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SUMMARY 

Aging is arguably one of the most complex processes which occurs in nearly every organism. 

While it has not been classified as a disorder itself, it is one of the most important risk factors for the 

development of several prevalent disorders plaguing our society, such as Alzheimer’s disease, Parkin-

son’s disease, and Type 2 Diabetes Mellitus. Similar to aging, these disorders are incredibly complex 

and possess multiple underlying factors. While most treatments for age-related disorders have been 

symptomatic, or target one aspect at a time, we hypothesize that to combat these disorders at a global 

early level, we need to prevent these pathologies at a network level. Complex networks are problem-

atic from a therapeutic targeting aspect, a practical solution for this could be via the identification of 

a network-regulating master controller whose modulation would thus possess multidimensional ef-

fects, termed ‘keystone’. One such aging keystone has recently been discovered, G protein-coupled 

receptor (GPCR) kinase interacting protein 2 (GIT2). GIT2 is a multifunctional scaffolding protein and 

thus does not represent a canonical drug target. Our recent work however has demonstrated that 

GPCRs can have transcriptional control of protein expression. As such, a GPCR-based control of GIT2 

expression/functionality may be an important mechanism to therapeutically control the aging pro-

cess. 

In this dissertation, I will discuss the discovery of one such a receptor, Relaxin family peptide 

3 receptor (RXFP3). The relationship between these two proteins, RXFP3 and GIT2 was primarily dis-

covered by the use of GIT2 knock-out animals, which showed a parallel RXFP3 expression decrease in 

central nervous and peripheral tissues. Further investigation into this GPCR elucidated an overlap 

across multiple functional modalities with GIT2 as well. I have discovered that these two proteins ac-

tivate different aspects of DNA damage response and repair. In addition, they have the ability to func-

tion together and facilitate these processes. DNA damage has been classified as one of the most im-

portant hallmarks of aging, as such suggesting that if we can compel RXFP3 to engage a GIT2-depend-

ent signaling pathway, we could potentially ameliorate multiple pathologies associated with diverse 

age-related disorders. This form of contextual ligand bias, is similar to other non-G protein dependent 

signaling modalities, e.g. the β-arrestin-dependent pathway. I hypothesize that as GPCRs interact with 

many more signaling effectors/scaffolding proteins, there are likely many more GPCR signal-condi-

tioning proteins in existence which could aid in the development of more specific medicine, with fewer 

side effect. As such, I have started an investigation into a potential GIT2-specific ligand based on the 

endogenous Relaxin 3 ligand for RXFP3. Through the combined use of proteomics, interactomics and 

bioinformatic analysis, I was able to establish the role of the GIT2-RXFP3 system and already identify 

a potential GIT2-biased ligand. 
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SAMENVATTING 

Veroudering is een van de meest complexe processen die in bijna elk organisme voorkomen. 

Hoewel het niet als een aandoening zelf is geclassificeerd, is het één van de belangrijkste risicofacto-

ren voor de ontwikkeling van de meest voorkomende aandoeningen die onze samenleving teisteren, 

zoals de ziekte van Alzheimer, de ziekte van Parkinson en Diabetes Mellitus type 2. Net als veroude-

ring, zijn deze aandoeningen ongelooflijk complex en hebben ze meerdere onderliggende factoren. 

Hoewel de behandelingen symptomatisch zijn, of één aspect tegelijk behandelen, veronderstellen we 

dat we, om deze aandoeningen te bestrijden, elk kenmerk van een aandoening moeten behandelen. 

Als zodanig moet een regulator eiwit betrokken bij deze meerdere aspecten worden geïdentificeerd, 

genaamd een ‘sleuteleiwit’, en recent is een dergelijk eiwit ontdekt: G eiwit-gekoppeld receptorkinase 

interactie-eiwit 2 (GIT2). Helaas is GIT2 een scaffolding eiwit en als zodanig geen typisch geneesmid-

deldoelwit. Om de functie van een dergelijk eiwit te control, zullen we een G-eiwit-gekoppelde recep-

tor (GPCR) moeten gebruiken. Deze heptahelische receptoren hebben het vermogen om de expressie 

en functie van zijn stroomafwaartse effectoren te beïnvloeden, en dus de functie van GIT2 kunnen 

regelen 

In dit proefschrift, bespreken we de ontdekking van een dusdanige receptor, Relaxin family 

peptide 3 receptor (RXFP3). De relatie tussen deze twee eiwitten, RXFP3 en GIT2 werd voornamelijk 

ontdekt door het gebruik van GIT2 knock-out dieren, die eenzelfde RXFP3-expressievermindering in 

centraal zenuwstelsel en perifere weefsels vertoonden. Verder onderzoek naar deze GPCR heeft ook 

een overlap in functies aan het licht gebracht. Bij verdere experimenten hebben we ontdekt dat hoe-

wel deze twee eiwitten verschillende aspecten van de respons en reparatie van DNA-schade activeren, 

ze het vermogen hebben om samen te werken en deze processen te vergemakkelijken. DNA-schade 

is geclassificeerd als een van de belangrijkste kenmerken van veroudering, wat suggereert dat als we 

RXFP3 kunnen dwingen deel te nemen aan een GIT2-afhankelijke signaalroute, we mogelijk de be-

staande therapieën kunnen verbeteren voor verschillende leeftijdsgebonden aandoeningen. Dit soort 

ligand ‘bias’ is iets dat al is uitgewerkt voor verschillende G eiwit-afhankelijke en β-arrestin-

afhankelijke routes. We veronderstellen dat, aangezien GPCR's met veel meer eiwitten interageren, 

er mogelijk meer eiwitten bestaan die kunnen helpen bij de ontwikkeling van meer specifieke medi-

cijnen, met minder bijwerkingen. We zijn dus een onderzoek gestart naar een potentieel GIT2-speci-

fiek ligand op basis van het endogene Relaxin 3-ligand voor RXFP3. Door het gecombineerde gebruik 

van proteomica, interactomica en bio-informatische analyse, kon ik de rol van het GIT2-RXFP3-sys-

teem vaststellen en al een potentieel GIT2-selectief ligand identificeren.  
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AIMS AND OUTLINES 

The aim of my thesis is to elucidate the functionality of the novel GIT2-RXFP3 system in the 

context of aging, through proteomic and interactomic analyses. While receptors such as RXFP3 have 

until recently been understood to function only through G proteins, and now β-arrestin, we 

hypothesized that due to its high number of interacting scaffolding proteins, a multitude of 

undiscovered downstream signaling proteins exist. To this end we have further investigated the role 

of GIT2 as an aging keystone and discovered a novel role for RXFP3 in oxidative stress and DNA damage 

response. Lastly, we investigated the GIT2-RXFP3 complex as a functional system, which could 

potentially be of vital importance in the complex aging process. I have even taken this research further 

and have identified a potential Relaxin 3 analogue which shows bias towards GIT2-dependent 

signaling while maintaining the DNA damage response and repair functionality we have seen for 

endogenous Relaxin 3. 

 This thesis is composed of different chapters describing and discussing the research I 

have performed during my PhD and its importance in both the aging and GPCR fields. In the 

introduction I will frame my dissertation in the latest research surrounding aging and G protein-

coupled receptor (GPCR) signaling. After this extensive introduction, I will continue with the results 

obtained during my PhD, and end with a short discussion and conclusion, and possible future paths 

that could be taken to continue my work. 

Chapter 1 comprises a short introduction into the aging process. Here I will discuss the most 

relevant hallmarks of aging, and how we are able to target complex processes through the use of 

master regulators called keystones. This chapter furthermore elucidates the role of GIT2 in the aging 

process, where I connect this scaffolding protein to the aging hallmarks. In addition, I further discuss 

how GIT2 could be controlled in order to ameliorate its influence on the development of age-related 

disorders. 

In Chapter 2, I discuss GPCR signaling, both the old theories and the newest discoveries. In 

addition, I discuss the possibility of using GIT2 as a downstream effector of these heptahelical 

receptors. 

Chapter 3 describes the bioinformatic pipelines that I have employed in this PhD dissertation. 

Furthermore, I have highlighted their usage, advantages and disadvantages. 

The findings in Chapter 4 highlight the importance of GIT2 in aging, by investigating the 

proteome of young male and female GIT2 knockout (GIT2KO) mice. The aging process can be traced 
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back to the hypothalamus, a key organ situated in the nexus between energy balance and neurological 

activity. Previously, it has been shown that these GIT2KO mice display an accelerated aging phenotype. 

In order to better understand what causes aging and how GIT2 is involved, we analyzed the 

hypothalamic proteome at young ages (2 months) prior to pathological aging. Interestingly, our data 

indicates that female GIT2KO mice are more resilient to the aging phenotype, while male GIT2KO mice 

appear to succumb to it.  

In Chapter 5, I discuss the discovery of a GPCR which can modulate GIT2 expression and 

potentially its functionality, RXFP3. As GIT2 has been strongly linked to DNA damage response and 

repair, one of the most important hallmarks of aging, we have also investigated whether and how 

RXFP3 is involved. Our proteomic and interactomic analysis suggests a strong relationship for RXFP3 

in both DNA damage and cell cycle response, depending on the amount of damage caused. While it 

appears to aid in DNA damage response when the damage caused is survivable, when we cause a near 

insurmountable amount of DNA damage it potentially pushes the cell into cell cycle arrest and 

senescence. This was supported through further analysis with confocal microscopy and western 

blotting.  

The results presented in Chapter 6 indicate the existence of a GIT2-RXFP3 synergistic system, 

which potentially lies at the basis of the pathological aging process. Here we have used proteomics 

and interactomics to assess which effects are unique to this system. It appears that the GIT2-RXFP3 

complex activates DNA damage response-related processes, which potentially facilitate and 

accelerate DNA damage repair. Further investigation has shown that GIT2 interacts with RXFP3 after 

stimulation with endogenous ligand Relaxin 3. Right after this interaction has taken place, PRKDC 

interacts with this complex and is phosphorylated. As this research appears promising, we have 

identified a ligand which could potentially allow RXFP3 to signal in a GIT2-dependent manner, as such 

focusing on this DDR pathway. 

