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Abstract 

Paternally-expressed Dlk1 promotes fetal growth, while maternally-expressed 

Grb10 inhibits fetal growth. The respective growth-regulatory roles are 

consistent with the predominant theory for the evolution of imprinted gene 

expression, the parent-offspring conflict hypothesis. This predicts that in 

mammals imprinting has evolved because of differing parental interests in the 

distribution of maternal resources to her offspring, at least in species where 

females tend to reproduce with more than one mate during their reproductive 

lifespan. Genetic evidence indicates that Dlk1 and Grb10 control embryo size 

and adult body composition, potentially through a common pathway. However, 

the biochemical links between them are still lacking. 

 

Here, I combined biochemical methods, including two sets of TMT quantitative 

proteomics using pMEFs and liver derived from E14.5 WT, Dlk1+/p, Grb10m/+ 

and Grb10m/+/Dlk1+/p mouse embryos. I found that Dlk1 and Grb10 proteins 

oppositely affected the expression of each other in vitro and in vivo. 

Proteomics analyses uncovered that Dlk1+/p embryos were divergent from 

Grb10m/+ and Grb10m/+/Dlk1+/p which were similar at a proteomics level, 

supporting the genetic findings from previous studies. Furthermore, GO-term 

enrichment analysis revealed that RTK related biological processes were 

significantly enriched in Dlk1+/p, Grb10m/+ and Grb10m/+/Dlk1+/p embryos. 

Several RTKs and their signal partners displayed reduced expression in the 

knockout pMEF and liver proteomes. In particular, cell signalling studies in 

E14.5 pMEFs of the four genotypes suggested that PDGFR signalling may 

play essential roles in fetal growth regulation through a Dlk1/Grb10 

growth-regulatory axis. 
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IGF1R   Insulin-like growth factor 1 receptor 

IGF2   Insulin-like growth factor 2 

IGF2R   Insulin-like growth factor 2 receptor 

IGF1   Insulin-like growth factor 1 

IGF1R   Insulin-like growth factor 1 receptor 

IGF2   Insulin-like growth factor 2 

IGF2R   Insulin-like growth factor 2 receptor 

IHC    Immunohistochemistry 

Insr    Insulin receptor 

IR    Insulin receptor 

IP    Immunoprecipitation 

IRS1/2   Insulin receptor substrate 1/2 

ITMS   Ion trap mass spectrometry 

kb     Kilobase 

kDa    Kilodaltons 

KO    Knockout 

KRAS    Kirsten rat sarcoma GTPase 

kV    Kilovolts 

LB     Lysogeny broth 

LC    Liquid chromatography 

MAPK    Mitogen-activated protein kinase 

MEF   Mouse embryonic fibroblast 

MEK    MAPK/ERK kinase 

mRNA   Messenger ribonucleic acid 

MS    Mass spectrometry 

MS/MS   Tandem mass spectrometry 

ms    Millisecond 

mTOR   Mammalian target of rapamycin 

mTORC1  Mammalian target of rapamycin complex 1 

m/z    Mass to charge ratio 
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MuSK   Muscle-specific Kinase 

Nedd4 Neural precursor cell expressed developmentally 

down-regulated protein 4  

NGS   Normal goat serum 

PBS   Phosphate-buffered saline 

PCR   Polymerase chain reaction 

PCA   Principle component analysis 

PDGF   Platelet derived growth factor 

PDGFR  Platelet derived growth factor receptor 

PDGFRa  Platelet Derived Growth Factor Receptor alpha 

PDGFRb  Platelet Derived Growth Factor Receptor beta 

PFA   Paraformaldehyde 

PI3K   Phosphoinositide 3-kinase 

PKA    Protein kinase A 

PKC    Protein kinase C 

pMEF   Primary mouse embryonic fibroblast 

ppm   Parts per million  

PTPRF   Protein tyrosine phosphatase, receptor type F 

PVDF   Polyvinylidene fluoride 

Ras    Rat sarcoma GTPase 

RNA    Ribonucleic acid 

RNAi    RNA interference 

rpm    Revolutions per minute 

RTK    Receptor tyrosine kinase 

RT-qPCR   Reverse transcription quantitative polymerase chain reaction 

S    Serine 

SDS    Sodium dodecylsulphate 

SDS-PAGE  Sodium dodecylsulphate polyacrylamide gel electrophoresis 

SEM   Standard error of the mean 

Ser    Serine 
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and Insulin growth factor 2 receptor (Igf2r), which codes for a 

maternally-expressed cell surface receptor Insulin growth factor 2 receptor 

(IGF2R) that inhibits growth by targeting Igf2 for lysosomal degradation 

(Barlow et al., 1991; DeChiara et al., 1991; Nordin et al., 2014). No other 

antagonistic pair of imprinted genes has since been identified. A pair of 

oppositely imprinted genes, Dlk1 and Grb10, may fit the bill since both genes 

code for cell signalling proteins, as paternally expressed Dlk1 promotes while 

the maternally expressed Grb10 restricts embryo growth (Madon-Simon et al., 

2014). It may not be possible to explain the genomic imprinting evolution with 

one single theory, and some non-conflict hypotheses, such as co-adaptive 

gene evolution, were also used to demonstrate the genomic imprinting 

(Spencer and Clark, 2014; Wilkins, 2014). Further functional study of the 

identified imprinted genes will help us to understand the evolutionary basis and 

advantages of mammalian genomic imprinting. 
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1.2 Dlk1 in mouse development 

1.2.1 Dlk1 expression in mouse and protein structure 

The paternally-expressed imprinted gene Dlk1 encodes delta-like 1 protein 

(Dlk1), also known as preadipocyte factor 1 (Pref-1) or fetal antigen 1 (FA1), 

which belongs to the epidermal growth factor-like (EGF-like) protein family that 

consists of Notch signalling receptors and ligands (Moon et al., 2002). Dlk1 is 

widely expressed in most embryonic tissues, while its expression is limited to a 

few adult tissues, with the highest expression levels in pituitary and adrenal 

gland (Wang et al., 2006; Falix et al., 2012; Charalambous et al., 2014). This 

indicates a critical role of Dlk1 in mouse early embryonic development. In 

particular, Dlk1 is not expressed in adult adipose and muscle tissues, yet Dlk1 

does influence the adult adipose and muscle mass (Moon et al., 2002; 

Charalambous et al., 2014). Therefore, it can be predicted that Dlk1 controls 

the postnatal body proportions (fat and lean mass ratio) through its actions in 

early embryonic development stage. 

