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Abstract

Background The growth factor receptor bound protein 7 (Grb7) family of signalling adaptor proteins comprises
Grb7, Grb10 and Grb14. Each can interact with the insulin receptor and other receptor tyrosine kinases, where Grb10
and Grb14 inhibit insulin receptor activity. In cell culture studies they mediate functions including cell survival, pro-
liferation, and migration. Mouse knockout (KO) studies have revealed physiological roles for Grb10 and Grb14 in glu-
cose-regulated energy homeostasis. Both Grb10 KO and Grb14 KO mice exhibit increased insulin signalling in periph-
eral tissues, with increased glucose and insulin sensitivity and a modestly increased ability to clear a glucose load. In
addition, Grb10 strongly inhibits fetal growth such that at birth Grb10 KO mice are 30% larger by weight than wild
type littermates.

Results Here, we generate a Grb7 KO mouse model. We show that during fetal development the expression patterns
of Grb7 and Grb14 each overlap with that of Grb10. Despite this, Grb7 and Grb14 did not have a major role in influenc-
ing fetal growth, either alone or in combination with Grb10. At birth, in most respects both Grb7 KO and Grb14 KO
single mutants were indistinguishable from wild type, while Grb7:Grb10 double knockout (DKO) were near identical

to Grb10 KO single mutants and Grb10:Grb14 DKO mutants were slightly smaller than Grb10 KO single mutants. In

the developing kidney Grb7 had a subtle positive influence on growth. An initial characterisation of Grb7 KO adult
mice revealed sexually dimorphic effects on energy homeostasis, with females having a significantly smaller renal
white adipose tissue depot and an enhanced ability to clear glucose from the circulation, compared to wild type
littermates. Males had elevated fasted glucose levels with a trend towards smaller white adipose depots, with-

out improved glucose clearance.

Conclusions Grb7 and Grb14 do not have significant roles as inhibitors of fetal growth, unlike Grb10, and instead Grb7
may promote growth of the developing kidney. In adulthood, Grb7 contributes subtly to glucose mediated energy
homeostasis, raising the possibility of redundancy between all three adaptors in physiological regulation of insulin
signalling and glucose handling.
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Background

The growth factor receptor bound protein (Grb) 7-family
comprises Grb7, Grb10 and Grb14, a structurally related
group of signalling adaptor proteins [1, 2]. Grb7-family
proteins lack catalytic activity but share several conserved
molecular interaction domains, that are similarly ordered
from amino- (N-) to carboxyl- (C-) terminus. These
include a proline-rich region towards the N-terminus
containing SH3 binding motifs that may be functional
[3] and tandem GYF motifs that were found to bind two
proteins dubbed Grb10-interacting GYF (GIGYF) bind-
ing proteins, GIGYF1 and GIGYF2 [4]. Moving towards
the C- terminus, there is a Ras-association- (RA-) like
domain that mediates interactions with various signalling
molecules, including different Ras proteins (e.g. [5, 6]).
Next there is a pleckstrin homology (PH) domain that
provides a means of associating with specific membrane
inositol phospholipids, that appears to be important for
membrane localization and recruitment to the insulin
receptor (Insr) [6, 7]. The PH domain is also required for
binding to non-receptor intracellular signalling proteins
including N-Ras [6] and calmodulin, the latter in a cal-
cium-dependent manner [8, 9]. Nearest the C-terminus
is a Src-homology 2 (SH2) domain that primarily medi-
ates interactions with activated receptor tyrosine kinases
(RTKs) [1]. Finally, a characteristic feature of the Grb7-
family is a conserved region not found in other proteins
that lies between the PH and SH2 domains, termed the
BPS domain, that also plays a role in RTK interactions,
with the N-terminal portion occupying the Insr kinase
substrate groove and thereby acting as a pseudosubstrate
inhibitor [10].

Despite the SH2 domain being the most highly con-
served region between the three Grb7-family members
they each exhibit preferential binding to an overlap-
ping set of RTKs, though it should be noted that a
variety of approaches have been used and few studies
directly compare binding of two or more members to
the same receptor [1]. The most widely studied inter-
actions have been those with the Insr, which all three
Grb7-family proteins are capable of binding, and the
closely related insulin-like growth factor 1 receptor
(Igflr), mainly studied in relation to Grb10 (reviewed
in [11]). Grb10 and Grb14 have emerged as inhibitors
of these receptors, influencing downstream signalling
pathway molecules that mediate energy metabolism,
such as Irs1, p85-PI3K and Akt, as well as those for cell
survival and proliferation, notably ERK/MAPK [1]. In

addition, Grb10 is a direct substrate for phosphoryla-
tion by the mammalian target of rapamycin complex
1 (mTORC1) growth factor and nutrient sensing com-
plex [12, 13].

Physiological roles for Grb10 and Grbl4 have been
identified through mouse knockout (KO) studies.
Grbl10 is one of around 150 mouse genes subject to reg-
ulation by genomic imprinting such that usually only
one of the two parental alleles is expressed [14, 15].
Grbl10 is unusual in being widely expressed from the
maternal allele in developing mesodermal and endoder-
mal tissues, whereas the paternal allele is expressed in
the developing central nervous system (CNS) [16-18].
Consequently, mice inheriting a paternal Grb10 null
allele (Grb10™? mice) exhibit changes in specific behav-
ioural traits [18—21], whereas those inheriting a mutant
maternal allele (Grb10™", hereafter Grb10 KO) are
characterised by fetal and placental overgrowth, such
that they are around 30% heavier at birth than wild
type littermates [17, 18, 22, 23]. This involves enlarge-
ment of endodermal and mesodermal organs but not
the brain, consistent with the expression pattern of the
maternal Grb10 allele. The overgrowth of Grb10 KO
mice involves increased cell proliferation and cell num-
ber [22, 24] and at birth they have larger skeletal mus-
cles with more myofibers, rather than bigger myofibers,
with unaltered ratios of fast and slow-twitch fibres [25].
Grb10 KO mice retain an increased lean mass profile
as adults and have a modest improvement in glucose
and insulin sensitivity that is associated with elevated
glucose-stimulated Insr signalling [22, 26, 27]. Further,
tissue-specific knockouts have shown that disruption
of the maternal Grb10 allele in adipose tissue (brown
and white together), pancreas, skeletal muscle or hypo-
thalamus is sufficient to alter different aspects of energy
homeostasis [28—31].

Growth regulation by Grbl0 during fetal develop-
ment is widely assumed to occur through inhibition of
Igflr, which is known to act as a major regulator of fetal
growth by mediating the growth promoting effects of
the two insulin-like growth factor ligands Igfl and Igf2
(reviewed in [32]). However, tests for epistatic interac-
tions between Grbl0 and IGF signaling components,
including between Grb10 KO and either Igf2 KO [17] or
Igfir KO [23] mice provide strong evidence that Grb10
regulates fetal growth largely independently of IGF
signaling. In Grb10 KO mice, the neonatal liver is dis-
proportionately enlarged, with hepatocytes filled with
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lipid [22]. These hepatic phenotypes were abrogated in
Grb10:Insr DKO mice, indicating that Grb10 normally
restricts hepatic lipid storage by inhibiting the Insr, but
there was no evidence for involvement of the Insr in
other aspects of fetal growth [23].

Grb14~’~ homozygous (GrbI4 KO) mutant mice have
a normal lean to adipose body composition and also
exhibit modestly improved glucose and insulin sensi-
tivity, with increased glucose-regulated Insr signalling
[33, 34]. Adult Grb10:Grbi4 double knockout (DKO)
mice have the altered body composition characteristic
of Grb10 KO mice, with glucose and insulin sensitivity
further improved in comparison to either Grb10 KO or
Grbi4 KO single mutants, suggesting an additive effect
of losing Insr inhibition from both adapter proteins [34].
Increases in glucose-stimulated Insr signalling were more
prominent in the skeletal muscle and white adipose tissue
(WAT) of Grb10 KO and Grb10:Grbi14 DKO mice and in
liver of Grb14 KO and Grb10:Grb14 DKO mice. This sug-
gests the additive effect is due to the two adapter proteins
having a greater role in Insr inhibition in different tissues
and is consistent with the fact that Grb10 expression is
low in normal adult liver.

The physiological role of Grb7 is less clear, with no pre-
vious studies having described Grb7 KO mice. In in vitro
studies, Grb7 has mainly been associated with focal
adhesion kinase- (FAK-) and ephrin B1- (ephB1-) medi-
ated regulation of cell migration [35]. This is potentially
an ancestral function since the RA and PH domains of
the Grb7-family proteins are conserved in the C. elegans
Mig-10 protein, which is required for embryonic neu-
ronal migration. In addition, overexpression of human
GRB?7 has been linked with progression of many can-
cer types, with evidence indicating it can affect diverse
processes, including cell survival, proliferation, migra-
tion and invasion, mainly studied in cancer cell lines
[36]. GRBI4 has been linked with several cancer types,
with evidence that it promotes tumour progression in
thyroid carcinoma [37] and glioblastoma [38], and may
act as a tumour suppressor in hepatocellular carcinoma
[39]. Similarly, there is evidence for GRBIO having an
oncogenic role in prostate carcinoma [40], glioma [41]
and gastric cancer [42]. More in keeping with its growth
inhibitory role during development there is convincing
evidence that GRBIO acts as a tumour suppressor in at
least two cases, that of clear cell renal cell carcinoma [43]
and in tumours from a cancer-prone mouse model het-
erozygous for the Neurofibromatosis 1 (NfI) gene [44].

Here we show that expression patterns of Grb7 and
Grb14 each overlap with that of Grbl0 during fetal
development, and to a limited extent with each other.
We include an initial description of Grb7 KO mice
and address the potential for Grb7 and Grbi4 to act
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redundantly with Grb10 in the regulation of mouse fetal
growth, including the expansion of liver due to excess
lipid accumulation. Mean birth weights of Grb7 KO and
Grbi14 KO pups were similar to those of wild type lit-
termates, whereas Grb10 KO pups were significantly
heavier, by approximately 30%, consistent with previous
studies [17, 18, 23, 45]. Despite the overlapping expres-
sion patterns during development, tests for genetic inter-
actions between Grb10 and either Grb7 or Grb14 in mice
revealed no evidence of additive effects on fetal growth.
In particular, there was no evidence from birth weights
that either Grb7:Grb10 DKO or Grb10:Grb14 DKO pups
were larger than Grbi0 single KO pups. Likewise, there
was no evidence that either Grb7 or Grb14 contributed to
the growth of most individual organs, with the exception
that Grb7 appeared to have a positive influence on fetal
kidney growth. Initial characterization of Grb7 KO adult
mice revealed subtle changes in adipose deposition and
glucose sensitivity, particularly in females, suggesting a
role for Grb7 as a physiological regulator of insulin sign-
aling, which merits further study.