In the discussion the findings of my research are framed in the context of aging and GPCR 

signaling bias, discussing the future perspectives in order to successfully characterize and identify a 

therapeutic for multiple age-related disorders. 
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Abstract 

Since its discovery, G protein-coupled receptor kinase-interacting protein 2, GIT2, and its family mem-

ber, GIT1, have received considerable interest concerning their potential key roles in regulating mul-

tiple inter-connected physiological and pathophysiological processes. GIT2 was first identified as a 

multifunctional protein that is recruited to G protein-coupled receptors (GPCRs) during the process of 

receptor internalization. Recent findings have demonstrated that perhaps one of the most important 

effects of GIT2 in physiology concerns its role in controlling multiple aspects of the complex ageing 

process. Ageing can be considered the most prevalent pathophysiological condition in humans, affect-

ing all tissue systems and acting as a driving force for many common and intractable disorders. The 

ageing process involves a complex interplay among various deleterious activities that profoundly dis-

rupt the body’s ability to cope with damage, thus increasing susceptibility to pathophysiologies such 

as neurodegeneration, central obesity, osteoporosis, type 2 diabetes mellitus and atherosclerosis. The 

biological systems that control ageing appear to function as a series of interconnected complex net-

works. The inter-communication among multiple lower-complexity signaling systems within the global 

ageing networks is likely coordinated internally by keystones or hubs, which regulate responses to 

dynamic molecular events through protein-protein interactions with multiple distinct partners. Multi-

ple lines of research have suggested that GIT2 may act as one of these network coordinators in the 

ageing process. Identifying and targeting keystones, such as GIT2, is thus an important approach in 

our understanding of, and eventual ability to, medically ameliorate or interdict age-related progres-

sive cellular and tissue damage. 
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1. Introduction 

Mammalian GIT1 (and GIT2) were first identified as a binding partner for G protein-coupled 

receptor kinases (GRKs), and thus named GRK-interacting proteins 1 and 2 (GIT1, GIT2), which make 

up the GIT family [1]. GIT1 and GIT2 share enzymatic function as GTPase-activating proteins (GAPs) for 

the ADP-ribosylation factor (Arf) small GTP-binding proteins [1, 2]. As Arf proteins have no intrinsic 

GTPase activity, they require GAPs to convert the GTP bound to active Arf to GDP, causing deactivation 

[4]. As such GIT proteins are also members of the larger family of ArfGAPs [3]. Both GIT proteins were 

originally identified as regulators of GPCR internalization through the influence they exert on the Arf 

GTP binding proteins [1, 2, 5]. Purified GIT proteins are linked functionally to plasma membrane pro-

tein Arf6 [5-9], but inactivate all subtypes of Arf proteins [2]. GIT proteins and their primary interaction 

partners, the PIX (PAK (p21-activated kinase)-interacting exchange factor) proteins, i.e. α-PIX and β-

PIX [11-13], can function together as signaling scaffolding proteins with their multiple domains binding 

to many protein partners [10]. GIT proteins act as part of this scaffold complex to link signaling mole-

cules to distinct sites of action in the cell and within many distinct signaling networks. Over 100 GIT-

associated proteins and dozens of direct interactors, many of which have been first identified in the 

brain, have been described (Table S3.1) including liprin-α, piccolo, and huntingtin [10, 14]. GIT proteins 

have been implicated in the regulation of cognition, where loss of GIT1 resulted in severe learning and 

memory deficiencies in three distinct murine knockout models [15-18], and microcephaly due to a 

neuron size reduction [15], while GIT2KO mice exhibit anxiety-like behavior, advanced aging, meta-

bolic dysfunction and premature immunesenescence [19-22]. 

The GIT proteins have been implicated in multiple cellular processes, including cell migration 

[3], dendritic spine formation [4, 5], T-cell activation [6], huntingtin aggregation [7] and centrosome 

dynamics [8]. Brain tissues from Huntington’s disease patients have been shown to display the accu-

mulation of a C-terminal proteolytic fragment of GIT1 [7]. GIT1 localizes in both pre- and post-synaptic 

terminals in hippocampal neurons [4] and downregulation or mislocalization of GIT1 leads to disrupted 

dendritic spine and synapse formation [4, 5]. Additionally, GIT1 facilitates AMPA (α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid) receptor targeting in primary neurons of the hippocampus [9] and 

mediates ephrin B signaling during spine formation [10]. In contrast, less is known about the neuronal 

functions of GIT2, despite the large expression overlap between GIT1 and GIT2 throughout the brain 

[11, 12].  

Mammals express GIT1 and GIT2, whereas zebrafish express three GIT proteins, since they have 

2 GIT2 genes (git2a and git2b) [13]. While GIT1 has only two splice variants in humans and mice, GIT2 

undergoes extensive alternative splicing [14]. GIT1 and GIT2 share a conserved domain architecture, 
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including the N-terminal zinc finger ArfGAP domain, three Ankyrin repeats, a Spa2-homology do-

main/Src homology 2 domain-containing transforming protein D (SHD), a coiled-coil (CC) domain, a 

poorly conserved linker region and a focal adhesion targeting (FAT) domain (Fig. 1.1) [1]. The α-PIX 

and β-PIX interacting partners bind to the SHD domain. The coiled-coil domain allows dimerization of 

GIT proteins through formation of a parallel coiled-coil [15, 16]. The FAT domain acts as the binding 

site for the focal adhesion adaptor protein paxillin [17, 18]. GIT2-short is a truncated variant of GIT2 

that is missing the FAT domain (Fig. 1.1) and is strongly expressed in immune cells. The functional 

importance of GIT2 splicing remains poorly understood, though GIT2-short displays an inability to bind 

to paxillin in the same manner as GIT2 [14] and both GIT1 and GIT2 are able to regulate Arf6-depend-

ent GPCR sequestration. The direct comparison between GIT1 and GIT2 suggests that GIT2 binds to 

paxillin with much lower affinity than GIT1 [14]. Another distinction is that GIT1 tyrosine phosphory-

lation is unaffected by cell adhesion, while GIT2 is transiently phosphorylated during attachment [19]. 

The high level of homology seen between GIT1 and GIT2, both in structure and function as well as the 

strong homo- and heterodimerization of these proteins, suggests the presence of some redundancy 

in vivo, implying that these exert different functions. To analyze the individual GIT proteins in a cellular 

context, Schmalzigaug et al. investigated tissue- and cell-specific expression patterns [11]. While their 

research in mice confirmed the broad distribution of the two GIT genes seen in human and rat, it also 

revealed underlying expression patterns. GIT2 appears to be nearly ubiquitously expressed, whereas 

GIT1 expression distribution is much more restricted. Both GIT1 and GIT2 are co-expressed throughout 

most of the brain, except for the cerebellum, where only GIT2 can be found in the granule cells. While 

GIT1 expression is restricted mainly to the vasculature in liver and lung, GIT2 is expressed in most cell 

types [11]. Furthermore, GIT1 and GIT2 genes are regulated in a cell maturation-dependent manner 

in testes, where GIT2 expression is turned on in early-stage spermatogonia cells but is turned off as 

these cells mature; GIT1 expression shows the opposite pattern. This suggests a developmental shift 

in expression between the two isoforms. Even though both GIT1 and GIT2 expression is prominent in 

testes, deficiency in these genes does not cause male infertility, indicating that neither GIT gene is 

absolutely required for normal sperm development and function [11]. Taken together, while both ex-

ert functions in the brain, GIT1 is mainly involved in brain development and GIT2 possibly has a more 

prominent role in neurodegeneration due to aging [2, 7, 20]. 

2. Molecular mechanisms of aging 

Aging is one of the most complex and interconnected biological processes known, characterized 

by a progressive loss of physiological integrity that leads to impaired functionality and increased vul-

nerability to morbidity and in the end mortality. While the aging process itself is not considered a 

disease, it is a condition that facilitates or perhaps even induces the occurrence of disease in many  
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Figure 1.1: Domain-based structure of GIT family proteins. GIT1 (A) and GIT2 (B) share a common amino-terminal (N) ArfGAP 

(ADP ribosylation factor (Arf) GTPase-activating protein) domain, three ankyrin repeats (3x Ank), and the Spa homology domain 

(SHD) – indicated with two Spa2-like repeats – a coiled-coil (CC) dimerization domain and a C-terminal focal adhesion-targeting 

(FAT) domain. The ArfGAP domains facilitate the GTP hydrolysis on Arf1 and Arf6; Ankyrin repeats promote the integration and 

stabilization of multiple transmembrane proteins; the SHD regions mediates PIX, FAK, MEK, Piccolo binding; the CC domain is 

likely associated with regulating transcriptional functions; the FAT domain mediates localized targeting to plasma membrane-

bound integrin complexes. In contrast to GIT1, GIT2 has been shown to exist as multiple isoforms, which are produced due to 

alternative splicing of five internal in-frame regions (indicated with A, B, C, D, E). Additionally, a distinct exon (D’) exists which 

leads to GIT2-short (C), a truncated isoform where the FAT domain is absent. For GIT1, alternative splicing of a single exon can 

occur at the start of the SHD. Prominent post-translational modification phosphorylation sites (tyrosine – Y) are shown in red. 