 

EGF-like proteins interact with each other through their EGF-like repeats and 

regulate cells to make fate decisions (Baladrón et al., 2005; Sánchez-Solana 

et al., 2011). However, Dlk1 is recognized as a non-canonical Notch ligand, 

lacking a Delta-Serrate-LAG-2 (DSL) domain which can directly interact with 

Notch receptors. Therefore, Dlk1 may not be the ligand of Notch receptors 

although it regulates Notch1 signalling through a negative feedback 

mechanism (Falix et al., 2012). Hence, identification of Dlk1 receptors and 

interacting proteins is essential to understand Dlk1 functions and mechanisms 

of action. Specifically, Dlk1 is a single transmembrane protein, containing a 

region of six N-terminal EGF-like repeats, a juxtamembrane domain, a 

transmembrane part and a cytoplasmic tail at the C-terminal (Figure 1.2) 

(Smas and Sul, 1993; Wang and Sul, 2006; Hudak and Sul, 2013). Dlk1 can be 

cleaved by TNF-a converting enzyme (TACE) at the juxtamembrane region, 

and the full length extracellular domain of Dlk1 (soluble Dlk1) containing the 
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juxtamembrane region (approximate 50 kDa) alone can account for the 

regulation of several differentiation processes (Smas et al., 1997; Wang and 

Sul, 2006; Andersen et al., 2013). The membrane bounded part of Dlk1 also 

possesses different cellular functions from the soluble Dlk1 (Mortensen et al., 

2012; Traustadóttir et al., 2013; Shin et al., 2014). 

 
Figure 1.2 Modular structure of Dlk1 protein. N, N-terminal; S, signal 
sequence; Green boxes (1-6) indicate the six EGF-like repeats. Jm, 
juxtamembrane domain; Tm, transmembrane domain (phospholipid cell 
membrane illustrated); Cy, cytoplasmic domain; C, C-terminal. 

 

1.2.2 Biological functions of Dlk1 

Dlk1 protein functions have been uncovered using several genetic mouse 

models. The first Dlk1 knockout mice displayed significant embryo growth 

retardation (Moon et al., 2002). And the adult Dlk1 knockout mice developed 

enlarged livers with higher lipid contents and increased adipose tissue mass, 

including white adipose tissue (WAT) and brown adipose tissue (BAT), 

compared to their wild type (WT) littermates (Moon et al., 2002). However, the 

obese phenotype was observed only in mice fed with a high fat diet (Moon et 

al., 2002). In addition, the higher adipose tissue mass was due to enlarged 

adipocyte cell size and not cell number (Moon et al., 2002). A second Dlk1 

knockout mouse model revealed that Dlk1 was related to B cell development 

(Raghunandan et al., 2008). Moreover, our group has shown that the same 

Dlk1 knockout mouse was born about 20% smaller and grew up with a greater 

fat mass content than WT littermates fed with a normal chow diet 

(Madon-Simon et al., 2014). Thirdly, conditional deletions of Dlk1 in pancreas, 

pituitary and placenta did not compensate the phenotype from global knockout 

of Dlk1, suggesting that Dlk1 controlled embryo growth through actions in 

multiple tissues (Appelbe et al., 2012). 
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contrast, Dlk1 ablation enhanced adult muscle regeneration by regulating the 

expression of myogenic markers (Andersen et al., 2013). Collectively, Dlk1 is a 

key factor in muscle development through embryogenesis and adult muscle 

regeneration (Andersen et al., 2013). So far, most of the Dlk1 studies in 

adipogenesis and myogenesis focus on the investigations at the transcriptional 

level. The upstream cell signalling events involving Dlk1 that control these 

transcriptional changes are not well understood. 

 

A few Dlk1 studies in human have indicated similar functions to those defined 

from mouse models. Dlk1 expression level was reported to be increased in 

serum samples from obese patients, suggesting that Dlk1 might be used as a 

marker of human obesity (Chacón et al., 2008). Dlk1 levels in maternal serum 

collected during pregnancy was correlated with small-for-gestational-age (SGA) 

infants, and Dlk1 levels can be an indicator of healthy or pathological SGA 

infants (Cleaton et al., 2016). Dlk1 is also involved in negative feedback 

inhibition of human skeletal stem cell differentiation (Abdallah et al., 2004). 

 

1.2.3 Potential Dlk1 signalling 

As a member of EGF-like protein family, Dlk1 was considered to be involved in 

Notch signalling especially Notch1 receptor (Traustadóttir et al., 2016). Notch 

signalling pathway was found to be downregulated by Dlk1 in E16.5 embryos 

through comparison of WT and Dlk1 null embryonic tissues by mRNA array. 

This study also provided evidence that Dlk1 can interact with Notch1 receptor 

through EGF repeat 5 and 6 domains of Dlk1, using a mammalian two-hybrid 

system (Traustadóttir et al., 2016). However, more in vitro and in vivo evidence 

is needed to confirm conclusively the direct interaction of Dlk1 and Notch1. 