Results

Expression of Grb7 and Grb14 in the embryo and in adult
pancreas

Tissue distribution of Grb7 in the e14.5 mouse embryo

To date, no extensive developmental expression pattern
of mouse Grb7 has been reported, with available infor-
mation based mainly on Northern blots of RNA prepared
from homogenised adult tissues [3, 46]. One exception is
a study that included mRNA in situ hybridisation data,
providing spatial information only for fetal mouse lung,
gut and kidney [47]. Consequently, we sought to char-
acterise the expression pattern of Grb7 protein during
embryonic mouse development by immunohistochemis-
try. Analysis of histological sections from el4.5 embryos
revealed a distinct pattern of Grb7 expression in tissues
of mesodermal and endodermal origin (there was no
signal in control sections stained without the primary
antibody). Grb7 was readily detected in developing liver,
pituitary, inner ear, nasal epithelium and tooth primordia,
along with strong staining of epithelial structures, includ-
ing the epidermis (Fig. 1A), within the submandibular
salivary gland (Fig. 1B), kidney tubules (Fig. 1C), bronchi
within the lung (Fig. 1D), lining of the gut (Fig. 1E) and
stomach (Fig. 1A). There was also intense staining in the
endocrine pancreas (Fig. 1F), with lower levels of expres-
sion evident in the pericardium and ossified cartilage, for
example in ribs (Fig. 1D), as well as in the adrenal cortex
(Fig. 1C). Discrete staining was observed in the endo-
crine component of the developing pancreas (Fig. 1E).
Notably, Grb7 was absent from the CNS and different
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Fig. 1 Grb7 expression in the mouse embryo visualised by immunohistochemistry on wild type e14.5 paraffin sections. Representative mid-sagittal
sections were chosen to display a wide range of tissues (sections adjacent to those used to stain for Grb14 in Fig. 2). A Whole wild type embryo
with expression highlighted in dermis (d), gut (g), inner ear (i), liver (i), lung (lu), nasal epithelium (ne), pancreas (p), pituitary (pi), ribs (r, ossified
cartilage), stomach (s), salivary gland (sg) and tooth primordia (tp); B Expression in submandibular gland and tooth primordia; C Expression

in kidney (ki) and adrenal gland (ad); D Expression in lung and liver, but not heart (h); E Expression in epithelial lining of mid- and hind-gut; F
Endocrine pancreas. Brown staining is indicative of Grb7 expression, magnifications as indicated

muscle types, including skeletal muscle, smooth muscle
of the gut, diaphragm and cardiac muscle.

Tissue distribution of Grb14 in the e14.5 mouse embryo

Previous studies of Grb14 expression in the mouse have
been restricted to methods for bulk tissue analysis such
as RT-PCR, Northern and Western blotting (e.g. [33]).
Consequently, we again employed immunohistochemistry
to characterise the tissue distribution of Grb14 in el4.5
embryo sections, where possible using sections adja-
cent to those used to probe for Grb7, to facilitate direct
comparison. An antibody raised against the N-terminus
of Grbl4 was used and revealed a distinct pattern of
expression (Fig. 2A) (there was no signal in control sec-
tions stained without the primary antibody). In the brain,
Grb14 was restricted to the apical surface of the cho-
roid plexus epithelial layer (Fig. 2B). Grb14 protein was
detected at high levels in the ossifying cartilage, including,
vertebrae (Fig. 2C) and ribs (Fig. 2D), as well as in various
in skeletal muscles, including intercostals (Fig. 2D), dia-
phragm and tongue (Fig. 2A). High levels were addition-
ally found in the tooth primordia, throughout the cardiac
muscle and dermis. At lower levels, Grb14 was found in
the developing bronchi of the lungs (Fig. 2D), through-
out the pancreatic primordium (Fig. 2E), and the epithe-
lial lining of the midgut and stomach, (Fig. 2A). Grb14

was not detected in the pituitary, pericardium, smooth
muscle of the gut, kidney or adrenal gland. A summary
of the expression findings for Grb7 and Grb14 at el4.5,
in comparison with the previously described pattern for
Grb10 [17, 18, 45] is provided (Table 1). A direct compari-
son of expression patterns for Grb7, Grb10 and Grb14 is
provided in Additional File 1: Fig. S1, showing data we
have generated at el4.5 alongside data across the €9.5-
el6.5 stages of organogenesis from the MOSTA spatial
transcriptomic atlas of mouse development [48]. Having
observed expression of all three adaptor proteins in the
developing pancreas, we also examined their expression
in the adult organ. Grb7, Grb10 and Grb14 proteins were
each readily detected throughout the endocrine cells of
the islets of Langerhans (Fig. 3).

Functional overlap between Grb10 and Grb14

in the regulation of fetal growth

Grb10 KO x Grb14 KO offspring PN1 body mass and blood
glucose levels

Progeny of crosses between Grb10™7:Grb14*" females
and Grb10"7:Grb14*" males were collected at PN1 for
body and organ weight analysis (Fig. 4). A Chi-squared
test indicated that offspring of the twelve anticipated
genotypes were present at the expected frequencies
(p=0.8629) (Additional File 2: Table S1). Progeny of the
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Fig. 2 Grb14 expression in the mouse embryo visualised by immunohistochemistry on wild type e14.5 paraffin sections. Representative
mid-sagittal sections were chosen to display a wide range of tissues (sections adjacent to those used to stain for Grb7 in Fig. 1). A Whole wild type
embryo with expression highlighted in cardiac muscle (c), choroid plexus (cp), dermis (d), diaphragm (di), gut (g), lungs (lu), liver (1), ribs (r, ossifying
cartilage), stomach (s), tooth primordia (tp) and tongue (t); B Expression in choroid plexus; C Expression in ossifying cartilage (ca) of vertebrae;

D Expression in lung, ossifying cartilage of ribs and intercostal muscle (ic); E Expression in pancreas (p). Brown staining is indicative of Grb14
expression, magnifications as indicated

Table 1 Grb7, Grb10 and Grb14 distribution in the developing mouse embryo

Tissue Grb7 Grb10 Grb14

Details E Details E Details E
CNS No - Yes*, ventral spinal cord, M No -

mid-brain

Ch plexus inconclusive - Yes, epithelium H Yes, apical epithelial surface H
Pituitary Yes H Yes M No -
Submandib Yes, epithelium H No - No -
Inner ear Yes, epithelium H Yes M Yes M
Nasal ep Yes H Yes M Yes M
Tooth prim Yes M Yes M Yes M
Cartilage Yes, ossified \% Yes H VYes, ossifying H
Sk muscle No - Yes, widely H Yes, intercostal, diaphragm H
Heart Yes, Pericardium L Yes, Cardiac muscle M Yes, Cardiac muscle H
Lung Yes, epithelial H Yes, epithelial H Yes, epithelial M
liver Yes H Yes H Yes M
Pancreas Yes, endocrine H Yes, endocrine H Yes, endocrine M
Kidney Yes, epithelial H Yes, epithelial H No
Adrenal gl Yes, cortex L Yes, cortex M No -
Stomach Yes, epithelial H Yes, epithelial H Yes, epithelial L
Lower gut Yes, epithelial H Yes, epithelial H Yes, epithelial \%
Epidermis No - Yes M Yes M

Expression determined by immunohistochemistry on wild type embryo sections at e14.5. Expression is compared in the listed tissues with notes on the specific
localisation of each protein. An indication of relative expression level (E) is provided, in which levels have been judged separately for each antibody through
comparison of tissues in the same sections (H=high, M=medium, L=1low, V=very low). Grb10 is expressed in the CNS exclusively from the paternally inherited allele
(indicated *) and in all other sites exclusively or primarily from the maternally inherited allele. Data was gathered from multiple stained embryos (a minimum of three
for each antibody). Ch plexus = choroid plexus; gl=gland; Nasal ep = nasal epithelium; Sk muscle = skeletal muscle; Submandib = submandibular salivary gland; Tooth
prim=tooth primordium

twelve genotypes were reduced to four groups by treating ~ Grb14™* (Table 2A). Pooling allowed us to strengthen
the following pairs of offspring as equivalent; Grb10™"  statistical analyses, while simplifying data analysis and
and Grb10™?; Grb10™* and Grb10™?; and Grb14+" and presentation, without materially affecting the analysis.
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Fig. 3 Expression of Grb7 family members in PN21 mouse pancreas
visualised by immunohistochemistry on paraffin sections. Antibodies
specific for (A) Grb7; B Grb10; and C Grb14; were used to detect
distinct proteins of the Grb7 family. Brown staining is indicative

of protein expression. Arrows indicate endocrine area (pancreatic
islets); magnification 100x

Mean body and organ weights are summarised in
Table 3A. Compared to wild type controls (mean weight
1.3827 £0.0275 g), Grb10 KO pups (1.8306 g+0.0430 g)
were approximately 32% larger (p<0.0001), a size dif-
ference consistent with that seen previously [17, 18,
22, 23] and in keeping with the role for GrbI0 as a fetal
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growth inhibitor (Fig. 4A). In contrast, Grb14 KO pups
(1.3657 £ 0.0288 g) were not significantly different to wild
type with a mean weight only 1% smaller. Grb10:Grb14
DKO animals (1.6003 +£0.0789 g) were intermediate in
size between wild type and GrbI10 KO (16% larger than
wild type), without being significantly different to either.
This was unexpected since the most likely predicted
outcomes were either that the DKO pups would be very
similar to Grb10 KO single mutants, indicating no redun-
dancy in growth regulation, or DKO pups would be even
larger than Grb10 KO single mutants, indicating func-
tional redundancy between the two adaptor proteins as
fetal growth inhibitors. To investigate whether Grbl0
and Grb14 might influence circulating glucose levels in
neonates through combined actions on the Insr, we also
measured blood glucose at PN1 (Fig. 4B). Mean values
for wild type (3.0£0.2 mM), Grb10 KO (3.3+0.8 mM),
Grbi4 KO (3.5+0.5 mM) and Grbl10:Grbi4 DKO
(3.4+0.6 mM) were all very similar and no significant dif-
ferences were found between any of the genotypes.