D) Known involvement of GIT1 and GIT2 (GIT1/2) in G protein-coupled receptor (GPCR) signaling. Left: This begins due to acti-

vation by an agonist (ligand), stabilizing the active conformation of the receptor. This in turn activates the heterotrimeric G 

protein (Gα,β, and γ), by catalyzing the exchange of GDP for GTP on the Gα subunit, and elicits a dissociation into GTP-bound 

Gα and the βγ subunits. Middle: The Gα subunit produces effects through second messengers such as adenylate cyclase, the 

Gβγ subunit however can engage GRKs, which phosphorylate the receptor. Right: The phosphorylation of the receptor, in turn 

allows the recruitment of G protein-independent signalers such as β-arrestin (not depicted in the figure), and GIT1 and/or GIT2 

(GIT1/2), which is potentially tissue-dependent. The GIT proteins then in turn activate phospholipase C (PLCγ)-dependent path-

ways, or p21-activated kinases (PAK) which can activate extracellular signal regulated kinase 1/2 (ERK1/2). 
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elderly persons [21] and can as such be considered a risk factor for the development of most age-

related disorders [22-25], such as type 2 diabetes mellitus (T2DM), Alzheimer’s disease (AD) and car-

diovascular disease. While aging does not conform to the traditional characteristics of a disease, treat-

ing aging as a disease makes the road to developing treatments for complex aging-related pathologies 

a much easier one to take. Investigating the cause of a disorder often starts at the genome. Several 

genes have been identified to be important in regulating lifespan in animal models, where genetic 

manipulation of a number of genes that are involved in the growth hormone/insulin-like growth factor 

1 axis strongly affect lifespan [26]. At the molecular signaling/functional level, however, there are 

three main characteristics involved in determining survival ability and thus lifespan: i) tissue/cell dam-

age control; ii) stress response and iii) consistent molecular remodeling and adaptation. It is the pro-

gressive diminution of these somatic repair and adaptation functionalities that defines the rate of the 

aging process [21]. Each of these reactive and productive processes require an effective energy me-

tabolism. Current data has demonstrated that optimal regulation of energy use in both the central 

nervous system (CNS) and the peripheral nervous system facilitates healthy aging [27-30]. The hypo-

thalamus is one of the key organs in the body responsible for maintaining an efficient interaction be-

tween energy balance and neurological activity. It is thus a vital region of the brain in the aging pro-

cess, since it trophically coordinates both central and peripheral functions [31-33]. Complex physio-

logical systems, encompassing both nervous and endocrinological modalities, are moderated by intri-

cate and inter-dependent networks of genes and proteins rather than just any single unitary factor 

[34] – this dimensional complexity however can be practically reduced to a smaller group of trophic 

regulatory factors that help maintain network integrity and the ability to adapt quickly to perturba-

tions. 

3. Molecular networks and keystones 

It has become increasingly clear that biological systems function as complex integrated net-

works rather than simplistic linear molecular cascades [35]. Functional biological networks are, at the 

most basic  

level, composed of clusters of self-reinforcing protein-protein interactions. These protein-protein net-

works can then regulate signaling cascades, transcriptional responses and cell-cell communication sys-

tems to control processes from the single cell to the level of the whole body [36]. The higher the 

degree of interconnectivity of a protein in these networks, the more biologically important it may be 

considered to be [37, 38]. These highly-connected proteins are called ‘keystone’ proteins or ‘hubs’ 

[39-41]. The presence of these keystones allows the network to become highly resistant to random 

(peripheral) node failure, thus generating network robustness. In addition, these keystone factors al-

low response and adaptation to changes in external and internal conditions, without losing normal  
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Figure 1.2: The functional spectrum of curated GIT2 interactors. GIT2 in-part acts as a vital scaffolding protein as well as an, 

ADP-ribosylation factor GTPase-activating protein (ArfGAP). As protein scaffolding has been shown in recent years to be a 

vital component of intracellular signaling cascades, e.g. the assembly of mitogen-activated protein kinase pathways by adapt-

ers such as β-arrestin, the interactomic profile of proteins such as GIT2 are likely to be a strong indicator of the eventual 

functionality of the specific protein in a cellular system. The radial diagram centered upon GIT2 indicates a comprehensive 

assessment of GIT2 published interacting proteins identified to date. The presented information is based upon literature and 

data from Zhou et al. 2016 [1], and Lu, et al. 2015 [2]. All of the known and validated GIT2-interacting proteins are rationally 

grouped (via color matching with the groups radially indicated) based on their biological functions–thus facilitating an indi-

cation of the potential interactomic ramifications of GIT2 protein-protein binding activity. Red rings around the specific inter-

acting proteins are used to identify GIT2-interacting proteins belonging to more than one functional signaling group, e.g. SRC 

(Proto-oncogene tyrosine-protein kinase Src) interaction with GIT2demonstrates the role of this molecular interaction with 

immune responsivity regulation, cell cycle regulation and osteogenesis. The most commonly found and interconnected GIT2in-

teractors are indicated via enlarged protein identification text, i.e. ATM (ataxia telangiectasia mutated), SRC (Proto-oncogene 

tyrosine-protein kinase Src), TP53 (tumor protein p53) and GIT1 (ARF GTPase-activating protein GIT1). With further interac-

tomics-based research the complexity and connectivity of these associated scaffolding factors–and how they eventually reg-

ulate GIT2-associated biology–will be further elucidated, allowing the potential for therapeutic interventions based on these 

reactions. All previously identified GIT2 interactors can be found in Supplementary Table in Zhou et al. 2016 [1].  
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network functionality and integrity [42]. Highly connected keystones are especially important for mul-

ticellular/multi-tissue processes, such as aging, as they significantly improve the efficiency of commu-

nication across these multi-tissue, hyper-complex systems [43]. In times of stress, when efficient 

multi-tissue coordinated responses are vital, an additional level of physiological coordination may be 

necessary, i.e. keystone-keystone communication. Interactions between different keystones may 

therefore be important to coordinate life-preserving stress responses, and are most likely responsible 

for bridging different classes of cellular pathways, e.g. linking metabolic integrity to DNA repair. In 

normal physiological functions, these domain-crossing complex interactions of trophic control mech-

anisms allow for adaptation to sudden needs and unpredictable changes [44]. Current data suggests 

that in a global sense that there is a progressive loss of these complex interactions linking network 

integrity and flexibility during the aging process [44-47], causing a loss of dynamic range in physiolog-

ical function and thus a reduced ability to adapt to stress. This has been seen in multiple processes 

such as: 1) cardiovascular control; 2) pulsatile hormone release; and 3) electroencephalographic po-

tentials [44]. 

Maintaining the complex interactions that occur between different biological systems through 

keystone functionality may be a promising approach to attenuate the severity of symptoms associated 

age-related disorders. Hence, targeting keystone functionality/expression could significantly control 

the aging process in a minimally-invasive and self-reinforcing manner, i.e. modulation of the keystone 

itself may create remedial synergistic ‘ripples’ across the desired physiological network. Remedial reg-

ulation of keystone factors may engender a subtle, but highly effective, therapeutic response, as not 

one single signaling system is targeted directly thus reducing the opportunity for rapid reflexive tach-

yphylaxis at a simple pathway level, e.g. desensitization. Most currently used prescription drugs have 

been rationally designed to induce their therapeutic efficacy by regulating only a small number of 

factors/proteins within a signaling cascade. However, these small, localized effects may then be coun-

teracted by other distal components of the ‘disease’ network; in contrast, effective control over a 

keystone factor would likely generate an effect that spreads across the network in a self-reinforcing 

manner. 

One such target protein in such complex aging networks is GIT2 [34]. GIT2 was identified as 

an important protein linked to several aspects of the complex aging process, including energy metab-

olism and neurophysiological regulation. Using unbiased Latent Semantic Indexing (LSI) approaches, 

GIT2 was shown to be strongly linked to the greatest number of functional aspects of protein signaling 

networks within the aging hypothalamus. GIT2 potentially plays a multidimensional role in linking neu-

ronal and energy-regulatory functions in aging [34]. Supporting the keystone role of GIT2, Chadwick 

et al. (2012), showed a strong elevation of GIT2 expression with advancing age in a wide variety of  
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CNS tissues (hypothalamus, brainstem, cerebellum, cortex, and pituitary), as well as in multiple pe-

ripheral tissues associated with somatic energy metabolism (pancreas, liver, skeletal muscle and adi-

pose tissue). This age-related increase in GIT2 expression suggested a fundamental role in the ag-

ing/energy regulation process for this scaffolding protein [34]. Further investigation into the scaffold 

protein GIT2, revealed that it interacts with many proteins involved in multiple ‘distinct’ signaling 

pathways (Fig. 1.2) [1]. Many of these physical interaction partners are involved in age-related disor-

ders, including Ataxia Telangiectasia Mutated (ATM), DNA repair associated Breast cancer type 1 sus-

ceptibility protein (BRCA1), tumor suppressor protein p53 (p53), insulin receptor and insulin receptor 

substrate 2 [2, 48]. The GIT2 protein may thus play a pivotal role in the organization of complex mo-

lecular signaling networks, through its capacity to exert control over signaling on a more trophic level 

[39, 49]. In the next sections, we will go further into the importance of this aging keystone. 

2. GIT2 and the hallmarks of aging 

While the molecular intricacies of the aging process are unique to every individual, there are 

several common denominators of aging, described as the characteristic ‘hallmarks’ of aging (Fig. 

1.3)[25]. Here we will discuss how GIT2 functionality intersects with many of these hallmarks, such as 

DNA damage, oxidative stress, metabolic decline, inflammation and fat deposition. 