Hence, Dlk1 may regulate downstream signals through Notch1 receptor 

dependent or independent pathways. Besides, Dlk1 may interact with itself, 

again as uncovered by experiments using a mammalian two-hybrid system, 

although cellular function of Dlk1 self-interaction has not yet been explored 



26 
 

(Traustadóttir et al., 2017). Furthermore, it has been found that Dlk1 inhibited 

preadipocyte differentiation via insulin/IGF signalling (Zhang et al., 2003; 

Tseng et al., 2005). Whereas Nueda and co-workers (2007) reported that Dlk1 

promoted adipogenesis in the multi-potential mesenchymal cell line 

C3H10T1/2 through negatively regulating Notch 1 receptor. In mouse 

embryonic fibroblast (MEF) cell lines, Dlk1 was found to activate components 

of the Mitogen-activated protein kinase (MAPK) pathway and sox9 expression, 

leading to the inhibition of adipogenesis (Wang et al., 2010). These results 

suggested that the roles of Dlk1 in adipogenesis were cell type specific. In 

addition, Dlk1 has been shown to prevent chondrogenesis and adipogenesis in 

cell culture by inhibiting the Phosphoinositide 3-kinase/Protein kinase B 

(PI3K/Akt) pathway (Chen et al., 2011). It is not yet possible to identify the 

definitive Dlk1 pathways, in several biological processes, due to the lack in 

knowledges of Dlk1 interacting receptors and other signalling proteins. 

 

Dlk1 is expressed from the paternal Dlk1-Gtl2 locus while the corresponding 

maternal Dlk1 allele is imprinted, and the cis locus expresses several 

non-coding miRNA (Qian et al., 2016; Serrano-Lopez and Cancelas, 2016; 

Schneider et al., 2016). Strikingly, Qian and colleagues recently reported that 

miRNAs expressed from the maternal Dlk1-Gtl2 locus could block multiple 

components of Akt mediated mammalian target of rapamycin (mTOR) pathway, 

maintaining the quiescence of fetal liver hematopoietic stem cells (HSCs) and 

long-term HSCs derived from adult mouse liver (Qian et al., 2016). However, 

the direct interactions between Dlk1 and mTOR signalling on biochemical level 

are still unknown. 

  





28 
 

phosphorylation, and also ubiquitination and degradation of IR and IGF1R 

(Jahn et al., 2002; Vecchione et al., 2003). Grb10 structural studies revealed 

that the RA-PH regions of Grb10 can physically bind to the Ras proteins, and 

this was supported by the in vitro study using mouse fibroblasts (Deng et al., 

2008; Depetris et al., 2009). 

 
Figure 1.3 Grb10 modular protein structure. P, proline-rich domain; RA, 
RAS-association-like binding domain; PH, pleckstrin homology domain; BPS, 
between PH and SH2 domain; SH2, Src homology 2 domain. Graph is 
modified from Holt and Siddle, 2005. 

 

1.3.2 Biological functions of Grb10 

Biological functions of Grb10 have been discovered by using several Grb10 

knockout and overexpression mouse models developed by different groups. 

Maternal Grb10 obeyed the parent-offspring conflict theory for imprinting 

evolution (Haig, 2014). Maternally expressed Grb10 limited embryo and 

placental growth, since maternal Grb10 knockout mice had a 25-30% larger 

body size than WT mice after birth (Charalambous et al., 2003; Charalambous 

et al., 2010; Madon-Simon et al., 2014). As adults, Grb10 knockout mice had 

increased lean mass and reduced adipose mass, and this was associated with 

improved glucose handling and insulin sensitivity. These findings were 

reported by three groups using different Grb10 knockout mouse lines (Smith et 

al., 2007; Wang et al., 2007; Madon-Simon et al., 2014). Conversely, Grb10 

transgenic mice were heavier than WT with enlarged fat tissues at 5 months 

old, including WAT and BAT (Liu et al., 2014). The combined evidence 

suggests that Grb10 promotes adipose tissue growth and restricts muscle 

development. In addition, Grb10 overexpression mice displayed retarded 

growth during postnatal development and insulin resistance, supporting the 

growth suppressor role of Grb10 (Shiura et al., 2005). A fat tissue specific 

Grb10 knockout mouse model provided further evidence for a role of Grb10 in 
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adipogenesis, except that white adipose depots were significantly enlarged, as 

they were in Grb10 knockout models, perhaps suggesting both direct and 

indirect effects on adipose development or homeostasis. Grb10 deletion in fat 

tissue reduced the expression levels of lipolytic enzymes and fatty acid 

oxidation in BAT, leading to enhanced accumulation of lipid droplets in WAT 

and BAT (Liu et al., 2014). A possible reason for the converse phenotypes of 

global and conditional Grb10 knockout mice might be that Grb10 controls 

postnatal fat tissue formation through multiple tissues. Furthermore, 

conditional deletion or knockdown of Grb10 in mouse pancreas revealed that 

Grb10 inhibited pancreas and pancreatic b-cell development (Doiron et al, 

2012; Zhang et al, 2012). Also, the pancreas-specific Grb10 deletion enhanced 

the insulin sensitivity and glucose handling (Zhang et al., 2012; Ward, 2012). 

Two studies reported that the enlarged muscle tissue in neonatal and postnatal 

Grb10 knockout mice displayed a higher proliferation rate of muscle stem cell 

and myofiber. Grb10 was involved in proliferation and not the differentiation 

process, supporting an inhibitory role of Grb10 in muscle development (Holt et 

al., 2012; Mokbel et al., 2014). 

 

Grb10 alleles in mother and offspring acted in a coordinated manner to 

maximise offspring growth and physiology (Cowley et al., 2014). This was 

achieved by the maternal Grb10 allele regulating nutrient supply to offspring 

through the placenta and mammary gland, while Grb10 in offspring regulates 

demand for nutrients, at least during the postnatal suckling period in mouse 

(Cowley et al., 2014). The dual role for Grb10 in mother and offspring has been 

suggested to be the best example yet identified of co-adaptive gene evolution 

as the driving force for imprinted gene expression (Wolf, 2013; Cowley et al., 

2014; Wilkins, 2014). 