Grb10 KO x Grb14 KO offspring PN1 organ mass

To assess body proportions and potential selective effects
on individual organs, brain, liver, lungs, heart and kid-
neys were dissected at PN1, with weights analysed
directly (Fig. 4C-G) and as a percentage of total body
weight (Fig. 4H-L). First, as seen in our previous stud-
ies the brain from Grb10 KO pups was spared from the
more dramatic overgrowth of the body, being only 14%
(p<0.01) larger than wild type (0.08987+0.0020 ver-
sus 0.0787 £0.0018 g) (Fig. 4C). In contrast, brain from
Grb14 KO (0.0807£0.0039 g) and Grb10:Grbi4 DKO
(0.0810+0.0050 g) pups did not significantly differ from
each other or from brain of the other two genotypes. This
meant that while Grb14 KO and Grb10:Grb14 DKO brain
did not differ significantly from wild type proportions,
the Grb10 KO brain was small (p<0.01) relative to an
enlarged body (Fig. 4H). A similar sparing effect was seen
in Grb10 KO kidneys (0.0156 + 0.0005 g), which were only
16% larger (p<0.05) than wild type (0.0134+0.0047 g)
(Fig. 4G) and disproportionately small (p<0.05) within
the 32% bigger body (Fig. 4L). Kidneys from Grbi4 KO
(0.0134+0.0007 g) pups were near identical to wild type
and those from Grb10:Grbi4 DKO (0.0148+0.0009 g)
10% larger, though not significantly different.

In contrast to brain and kidney, Grb10 KO liver
(0.1302 +0.0054 g) was 123% larger (p<0.0001) than the
wild type liver (0.0584+0.0028 g) (Fig. 4D). Grbl4 KO
liver (0.0572+0.0034 g) was indistinguishable from wild
type, while Grb10:Grb14 DKO liver (0.0986+0.0036 g)
was 69% larger than wild type (p <0.05) and was not sig-
nificantly different to Grb10 KO liver. This meant the
liver of both Grb10 KO (p<0.0001) and Grbl10:Grbi4
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Fig. 4 Weights and blood glucose levels in PN1 progeny from Grb10 KO x Grbi14 KO crosses. Weights of whole body and selected dissected organs,
with blood glucose levels were collected at PN1 from progeny of crosses between Grb10 KO and Grb14 KO mice. Data were pooled into four groups
for analysis as described in the Methods; wild type (WT), Grb10 KO (10KO), Grb14 KO (14KO) and Grb10:Grb14 double knockout (DKO). For each

of the four offspring genotype groups, data are shown for (A) Body weight; and B Blood glucose concentration ([Glu]). In addition, actual weights
of (C) Brain; D Liver; E Lungs; F Heart; and G Kidneys; are shown above the relative weights of the same organs, expressed as a percentage of body
mass (H-L). Values represent means and SEM, tested by one-way ANOVA using Kruskal-Wallis and Dunn’s post hoc statistical tests. Sample sizes
were, for total body and all organs, WT N=25, GrbT0KO N=13, Grb14 KO N=7, Grb10:Grb14 DKO N=7; glucose levels, WT N=18, Grb10 KO N=9,
Grb14 KO N=6, Grb10:Grb14 DKO N=4. Asterisks indicate p-values, *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001

Table 2 Genetic crosses used in the study, showing parent and offspring genotypes with their expected ratios. Crosses between
(A) Grb10™P:Grb14* double heterozygous females and Grb10%P:Grb14%/- double heterozygous males, producing offspring of

twelve genotypes, and (B) Grb7+-Grb10™P double heterozygous females and Grb7*"heterozygous males, producing offspring of six
genotypes, each in the indicated, expected Mendelian ratios. For ANOVA statistical analysis these six or twelve genotypes were used
to form four groups, as indicated, since no difference was anticipated between animals differing only in theirGrb14* and Grb14+*or
Grb7*"and Grb7+*allelic status. Similarly, due to the imprinted expression of Grb10, offspring inheriting a mutant copy of the paternal
Grbi0 allele (Grb10*'P), having no growth phenotype, were not expected to differ from Grb10 wild type (Grb10™*) offspring, while
double knockout (DKO) offspring inheriting mutations of both parental alleles (Grb10™P) were expected to be indistinguishable from
those inheriting a mutant copy of the normally active maternal Grb10 allele (Grb10™%)

A)
Parents Grb10™P: Grb14* female x Grb10*/P: Grb 14" male
Offspring Grb10™*: Grb14*+  Grb10Y*:Grb14™ Grb10"*: Grb147 Grb10™+: Grb14™*  Grb10™*: Grb14*"  Grb10™*: Grb14”"
Ratio 1 2 1 1 2 1

Grb10YP Grb14**  Grb10™P.Grb14*~  Grb10"P:Grb147  Grb10™P.Grb14™*  Grb10™P: Grb14*~  Grb10™P: Grb147
Ratio 1 2 1 1 2 1
Group Wild type Grb14 KO Grb10 KO Grb10: Grb14 DKO
B)
Parents Grb7*"Grb10"? female x Grb7"-Grb10*+ male
Offspring Grb7**: Grb10™* Grb7"" Grb10™/* Grb7"-Grb10"* Grb7Y+Grb10™* Grb7*"Grb10™* Grb7"Grb10™*
Ratio 1 2 1 1 2 1
Group Wild type Grb7 KO Grb10 KO Grb7:Grb10 DKO

DKO (p<0.05) was disproportionately enlarged (Fig. 41).
Similarly, compared to wild type (0.0419+0.0015 g),
Grb10 KO lungs (0.0645+0.0034 g) were 54% larger
(p<0.0001) and Grbi10:Grb14 DKO (0.0526+0.0059 g)
25% larger, whereas Grb14 KO lungs (0.0416 +0.0004 g)
were almost identical to wild type (Fig. 4E). In all cases
the single KO and DKO mutants remained proportionate

with body weight (Fig. 4]). In the case of heart, only
Grb10 KO (0.1278+0.00056 g) differed significantly
(p<0.0001) from wild type (0.0088 + 0.0004 g), being 46%
larger, whereas Grb14 KO heart (0.0090+0.0003 g) was
very similar, at only 2% smaller, and Grb10:Grbi4 DKO
(0.0111+0.0013 g) 27% larger (Fig. 4F). In all cases the
heart was proportionate with total body weight (Fig. 4K).
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Table 3 Summary of PN1 body and organ weight data for progeny of crosses between (A) the Grb10 KO and Grb14 KO strains, and (B)
the Grb7 KO and Grb10 KO strains. Mean weights are shown for each genotype together with changes relative to wild type (%WT) for

each mutant genotype

A) Grb10KO x Grb14 KO

WT Grb14 KO

Actual Actual %WT
Body 1.3827 1.3657 -1
Brain 0.0787 0.0807 +2
Liver 0.0584 0.0572 -2
Lung 0.0419 0.0416 -0.7
Heart 0.0088 0.0090 +2
Kidney 0.0134 0.0134 -0.3
B) Grb7 KO x Grb10 KO

WT Grb7 KO

Actual Actual %WT
Body 1.4966 1.2674 -15
Brain 0.0895 0.0853 -5
Liver 0.0612 0.0456 -26
Lung 0.0370 0.0298 -19
Heart 0.0107 0.0093 -12
Kidney 0.0160 0.0125 -22

Grb10KO Grb10:Grb14 DKO

Actual %WT Actual %WT
1.8306 +32 1.6003 +16
0.0898 +14 0.0810 +3
0.1302 +123 0.0986 +69
0.0645 +54 0.0526 +25
0.0128 +46 0.0111 +61
0.0156 +16 0.0148 +10
Grb10KO Grb7:Grb10 DKO

Actual %WT Actual %WT
1.9782 +32 1.9882 +33
0.0949 +6 0.0976 +9
0.1447 +137 0.1494 +144
0.0565 +53 0.0552 +49
0.0159 +49 0.0171 +68
0.0179 +11 0.0162 +1

Generation of a Grb7 knockout mouse and loss of protein
expression

A Grb7 KO mouse was generated using the strategy out-
lined in the Methods and Fig. 5A. Successfully targeted ES
cell clones were identified by Southern blotting of Hindlll
digested DNA, using 3?P-labelled probes to detect bands of
distinct sizes for the wild type and targeted alleles from the
5- and 3-ends of the gene (Fig. 5B and Additional File 1:
Figure S2). Three successfully targeted ES cell clones were
identified, one of which went on to produce a chimera that
faithfully transmitted the genetic modification to subse-
quent generations. Since all the coding exons were deleted
from the targeted allele, all protein expression should be
lost in homozygous Grb7~'~ KO animals. This was tested by
Western blotting of protein extracts from liver and kidney
of 12 week old animals. On blots probed with an anti-Grb7
antibody a single species of approximately 65 kDa, consist-
ent with the predicted size of Grb7, was readily detected in
tissues from Grb7"* animals and was absent in Grb7~~ ani-
mals (Fig. 5C), even after prolonged exposure (not shown).
An a-tubulin specific antibody used as a loading control rec-
ognised a single 50 kDa band, readily detected in all samples.

The effect of Grb7 on fetal growth is restricted to a positive
influence on kidney growth

Grb7 KO x Grb10 KO offspring PN1 body mass and blood
glucose levels

Progeny of crosses between Grb7:Grb10™? females and
Grb7"":Grb10™* males were collected at PN1 for body

and organ weight analysis (Fig. 6). A Chi-squared test indi-
cated that offspring of the six anticipated genotypes were
present at the expected frequencies (Additional File 2:
Table S2A) (p=0.3653). Progeny with six genotypes were
reduced to four groups by pooling Grb7"":Grb10™* with
Grb7"*:Grb10™* (wild type group) and Grb7"*:Grb10™*
with Grb75:Grb10™" (Grb10 KO group), for compari-
son with the two remaining genotypes, Grb7~/~:Grb10™*
(Grb7 KO group) and Grb7/~:Grb10™" (Grb7:Grb10
DKO group) (Table 2B). Mean body and organ weights
are summarised in Table 3B. In comparison with wild type
(1.4966 £ 0.0305 g), Grb7 KO pups (1.2674 g+0.0596) were
15% smaller, which was not significantly different. In con-
trast, Grb10 KO (1.9782+0.0237 g) and Grb7:Grb10 DKO
animals (1.9882+0.0535 g) were each significantly larger
than wild type, by 32% (p<0.0001) and 33% (p<0.0001)
respectively, and near identical to each other (Fig. 6A).
This shows that loss of Grb7 has little or no effect on pre-
natal growth, either alone or in combination with GrbI0.
To investigate whether Grb7 and Grb10 might influence
circulating glucose levels in neonates through combined
actions on the Insr, we measured blood glucose at PN1
(Fig. 6B). The mean values for wild type (3.0 mM), Grb7
KO (3.4 mM) and Grb10 KO (2.9 mM) glucose levels were
not significantly different, whereas that for Grb7:GrbI0
DKO (2.2 mM) was significantly lower than those for both
wild type (p<0.05) and Grb7 KO (p<0.01), lending sup-
port to the idea that Grb7 and Grb10 function redundantly
to regulate Insr-regulated glucose levels.
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Fig.5 Generation of a Grb7 KO mouse strain. A null mutation was designed, lacking all the protein coding sequence. A The wild type Grb7 locus
(top), showing exons (filled boxes numbered 1-15), translational start (open triangle) and stop (filled triangle) codons, plus selected restriction
enzyme sites. Note that the translational start (ATG) codon lies within a Ncol restriction site (CCATGG) used as part of the cloning strategy.