2.1 GIT2 controls DNA damage response factors 

With constant exposure to environmental as well as internal metabolic/endocrine stresses, 

somatic and mitochondrial genetic damage occurs naturally throughout life [50]. Underlining the im-

portance of DNA damage in aging, the prototypic premature aging disorders, such as Werner, Bloom 

and Hutchinson–Gilford progeria syndromes, are caused by an increased DNA damage accumulation 

rate [51]. DNA stability and integrity is continuously challenged by exogenous and endogenous 

threats, such as DNA replication errors and reactive oxygen species (ROS) [52]. To consolidate re-

sistance to these insults, organisms have developed a complex network of DNA repair mechanisms 

that are collectively able to contend with most types of DNA lesions [53]. The DNA damage response 

(DDR) involves recognition of DNA damage, DNA repair, and transcriptional reprogramming. Interest-

ingly, current evidence suggests that these responses are controlled by circadian clock mechanisms 

[54]. This clock is a molecular system which confers daily rhythmicity to physiological functions [55-

58], allowing the organism to survive [59]. The core components of this circadian clock have been 

implicated in cell cycle and DDR regulation [60-62]. Moreover, multiple intracellular signaling cas-

cades, important for cell cycle and DDR, are also essential for clock regulation [59]. GIT2 appears to 

promote DNA repair through multiple mechanisms; i.e. stabilization of BRCA1, upregulation of repair 

proteins as well as regulation of poly (ADP-ribose) polymerase (PARP) activity. The first indication of a 
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role for GIT2 in DNA repair was the elevated GIT2 expression seen in the nucleus after DNA double-

strand break (DSB) induction in neuroblastoma cells [2]. Ectopic overexpression of GIT2 promotes the 

repair of DNA damage and increases expression levels of associated DDR proteins, while GIT2 silencing 

by siRNA causes the opposite effect. GIT2 has been shown to be highly synergistic with the expression 

of multiple DDR-related factors, i.e. HMGB1 (High mobility group protein B1), MDC1 (Mediator of DNA 

damage checkpoint protein 1), and FANCI (Fanconi anemia group I protein) [2]. Further investigation 

has demonstrated that GIT2 also functionally associates with multiple DDR complex proteins, such as 

γ-H2AX (a marker for DNA DSB sites), MDC1, p53 binding protein 1 (p53BP1), the p53 tumor suppres-

sor itself, and ATM upon exposure to DNA damaging agents, suggesting that GIT2 might form part of 

a contextually-sensitive multiprotein complex consisting of DDR-related proteins [2]. As mentioned 

previously, GIT2 appears to promote the activity of DDR proteins; PARP1 and−2. Ectopic expression of 

GIT2 promoted Poly-ADP ribose (PADR) synthesis by PARP1 and PARP2, in ionizing radiation-exposed 

cells, indicating that GIT2 can affect DNA repair by facilitating the activity of PADR polymerases. Fur-

thermore, this genomic deletion of GIT2 resulted in the accumulation of CNS DNA damage and accel-

erated aging [2]. Lastly, immunohistochemical staining of cortical sections obtained from GIT2KO mice 

demonstrated the presence of significantly more γ-H2AX foci in the cellular nuclei of young GIT2KO 

mice than in old wild-type (WT) mice, indicating an advanced aging phenotype, potentially due to the 

reduced DNA repair capacity [2]. In addition to this strong role of GIT2 in maintaining the physical 

components of DDR complexes, recent data has also suggested that genomic GIT2 deletion can alter 

cellular functions related to the circadian rhythm, such as diurnal/nocturnal metabolic shifts [2, 48] 

and immune cell activity [63]. Not only can cellular clock mechanisms regulate chronological aging in 

cellular tissues, but these mechanisms can also strongly regulate the rate/extent of metabolic disrup-

tion, telomere stability and DNA damage during the aging process [64-66]. It is therefore not surprising 

therefore that cellular clock functionality has now been linked to multiple age-related disorders in-

cluding dementia [67], glycemic/adiposity disorders such as Metabolic Syndrome (MetS) [68, 69] and 

premature pathophysiological aging associated with attenuated DNA damage repair [70, 71]. It is in-

teresting to note that a strong evolutionary synergy between clock genes and proteins involved in the 

DDR process has been proposed [59]. Multiple intracellular signaling proteins that are functionally 

linked to GIT2, e.g. ATM, p53, and BRCA1, are involved in stress-responsive cascades and play im-

portant roles in both cell cycle/DDR control and circadian clock regulation [68, 70, 72-75]. Siddiqui et 

al. (2017) recently demonstrated that across multiple immunological tissues, GIT2 genomic deletion 

led to significant co-reductions in multiple clock-related mRNA transcripts that are also associated 

with premature aging and DDR functions [63]. GIT2 therefore may serve as a functional bridge be-

tween cellular senescence, clock regulation and DNA damage, and thus could possess the capacity to 
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potently alter the accumulation of age-related cellular damage. As age-related accumulation of DNA 

damage and metabolic dysfunction appear to synergize to accelerate the onset of aging-related disor-

ders, it is interesting to note that therapies targeting clock regulation mechanisms are currently show-

ing promise for the treatment of aging-related diseases [76-78]. 

2.2 GIT2 expression is modulated by oxidative stress 

Low levels of oxidative stress by ROS appear to be beneficial to organisms, as it may prolong 

lifespan in yeast and C. Elegans [79, 80], suggesting that ROS may play a role in triggering cell prolifer-

ation and survival in response to normal physiological signals and stress conditions [81]. However, as 

aging continues, cellular stress and damage increases as do the levels of ROS, overwhelming oxidative 

stress response systems, leading to increasing oxidative stress and age-associated damage [82]. The 

free radical theory of aging suggests that progressive mitochondrial dysfunction with increasing age 

results in increased ROS production, which in turn causes global cellular oxidative damage [83]. Long-

term exposure of human neuronal cells to non-cytotoxic levels of oxygen radicals can replicate many 

of the neurophysiological deleterious effects of the aging process in cellula, e.g. reduced neurotrophin 

sensitivity, disrupted cellular calcium buffering capacity and attenuated glucose uptake and utilization. 

This long-term exposure therefore effectively mimics the low levels of constant stress experienced by 

normal aging cells or the early stages of neurodegenerative disorders [84]. Chadwick et al. found a 

significant elevation of both lamin A (connected to progeric laminopathy conditions, e.g. Hutchinson-

Gilford Progeria Syndrome) and GIT2 in this in cellula model of CNS aging [84]. When this in cellula 

research was translated into actual aged CNS tissues, profound increases in GIT2 expression in the 

CNS of mice, rats, nonhuman primates (Rhesus Macaque) and humans with increased age [84] were 

discovered. Given the role of GIT2 in regulating DNA damage, it is likely that this age-dependent in-

crease reflects a reflexive cellular protection mechanism attempting to attenuate potential ROS-in-

duced DNA damage and other cellular stressors. 

2.3 GIT2 control metabolic function 

It has long been established that glucose metabolism is progressively impaired with aging [85] 

– coupled to this many of the first age-controlling genes discovered were controllers of the insulino-

tropic system [86-88]. The role of the insulin/insulin growth factor-1 (Ins/IGF1) pathway in the regu-

lation of lifespan is perhaps one of the most investigated molecular aging scenarios (across multiple 

organisms) to date [25, 89]. Forty percent of proteins of the Ins/IGF1 pathway have been identified as 

longevity-related proteins [42]. Consistent with this, caloric restriction-induced remediation of 

Ins/IGF1-related dysglycemia has been shown to increase lifespan or “healthspan” (i.e. the period of 

life in which no significant disease pathologies are evident) in all investigated eukaryotic species [24, 
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90-92]. Furthermore, pharmacological manipulations mimicking a state of limited nutrient availability, 

e.g. rapamycin or resveratrol, have been shown to extend the lifespan and/or healthspan of both mice 

and nonhuman primates [93]. As mentioned previously, with age there is a system-wide decrease in 

an organism’s ability to cope with stress, and this is partially due to a decline in efficiency of the pri-

mary glycemic energy-generating metabolic system [94-96]. Primary energy synthesis via classical mi-

tochondrial oxidative phosphorylation provides the most efficient mechanism of adenosine trisphos-

phate (ATP) production using glucose catabolism, and alternative energy-generating mechanisms, e.g. 

via lipid or protein utilization, exert greater physiological stress than oxidative phosphorylation and 

generate less ATP per unit of catabolite used. Changes in primary energy-generating catabolite usage 

can be quantified using the respiratory exchange ratio (RER), i.e. ratio of oxygen consumption to car-

bon dioxide production. A high RER (∼0.9 to 1) indicates that carbohydrates are being predominantly 

used, whereas a lower RER suggests lipid oxidation (∼0.8) or protein degradation (∼0.7 to 0.8) [97, 

Figure 1.3. Parallel effects of the major aging hallmarks during lifespan. The complex multifactorial process of aging is likely 

both initiated and controlled by the potential simultaneous interaction between several pathological domains. The genera-

tion, potentially in early middle-age, i.e. 30–35, of an individual’s aging trajectory is likely an index of both the degree and 

temporal co-occurrence of multiple pro-aging molecular pathologies. In this simplistic model we propose that initial metabolic 

dysfunctions that interfere with optimal glucose usage as the primary energy source will likely force the individual to enhance 

the usage of lipid-based metabolism for supplementary energy generation. This switch will likely require increased storage of 

lipids in tissues to act as an energy reserve–this abnormal/premature lipid infiltration and storage in tissues may then induce 

a greater pro-inflammatory state in the individual. The combination therefore of reduced energy generation efficiency and 

enhanced inflammatory markers is likely to be coincident with an increased oxidative radical burden(due to the move away 

from efficient oxidative phosphorylation) which in turn will increase the risk for cellular protein, lipid and nucleic acid damage. 

It is highly likely however that many of these events will occur in most individuals during the aging process but the relative 

magnitude of each event and their temporal relationships will likely vary, resulting in an individualistic aging trajectory in each 

person. 
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98]. Recent epidemiologic analysis has demonstrated that humanaging rates may be strongly linked 

to early-life metabolic ‘trajectories’ that can be measured using classical metabolic analyses [99].  

Due to the gradual reduction of metabolic efficiency with age the body becomes more sus-

ceptible to multiple pathophysiologies linked to energy insufficiency [34] including neurodegenera-

tion, insulin resistance and metabolic disorders such as T2DM as well as chronic inflammation [34, 

100, 101]. This age-related susceptibility can be largely associated with: i) the increased production of 

ROS per ATP synthesized, ii) reduction of non-essential protein degradation activity leading to exces-

sive protein aggregation, and iii) attenuation of the capacity of cellular damage repair processes. 