 

All of the above functions are associated with the maternal Grb10 allele. It has 

been shown that Grb10 is expressed in the developing and adult brain, but 
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exclusively from the paternal allele. Paternal knockout of Grb10 has been 

associated with specific deficits in social dominance behaviour (Garfield et al., 

2011). 

 

1.3.3 Grb10 adaptor signalling 

Grb10, as an adaptor, has the ability to recruit various signalling molecules 

through its multiple function domains (Figure 1.3). In particular, insulin receptor 

substrate 1/2 (IRS1/2) and Akt phosphorylation levels were reduced by Grb10 

overexpression in Chinese hamster ovary (CHO/IR) cells under insulin 

stimulation, suggesting a negative role of Grb10 in insulin signalling (Wick et 

al., 2003). In mouse embryonic fibroblasts, Grb10 can bind to Nedd4 and then 

form a Grb10/Nedd4 protein complex, and the complex was involved in the 

IGF1R degradation and internalization through receptor multi-ubiquitination 

(Vecchione et al., 2003; Monami et al., 2008). These other studies supported 

the evidence that Grb10 negatively regulates IR and IGF1R signalling in vitro 

(Wick et al., 2003; Vecchione et al., 2003; Monami et al., 2008). Besides, a 

siRNA knockdown of endogenous Grb10 in NIH 3T3 cells resulted in 

decreased IRS, Akt and extracellular signal regulated kinase 1/2 (Erk1/2) 

phosphorylation levels induced by insulin growth factor 1 (IGF1), further 

supporting the inhibitory role of Grb10 towards IGF signalling (Dufresne and 

Smith, 2005). By contrast, another study reported that Grb10 promoted 

VEGFR2 phosphorylation by binding to Nedd4 which caused ubiquitination 

and degradation of VEGFR2 in human embryonic kidney cells 293 (HEK293) 

cell line, uncovering a positive feedback to the RTK from Grb10 (Murdaca et al., 

2004). Moreover, it was reported that prolonged insulin stimulation caused the 

IR degradation, and endogenous Grb10 was related to IR proteasome 

degradation following insulin treatment of Hela cells (Ramos et al., 2006). In 

addition, in vivo experiments provided evidence that Grb10 acted as a 

negative regulator of insulin sensitivity in muscle, fat and at the whole body 

level (Wang et al., 2007; Smith et al., 2007; Madon-Simon et al., 2014). 
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Specifically, Grb10 knockout increased the IRS1, Akt and MAPK 

phosphorylation levels in muscle and fat tissues stimulated by insulin (Wang et 

al., 2007; Smith et al., 2007). Additionally, IGF injection activates a lower IRS1 

and Akt phosphorylation level in adult muscle compared to insulin injection 

(Smith et al., 2007). Recently, Grb10 has been identified as the direct 

substrate of mammalian target of rapamycin complex 1 (mTORC1), and Grb10 

phosphorylation by mTORC1 at the S501/503 sites leads to a negative 

feedback on mTORC1 and IR/IGF1R in vitro and in vivo (Hsu et al., 2011; Yu 

et al., 2011; Liu et al., 2014). These studies filled the gap between insulin and 

mTOR signalling in which Grb10 acted as a key negative regulator (Yea and 

Fruman, 2011; Liu and Liu 2014). Furthermore, global loss of Grb10 in mouse 

enhanced the hematopoietic stem cell proliferation through activation of 

Akt/mTORC1 pathway (Yan et al., 2016). Collectively, Grb10 might be an 

essential signal regulator of mTOR pathway. 

 

It was well established that Grb10 negatively regulate Insulin/IGF signalling in 

vitro and in vivo (Desbuquois et al., 2013). Yet it is unlikely that Grb10 is 

involved in the growth through Insulin/IGF signalling. Insulin signalling was 

known to have little effects on growth (Desbuquois et al., 2013; Plasschaert 

and Bartolomei, 2015). By contrast, IGF signalling was the major fetal growth 

regulatory pathway in mouse (Peters, 2014). Especially, the paternally 

expressed Igf2 and maternally expressed Igfr2r established the first 

growth-regulatory axis involved in imprinting in mammals (Baker et al., 1993; 

Lau et al., 1994; Wang et al., 1994). However, Grb10 and Igf2 double knockout 

mice exhibited distinguishable phenotypes from either Grb10 or Igf2 single 

knockout mice, suggesting that Grb10 regulated embryo growth independently 

from Igf2 (Charalambous et al., 2003). Moreover, the epistasis tests of Grb10 

against Igf1r and Insr knockout mice revealed that Grb10 acts primarily on 

growth independently of Igf1r and Insr (Charalambous et al., 2003), although 

Grb10 had high affinity for Igf1r and even higher for Insr (unpublished data). All 
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Grb10 epistasis tests suggest that Grb10 is a growth regulator independent of 

Insulin/IGF signalling. Consequently, little is known about the upstream or 

downstream effectors of Grb10 involved in the regulation of growth. 

 

1.4  Antagonistic roles of Dlk1 and Grb10 in mouse development 

Many of Dlk1 and Grb10 functions are well illustrated in mouse by Dlk1 and 

Grb10 knockout models. The main phenotypes of Dlk1 and Grb10 knockout 

mice are listed and compared below (Figure 1.4). Dlk1 and Grb10 each form a 

link between disrupted growth in early life and physiological changes in later 

life, particularly altered body composition (lean/adipose tissue proportions) and 

glucose-regulated metabolism, suggesting both may be key genetic factors in 

the developmental programming of life-long health (Moon et al., 2002; 

Charalambous et al., 2003; Smith et al., 2007; Wang et al., 2007; 

Charalambous et al., 2014; Madon-Simon et al., 2014). Although this 

programming phenomenon is well established there is essentially no 

understanding of the underlying mechanism. The Dlk1+/p and Grb10m/+ mice 

are proposed to be the first genetic models for developmental programming. 