Regions used to direct homologous recombination in ES cells (5'arm and 3'arm) and also probes used to confirm correct targeting are indicated
to either side of the coding exons. The homologous arms were cloned into the pPNT vector to form the pPNT-Grb7 targeting construct (middle),

in which the coding exons have been replaced with a neomycin (neo) resistance gene cassette for positive selection of ES cells stably incorporating
the construct. The targeting construct also includes a herpes simplex virus thymidine kinase (hsv-tk) gene, located outside the homologous
regions that is typically retained at sites of random integration, and was used to enrich for targeting events by negative selection. Consequently,
the correctly targeted allele (bottom) retains the neo but not the hsv-tk gene. B Southern blot analysis of Hindlll digested DNA from wild type ES
cells (ES) or primary mouse embryonic fibroblasts (MEF) alongside three successfully targeted ES cell clones (2E5, 4B5 and 5D1). In the targeted
(TG) allele, loss of the sequence between the homologous arms alters the distance between restriction enzyme sites, compared with the wild type
(WT) allele. Consequently, in the wild type allele Probe A recognises a 5' 8.7 kb fragment and Probe B a 3' 10.8 kb fragment, whereas both probes
detect a15.3 kb fragment for the targeted allele. C Western blot analysis of protein extracts from adult kidney and liver derived from Grb7 wild

type (+/4) and Grb7 KO (-/-) homozygous mice following establishment of a true breeding line. The blot was probed with an antibody specific

for Grb7, that readily detects a species of approximately the correct size (65 kDa) in wild type but not Grb7 KO samples, whereas an antibody specific

for a-tubulin (50 kDa) was detected equally in both

Grb7 KO x Grb10 KO offspring PNI1 organ mass Next,
to assess the potential for Grb7 and Grb10 to selectively
influence the growth of specific organs, either alone or
in combination, the same selection of organs as before
were dissected at PN1 and weights analysed directly
(Fig. 6C-G) and as a percentage of total body weight
(Fig. 6H-L). As in the previous cross, the Grb10 KO brain
(0.0949 +£0.0013 g) was only slightly enlarged, in this case
by 6% compared to wild type (0.0895 +0.0015 g) and was
therefore spared from being overgrown to the extent of

the whole body (Fig. 6C). The brain of Grb7:Grb10 DKO
(0.0976 £ 0.0029 g) pups was similarly 9% larger than wild
type, while the brain from Grb7 KO (0.0853+0.0031 g)
pups was 5% smaller. Although mutant brain was not
significantly different to wild type in each case, both
Grb10 KO and Grb7:Grbl10 DKO were significantly
larger than Grb7 KO brain (p<0.05 in each case). Con-
sequently, Grb10 KO and Grb7:Grb10 DKO brain was in
each case disproportionately small relative to both wild
type (p<0.0001 and p<0.001, respectively) and Grb7 KO
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Fig. 6 Weights and blood glucose levels in PN1 progeny from Grb7 KO x Grb10 KO crosses. Weights of whole body and selected dissected organs,
with blood glucose levels were collected at PN1 from progeny of crosses between Grb7 KO and Grb10 KO mice. Data were pooled into four

groups for analysis as described in the Methods; wild type (WT), Grb7 KO (7KO), Grb10 KO (10KO) and Grb7:Grb10 double knockout (DKO). For each
of the four offspring genotype groups, data are shown for, A Body weight; and B Blood glucose concentration ([glu]). In addition, actual weights

of (C) Brain; D Liver; E Lungs; F Heart and G Kidneys are shown above the relative weights of the same organs, expressed as a percentage of body
mass (H-L). Values represent means and SEM, tested by one-way ANOVA using Kruskal-Wallis and Dunn’s post hoc statistical tests. Sample sizes
were, for body and brain, WT N=42, Grb7 KO N=14, Grb10 KO N=49, Grb7:Grb10 DKO N=15; kidneys and heart, WT N=42, Grb7 KO N=14, Grb10 KO
N=48, Grb7:Grb10 DKO N=15, liver, WT N=42, Grb7 KO N=14, Grb10 KO N=49, Grb7:Grb10 DKO N=14; lungs, WT N=41, Grb7 KO N=14, Grb10 KO
N=49, Grb7:Grb10 DKO N=15; glucose levels, WT N=24, Grb7 KO N=7, Grb10 KO N=27, Grb7:Grb10 DKO N=10. Asterisks indicate p-values, *p <0.05,

**p<0.01,***p<0.0001

(p<0.0001 in each case) brain (Fig. 6H). This is because of
the much smaller increases in brain size, compared to the
increases in body weight of Grb10 KO and Grb7:Grb10
DKO pups. A similar sparing effect was seen in kidney,
for Grb10 KO (0.0179 £ 0.0068 g), which were some 11%
larger than wild type (0.0160+0.0005 g). In striking con-
trast, Grb7 KO kidneys (0.0125 + 0.0007 g) were smaller by
22% (p <0.01), while Grb7:Grb10 DKO (0.0162 + 0.0006 g)
were intermediate in size at just 1% larger than wild type
(Fig. 6G). Due to the small increases in size compared to
wild type, kidneys from Grb10 KO and Grb7:Grb10 DKO
were disproportionately small (p<0.0001 in each case)
relative to wild type body proportions, whereas Grb7 KO
kidneys were proportionate (Fig. 6L).

As before, Grb10 KO liver (0.1447+0.0063 g) was
dramatically enlarged, this time by 137% (p<0.0001)
compared with wild type (0.0612+0.0019 g) (Fig. 6D).
Grb7:Grb10 DKO liver (0.1494+0.0090 g) was simi-
larly 144% enlarged (p <0.0001), whereas Grb7 KO liver
(0.0456 £0.0037 g) was 26% smaller than wild type,
though this difference was not statistically significant.
This meant that both Grb10 KO and Grb7:Grb10 DKO
liver was disproportionately enlarged compared to both
wild type and Grb7 KO (p<0.0001 in all cases), while
Grb7 KO liver did not deviate significantly from propor-
tionality (Fig. 6I). The remaining organs followed a sim-
ilar pattern to that of the body. Compared to wild type

(0.0370+0.0014 g), Grb10 KO lungs (0.0565+0.0019 g)
were 53% larger (p<0.0001) and Grb7:Grbi0 DKO
(0.0552+0.0025 g) 49% larger (p<0.0001). Grb7 KO
(0.0298 £0.0028 g) lungs were 19% smaller, but not sig-
nificantly different to wild type (Fig. 6E). Relative to
body weight, Grb10 KO lungs were disproportionately
enlarged compared to both wild type (p<0.01) and Grb7
KO (p<0.01). Grb7:Grb10 DKO lungs were dispropor-
tionate only compared to Grb7 KO (p <0.05), while Grb7
KO were proportionate (Fig. 6]). Similarly, both Grb10
KO (0.0159+0.0008 g) and Grb7:Grb10 DKO heart
(0.0171+£0.0011 g) was significantly enlarged, being 49%
(p<0.0001) and 60% (p<0.0001) bigger than wild type
(0.0107 £0.0005 g), with Grb7 KO (0.0093+0.0084 g)
closer to wild type at 12% smaller (Fig. 6F). Both Grb10
KO and Grb7:Grb10 DKO heart was marginally dispro-
portionately enlarged (p <0.05 in each case) and Grb7 KO
heart was proportionate (Fig. 6K).

Grb7 KO x Grb10 KO offspring el7.5 embryo and pla-
centa To further investigate the potential for interac-
tion between Grb7 and Grbl10 to regulate growth, includ-
ing by acting within the placenta, we analysed weights
of the whole embryo and placenta at el7.5 (Fig. 7). We
chose a time-point late in gestation when any size differ-
ences between conceptuses of different genotypes would
be relatively large and the placenta maximal in size [49,
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50]. A Chi-squared test indicated that offspring of the
six anticipated genotypes (Table 2B) were present at
the expected frequencies (Additional File 2: Table S2B)
(»p=0.7303). For the embryo, the pattern of weight dif-
ferences was very similar to that of PN1 pups. Grb10 KO
embryos (1.2656 +0.0387 g) were 37% larger (p<0.0001)
and Grb7:Grb10 DKO (1.3117+0.0614 g) 42% larger
(p<0.05) than wild type (0.9624+0.0389 g). Grb7 KO
(0.8724.+0.0212 g) embryos were 6% smaller but not sig-
nificantly different to wild type (Fig. 7A).

Placental weights followed a similar pattern (Fig. 7B), with
wild type (0.0969 +0.0038 g) and Grb7 KO (0.0895 g+0.0069 g)
similar in size to each other, and smaller than Grb10 KO
(0.1119+0.0032 g) and Grb7:Grb10 DKO (0.1165+0.0082 g),
which were also comparable in size. This meant Grb10 KO
and Grb7:Grb10 DKO placentae were 15% and 22% larger
than wild type, respectively, while Grb7 KO placentae were
8% smaller. The only statistically significant difference was
between wild type and Grb10 KO samples (p<0.05). Next,
the ratio of embryo to placental mass was calculated for each
genotype as an estimate of placental efficiency (Fig. 7C).
Again, the only statistically significant difference from wild
type (9.997£0.2546) was an increase in the value for Grb10
KO (11.3825+0.2775) placental efficiency (p<0.01), which
has been observed previously [51], although the value for
Grb7:Grb10 DKO (11.4659+0.7403) was similarly increased.
Meanwhile, Grb7 KO (9.9562+0.7074) placental efficiency
was near identical to wild type.