Therefore, it is likely that mammalian healthspan is tightly linked to the organism’s capacity to main-

tain peak metabolic efficiency. The use of less efficient energy-generating catabolic processes is there-

fore likely to be an effective indicator of imminent age-related health decline. Related to this, it has 

been demonstrated that relatively young (4–6 month-old) GIT2KO mice show a significantly reduced 

respiratory exchange ratio compared to WT mice, indicating a switch towards adipose (and potentially 

protein) catabolism to generate energy, instead of glucose [48]. This somatic energy decline was 

shown to be driven by the presence of a strong hypothalamic molecular signature promoting age-

related metabolic dysfunction. Underscoring the system-level functionality of GIT2, it also was shown 

that loss of GIT2 significantly affected the structure and activity of pancreatic islets, resulting in de-

creased insulin production capacity, loss of β-cell mass and α-cell islet involution [48]. These structural 

pancreatic pathologies in the GIT2KO mice were associated with significantly higher plasma glucose 

levels in fasting conditions, reduced plasma insulin and insulin resistance, compared to age-matched 

controls. Indicative of the connectivity between aging of the organism and metabolic status, it was 

also shown that while GIT2 can serve as an aging biomarker, this function is determined by the prev-

alent metabolic state of the organism. Hence db/db mice, a model for diabetes and obesity, demon-

strated a premature elevation in GIT2 expression levels [48]. In accordance with the effects of meta-

bolic disruption on human aging trajectories [57]. Interestingly, it appears that the intersection be-

tween the Ins/IGF1 system and GIT2 occurs at the physical association/scaffolding level, through the 

physical association of GIT2 with the Insulin Receptor and with Insulin receptor substrate 2 (IRS2). 

Furthermore, the association of GIT2 with these two components of the Ins/IGF1 system was dis-

rupted in the pancreas of db/db mice, suggesting metabolic regulation of these interactions [48]. 

2.4 GIT2 functionality is associated with T-cell activity and immune response capacity 

During the aging process, there is a progressive dysfunction of multiple receptor signaling sys-

tems of which Insulin receptor resistance is by far the most commonly studied. In addition to progres-

sive metabolic disruption, alterations in inflammation-related receptor signaling systems lead to a 

progressive increase in low-grade chronic inflammation. This phenomenon has recently been defined 
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as ‘inflammaging’ [102-107]. Pervasive human inflammaging is thought to occur primarily in the ab-

sence of overt exogenous infection [102, 105]. Inflammaging is linked to elevated levels of inflamma-

tory biomarkers such as C-reactive protein and interleukin (IL)-6. Elevation of these factors engender 

further deleterious changes in body composition, energy production and utilization, metabolic home-

ostasis, obesity, immune senescence, atherosclerosis and neuronal health [94, 108]. Inflammation as-

sociated with the aging process can have multiple causes: i) the accumulation of tissue damage due 

to inflammation, ii) immune system failure, leading to an inability to effectively clear pathogens and 

dysfunctional host cells, iii) the tendency of senescent cells to secrete pro-inflammatory cytokines, iv) 

the enhanced activation of the aging-related Nuclear factor-κB (NF-κB) transcription factor, and v) 

defective autophagy responses [109]. The molecular consequences of inflammaging are seen in both 

innate and adaptive immune responses (Deeks, 2011). Aging of the immune system likely aggravates 

the somatic aging phenotype due to the failure of the immune system to efficiently clear infectious 

agents, infected cells and cells undergoing malignant transformation [25]. The multifunctional charac-

ter of GIT2 extends to its involvement in adaptive immunity, where this protein is required for positive 

selection of thymocytes, a process essential for thymocyte maturation and commitment to either 

CD4+ or CD8+ T cell lineage [110-112]. GIT2KO thymocyte migration is defective in vivo in GIT2KO 

mice, which is proposed to be due to incorrect responses to local chemokine gradients, thus trapping 

the thymocytes near sources of chemokines in the cortex and hindering the scanning of thymic epi-

thelial cells during positive selection [110]. Moreover, regulatory T cell function is controlled, in-part, 

by the GIT2-αPIX-PAK complex, which is located at focal adhesion complexes [113]. Interestingly, GIT2 

levels are decreased in α-PIX deficient lymphocytes, suggesting that GIT2 is unstable in the absence of 

a PIX partner. These α-PIX and GIT2-deficient B- and T-lymphocytes show reduced antigen stimulated 

proliferation [114], a defect also observed in aging. A substantial amount of research shows a role for 

GIT2 in bottleneck features of the aging immune system, such as neutrophil function, proinflammatory 

cytokine production and thymocyte selection and regulation [115]. T-cell activity and immune re-

sponses are also associated with GIT2 functionality, as T cell maturation is significantly disrupted due 

to the premature thymic involution found in GIT2KO mice [63]. 

2.5 GIT2 regulates fat deposition 

Adipose tissue (AT) is composed primarily of adipocytes, and can act as a connective tissue, 

energy storage depot, thermal insulator and mechanical pad [116]. Fat, on the other hand, is mainly 

composed of lipids in the form of triglycerides [117]. With aging, AT becomes dysfunctional due to an 

impairment of the differentiation of pre-adipocytes to mature adipocytes. This results in the genera-

tion of dysfunctional adipocytes that are unable to store fat, which is subsequently redistributed ab-
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errantly to ectopic sites [118]. During aging, an increase in body fat, visceral AT and ectopic fat depo-

sition, i.e. storage at sites that are normally not associated with fat deposition, can occur. This altera-

tion in fat deposition is strongly related to diminished health in the elderly and has been also linked 

to metabolic dysfunctions [118, 119]. The increase in total adiposity that occurs with normal aging can 

be independent of alterations in body weight, due to the simultaneous decrease in muscle mass with 

aging, an age-related disorder called sarcopenia [120]. The alterations in AT distribution and quality 

are correlated to a higher risk of developing diabetes, hypertension, dyslipidemia and cardiovascular 

disease in the elderly [121]. 

GIT2 expression has been shown to increase with age in organs involved in energy metabo-

lism, i.e. pancreas, liver, skeletal muscle, and AT [34]. Reinforcing this association of GIT2 with aberrant 

AT activity, GIT2 genomic deletion induces a dysfunctional skeletal bone phenotype associated with 

altered adipose deposition [122]. This phenotype is associated with a pattern of mesenchymal stem 

cell differentiation favoring an adipocytic, rather than an osteoblastic, lineage, and with bone marrow 

AT accumulation [122]. Further investigations of GIT2KO mice have also demonstrated that deletion 

of GIT2 attenuates the extent of subcutaneous and visceral fat accumulation compared to age-

matched control mice, when fed with a high fat diet – thus displaying a greater resistance to high fat-

induced obesity. In addition, GIT2KO mice exhibit increased energy expenditure, and elevated expres-

sion of gene transcripts involved in fatty acid oxidation and thermogenesis (unpublished data). 

3. GIT2 and Age-related pathophysiology 

3.1 GIT2 interactors BRCA1 and ATM are involved in development of neurodegenerative disorders 

Neurodegenerative disorders and pathophysiological aging are caused by a functional inter-

play among a variety of diverse biological systems including neurological, sensory, endocrine, and 

metabolic activities [2, 34, 84, 123-126] many of which are functionally integrated within one crucial 

CNS organ – the hypothalamus [127]. The hypothalamus acts as a trophic master-controller of the 

endocrine system and possesses neuronal projections to several autonomous and higher centers of 

the brain. In this manner, it provides a vital connection between aging and age-related disorders such 

as dementia [27]. The process of neurodegeneration encompasses the progressive loss of structure 

and function of neurons, causing a deficiency of coordinated neural function (Fig. 1.4). The major neu-

rodegenerative diseases present in our population, i.e. Alzheimer’s disease (AD) and Parkinson’s dis-

ease, are strongly controlled/generated by many of the hallmarks of aging, such as DNA damage, oxi-

dative stress, metabolic dysfunction, and inflammation [128]. The mammalian brain consumes as 

much as 1/5 of total oxygen intake, leading to exposure of neurons to ROS byproducts [129-132]. The 
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brain is also thought to have a decreased anti-oxidant to pro-oxidant enzyme ratio [133]. When anti-

oxidants are depleted in the brain, due to either physical stress or metabolic dysfunction, neurons 

become more susceptible to ROS-induced DNA damage [129-132]. ROS alone have the ability to gen-

erate more than 100 different oxidative DNA base modifications and these alterations have a high 

mutagenic potential [134]. This oxidative damage to neuronal cells may be of importance in the de-

velopment of neurodegenerative disorders, as suggested by reports showing that the base excision 

repair (BER) system, utilized to repair such oxidative adducts, is important in preventing neurodegen-

eration [135-137]. Accumulation of DNA damage may be especially prevalent in the CNS owing to the 

low DDR capacity in these tissues [138]. The vulnerability of post-mitotic neurons to DNA damage, 

coupled with a gradual decline in the activities of DDR mechanisms, could lead to the accumulation of 

DNA damage with age, contributing to brain aging and neurodegeneration [139]. Defective DNA repair 

has been linked with age-associated neurodegenerative disorders such as AD, Parkinson’s Disease and 

also amyotrophic lateral sclerosis [139]. DDR has been shown to be important during both neural de-

velopment and in mature neurons. Mutations in core DDR factors are either incompatible with life or, 

when tolerated, can manifest in severe neurodevelopmental disorders. An example of such a DDR 

protein is BRCA1, which has been implicated in the development of AD [140]. Additionally, the number 

of DSBs are increased in disorders such as AD and amyotrophic lateral sclerosis [141-143], and in sev-

eral mouse models of neurodegeneration [144-146]. 