This project will test that Dlk1 and Grb10 act antagonistically through a 

common pathway on the biochemical level using Dlk1 and Grb10 single and 

double knockout mouse models.  
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Figure 1.4 Antagonistic functions of Dlk1 and Grb10 in embryonic growth 
and adult body composition. Knockout phenotypic features summarised 
from (Moon et al., 2002; Charalambous et al., 2003; Smith et al., 2007; 
Madon-Simon et al., 2014). 
 

Crosses of Dlk1+/p and Grb10m/+ mice indicated that double knockout mice had 

a phenotype very similar to that of Grb10 single knockouts prenatally and 

postnatally. This indicated that Dlk1 and Grb10 play antagonistic roles in 

mouse development in a common genetic pathway (Figure 1.5). Furthermore, 

Dlk1 acted upstream, as an inhibitor of Grb10, which in turn is an inhibitor of 

growth (Madon-Simon et al., 2014). Currently, the biochemical interactions 

between Dlk1 and Grb10 proteins remain undefined. Studies of mTOR 

provided a potential link between the two factors. Two groups using 

phopho-proteomics approaches found that Grb10 was a direct substrate of 

mTORC1 negatively regulating mTOR and IGF/IR signalling in vitro (Hsu et al., 

2011; Yu et al., 2011). Another group uncovered that Grb10 controlled 

adipogenesis and thermogenesis through a negative feedback to mTORC1 

signalling in vivo (Liu et al., 2014). By contrast, miRNAs expressed from the 
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paternal Dlk1-Gtl2 locus negatively regulated the mTOR pathway in HSCs 

(Qian et al., 2016). Paternal Dlk1 expression also can be affected by the 

miRNAs expressed from the maternal Dlk1-Gtl2 locus (Charalambous et al., 

2012). Therefore, Dlk1 may be involved in mTOR signalling activity directly or 

indirectly. Collectively, these studies suggested that Dlk1 and Grb10 possibly 

control growth, metabolism or some other biological processes by regulating 

the mTOR pathway. Do Dlk1 and Grb10 interact via mTOR signalling or any 

other signal pathways during developmental programming? Can further 

signalling changes be detected in Dlk1 and Grb10 knockout mice using an 

unbiased approach? The large-scale quantitative proteomics could be used for 

in-depth study of Dlk1 and Grb10 signalling. The investigation will contribute to 

our understanding of Dlk1 and Grb10 functions, mammalian development as 

well as imprinted gene evolution. 

 
Figure 1.5 Evidence that Dlk1 and Grb10 regulate mouse embryonic 
growth in a common genetic pathway. Figure is modified from 
Madon-Simon et al., 2014. 
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1.5  TMT quantitative proteomics 

Evidence from our laboratory indicates that the oppositely imprinted Dlk1 and 

Grb10 genes control the mouse fetal growth antagonistically through a 

common genetic pathway (Madon-Simon et al., 2014). Dlk1 and Grb10 protein 

expression levels were reciprocally affected by disruption of each other in 

pMEFs and livers derived from E14.5 (Chapter 3). However, the signalling 

pathways involving Dlk1 and Grb10 in regulation of mouse development are 

still unknown. An in-depth study of the functions and cross talk between Dlk1 

and Grb10 on the embryonic level is needed to understand their roles in 

mouse growth and development, including mechanisms of adipogenesis and 

myogenesis. The new isobaric tandem mass tag (TMT) reagents and 

improvements in quantitative proteomics currently allow the labelling of up to 

ten samples in a single analysis. This allowed comparison of two biological 

replicates each of E14.5 pMEF and liver samples of the four genotypes, WT, 

Dlk1+/p, Grb10m/+ and Grb10m/+/Dlk1+/p. The proteomes and 

phosphoproteomes from WT, Dlk1+/p, Grb10m/+ and Grb10m/+/Dlk1+/p E14.5 

pMEFs and livers were analysed and compared. The candidate signal 

pathways and proteins associated with Dlk1 and Grb10 may be revealed by 

bioinformatics analyses, including principle component analysis (PCA), Gene 

ontology (GO)-term enrichment and clustering. 
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1.6 Aims 

In this work, WT, Dlk1+/p, Grb10m/+ and Grb10m/+/Dlk1+/p knockout mice 

(Raghunandan et al., 2008; Garfield et al., 2011) were used to provide whole 

liver tissue and to derive embryonic day 14.5 (E14.5) primary mouse 

embryonic fibroblasts (pMEFs) as in vivo and in vitro models, respectively. 

 

The aim was to address the following questions: 

1. What are the phenotypic differences of WT, Dlk1+/p, Grb10m/+ and 

Grb10m/+/Dlk1+/p mice at E14.5 and 6-month of age? 

2. Do Dlk1 and Grb10 proteins affect the expression of each other in E14.5 

embryonic cells and tissues? 

3. How is Dlk1 and Grb10 downstream signal activity, including Akt, Erk1/2 

and mTOR, altered in Dlk1+/p, Grb10m/+ and Grb10m/+/Dlk1+/p mice? 

4. Can further Dlk1 and Grb10 signalling components be discovered by 

comparing the proteomes and phosphoproteomes of E14.5 WT, Dlk1+/p, 

Grb10m/+ and Grb10m/+/Dlk1+/p pMEFs and livers? 

5. Can candidate genes or pathways identified using proteomics analyses be 

validated, for example, by western blotting? 
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Chapter 2 
 

Materials and Methods 
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2.1  Materials 

All chemicals used in this study were purchased from Sigma-Aldrich 

(Gillingham, UK) or Fisher Scientific (Loughborough, UK) unless stated 

otherwise. 