Loss of Grb7 has a subtle influence on adult body
composition

To characterise the physiology of Grb7 KO mice we first
used dual x-ray absorptiometry (DXA) to compare wild
type and KO adults at 15 weeks of age. For both males
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(Fig. 8A-F) and females (Fig. 8G-L) there were no obvi-
ous differences in any of the measured parameters,
including total body weight, lean or fat weights, lean
to fat ratio, bone mineral content (BMC) or bone min-
eral density (BMD). The same animals when physically
weighed again showed no differences in total body weight
for males (Fig. 8M) or females (Fig. 8S). A selection of
organs was next dissected and weighed, with an emphasis
on insulin-responsive tissues. In most cases there were
no differences between wild type and Grb7 KO mice,
including in the weights of brain, liver, pancreas, gas-
trocnemius muscle, tongue and kidneys for both males
(Additional File 1: Fig. S3A-F) and females (Additional
File 1: Fig. S30-T), with the same true for testes in males
(Additional File 1: Fig.S3G). Unsurprisingly, the same
tissues showed no differences between wild type and
Grb7 KO when weights were expressed as a proportion
of body weight in males (Additional File 1: Fig. S3H-N)
or females (Additional File 1: Fig. S3U-Z). A second skel-
etal muscle, the masseter muscle also showed no dif-
ference in weight for male (Fig. 8N) or female (Fig. 8T).
The only exceptions to the general rule were two major
visceral WAT depots, gonadal and renal, in which the
Grb7 KO weights were lower than wild type for both
males (Fig. 80,Q) and females (Fig. 8U,W). Reduction
of Grb7 KO fat depot mass in females was significant for
renal (Fig. 8W; p<0.05) but not gonadal WAT (Fig. 8U),
although the magnitude of the effect was similar for
each depot (Grb7 KO female depots were 45% and 40%
lower than wild type for renal WAT and gonadal WAT,
respectively). There was a similar strong trend in males,
with the Grb7 KO gonadal depot 35% smaller and renal
32% smaller than wild type. Relative depot weights were
consistent with this pattern, being significant for renal
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Fig. 7 Weight analysis of e17.5 conceptuses from crosses between Grb7 KO and Grb10 KO mice. Data were pooled into four groups for analysis
as described in the Methods; wild type (WT), Grb7 KO (7KO), Grb10 KO (10KO) and Grb7:Grb10 double knockouts (DKO). Weights are shown

for the four offspring genotype groups for (A) Embryo; and B Placenta. C These values have been used to calculate the embryo to placenta
weight ratio as a measure of placental efficiency. Values represent means and SEM, tested by one-way ANOVA using Kruskal-Wallis and Dunn’s
post hoc statistical tests. Sample sizes were, for embryo WT N=24, Grb7 KO N=5, Grb10 KO N=27, Grb7:Grb10 DKO N=6, and for placenta

and embryo:placenta ratio WT N=23, Grb7 KO N=5, Grb10 KO N=27, Grb7:Grb10 DKO N=6. Asterisks indicate p-values, *p <0.05, **p <0.01,
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Fig. 8 Body composition analysis of adult Grb7 KO mice compared to wild type (WT) mice. Dual X-ray absorptiometry (DXA) analysis of 15 week old
males (A-F) and females (G-L), showing estimates of total body weight (A, G), lean body content (B, H), fat body content (C, 1), fat as a proportion

of body weight (D, J), bone mineral content (E, K), and bone mineral density (F, L). For the same animals, physical weights were then obtained

for the body and selected tissues and organs for both males (M-R) and females (S-X). Physical weight data are shown for total body (M, S), masseter
muscle (N, T); gonadal WAT (O, U) and renal WAT (Q, W), along with weights as a proportion of body weight for gonadal WAT (P, V) and renal WAT
(R, X). Graphs show means and SEM, and differences between the means were evaluated using a two-sided Student’s t-test. Sample sizes for DXA
measurements were, for males WT N=9, Grb7 KO N=10 and females WT N=5, Grb7 KO N=3. Sample sizes for physical weight data were, for males
WT N=12, Grb7 KO N=13, and for females WT N=9, Grb7 KO N=7. Asterisks indicate p-values, *p <0.05

(Fig. 8X; p<0.05) but not gonadal (Fig. 8V) WAT in
females, though not males (Fig. 8PR). The differences
in adipose depot weights could not be accounted for by
changes in food consumption. Food intake, measured at
intervals over 12—14 days, was similar between wild type
and Grb7 KO mice whether expressed simply as daily
intake in grams for males (Additional File 1: Fig. S4A)
and females (Additional File 1: Fig. S4D), or as daily food
intake adjusted for body weight either at the start of the
feeding study period (Additional File 1: Fig.S4B,E) or at
the end (Additional File 1: Fig. S4C,F).

Sexually dimorphic influence of Grb7 on glucose handling

An assessment of glucose handling was carried out by
comparing wild type and Grb7 KO mice at 14 weeks of
age. Fasted glucose levels in male Grb7 KO (7.3+0.5 mM)
mice were significantly higher (p<0.05) than wild type
(5.7£0.4 mM) (Fig. 9A). Levels in free fed animals were
near identical in wild type (17.5+1.8 mM) and Grb7 KO
(17.0£2.1 mM) animals (Fig. 9B). In a standard glucose
tolerance test Grb7 KO males were slightly slower in clear-
ing a glucose load, however, statistical comparison of the

areas under each curve indicated no significant difference
(Fig. 9C). In contrast, circulating glucose levels in females
were similar in both fasted (wild type, 7.8+0.4 mM;
Grb7 KO 7.6+0.6 mM; Fig. 9D) and fed (wild type,
16.2+2.3 mM; Grb7 KO 12.6+4.2 mM) animals (Fig. 9E).
However, in a glucose tolerance test, Grb7 KO females
cleared a glucose load significantly quicker (p<0.01) than
wild type animals as judged by comparison of the areas
under each curve (Fig. 9F).

Discussion

Available evidence suggests all three Grb7-family mem-
bers can interact with an overlapping set of tyrosine
kinase receptors and other signalling molecules [1, 11].
Physiological functions for Grb10 and Grb14 have pre-
viously been established in the regulation of whole body
glucose metabolism through direct interaction with the
Insr [26, 27, 33, 34]. In addition, the maternal Grb10 allele
exhibits widespread expression in developing mesoder-
mal and endodermal tissues and is an important nega-
tive regulator of fetal growth [17, 18]. Here, we tested
the idea that either Grb7 or Grb14 might also play a role
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Fig. 9 Glucose homeostasis in adult Grb7 KO mice compared to wild type. Circulating glucose levels were compared for both male (A-C)

and female (D-F) wild type (WT) and Grb7 KO mice, aged 14 weeks, in the fasted (A, D) and fed (B, E) states. The same animals were also tested
for the ability to clear a glucose load after a fasting period in a standard glucose tolerance test (C, F). Glucose levels were measured at intervals
over a time-course of 120 min with areas under the curve (AUC) measured in each case for statistical comparison. Graphs show means and SEM,
and differences between the means were evaluated using a two-sided Student’s t-test. Sample sizes for male fasted and fed glucose levels were
WT N=12, Grb7 KO N=13, for female fasted glucose WT N=9, Grb7 KO N=7, and fed glucose WT N=9, Grb7 KO N=6. Sample sizes for glucose
tolerance tests were, for males WT N=10, Grb7 KO N=11, and for females WT N=9, Grb7 KO N=7. Asterisks indicate p-values, *p <0.05, **p < 0.01

in fetal growth regulation, either alone or together with
Grb10. First, we examined the developmental expression
patterns of Grb7 and Grb14 for comparison with each
other and that known for Grb10. Antibodies specific to
Grb7 and Grb14 provided a snapshot of the distribution
of each protein during organogenesis. Our data revealed
that Grb7 and Grb14 each had a distinct pattern of
expression at el4.5 that was more restricted than that of
Grb10 [17, 18], but with substantial overlap between the
three adaptors. Expression of Grb7 in the developing epi-
thelial structures of the gut, lung and kidney was entirely
consistent with a study that examined the spatial distri-
bution of mouse Grb7 mRNA only in those developing
tissues, along with the adult kidney [47]. More broadly,

the data are consistent with a spatially resolved expres-
sion atlas of mouse development generated using single
cell sequencing technology that shows a similar relation-
ship between Grb7, Grb10 and Grbi4 expression patterns
throughout organogenesis (€9.5-e16.5; Additional File 1:
Fig. S1) [48]. Grb10 expression also overlaps with Grb7 in
pituitary and cartilage and with Grb14 in choroid plexus,
skeletal muscle, cardiac muscle and epidermis. In con-
trast, there was no obvious overlap in expression in the
embryo solely between Grb7 and Grb14. This means that
our genetic crosses between Grb10 KO and either Grb7
KO or Grb14 KO mice address the majority of potential
sites of developmental redundancy. However, there are
multiple sites where developmental expression overlaps
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for all three adaptor proteins, particularly in endoder-
mal organs such as lung, pancreas, liver and the epithelial
lining of the digestive tract. Potentially redundant roles
of the Grb7-family genes in these tissues merit further
investigation, but the generation of Grb7:Grb10:Grb14
triple KO animals was beyond the scope of this study.

In addition, we note that in a recent publication [52], a
different Grb7 KO strain has been generated that incor-
porates a LacZ insertion at the endogenous locus. This
novel strain has been used to describe Grb7 expression
in adult tissues but not in the embryo. It is notable that
many of the expression features we observed during
development were seen in the adult, including the pre-
dominantly epithelial expression in organs such as lung,
digestive tract and kidney, as well as liver, pancreas and
cartilage. The adult expression pattern includes wide-
spread expression in the brain and spinal cord, which
we did not see in the embryo, and it will be interesting
to establish when neuronal expression of Grb7 com-
mences. Consistent with our results, Lofgren and Kenny
[52] report normal development and survival of Grb7
KO homozygous mutants. However, offspring of Grb7
KO females fail to thrive and this correlates with Grb7
expression in mammary epithelium and a potential defect
in function of the lactating gland. This is significant in
the context of our earlier finding that Grb10 is expressed
from the maternal allele in lactating mammary epithe-
lium. While offspring of Grb10 KO (Grb10™*) dams sur-
vive, they exhibit impaired weight gain, consistent with
a mammary gland defect, though we found no obvious
morphological defect nor gross changes in milk composi-
tion or transfer [53]. Clearly, there is scope for functional
redundancy between Grb7 and Grb10 in mammary func-
tion that deserves further investigation.

