi-
nally, the effects of combined Grb10 and Grb14 ablation
on whole body glucose homeostasis may be indirect, and
reflect, for example, altered cross talk between muscle
and liver. Irrespective of the underlying mechanism, this
study provides strong evidence that these two adaptors
represent potential therapeutic targets for treatment of
insulin-resistant states.

Materials and Methods

Animal maintenance

Animals were kept on a 12-h light, 12-h dark cycle with free
access to food and water. They were fed either a standard lab-
oratory chow diet, or a HFD (45% of calories from fat, 35% of
calories from carbohydrate, and 20% of calories from protein)
for 16 wk, beginning at 8 wk of age. All experiments were
carried out on male mice and were undertaken with the ap-
proval of the Garvan Institute/St Vincent’s Hospital Animal
Ethics Committee, following guidelines issued by the National
Health and Medical Research Council of Australia. Animal
weights and food intake were monitored weekly.

Metabolic assays

Glucose tolerance tests (2 g/kg glucose ip) were performed on
overnight-fasted (~16 h) mice that were matched for age. Blood
samples were obtained from the tail tip to measure the glucose
levels at the appropriate timepoint using a glucometer (Accu-
Check II; Roche, Indianapolis, IN). For plasma measurements,
blood was collected after euthanasia from the chest cavity and
then centrifuged at 13,000 rpm for 10 min to obtain the plasma.
Plasma insulin concentrations were assayed using a commercial
RIA kit (Linco Research, Inc., St. Charles, MO).

Determination of body composition

Lean and fat body masses were measured using DXA (Lunar
PIXImus2 mouse densitometer; GE Healthcare, Piscataway, NJ)
according to the manufacturer’s instructions.

Insulin signaling studies and Western blot analysis

Overnight-fasted mice were anesthetized with pentobarbital
sodium (30 mg/kg) after which insulin (1 U/kg) was injected into
the inferior vena cava. After 2 min, liver, white adipose tissue,
quadriceps muscle, and tibialis muscle were collected and im-
mediately frozen in liquid nitrogen. The tissues were solubilized
(after powdering in the case of muscle) for 2 h at 4 C in modified
RIPA buffer (65 mm Tris; 150 mm NaCl; 5 mm EDTA; 0.1%
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Nonidet P-40; 0.5% sodium deoxycholate; 0.1% sodium dode-
cyl sulfate; 10% glycerol, pH 7.4) supplemented with protease
and phosphatase inhibitors (10 pg/ul aprotinin, 10 pg/ul leu-
peptin, 20 mM NaF, 1 mm Na orthovanadate, 1 mM phenyl-
methylsulfonyl fluoride). Cleared tissue lysates were resolved by
SDS-PAGE and immunoblotted with antibodies against Grb10
(a kind gift from Prof. Feng Liu, University of Texas Health
Science Center at San Antonio, San Antonio, TX) (15), Grb14
(Chemicon, Temecula, CA), the IR B-subunit (BD Transduction
Laboratories, Lexington, KY), phospho-IR (pY1162/3; Bio-
source, San Jose, CA), IRS-1 (Upstate Biotechnology, Inc., Santa
Cruz, CA), phospho IRS-1/2 (pY612, Biosource), Akt or phos-
pho Akt (pT308) (both from Cell Signaling Technology, Dan-
vers, MA), B-tubulin (Amersham Pharmacia Biotech, Piscat-
away, NJ) or B-actin (Sigma, St. Louis, MO). Quantitation of
immunolabeled bands was performed using IP Lab Gel H (BD
Biosciences).

Statistical analysis

Data are presented as mean * SeM. Statistical analysis of all
data was performed using ANOVA with a Fisher’s PLSD post
hoc test. For additional analysis of individual comparisons, un-
paired Student’s ¢ tests were performed as indicated in the figure
legends. Differences at P < 0.05 were considered to be statisti-
cally significant.
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