 

2.1.1 Mice 

In Dlk1 knockout mice, the promoter and first three exons of paternal Dlk1 

allele were deleted and replaced with a neomycin resistance cassette (neor) 

(Raghunandan et al., 2008). To generate Grb10 knockout mice, a 

LacZ:neomycinr gene-trap cassette was inserted and replaced an 11bp 

fragment of Grb10 exon 8 (Garfield et al., 2011). Those mouse stains were 

maintained on a C57BL/6xCBA mixed inbred genetic background. Only 

Grb10+/p females were used to cross with Dlk1+/p or WT males to produce 

Grb10m/+ and Grb10m/+/Dlk1+/p mice. Dlk1+/p mice used in this study were 

generated by crossing Dlk1+/p males with WT or Grb10+/p females. Note that, 

due to the opposite imprints of the two genes, this heterozygote cross 

produces WT, Dlk1+/p, Grb10m/+ and Grb10m/+/ Dlk1+/p offspring in a 1:1:1:1 

ratio (Figure 2.1). Offspring with the Dlk1+/p and Grb10m/+ heterozygous 

mutations are functionally null for those respective genes.  

 
Figure 2.1 Breeding schema for generation of Dlk1 and Grb10 single and 
double knockout mice. Dlk1+/p males and Grb10+/p females were crossed to 
produce offsprings. 
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3X Sample buffer 

30 mM Tris.Cl pH6.8, 1% SDS, 5% Glycerol, 100 mM DTT, 0.05% 

Bromophenol blue. 

 

Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

running buffer 

25 mM Tris.Cl, 0.2 M glycine, 0.1% (w/v) Sodium dodecylsulphate (SDS).  

 

 

SDS-PAGE wet transfer buffer 

25 mM Tris.Cl, 0.2 M glycine, 20% (v/v) methanol. 

 

SDS-PAGE blocking buffer 

5% (w/v) dried skimmed milk powder or 5% (w/v) bovine serum albumin (BSA) 

in TBS-Tween. 

 

Antigen retrieval solution pH6.0 

0.173 g citric acid, 4.1 ml 1 M sodium citrate, 495.9 ml Milli-Q (MQ) water.  
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2.1.3 Antibodies 

Details of the primary and secondary antibodies used for Western blotting (WB) 

and Immunoprecipitation (IP) in this study, including working dilutions, are 

listed in Table 2.1. Antibodies were diluted in SDS-PAGE blocking buffer. 

A 

Antibody Epitope Species Supplier Code Dilution 

Akt Total Mouse mAb CST 2920 1:2000 

Akt p-Ser473 Rabbit mAb CST 4060 1:2000 

Dlk1 Total Goat pAb R&D AF8277 1:1000 

Erbb2 Total Mouse mAb Thermo MA5-13105 1:200 

Erk1/2 Total Rabbit mAb CST 9102 1:1000 

Erk1/2 p-Thr202 &  

p-Tyr204 

Mouse mAb Sigma M9692 1:4000 

FGFR1 Total Rabbit mAb CST 9740 1:500 

GAPDH Total Mouse mAb Proteintech 60004-1 1:5000 

GAPDH Total Rabbit mAb CST 2118 1:10000 

Grb2 Total Rabbit mAb CST 3972 1:500 

Grb10 Total Rat pAb Monash N/A 1:250 

IRb Total Mouse mAb CST 3020 1:500 

p70 S6K Total Rabbit mAb CST 2708 1:1000 

p70 S6K p-Thr389 Rabbit mAb CST 9234 1:1000 

PI3K p85 Total Rabbit pAb UBI 06-195 1:500 

PDGFRa Total Rabbit mAb CST 3174 1:500 

PDGFRb Total Mouse mAb CST 3175 1:500 

Tyrosine p-Tyr-100 Mouse mAb CST 9419 1:20 
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B 

Antibody Supplier Code Dilution 

HRP Goat anti-rabbit Vector PI-1000 1:5000 

HRP Goat anti-mouse Vector PI-2000 1:5000 

HRP Goat anti-rat Vector PI-9401 1:5000 

IRDye 800CW Donkey anti-mouse LI-COR 926-32212 1:10000 

IRDye 800CW Goat anti-rat LI-COR 926-32219 1:10000 

DyLight 680 conjugated goat anti-rabbit CST 5366 1:15000 

 
Table 2.1 Primary and secondary antibodies used for WB and IP. Antibody 
clones, supplier, product information and working dilution are listed in columns 
from left to right. mAb, monoclonal antibody; pAb, polyclonal antibody; HRP, 
Horseradish peroxidase; BL, Bethyl Laboratories,  Montgomery, US; CST, 
Cell Signaling Technology, Hitchin, UK; LI-COR, LI-COR Biosciences, 
Cambridge, UK; Monash, Monash University, Melbourne, Australia; R&D, R&D 
Systems, Abingdon, UK; Sigma, Sigma-Aldrich, Gillingham, UK; Thermo, 
Thermo Fisher Scientific, Gillingham, UK; UBI, Upstate Biotech Incorporated, 
New York, US; Vector, Vector Laboratories, Peterborough, UK. A) Table of 
primary antibodies. B) Table of secondary antibodies. 

 

2.1.4 Growth factors and inhibitors 

All the growth factors and inhibitors used in cell culture are listed in Table 2.2. 

Regulators were diluted in pre-warmed Dulbecco's Modified Eagle's medium 

(DMEM) to the listed concentrations. 

A 

Recombinant cell signal proteins Supplier Code Concentration 

Recombinant Murine PDGF-AA Peprotech 315-17 30 ng/ml 

Recombinant Murine PDGF-BB Peprotech 315-18 30 ng/ml 

Recombinant Murine EGF Peprotech 315-09 100 ng/ml 

Recombinant Murine FGF1 Peprotech 450-33A 10 ng/ml 

Recombinant Mouse IGF1 Sigma I8779 50 ng/ml 

Insulin from bovine pancreas Sigma I6634 20 nM 

 







45 
 

 

2.2.3 Preparation of E14.5 pMEFs and livers 

The whole uterus of a 14.5-day pregnant mouse was dissected out and 

immersed in cold 0.1% PBS for at least 5 min. Then individual embryos were 

separated from their placentae and the yolk sac was peeled from each embryo. 