Next, we used both Grb7 KO and Grbl4 KO mouse
knockout strains in crosses with a Grb10 KO strain. The
crosses provided an opportunity to determine whether
the other two Grb7-family members might play a role
in fetal growth regulation, either independently or in
a manner redundant with Grb10. Grb10 KO mice lack-
ing expression from the maternal GrbI0 allele are born
some 30% larger by weight than wild type littermates
[17, 18, 22, 23]. The weight increase is accompanied by
greater axial length and skeletal muscle volume, indica-
tive of a general increase in musculoskeletal growth [25].
The fact that different tissues of mesodermal and endo-
dermal origin are overgrown to different extents, such
that not all Grb10 KO organs are proportionate with
body size, is consistent with the cell autonomous action
expected of an intracellular adaptor protein. The excess
growth involves changes in cell proliferation and cell
cycle parameters, resulting in Grb10 KO tissues having
more cells rather than larger cells [22, 24] such that, for
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instance, skeletal muscles at birth contain significantly
more myofibers [25]. Here, we observed expression of
Grb14 in developing skeletal muscle and cartilage, simi-
lar to that previously shown to occur from the maternal
Grb10 allele, which immediately suggested a means for
the two factors to act redundantly in fetal growth con-
trol. However, analysis of progeny from crosses between
Grb10 KO and Grb14 KO mice did not support this idea.
Total body weight of Grb10 KO PN1 offspring was 32%
heavier than wild type littermate controls, in line with
previous studies [17, 18, 22, 23, 53], whereas Grb14 KO
pups were almost indistinguishable from wild type. If
the two adaptor proteins were to act redundantly to
inhibit fetal growth, the predicted outcome would be
for Grb14:Grb10 DKO pups to be larger than Grb10 KO
pups. Instead, Grbi14:Grb10 DKO pups were interme-
diate in size between wild type and Grbi10 KO, without
being statistically different to either, providing no evi-
dence for functional redundancy as growth inhibitors.
Formally, we cannot rule out the possibility that Grb14
promotes growth only when Grb10 is absent,. The two
adaptor proteins are capable of binding an overlapping
set of tyrosine kinase, though with different affinities [1,
2, 11]. Both adaptors inhibit the Insr in vivo [26, 27, 34]
and more generally all three Grb7-family adaptors act as
pseudosubstrate inhibitors of RTKs [1, 2, 11]. It remains
possible they could compete for the unknown receptor(s)
through which they influence fetal growth. To be con-
sistent with our results this could mean Grb10 binds the
receptor(s) preferentially in the wild type situation, and
is inhibitory, whereas Grb14 only binds in the absence of
Grb10 and promotes growth. Proof of any such mecha-
nism will require further investigation and caution is
needed because the sample size for Grb10:Grb14 DKO
mice was relatively low (N=7).

Knowing that in Grb10 KO pups some organs display
disproportionate growth, relative to body weight, we
examined organs from PN1 progeny to detect any effects
of Grbl4 KO on organ growth that might not signifi-
cantly affect total body weight. In the cross between the
Grb10 KO and Grbi4 KO strains, all organs from Grb10
KO pups were significantly larger than those from wild
type controls, as expected [17, 18, 23]. In each case,
Grb14 KO organs were very similar to wild type, indicat-
ing no obvious involvement of Grb1l4 alone in growth
regulation at the level of individual organs. Grb10:Grb14
DKO organs were each intermediate in size between wild
type and Grb10 KO, without being significantly different
to either, in almost all cases. The one exception was DKO
liver, which was significantly larger than wild type but not
statistically different from Grb10 KO liver. Importantly,
none of the Grbl10:Grbl14 DKO organs we examined
were larger than those from Grb10 KO pups, as would be
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expected if Grb14 were to act redundantly with Grb10 as
a growth inhibitor, allowing us to reject this possibility.
As is characteristic of Grb10 KO pups, both brain and
kidney were small relative to total body weight, although
both were empirically slightly larger than wild type in this
cross. Sparing of the brain can be explained by lack of
expression from the maternal Grb10 allele in the develop-
ing CNS, though we note that knockout of the paternal
allele also has no significant effect on brain size at PN1
[17, 18, 22]. Brain sparing is a well-known phenomenon,
for instance, in the context of poor nutrient availability
brain growth can be prioritised at the expense of periph-
eral tissues in a range of metazoan species from flies to
mammals, including humans [54]. By selectively inhibit-
ing growth of peripheral tissues maternal GrbI10 could
be an important determinant of brain sparing in mam-
mals. Grb14 expression was largely absent in the el4.5
brain, except in the choroid plexus and leptomeninges,
such that any effect it could have on neuronal or glial
populations would have to be indirect. Maternal Grb10
expression is also restricted to choroid plexus and lep-
tomeninges within the brain [17, 18], providing scope
for functional redundancy with Grb14 in some capacity,
but not for a major role in brain growth according to our
genetic evidence. In el4.5 kidney, expression of Grbl4
was essentially absent, making any role in growth regu-
lation unlikely, either alone or acting redundantly with
Grb10.

In contrast to the sparing of brain and kidney, Grb10
KO neonates display disproportionate overgrowth of the
liver, which we have previously associated with excess
lipid storage in hepatocytes [17, 18, 22] and to be depend-
ent on Insr signalling [23]. This makes liver an interesting
case due to the credentials of both Grb10 and Grb14 as
physiological regulators of Insr signalling in adult tis-
sues [26, 27, 33, 34]. However, we saw no evidence for
liver enlargement in Grb14 KO neonates nor exacerba-
tion in Grb10:Grb14 DKO pups of the liver size increase
seen in Grb10 KO single mutants. Despite Grb14 expres-
sion being strong in cardiac muscle throughout the
heart and in the developing lung epithelia, both organs
closely followed the same pattern of weight differences
displayed by the whole body. Grb10 KO heart and lungs
were overgrown compared to wild type but in propor-
tion to the increase in body weight, as seen previously
(17, 18, 22, 23], Grb10:Grb14 DKO organs were similarly
overgrown, while those of Grbi4 KO mice were similar
in size to wild type. As for body weight, the intermedi-
ate weights of Grb10:Grb14 DKO PN1 organs, between
those of wild type and Grb10 KO organs, could be inter-
preted to mean Grbi4 somehow promotes growth but
only in the absence of the inhibitory effect of Grb10. In
the absence of an explanation for such an effect we favour

Page 15 of 22

the conclusion that Grb10 alone was responsible for the
observed differences in weight between wild types and
either single or double mutants in progeny of the cross
between the Grb10 KO and Grb14 KO strains.

In progeny of the cross between Grb7 KO and Grb10
KO mice we again saw the characteristic overgrowth
of Grb10 KO PN1 pups, which had a mean weight 32%
heavier than wild type littermates. While Grb7 KO off-
spring were very similar to wild type, Grb7:Grb10 DKO
offspring were overgrown by 33%, near identical to Grb10
KO pups. The same pattern was observed for el7.5
embryos, where Grb10 KO and Grb7:Grb10 DKO oft-
spring were again significantly enlarged compared to wild
type and Grb7 KO offspring. The pattern also extended
to the placenta, where Grb10 KO has previously been
shown to influence placental size through expansion of
the labyrinthine volume, the main site of maternal—fetal
exchange [51]. Here, the Grb10 KO and Grb7:Grbl0
DKO placentae were each larger than wild type and Grb7
KO placentae. These data are consistent with five sepa-
rate previous crosses, involving two different Grb10 KO
strains, in which the Grb10 KO embryo and placenta has
consistently been enlarged compared to wild type [17,
18, 22, 23]. Collectively the PN1 and el7.5 data indicate
Grb7 has no major role in growth regulation, either alone
or in combination with Grb10. In contrast to the lack of
evidence for an influence of Grb7 on birth weight, the
circulating glucose level of PN1 Grb7:Grb10 DKO pups
was significantly lower than the wild type level, suggest-
ing redundancy between Grb7 and Grb10 in inhibition of
Insr function in the neonate. We saw no such redundant
effect between Grb10 and Grbi4 in Grb10:Grb14 DKO
neonates, in which glucose levels were similar between
all four genotypes, despite evidence that there is an addi-
tive effect on glucose regulation in Grb10:Grb14 DKO
adults [34].

To check for any organ-specific effects of Grb7 we
examined the weights of selected PN1 organs. In this case
there was a clear pattern across the genotypes in which
most Grb10 KO and Grb7:Grb10 DKO organs were simi-
larly enlarged compared to their wild type and Grb7 KO
equivalents. Although statistically indistinguishable,
Grb7 KO organs were consistently slightly smaller than
wild type, as was the whole body, raising the possibil-
ity that Grb7 may have a subtle positive effect on fetal
growth. However, in most cases there was no equivalent
difference between Grb10 KO and Grb7:Grb10 DKO
organs, as would be expected when the positive and
negative effects of the two genes were combined. Also,
the Grb7 KO organs were empirically smaller than wild
type whether Grb7 expression was seen during develop-
ment (liver and lungs) or not (brain and heart). The one
exception was the kidney, where the reduction in Grb7
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KO weight compared with wild type reached statisti-
cal significance and there was a corresponding dip in
the weight of Grb7:Grb10 KO relative to Grb10 KO kid-
neys. Interestingly, both Grb7 and Grb10 are expressed in
the epithelial component of developing kidney, whereas
Grb14 is not. Growth of the kidney during nephrogen-
esis is thought to be driven primarily by expansion of
the mesenchyme [55]. Low levels of GrbI0 expression
in the metanephric mesenchyme could account for the
relatively small increases in kidney weight seen in the
crosses presented here and in previous studies [17, 18,
22, 23]. However, the strong expression of both Grb7 and
Grb10 in epithelia, together with the results of the cross
between Grb7 KO and Grbi10 KO animals, suggests the
two factors influence fetal kidney growth through oppos-
ing effects on the developing epithelial structures. In this
context it is notable that both Grb7 and Grb10 have been
shown capable of interacting with the Ret receptor [56,
57]. The GDNF ligand, expressed in the metanephric
mesoderm, interacts with Ret to drive proliferation of
ureteric bud tip cells, which is essential for expansion of
the branching epithelial structures that make up the col-
lecting duct system for each nephron [58]. In addition,
Grb10 has been implicated in NEDD4-mediated E3 ubiq-
uitylation and internalisation of Ret receptors in a human
embryonic kidney-derived (HEK293) cell line [59]. This
antagonistic effect between Grb7 and Grb10 on kidney
growth is an intriguing area for future study.