GIT2KO mice have revealed a possible role for GIT2 in neurobehavioral and neurobiological 

functions [2, 147]. Lu et al. demonstrated that cortical neurons from GIT2KO mice contained more 

DNA damage compared to age-matched WT mice, suggesting a crucial role for GIT2 in CNS DNA dam-

age in vivo. They further identified the in silico potential for ATM-based phosphorylation of GIT2, and 

confirmed and GIT2 association with active ATM at DSB sites [2]. The ATM kinase is crucial for the 

initiation of signaling pathways following DNA damage and DSBs, allowing their repair [148]. In addi-

tion, Lu et al. also showed that GIT2 controls the temporal stability of BRCA1 (Fig. 1.4), a DDR protein 

recently implicated in the development of AD, within dynamic DSB complexes [2, 140]. GIT2 depletion 

using siRNA prevented proper recruitment of BRCA1 to DSBs. In addition to stabilizing DDR complexes, 

GIT2 was also crucial for the regulation of DSB-related PARP1, which assists in the creation and stabi-

lization of the initial DDR complex components [2].  

In addition to the recent linkage of DDR to advancing neurodegeneration, it has become clear 

in recent years that metabolic dysfunction (especially with respect to mitochondrial energy genera-

tion) is a strong promoter of neurodegenerative disease [2]. MetS, abdominal obesity, glucose intol-

erance, hypertension, hyperinsulinemia, and elevated fasting plasma glucose all have been shown to 

be risk factors for AD [149-151]. With advancing age, alterations in brain glucose/energy metabolism 
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have been consistently observed [152]. In 2003, Watson et al. found an association between AD and 

hyperglycemia, which was supported by the later study of Razay et al. in 2007, that showed an asso-

ciation among AD, hyperglycemia and insulin resistance [150, 153] (Fig. 1.4). Martin et al. demon-

strated that GIT2KO mice display metabolic dysfunction, where these mice show increased fasting 

plasma glucose and insulin resistance [48]. Therefore, GIT2 may be a protective factor against T2DM, 

which is now considered one of the strongest risk factors for AD. Furthermore, GIT2 has been associ-

ated with MetS, where GIT2KO mice exhibited a gender-specific protection from high-fat diet induced 

obesity, compared to WT mice under the same conditions (unpublished data). Along with a pervasive 

link to metabolic dysfunction, a highly atypical innate immune response develops in the aging brain 

dominated by activated microglia, the resident tissue macrophages [154]. This innate immune re-

sponse can be triggered by misfolded and aggregated proteins, typical in AD, which bind to pattern 

recognition receptors on microglia and astroglia [155, 156] to affect release of inflammatory media-

tors that contribute to AD progression and severity [155]. Wei et al. (2014) showed that GIT2KO mice 

show a substantial increase in pro-inflammatory cytokines, and that GIT2 is a crucial terminator of 

Toll-like receptor signaling [157] (Fig. 1.4), indicating a crucial role for GIT2 in the innate immune sys-

tem during aging and for the development of neurodegenerative disorders.  

3.2 GIT2’s role in DNA damage response and obesity suggest involvement in atherosclerosis develop-

ment 

Major vessel atherosclerosis is a well-known age-related pathophysiology, where sclerotic and 

stenosing lipid deposits form within the intima layer of the vessels at branch points with turbulent 

flow, and eventually develop into proinflammatory atherosclerotic plaques [158]. Endothelial dysfunc-

tion, leading to a chronic deficit in nitric oxide bioavailability, is thought to be the first step in the 

development of atherosclerosis [158-160]. Chronic inflammation, (‘inflammaging’), is now well recog-

nized to promote atherosclerosis due to its propensity to damage DNA by forming ROS (Fig. 1.4) and 

reactive nitrogen species [159]. Atherogenic lesions can be initiated by mutational events in a manner 

similar to benign tumors [160, 161] and increasing evidence has shown that there is an accumulation 

of DNA damage in vascular smooth muscle cells and inflammatory cells within atherosclerotic plaques, 

vascular smooth muscle cells and macrophages within plaques express DNA damage markers, includ-

ing phosphorylated forms of ATM and γ-H2AX, which increase with disease severity [162]. Interest-

ingly, it has recently been shown that oxidized low-density lipoprotein also downregulates enzymes 

that take part in base excision repair [163]. The progression of atherosclerosis also appears to be 

strongly influenced by the clustering of unbalanced metabolic processes with the vasculature itself. 

Recently, the regulation of cellular energy homeostasis has emerged as a promising approach in car-
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diovascular pharmacology [164], since hyperglycemia has been identified as a promotor of atheroscle-

rosis [165]. Furthermore, it was found that Mildronate treatment to inhibit γ-butyrobetaine hydrox-

ylase, which catalyzes the formation of an essential cofactor for mitochondrial import and oxidation 

of long-chain fatty acids, decreases the formation of atherosclerotic plaques, supporting the role for 

energy metabolism regulation in treating atherosclerosis [166]. While no current reports exist explic-

itly linking GIT2 and atherosclerosis, its role in immune cell ‘inflammaging’ activity, oxidative stress 

and DDR suggest a likely role for GIT2 in atherosclerosis development (Fig. 1.4) [2, 84]. It is clear in 

multiple cell lineages that GIT2 can act as a molecular sensor of oxidative stress [84] as well as a strong 

pro-survival factor during stress periods where DNA damage is occurring [2]. GIT2 association with 

DDR complexes is also likely controlled by its physical interactions with ATM and γ-H2AX (Fig. 1.4) [2]. 

These two proteins have been shown to be present within atherosclerotic plaques and have been 

implicated in disease severity [160], thus revealing a possible link between GIT2 and atherosclerotic 

plaque development. Furthermore, as mentioned previously, genomic deletion of GIT2 in mice can be 

protective against obesity (unpublished data), which is one of the largest risk factors for the develop-

ment of cardiovascular disorders such as atherosclerosis [167]. While GIT2 has not been directly asso-

ciated with atherosclerosis as yet, GIT1 has been shown to activate endothelial cell nitric oxide syn-

thetase, the enzyme which produces NO in endothelial cells. GIT1 has been identified as a molecular 

scaffold which facilitates NO production, through the association with endothelial cell nitric oxide syn-

thetase, which is regulated by Src and Akt kinase activity [168].  

3.3 GIT2KO mice show decreased bone mineral density and bone volume 

Osteoporosis, the most common metabolic bone disease, is characterized by reduced bone 

mass and bone mineral density [169] and is mostly associated with advanced age [170]. In 2005, Yalin 

et al. revealed a negative correlation between superoxide dismutase (SOD) and lumbar bone mineral 

density levels in male osteoporotic patients [171]. This data suggested that oxidative stress plays an 

important role in the pathophysiology of primary male osteoporosis [171]. In women, however, one 

of the most intriguing hypotheses considers the ability of sex hormones, i.e. estrogen, to protect bone 

against oxidative stress by acting as antioxidants [172-174], and this has subsequently been confirmed 

both in vitro and in vivo [174]. Estrogen loss after menopause alters ROS generation and the antioxi-

dant defense capacity of cells (Fig. 1.4) [175]. This leads to an accumulation of oxidant species, which 

in turn are able to stimulate osteoclast formation and resorption, thus increasing the severity of the 

disorder [172, 175, 176]. A causal role for DNA damage in osteoporosis and other skeletal defects has 

also been suggested through the observation that mutations in genes encoding for DDR proteins can 

lead to compromised bone development and/or deregulation of bone [177]. Chen et al. showed that 

knocking out the DDR protein Excision Repair Core Complementary group-1 (ERCC1) in mice lead to 
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persistent DNA damage, leading to premature cellular senescence and reduced osteoblast prolifera-

tion. These mice demonstrated a failure to repair DNA damage and thus suffered from accelerated 

aging and spontaneously developed osteoporosis [177]. Furthermore, ATM-deficient mice (ATMKO) 

have been proposed as an osteoporosis model. ATMKO mice possess reduced bone mass, especially 

at the trabecular bones, and this is accompanied by a decrease in bone formation rate and defective 

osteoblast differentiation. However, osteoprogenitor and osteoblast number are unaltered in ATMKO 

mice. ATMKO mice also demonstrate a marked elevation in osteoclastogenesis and bone resorption, 

although ATM does not appear to exert cell autonomous effects on osteoclast differentiation and re-

sorption [178]. 

Osteoporosis has long been linked to hyperparathyroidism, where excessive parathyroid hor-

mone (PTH) removes too much calcium from bones, making them thin and brittle. Hyperparathyroid-

ism also disrupts normal glucose metabolism [179, 180] and is associated with hyperglycemia, and 

hyperlipidemia [181-184]. Hyperglycemia, which can be experimentally induced by GIT2 deletion, may 

induce osteoporosis and bone fractures by negatively regulating the normal functioning of osteo-

blasts, and simultaneously positively regulating osteoclast function [185]. Recent evidence gathered 

from humans suffering from diseases such as postmenopausal osteoporosis indicates a crosstalk be-

tween the immune system and bone. It has been suggested that bone loss, induced by estrogen with-

drawal in menopause, is a complex effect of a multitude of pathways and cytokines that cooperate to 

regulate osteoclast- and osteoblastogenesis. Amongst these cytokines, receptor activator of NF-κB 

ligand and Tumor necrosis factor-alpha (TNFα) appear to play particularly important roles in inducing 

osteoclast formation and activity. Additionally, IL-17 can promote bone loss by favoring osteoclast 

production and inhibiting osteoblast differentiation [186]. The osteoclasts themselves are members 

of the monocytemacrophage family and are derived from the fusion of marrow-derived mononuclear 

phagocytes, i.e. osteoclast precursors, which differentiate under the influence of macrophage colony 

stimulating factor and RANK ligand [187]. RANK ligand itself is produced by osteoblasts, and binds to 

its receptor RANK (receptor activator of nuclear factor kappa B) on osteoclasts [188]. These factors 

increase bone resorption by increasing the number of pre-osteoclasts in bone marrow, thus inducing 