After being dried and weighted, a portion of the tail from each embryo was 

dissected and stored at -20°C for genotyping, and then each E14.5 embryo 

was kept in 1 ml pre-warmed DMEM medium. Each embryo was decapitated 

and eviscerated, and the liver was collected and stored at -80°C. The rest of 

the embryo was minced using a pair of scissors. 3 ml 0.25% (w/v) 

Trypsin-EDTA solution (Sigma, Gillingham, UK) was added to the mince in a 

15 ml Falcon tube and incubated at 37°C for 20 min. Then another 3 ml 0.25% 

Trypsin-EDTA solution was added to each tube and incubated at 37°C for 

another 20 min. To stop the trypsinization, 6 ml complete medium (DMEM 

medium, 10% (v/v) fetal bovine serum (FBS) (Gibco, Gillingham, UK), 1% (v/v) 

streptomycin (1000 U)/penicillin (10 mg/ml) (Sigma, Gillingham, UK), and 1 

mM L-glutamine (Sigma, Gillingham, UK)) was added to each tube. Tissue and 

medium mixture was mixed well by hand then span down in a ALC PK110 

centrifuge (Thermo Scientific, Gillingham, UK) at 180 g for 5 min. Cell pellets 

were mixed with 12 ml pre-warmed complete medium and cultured in a T75 

tissue culture flask (Fisher Scientific, Loughborough, UK) as passage 0 (P0). 

Flasks were incubated for 24-48 h at 37°C with 5% CO2. This method was 

modified from Takahashi and Yamanaka (2006). 

 

2.2.4 Maintenance of E14.5 pMEFs 

E14.5 pMEFs were cultured with 7 ml or 12 ml complete medium in T25 or T75 

tissue culture flasks, respectively. Cells were washed twice with 0.1% PBS (1 

ml/25 cm2), pre-warmed to 37°C, and replenished with pre-warmed complete 

medium every 48-72 h. Cell splitting was carried out when cells reached about 

80% confluence, as judged by eye. Medium was removed through a glass 
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TopN most intense ions were selected for MS/MS. Precursors were filtered 

according to charge state (to include charge states 2-7) and with monoisotopic 

precursor selection. Previously interrogated precursors were excluded using a 

dynamic window (40 s +/-10 ppm). The MS2 precursors were isolated with a 

quadrupole mass filter set to a width of 1.2 m/z. ITMS2 spectra were collected 

with an AGC target of 5000, max injection time of 120 ms and CID collision 

energy of 35%.  

 

For FTMS3 analysis, the Orbitrap was operated at 60, 000 resolution with an 

AGC target of 50 000 and a max injection time of 120ms.  Precursors were 

fragmented by high energy collision dissociation (HCD) at a normalised 

collision energy of 55% to ensure maximal TMT reporter ion yield.  

Synchronous Precursor Selection (SPS) was enabled to include up to 5 MS2 

fragment ions in the FTMS3 scan. 

  



http://www.uniprot.org/uploadlists/
http://cbl-gorilla.cs.technion.ac.il/
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Chapter 3 
 

Biochemical studies of Dlk1 and 
Grb10 in E14.5 embryos 
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3.1  Background 

Evidence derived from transgenic mouse models indicates that there is a 

genetic interaction between Dlk1 and Grb10 in the regulation of early 

embryonic development and postnatal physiology, with Dlk1 acting as an 

upstream inhibitor of Grb10 (Madon-Simon et al., 2014). However, no studies 

have attempted to establish the biochemical interactions between the protein 

products of these genes and how this governs altered embryo size and adult 

body composition. Dlk1 and Grb10 proteins are both important cell signalling 

factors during mouse development. Dlk1 has been shown to inhibit Notch1 

signalling (Traustadóttir et al., 2016), however, it is a non-canonical ligand from 

the EGF-like protein family lacking a DSL domain which can directly interact 

with Notch receptors (Traustadóttir et al., 2016; Traustadóttir et al., 2017). 

Physiologically relevant receptors of Dlk1 are still unknown. Grb10 is a 

signalling adaptor protein that is identified as a direct substrate of mTORC1 

and can bind to several RTKs, including the IR and IGFR (Yu et al., 2011; Hsu 

et al., 2011; Plasschaert and Bartolomei, 2015). In addition, Grb10 was 

reported to be phosphorylated and stabilized by mTORC1 and mediated a 

negative feedback upon IR/IGFR and mTORC1 signalling in vitro and in vivo 

(Yu et al., 2011; Hsu et al., 2011; Liu et al., 2014). This project will attempt to 

uncover the Dlk1 and Grb10 signalling network, possibly through RTK or 

mTOR signalling pathways, in the mouse fetus at E14.5, using undifferentiated 

pMEFs and livers derived from WT, Dlk1+/p, Grb10m/+ and Grb10m/+/Dlk1+/p mice. 

Serum was used to activate RTK downstream signalling pathways in pMEFs 

from the four genotypes, and mTOR inhibitor rapamycin (Yu et al., 2011; Hsu 

et al., 2011) and mTORC1 specific inhibitor Torin1 (Thoreen et al., 2009; Hsu 

et al., 2011) were used to block the downstream signal activities of mTOR. 

This chapter will address the following questions:  

1) Does Dlk1 or Grb10 deletion alter E14.5 embryo size and also adult (6 

months old) body composition, as shown previously? 
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2) Does Dlk1 or Grb10 deletion affect expression level of the other signalling 

protein in knockout tissues and cells, and if so does Dlk1 act at the 

biochemical level as an upstream inhibitor of Grb10? 

3) How do RTK downstream signalling pathways respond to Dlk1 and Grb10 

single and double knockout? 

4) Do signalling changes in knockout tissues or cells support the antagonistic 

functions of Dlk1 and Grb10 based on genetic evidence? 

5) Does mTORC1 inhibition result in altered Grb10 expression level? 