There was similar overlapping expression of Grb7 and
Grb10 in lung epithelia, but without convincing evidence
of Grb7 contributing to lung growth. In this case we can-
not rule out redundancy involving both Grb7 and Grb14,
since there was Grb14 expression detected in at least a
subset of lung epithelial cells. Analogous to the situation
in kidney, arborisation of the developing lung epithe-
lium requires signalling from FGF10 in the mesenchyme
to FGFR2 in the epithelial bud tips to promote bud out-
growth [60]. All three Grb7 family members have been
shown to be capable of binding FGF receptors, with Grb7
and Grb14 having higher affinity than Grb10 in a heter-
ologous Xenopus laevis oocyte system [61].

In liver there was again no apparent effect of Grb7
on growth, either in Grb7 KO or Grb7:Grb10 KO pups
despite strong Grb7 expression throughout the el4.5
liver suggesting, as for Grb14, a lack of Grb7 involvement
in the Insr-mediated accumulation of excess lipid seen
in the disproportionately enlarged Grb10 KO neonatal
liver [22, 23]. However, since Grb14 expression was also
seen in developing hepatocytes, it remains possible that
Grb7 and Grb14 could influence hepatic growth, either
through expansion of cell number or lipid storage, in a
redundant manner. Further, liver was a prominent site
of expression for all three Grb7-family adaptor proteins.
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In at least two mouse models Grb10 expression has been
linked with hepatic steatosis [62, 63], a precursor of non-
alcoholic fatty liver disease (NAFLD) and the most fre-
quent cause of liver failure worldwide [64]. Liver-specific
knockout of Grbli0 is sufficient to prevent hepatic lipid
accumulation induced by diet or tunicamycin treat-
ment [63]. Similarly, adenoviral-mediated knockdown of
mouse Grbi4 in liver resulted in enhanced hepatic Insr
signalling while dramatically reducing lipogenesis [65].
A recent genome-wide association study linked both
GRB14 and INSR with NAFLD [66], raising the possi-
bility that Grb14 (and potentially all three Grb7-family
proteins) could also control lipogenesis in hepatocytes
through their ability to regulate Insr signalling.

In the case of pancreas, we have shown that all three
adaptor proteins are expressed in the adult organ, specifi-
cally in the endocrine cells of the islets of Langerhans, as
well as in the developing organ. Expression of Grb10 in
pancreatic islets has been previously reported (e.g. [26])
and islet-specific Grb10 KO mice were found to have
increased beta cell mass associated with increased beta
cell proliferation, enhanced Insr signalling in islets and
elevated insulin secretion, with associated improvement
in whole body glucose clearance [29, 67]. In keeping with
this, at least one genome wide association study has iden-
tified human GRBIO as a major determinant of endocrine
pancreas function [68]. GRB7 has been linked with sev-
eral tissues in the context of cancer progression, including
liver (hepatocellular carcinoma [69]) and pancreas [70],
and a contribution to Insr signalling functions in these tis-
sues cannot be excluded. The strong Grb7 expression we
observed in the developing gut epithelium is interesting in
view of evidence that GRB7 has an oncogenic role in can-
cers of the intestinal tract, including those of the oesopha-
gus [71], stomach [72] and colon [73].

The Grb7 KO strain, generated specifically for this study,
was designed to be a null allele. Consistent with this, we
showed that Grb7 was absent in adult tissues normally
expressing readily detectable levels of the protein. Our
study includes an initial evaluation of adult tissue and
organ proportions, as well as whole body glucose handling,
in these Grb7 KO mice. Both male and female Grb7 KO
animals were indistinguishable from wild type littermates
as judged by DXA measurements for body mass, lean and
fat mass, plus bone mineral content and density. This was
largely corroborated by physical weight measurements
for a range of tissues and organs. We included two differ-
ent skeletal muscles (masseter and gastrocnemius) and
the muscular tongue because of increased lean mass and
muscle weights seen in Grb10 KO mice [22, 25-27, 34],
finding no differences between wild type and Grb7 KO
tissues. Similarly, there were no differences in the weights
of brain, liver, pancreas or testes. In contrast, in Grb7 KO
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females the renal WAT depot was significantly lighter
than that from wild type littermates and the gonadal
WAT followed the same trend. In Grb7 KO males, both
WAT depots were empirically lighter than wild type, but
did not differ significantly. Overall, there was a tendency
for Grb7 KO mice at 15 weeks of age to have reduced vis-
ceral adipose despite there being no discernible change in
food intake. The reductions in weight of the two dissected
adipose depots were less than the difference in total adi-
pose mass reduction estimated by NMR, suggesting other
adipose depots were also smaller in males and females.
Further work will be needed to determine whether the
same trend extends to other depots such as subcutane-
ous WAT and brown adipose tissue (BAT). An expla-
nation for the reduced WAT mass could be a tendency
towards increased energy expenditure, including through
increased exercise, browning of WAT or thermogenesis
involving intrascapular BAT, which we did not investigate.
Involvement of GrbIO in the regulation of thermogen-
esis by BAT has been shown following adipose-specific
Grb10 KO [74]. In these mice, which lack Grbi0 expres-
sion in BAT and WAT, WAT depots become enlarged due
to mTORC1-dependent reduction of lipolysis in WAT and
reduced thermogenic activity in BAT. The more convinc-
ing adipose deficit in Grb7 KO females was accompanied
by a significant improvement in glucose clearance rate,
whereas Grb7 KO males tended to clear glucose less effi-
ciently than wild types and had significantly higher fasted
glucose levels, unlike females. The reasons for these sex-
ual dimorphisms are unclear, but it is interesting to note
that GRB14 has been linked with adiposity traits specific
to women in genome wide association studies designed to
identify sexually dimorphic traits [75, 76]. Both male and
female Grb10 KO mice exhibit modest improvements in
glucose and insulin sensitivity, despite reduced circulat-
ing insulin levels [22, 26]. Studies of glucose metabolism in
Grb14 KO have so far been restricted to male mice, which
have improved glucose clearance, again with reduced insu-
lin levels [33, 34]. Grb10:Grb14 DKO males were resist-
ant to the impairment in glucose tolerance induced by a
high fat diet whereas the Grb10 KO and Grb14 KO single
mutants were not [34]. Considering all these findings, it
will be interesting to establish whether the difference in
adipose mass becomes more prominent as Grb7 KO ani-
mals age, to assess their response to a high fat diet, and to
examine body composition and glucose handling in adult
compound mutants, combining Grb7 KO with Grb10 KO
and Grbi14 KO.

Conclusions

We are able to reject the idea that Grb7 or Grb14 act as
inhibitors of fetal growth, either alone or in combina-
tion with GrbI0. Despite structural similarities between
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the three adaptor proteins and overlapping embryonic
expression patterns, only Grb10 represses fetal growth.
Instead Grb7 may positively influence fetal kidney
growth, acting antagonistically to Grb10. In contrast, we
have provided evidence that Grb7 can contribute to the
regulation of whole-body glucose handling along with
Grb10 and Grbl14. This places all three signalling adaptor
proteins in the frame as important regulators of energy
homeostasis and potential therapeutic targets for major
metabolic disorders including obesity, type 2 diabetes
and NAFLD.

Methods

Mice

Derivation of KO mouse strains has already been
described for Grb10 (previously designated Grb10A2-4,
full designation Grb10%1-g)1Wardy [17] and Grb14 [33].
Grb7 KO mice were transferred to the University of Bath
facility as frozen embryos for this study after being gener-
ated at the University of Michigan, as shown in Fig. 5A.
In brief, homology arms from the 5" portion of the gene
(between a Notl restriction site in the upstream non-cod-
ing region and an Ncol site overlapping the translational
start site in Exon 2) and from the 3’region (a BamHI frag-
ment in the non-coding sequence downstream of the
final exon, Exon 15) were cloned into the pPNT vector
[77] that includes a neomycin (neo) resistance gene cas-
sette for positive selection and a herpes simplex virus
(hsv) thymidine kinase (tk) gene for negative selection
during targeting of embryonic stem (ES) cells. In targeted
alleles the neo cassette replaced all the Grb7 coding exons
(Exons 2 to 15) to form a predictive null allele. Success-
ful targeting was determined by Southern blotting, using
standard techniques (as in [78]) of HindIlI digested DNA
from ES cells or mice using probes from within the 5’
homology arm (Probe A, PCR amplified using primers
spanning Exon 1; 5-TAGCACCTGCTGCTCAGT-3’ and
5-GCAGCCTGAGAGGCTCCC-3) and from imme-
diately downstream of the 3’ homology arm (Probe B).
For the wild type allele, Probe A detected a Hindlll frag-
ment of approximately 8.7 kb and Probe B a 10.8 kb frag-
ment, whereas both probes detected a 15.3 kb fragment
for the KO allele. To generate experimental animals,
first Grb10*? males were crossed with either Grb7*/-
or Grb14*" females to produce Grb7™": Grb10™” and
Grb10™?: Grb14™'~ heterozygotes. Heterozygous Grb7""
: Grb10*? females were then crossed with Grb7™~:
Grb10** males to produce experimental offspring of six
genotypes (Table 2B). Heterozygous Grb10"7: Grb14*
females were then crossed with Grb10™7:Grbi4™'":
males to produce experimental offspring of twelve gen-
otypes (Table 2A). In each case, offspring were sorted
into four groups for analysis, as shown (Table 2). From
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these crosses embryos and placentae were collected on
embryonic day el7.5, where €0.5 was the day on which
a copulation plug was observed, or on the day of birth,
designated post-natal day 1 (PN1). In addition, wild type
(Grb7t/*) and Grb7 KO (Grb7~/~) mice were compared
at adult stages, and these were derived from separate
intercrosses between Grb7"" heterozygotes. Wild type
littermates are considered the control group and single
animals the biological replicate, noting that multiple lit-
ters were generated in each cross, with the aim of having
enough of the least common genotypes for robust statis-
tical analysis. All animals were maintained on a mixed
inbred (C57BL/6 J:CBA/CA) strain background. Experi-
mental offspring were derived solely from nulliparous
dams since we have shown previously that first and sec-
ond litters from the same dam, on this same mixed strain
background, are non-equivalent [79]. Mice were housed
under conditions of 13 h light:11 h darkness, including
30-min periods of dim lighting to provide false dawn
and dusk, a temperature of 21+ 2 °C and relative humid-
ity of 55£10%. Standard chow (CRM formula; Special
Diets Services, Witham, Essex, UK) and water was avail-
able ad libitum. Experiments involving mice were subject
to local ethical review by the University of Bath Ani-
mal Welfare and Ethics Review Board and carried out
under licence from the United Kingdom Home Office.
The manuscript has been written as closely as possible
in accordance with the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines (https://arriv
eguidelines.org/).