osteoporosis [189]. Obesity increases the expression of several chemical messengers that exert their 

effects by modulating the signaling pathways in bone and muscle. These messengers (e.g. TNFα, IL-6, 

leptins, advanced glycation end products (AGE)) are modulated as a result of obesity, and have been 

shown to act as negative regulators of osteoblasts, and osteocytes, while acting as positive regulators 

of osteoclasts, thus ultimately increasing the risk for osteoporosis [190]. Dynamic cytoskeletal reor-

ganization plays an important role in both osteoblast differentiation and osteoclast polarity mainte-

nance during bone resorption, and GIT2 was suggested to play a role in osteoporosis development 
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through regulation of the cytoskeleton [122]. Adult GIT2KO mice have decreased bone mineral density 

and bone volume in both the trabecular and cortical compartments, which was associated with de-

fects in osteoblast maturation. Interestingly these mice showed an increase in RANK ligand mRNA 

expression, suggesting a compensatory response to this decline in osteoblastic activity. In the absence 

of GIT2, differentiation of mesenchymal stem cells favors the adipocyte lineage over the osteoblast 

lineage, leading to a reduction in osteoblast number and function (Fig. 1.4) [122]. How GIT2 is involved 

in the development of osteoporosis-like symptoms, remains unclear. We can hypothesize, however, 

that this may be through its association with ATM (Fig. 1.4) [2]. ATMKO mice have been introduced as 

a mouse model for osteoporosis, displaying reduced bone mass, bone formation rate and defective 

osteoblast differentiation [178]. The GIT2-ATM interaction may explain the association between GIT2 

and osteoporosis development, but requires further investigation.  

3.4 GIT2 expression increases in aged skeletal muscle reminiscent of sarcopenia 

Sarcopenia is the loss of muscle mass and function, which is most often related to age. The 

pathogenesis of sarcopenia is multifaceted and encompasses lifestyle habits, systemic factors (e.g. 

chronic inflammation and hormonal alterations), local environmental perturbations (e.g. vascular dys-

function), and intramuscular-specific processes [191]. In aged muscle tissue, an increased presence of 

oxidative damage adducts have been observed [192-194]. ROS overproduction causes oxidative dam-

age, activating intracellular signaling pathways involved in sarcopenia [195] and disrupts the balance 

that allows for continuous degradation and resynthesis of skeletal muscle proteins [196]. Studies on 

Super Oxide Dismutase 1 (SOD1) KO mice have revealed a sarcopenic phenotype, suggesting a role for 

mitochondrial dysfunction and oxidative stress in sarcopenia development and progression [197]. Ox-

idative stress has also been shown to induce increased levels of chronic low-grade inflammation, 

which is detrimental to skeletal muscle in humans [198] and in animal models [199]. Moreover, ROS 

appear to function as second messengers for TNFα in skeletal muscle by either directly or indirectly 

activating the redox-sensitive transcription factor, Nuclear factor NF-kappa-B [200]. This factor can 

induce inflammation and mediates age-related upregulation of IL-6, and TNFα (Meng and Yu, 2010) 

and is critical for bone and muscle homeostasis [201]. The combination of increased oxidative stress 

and inflammation in sarcopenia appears causal to the induction of NF-κB [202]. The NF-κB pathway is 

the most important one linked to the wasting of skeletal muscle in normal and pathophysiological 

aging [203]. This pathway is essential for myoblast proliferation and maintenance in an undifferenti-

ated state [204, 205]. The activation of NF-κB, p38 mitogen activated protein kinase (MAPK) and p53 

pathways have been implicated in skeletal muscle atrophy [206]. 

Furthermore, it has been suggested that mitochondrial DNA mutations and deletions can also 

contribute to the development of sarcopenia [207]. Mutations in mitochondrial DNA have been shown 
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to be causal in sarcopenia by affecting the assembly and function of electron transport chain com-

plexes. Hiona et al. demonstrated that a lack of these complexes induces a decrease in oxidative phos-

phorylation, in the absence of oxidative stress, ultimately causing muscle apoptosis and sarcopenia 

[208]. Lastly, sarcopenia and obesity share several pathophysiological mechanisms, and collectively 

named sarcopenic obesity [209]. The complex interplay of common pathophysiological mechanisms, 

such as an increase in proinflammatory cytokines, oxidative stress, insulin resistance, and a decreased 

physical activity underlie the close relationship between sarcopenia and obesity. This causes a vicious 

cycle between the accumulation of ectopic fat and the loss of skeletal muscle mass, which have a 

reciprocal influence on each other [210]. Sarcopenia leads to a reduction in physical activity, which 

leads to an increased risk of obesity [211], while obesity induces inflammation that contributes to the 

development of sarcopenia [212, 213]. In this context, it is therefore likely that, via its ability to con-

nect both ROS sensitivity and DDR processes (Fig. 1.4), GIT2 is likely to play a role in age-related mus-

cular degeneration. Supporting this, a potential compensatory age-related  elevation in GIT2 has been 

observed in skeletal muscle obtained from wild-type mice [34, 48]. As mentioned previously, an in-

crease in oxidative damage in muscle can be observed with the development of sarcopenia and with 

aging, which could be associated with the increase in GIT2 expression with oxidative stress and ROS 

[84]. Furthermore, as mentioned above, sarcopenia and inflammaging are associated [213], indicating 

again a possible connection with GIT2 function [63]. GIT2 has previously been identified as a negative 

regulator of NF-κB signaling through control of Toll-like receptor (TLR) [157] and through interaction 

with several other NF-κB regulatory proteins (Fig. 1.4) [214].  

Lastly, GIT2 has been shown to be involved in the development of central obesity (unpublished 

data), and inflammation and obesity have been shown to work together in contributing to the devel-

opment of sarcopenia [212, 213]. 

3.5 GIT2KO mice show a metabolic decline reminiscent of type 2 diabetes mellitus 

T2DM results from an inadequacy of pancreatic islet β-cells to secrete insulin in response to 

glucose ingestion, resulting in increased plasma glucose promoting further insulin resistance and obe-

sity [215]. Oxidative stress has long been identified as a major player in the pathogenesis and compli-

cations of diabetes [216]. In this context, mitochondrial overproduction of ROS has been indicated to 

be one of the most important upstream events in this pathological process [217]. T2DM patients pos-

sess an imbalance between oxidant and antioxidant systems, enhanced flux of glucose both increases 

oxidant production and impairs antioxidant defenses [218]. It has been proposed that high levels of 

serum glucose, common in diabetes patients, can enhance intracellular levels of glucose, and thus 

induce an increased rate of glycolysis. This would then increase substrate delivery to the mitochondria 
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and increase accumulation of ROS (Fig. 1.4) [219]. The research of Aouacheri et al. suggests that hy-

perglycemia in T2DM patients may lead to the inhibition of antioxidant activities, which could lead to 

more oxidative stress, decreased insulin sensitivity and impaired secretory response, exacerbating the 

disorder [220, 221]. The oxidative stress can, also in this case, result in DNA damage and this is one of 

the mechanisms implicated in the pathogenesis of diabetic complications [222-225]. Prasad et al. 

showed that the frequency of DNA damage is significantly higher in T2DM patients compared to con-

trols [223]; the mechanism however is not yet known. 

T2DM patients additionally display pro-inflammatory phenotypes characterized by the pres-

ence of cytokines, apoptotic cells, immune cell infiltration, amyloid deposits and fibrosis. The inflam-

mation is a manifestation of disease, where it may exacerbate T2DM by tissue destruction due to 

inflammatory mediators and ROS [226]. Activated innate immunity and inflammation are important 

factors in the pathogenesis of diabetes. IL-1β, a pro-inflammatory cytokine, shows increased mRNA 

expression in T2DM patient samples [226, 227]. Furthermore, C-reactive protein, TNFα, and IL-6 have 

been positively correlated with measures of insulin resistance [228-230]. TNFα, IL-1 and IL-6 are asso-

ciated with body fat mass and can be synthesized and released by adipose cells [227]. The significant 

association between increased body fat mass, obesity and risk for T2DM has already been established 

[231-234]. Adipocytes secrete adipocyte hormones and adipokines, which could increase the risk of 

diabetes via several pathways, i.e. insulin resistance [235]. 

As mentioned in section above, GIT2KO mice demonstrate a significantly reduced RER, indi-

cating a shift away from glucose utilization to generate usable energy, towards the utilization of fat 

and potentially protein. GIT2 is expressed in both pancreatic α- and β-islet cells [48]. Genomic deletion 

of GIT2 resulted in a disruption of the relative distribution of these cell types within islets in a manner 

consistent with other experimental models of diabetes, where the mice displayed a significantly re-

duced islet area and β-cell percentage, with a significant increase in α-cell percentage. There was also 

an evident α-cell involution into the β-cell mass – a facet indicative of diabetic pathologies in murine 

paradigms [48, 236]. Furthermore, GIT2 was found to be prematurely (in an aging sense) upregulated 

in diabetic db/db mice compared to WT control mice, both in the hypothalamus and the pancreas. 

Lastly, a physical association was found between GIT2 and multiple proteins vital to the glucose met-

abolic/insulin-regulatory system in pancreatic tissues, i.e. insulin receptor and insulin receptor sub-

strate 2 (Fig. 1.4). The interaction between GIT2 and these proteins was specifically disrupted in the 

db/db pathological state [48]. Therefore, it is highly likely that the observed age-dependent increases 

of GIT2 expression may represent a response mechanism to control oxidative cellular damage, DNA 

repair, and islet β-cell function, as well as the physical receptor integrity of the Ins/IGF1 system (Fig. 