  



61 
 

3.2  Results 

3.2.1 E14.5 fetuses with Grb10m/+ and Grb10m/+/Dlk1+/p genotypes 

exhibited overgrowth in comparison with WT and Dlk1+/p 

To determine the impacts of Dlk1 and Grb10 on fetal growth, wet weights of 

E14.5 embryos from WT, Dlk1 and Grb10 single and double knockout were 

recorded and analysed (Figure 3.1). Compared to WT and Dlk1+/p, Grb10m/+ 

and Grb10m/+/Dlk1+/p embryos were significantly heavier (Figure 3.1B). The 

mean wet weights of WT, Dlk1+/p, Grb10m/+ and Grb10m/+/Dlk1+/p embryos were 

0.1992+0.01 g, 0.2034+0.01 g, 0.2872+0.02 g and 0.2575+0.01 g, respectively. 

Grb10m/+ and Grb10m/+/Dlk1+/p embryos were about 44% and 29% heavier than 

WT (Figure 3.1A). No statistical significance was found between E14.5 

Grb10m/+ and Grb10m/+/Dlk1+/p embryos, indicating an indistinguishable 

phenotype between these two genotypes (Figure 3.1B). Dlk1+/p pups were born 

20% smaller than WT as reported (Moon et al., 2003; Madon-Simon et al., 

2014). However, at E14.5 WT and Dlk1+/p embryos had a similar body weight 

with no statistical difference, revealing that Dlk1 may affect fetal growth later in 

gestation stage (Figure 3.1). 
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3.2.2 Level of adiposity were increased in Dlk1+/p adult mice, whereas 

Grb10m/+ and Grb10m/+/Dlk1+/p adult mice were leaner compared to 

WT 

For the investigation of Dlk1 and Grb10 influences on postnatal development, 

total body mass and body composition of knockout mice and their WT 

littermates were analysed at 6 months old. Female and male mice were 

compared separately to exclude any sex bias. Although Grb10m/+ and 

Grb10m/+/Dlk1+/p mice were slightly heavier than WT and Dlk1+/p mice (Figure 

3.2A, B), both females and males showed no significant difference in body 

mass according to genotype (Figure 3.2I, J). 

 

Dlk1+/p females were phenotypically fatter as the ratios of fat mass/body weight 

and fat mass/lean mass were both significantly elevated compared to WT 

(Figure 3.2C, G, I). Meanwhile, the content of lean mass in Dlk1+/p females was 

significantly decreased when expressed as the ratio of body weight in 

comparison with WT (Figure 3.2E, I). The ratio of fat mass/lean mass was 

significantly higher in Dlk1+/p males compared to WT (Figure 3.2H, J). The 

ratios of fat mass and lean mass of the body weight in Dlk1+/p males had 

similar trends as the Dlk1+/p females. However, no statistically significant 

differences were found between Dlk1+/p and WT males (Figure 3.2D, F, J). 

 

Grb10m/+ females and males had less fat mass and more lean mass contents 

compared to WT (Figure 3.2C-H). The ratio of fat mass and body weight was 

significantly reduced in female Grb10m/+/Dlk1+/p mice compared to WT (Figure 

3.2C, I). No significance was found between Grb10m/+ and WT females and 

males in consideration of lean mass (Figure 3.2I, J).  

 

Dlk1+/p and Grb10m/+ mice displayed opposite phenotypes. Dlk1+/p mice tended 

to contain more fat mass, while Grb10m/+ mice tended to contain more lean 

mass (Figure 3.2C-H). In comparisons of Dlk1+/p and Grb10m/+ mice, fat mass 
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was significantly increased in Dlk1+/p mice, and lean mass was significantly 

higher in Grb10m/+ mice in both males and females (Figure 3.2I, J). 

 

Grb10m/+ and Grb10m/+/Dlk1+/p mice showed a similar body composition 

phenotype. Both tend to content more lean mass and less fat mass. Moreover, 

no significant differences were found between Grb10m/+ and Grb10m/+/Dlk1+/p 

mice in any comparisons. However, body composition measurements of 

Grb10m/+/Dlk1+/p mice fell between those of Grb10m/+ and WT mice (Figure 

3.2A-J). 
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I 

 Females 

Body weight Fat mass/ 

Body weight 

Lean mass/ 

Body weight 

Fat mass/ 

Lean mass 

WT vs. Dlk1+/p ns * * * 

WT vs. Grb10m/+ ns * ns ns 

WT vs. Grb10m/+/Dlk1+/p ns ns ns ns 

Dlk1+/p vs. Grb10m/+ ns **** **** *** 

Dlk1+/p vs. Grb10m/+/Dlk1+/p ns * ns ns 

Grb10m/+ vs. Grb10m/+/Dlk1+/p ns ns ns ns 

 

J 

 Males 

Body weight Fat mass/ 

Body weight 

Lean mass/ 

Body weight 

Fat mass/ 

Lean mass 

WT vs. Dlk1+/p ns ns ns * 

WT vs. Grb10m/+ ns ns ns ns 

WT vs. Grb10m/+/Dlk1+/p ns ns ns ns 

Dlk1+/p vs. Grb10m/+ ns ** * ** 

Dlk1+/p vs. Grb10m/+/Dlk1+/p ns ns ns ns 

Grb10m/+ vs. Grb10m/+/Dlk1+/p ns ns ns ns 

 

Figure 3.2 Analysis of body mass and fat/lean body composition in 6 
months old adult mice. A-B) Total body weights of female and male mice 
from all four genotypes. WT, green scatters; Dlk1+/p, orange scatters; Grb10m/+, 
light blue scatters; Grb10m/+/Dlk1+/p, dark blue scatters. C-D) Ratios of fat 
mass/body weight in females and males among the four genotypes. E-F) 
Ratios of lean mass/body weight in female and male mice among the four 
genotypes. G-H) Ratios of fat mass/lean mass in females and males from all 
four genotypes. WT, green bar; Dlk1+/p, orange bar; Grb10m/+, light blue bar; 
Grb10m/+/Dlk1+/p, dark blue bar.  I-J) Summary of statistical analysis about fat 


























































































































































































































































