PCR genotyping

For Grb7 alleles, mice were genotyped by PCR using
primers within the neo cassette (neoF, 5-GCCCGGCAT
TCTGCACGCTT-3’; neoR, 5-AGAGCAGCCGATTGT
CTGTTGT-3) to identify the targeted allele and from
Grb7 Exon 3 (deleted in the targeted allele, e3F, 5-GTT
TCAGGCAACCTCTCTGC-3’; e3R, 5- TGGAGTCTC
GAGGAAGCAAC-3’) to identify the wild type allele.
Primers for genotyping Grb14 alleles [33] were previously
described, as were primers for Grbl0 alleles and PCR
conditions [17].

Tissue collection, histology and immunohistochemistry

Whole bodies (e17.5 and PN1) and PN1 organs were col-
lected, any surface fluid removed from embryos or dis-
sected organs by gently touching them onto absorbent
paper, and weights obtained using a fine balance accu-
rate to 4 decimal places (Sartorius BP61S). Paired organs
(lungs and kidneys) were weighed together. Organs for
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histology were fixed by immersion in 4% (w/v) paraform-
aldehyde (PFA) in PBS at 4 °C for 16—24 h, then processed
by machine (Leica TP1020) for wax embedding. Sections
were cut at approximately 8—10 um using a microtome
(Leica Histocore Biocut), prior to staining with haema-
toxylin and eosin (H & E) using standard procedures
[80]. Images were collected using a digital colour camera
(Olympus SC50) and software (Olympus cellSens Entry),
attached to a compound microscope (Nikon Eclipse
E800). For immunohistochemistry, protocols were
essentially as previously described [17], using primary
antibodies specific for either Grb7 (Santa Cruz Biotech-
nology, CA, USA; GRB7 (N-20) N-terminal Grb7, rabbit
polyclonal sc-607; RRID:AB_2113275), at 1:200 dilution,
Grb10 (Santa Cruz Biotechnology, CA, USA; GRB10
(A-18) C-terminal a-Grb10, rabbit polyclonal sc-1027) at
1:200 dilution or Grb14 (Santa Cruz Biotechnology, CA,
USA; GRB14 (N-19) N-terminal Grb14, goat polyclonal
sc-6103; RRID:AB_2112989) at 1:100 dilution. Biotin-
conjugated anti-goat or anti-rabbit secondary antibodies
were each applied at 1:500 dilution and incubated with
Vector elite Reagent (Vector Laboratories, CA, USA) for
45 min, prior to developing with DAB reagent.

Western blotting

Protein detection by western blot was carried out essen-
tially as described [17] using 10 ug of tissue lysate per
sample, loaded on the basis of a bicinchoninic acid (BCA)
assay (Pierce). Proteins were separated on 10% poly-
acrylamide gels and electroblotted to PVDF membranes.
Membranes were probed with rabbit polyclonal primary
antibodies specific for either Grb7 (detailed above), used
at 1:500 dilution, or for a-tubulin (Santa Cruz Biotech-
nology, CA, USA; a-tubulin (H300), rabbit polyclonal
sc-5546 RRID:AB_635001) used at 1:30,000 dilution, as
a loading control. In each case, a peroxidase-conjugated
goat anti-rabbit secondary antibody (Vector Laborato-
ries, CA, USA) was used at 1:10,000 and proteins were
visualised by enhanced chemiluminescence using the
ECL-Plus system (GE Healthcare).

Body composition, glucose measurements and food intake
DXA using a PIXImus instrument (Lunar, Madison,
WI, USA) with small-animal software [26] was used to
collect data on adult mice for whole body, lean and fat
mass, bone mineral content (BMC) and bone mineral
density (BMD). The whole body and dissected organs
were weighed, the organs on scales accurate to 4 decimal
places (Sartorius BP61S). Glucose levels were obtained
using a One-Touch ULTRA (Lifescan, CA) glucometer
immediately following collection of whole blood during
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dissection of PN1 pups or from the tail vein of adult
mice. Glucose tolerance tests and measurements of food
intake were performed as previously described [26], with
areas under the curve calculated using the fasted glucose
level for each curve to define the baseline. Animals fail-
ing to respond with a characteristic rise in blood glucose
between the first two readings were excluded from the
analysis. Blood samples for fasted and fed glucose levels
were collected from mice at roughly the same time of day,
a few hours into the light period, with food having been
withdrawn from fasted animals some 16 h earlier.

Statistics

Chi-square tests were applied to determine whether
genotypes were present in the expected Mendelian ratios
within groups of experimental animals. Numerical data
were usually subject to one-way analysis of variance
(ANOVA), using a Kruskall-Wallis test with post-hoc
Dunn’s test to determine p-values between groups. This
test allowed us to detect significant differences between
genotypic groups as well as any significant interaction
between them. This relatively conservative non-paramet-
ric test was chosen because in some experiments one or
more genotype group was represented by a small samples
size (N=<5). Where only two groups were being com-
pared a two-sided Student’s t-test was applied, except in
instances where the variance of the two groups were sig-
nificantly different, in which case a non-parametric Mann
Whitney test was used. All statistical tests were applied
using GraphPad Prism (v10 GraphPad, La Jolla, CA,
USA) software. Graphs show arithmetic means + stand-
ard error of the mean (SEM). Differences with p-values
of <0.05 were considered statistically significant.

Abbreviations

AUC Area under the curve

BAT Brown adipose tissue

BMC Bone mineral content

BMD Bone mineral density

CNS Central nervous system

DKO Double knockout

DXA Dual x-ray absorptiometry

ephB1 Ephrin B1

FAK Focal adhesion kinase

Grb Growth factor receptor bound protein
Grb10™*  Heterozygous deletion of the maternal allele of the Grb10 gene

Grb10*?  Heterozygous deletion of the paternal allele of the Grb10 gene
PH Pleckstrin homology

RA Ras association

SH2/3 SRC homology 2/3

GIGYF Growth factor receptor bound protein 10-interacting GYF

Insr Insulin receptor

Igfir Insulin-like growth factor 1 receptor

KO Knockout

mTORCI1 Mammalian target of rapamycin complex 1
Nf1 Neurofibromatosis 1

RTK Receptor tyrosine kinase

SEM Standard error of the mean

WAT White adipose tissue

WT Wild type
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Additional file 1: Figures S1-S4. Fig. S1. Comparison of expression patterns
during fetal development for Grb7, Grb10 and Grb14 gene. (A-C) Protein
expression in a wild type e14.5 embryo, determined by antibody staining
for Grb7, Grb10, and Grb14. The images for Grb7 (A) and Grb14 (C) are
the same as those shown in Figs. 1 and 2, respectively, and the image for
Grb10 (B) is from our earlier publication [17]. Expression is highlighted

in various tissues: cardiac muscle (c), choroid plexus (cp), dermis (d),
diaphragm (di), gut (g), inner ear (i), kidney (k), liver (1), lung (lu), mid brain
(mb), nasal epithelium (ne), pancreas (p), pituitary (pi), ribs (r), stomach (s),
salivary gland (sg), skeletal muscle (sk), tongue (t), and tooth primordia
(tp). (D-F) Messenger RNA expression at daily intervals from 9.5 to e16.5
taken from the MOSTA spatial transcriptomics database (https://db.cngb.
org/stomics/mosta/spatial/) [48]. Relative expression levels are indicated
by the colour intensity, based on the number of transcript reads for Grb7
(D), Grb10 (E) and Grb14 (F). Fig. S2. Southern blot analysis of Hindlll
digested DNA from wild type ES cells (ES) or primary mouse embryonic
fibroblasts (MEF) alongside three successfully targeted ES cell clones (2E5,
4B5 and 5D1). Images are of the full-length blots shown in truncated
form in Fig. 5B. In the targeted (TG) allele, loss of the sequence between
the homologous arms alters the distance between restriction enzyme
sites, compared with the wild type (WT) allele. Consequently, in the

wild type allele Probe A recognises a 5" 8.7 kb fragment and Probe B a 3’
10.8 kb fragment, whereas both probes detect a 15.3 kb fragment for the
targeted allele. Fig. S3. Organ and tissue weight data for adult Grb7 KO
mice. Additional tissue and organ weights were obtained for the same
animals described in Fig. 8. Raw weights are shown for both males (A- G)
and females (O-T), alongside the weight of each tissue as a proportion

of body weight for males (H-N) and females (U-Z). The selected tissues
and organs were, brain (males A H; females O,U), liver (males B,I; females
PV), pancreas (males C,J; females QW), gastrocnemius muscle (males DK;
females R, X), tongue (males EL; females S,Y), kidneys (males F,M; females
T,Z) and testes (males G,N). Graphs show means and SEM, and differences
between the means were evaluated using a Student's t-test except where
variance differed between the WT and Grb7 KO in which case a Mann
Whitney test was used (Male gastrocnemius muscle, gonadal WAT, renal
WAT, and relative brain, gastrocnemius muscle, gonadal WAT and renal
WAT.). For males, sample sizes were WT N=12, Grb7 KO N=13, except for
testes WT N=11, Grb7 KO N=13. For females, sample sizes were WT N=9,
Grb7 KO N=7, except for kidneys WT N=9, Grb7 KO N=6. In all cases dif-
ferences between wild type and Grb7 KO were non-significant (p > 0.05).
Fig. S4. Daily food intake (DFI) measurements for adult Grb7 KO mice. The
mean weight of food consumed per day by animals of 12-14 weeks of
age is shown for males (A) and females (D). Food consumption was also
expressed as a proportion of body weight, both at the start of the experi-
ment, for males (B) and females (E), and at the end of the experiment, for
males (C); and females (F). Graphs show means and SEM, and differences
between the means were evaluated using a two-way Student’s t-test
except in the case of Male DFI (end), which was analysed using a Mann
Whitney test because the variance of WT and Grb7 KO groups differed
significantly. Sample sizes were, for males WT N=12, Grb7 KO N=13, and
for females WT N=9, Grb7 KO N=7. In all cases differences between wild
type and Grb7 KO were non-significant (p > 0.05).

Additional file 2.
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