1.4). 
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Figure 1.4. The multitude of GIT2 functions in age-related disorders. GIT2 represents a multiple domain, multiply-spliced 

multidimensional functional scaffold that possesses an ability to interact with G protein-coupled receptors and vesicular 

trafficking proteins. Taking together this highly versatile profile it is unsurprising that the functional activities of GIT2 are 

associated with a broad spectrum of functional and pathophysiological processes. From our data and that of other re-

searchers this highly-connected nature of GIT2 suggests that it could be considered one of the factors that interconnects 

multiple domain-based activities, enabling the systems-wide coordination of both biological functions and also patho-

logical ones, e.g. deleterious aging-related diseases. It is therefore highly likely that GIT2 potentially has the role of key-

stone protein in aging and age-related disorders. To illustrate the multidimensional role ofGIT2 in such a complex process, 

we have selected several GIT2-interacting partners and functions associated with aging-related disease. Our posit of the 

keystone status of GIT2 is reinforced by its evidential ability to coordinate and regulate profound domains of related 

pathophysiology, e.g. inflammation (NF-κB, TLR), DNA damage response (BRCA1, ATM, p53) and Type 2 Diabetes Mellitus 

(InsR, Irs2, Ins). These global pathological domain activities can then promote the development of age-related disorders 

such as neurodegeneration (e.g. Alzheimer’s disease: associated with GIT2viaDDR/BRCA1, InsR interactions), atheroscle-

rosis (associated with GIT2 links to ROS sensitivity and DDR processes), osteoporosis (associated with GIT2viaits role in 

osteoblast function and fat deposition), central obesity, cancer, and sarcopenia. For each pathology box indicated in the 

radial diagram (excl. chronic inflammation and cancer) the normal condition (left) is compared to the pathology (right). 

Adipocyte level (adipocyte); DNA damage response (DDR); inflammation (Inf); insulin (Ins); Insulin receptor (InsR); Insulin 

receptor substrate 2 (Irs2); metabolic syndrome (MetS); osteoblast level (OB); Reactive oxygen species (i.e. oxidative 

stress) (ROS). 
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3.5 GIT2 expression is associated with a progressive increase in body weight, possibly leading to central 

obesity 

Central obesity, i.e. the increase in adipose deposition around the major visceral organs, is a 

pivotal and indispensable component of MetS and pathological aging [237]. AT possesses relatively 

high levels of antioxidant defensive enzymes, in order to manage the high ROS production occurring 

with lipid accumulation and the addition of free fatty acids [238]. Increased fat accumulation is gen-

erally associated with an elevated risk of the development of metabolic disorders. Compared to sub-

cutaneous fat, visceral fat accumulation is known to release more pro-inflammatory factors, leading 

to insulin resistance and oxidative stress [239, 240]. Demirbag et al. discovered that there is an in-

crease in DNA damage in pre-obese/obese compared to normal-weight subjects [241], and related 

these changes to metabolic abnomalities occurring with obesity [241-245]. Matsuzawa et al. have 

demonstrated that a substantial proportion of adipocytokines are involved in inflammatory stimula-

tion and response, either pro-inflammatory or anti-inflammatory [246].  

TNFα has come to be known as an important adipocytokine, and TNFα levels in plasma and 

adipose tissues are increased in humans with obesity [247]. In addition, IL-1β has also been shown to 

be secreted from AT and be linked to inflammation [248]. Studies have shown that GIT2 acts as a 

keystone protein in age-related metabolic alterations, where an age-dependent increase in GIT2 ex-

pression in organs associated with energy metabolism was linked to a progressive increase in body 

weight and leptin levels (Fig. 1.4), along with a decrease in circulating adiponectin [34, 48]. Further 

research showed that GIT2KO mice developed a gender-associated protection from high-fat diet-in-

duced obesity. The GIT2KO mice showed reduced fat accumulation, elevated metabolic rate, in-

creased energy expenditure, lower fasting glucose and insulin levels, and healthier plasma lipid pro-

files (unpublished data). Reinforcing this role of GIT2 in controlling obesity-related mechanisms, GIT2 

is identified as a GWAS risk allele identified in a screen for MetS (Fig. 1.4) [249].  

3.6 GIT2 disruption is associated with premature thymic dysfunction 

Immunosenescence and ‘inflammaging’ cause a profound age-dependent dysregulation of the 

immune system [250]. Immunosenescence refers to the detrimental loss of the efficiency of immune 

architecture and pathways with aging [251], characterized by various anomalies such as an inverse 

CD4/CD8 ratio, loss of efficient B and T cell migration to secondary immune tissue [252] and decline 

in the frequency of well-functioning natural killer cells [253]. Immunosenescence is usually accompa-

nied by ‘inflammaging’, in which there is a severe accumulation of inflammatory mediators in several 

tissues [254]. Oxidative stress is recognized as a major player in determining and maintaining the low-

grade inflammation observed in aging and age-related disorders (‘inflammaging’) [255]. In recent 
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years, data has revealed a tight cause-effect link between oxidative stress and inflammaging, where 

oxidative stress has been shown to affect both innate and adaptive immune response [256]. The oxi-

dative burst associated with the innate immune response upregulates the formation of ROS and the 

overall oxidative stress response, decreasing cellular antioxidant capacity. The free radicals that are 

overproduced will react with membrane lipids and proteins, impairing their function and creating a 

circular loop of TLRs and Nalp3 inflammosome activation [257]. The increased inflammatory response 

seen with age has also been linked to DNA damage and DDR. DDRs have been demonstrated to be of 

importance in inflammatory mediator production, following cellular senescence [258]. 

GIT2 is has been implicated in multiple diverse immune functions, such as thymocyte positive 

selection, cell motility and neutrophil directional sensing through the regulation of small GTP-binding 

proteins ARF and Rac1 [157]. At a relatively young age (12 months), GIT2KO mice present a prema-

turely distorted thymic structure and T-cell related dysfunction (Fig. 1.4), compared to age-matched 

12 month old WT mice [63]. Generic thymic dysfunction is widely accepted to represent one of the 

most cross-species conserved hallmarks of aging [259-261]. GIT2KO mice demonstrate temporally ad-

vanced decreases in T cell precursor levels (with 3 month-of-age GITKO being similar to 12-month-old 

WT mice), an advanced-age reduction in double positive/CD4+/CD8+ cells (Fig. 1.4), and total deficits 

in thymic structure and key functional regulators [63]. These mice are also more susceptible to dextran 

sodium sulfate-induced colitis, Escherichia coli infection or endotoxin-shock challenge, and a dramatic 

increase in proinflammatory cytokines could be observed in GIT2KO mice and their macrophages. Re-

cently GIT2 was identified as a negative regulator of TLR-induced NF-κB signaling (Fig. 1.4), terminating 

TLR-induced NF-κB and MAPK signaling by recruiting the deubiquitinating enzyme cylindromatosis to 

inhibit the ubiquitination of TNF receptor associated factor 6 (TRAF6) [157]. The ubiquitination of 

TRAF6 is critical for the activation of NF-κB. The susceptibility of GIT2KO mice to dextran sodium sul-

fate-induced colitis has furthermore been shown to be dependent on TLR signaling. Thus, GIT2 has 

been identified as an essential terminator of TLR signaling, and loss of GIT2 can lead to uncontrolled 

inflammation and severe organ damage [157].  

3.7 GIT2 interacts with RUSC2 in lung cancer cells 

A first step in carcinogenesis is permanent modification of genetic material resulting from ion-

izing radiation, mutagenic compounds or oxidative damage. The redox imbalance occurring in various 

cancer cells is caused by oxidative stress, and has led to the hypothesis that oxidative stress may be 

related to oncogenic stimulation. Increased levels of oxidative DNA lesions have been noted in various 

tumors. During carcinogenesis, the level of ROS in cancer cells is increased, while antioxidants are 

depleted [262, 263]. ROS production can further allow tumor progression by stimulating hypoxia-in-

ducible factor-1α (HIF1-α) and signaling proteins such as vascular endothelial growth factor (EGF), 
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which support angiogenesis, allowing tumor growth. ROS also alters the expression of the p53 sup-

pressor gene – a key player in apoptosis [264-267]. DNA damage, either due to environmental factors 

or normal metabolic processes inside the cell, can compromise a cell’s ability to carry out its original 

functions [268-270]. DDR has been shown to be critical in protection against cancer, with an increasing 

number of studies reporting that cancers arise in part from germ-line mutations in DDR genes [271, 

272]. Regarding activation of DDR proteins, increased autophosphorylation of ATM has been reported 

in early-stage tumors, suggesting that DDR may serve as a barrier to tumor progression [268, 273]. 

Furthermore, overexpression of DNA damage response proteins BRCA1, PARP1, and Excision Repair 

Core Complementary group-1 has also been observed in various cancers (Fig. 1.4) [274-276]. BRCA1 

plays an important role in the repair of DSBs, the mutation of BRCA1 causes a higher susceptibility for 

carcinogenesis [276], while its overexpression reduces DNA damage and enhances DNA repair mech-

anisms [277]. Excision Repair Core Complementary group-1 is a key component of the nucleotide ex-

cision repair pathways, excising DNA adducts, which could hinder cellular replication [275]. PARP1 is 

a key sensor for the repair of DNA single-strand breaks, inhibition of which leads to the accumulation 

of single-strand breaks, and subsequently DSBs after cell division [274]. One of the main interactors 

of GIT2, p53, is one of the most frequently mutated genes in sporadic cancers in humans (Fig. 1.1) [2, 

278]. Inflammation can have several underlying origins which in turn can cause cancer; 1) infection, 

such as Helicobacter pylori causing gastric carcinoma in humans [279], 2) autoimmunity, e.g. inflam-

matory bowel disease causing colon cancer [280] or 3) the environment, like smoke pollution [281]. 

The microenvironments of chronic inflammatory conditions and of tumors have many similarities, 

supporting the role for inflammation in tumor progression [282]. Once a tumor is established, chronic 

inflammatory is reinforced by the tumor microenvironment [283]. This is also linked to oxidative stress 

and DNA damage, the former being produced by inflammatory cells enhancing the mutation rate in 

cells and increases genomic instability by inducing DNA damage (Waris and Ahsan, 2006). Cancer cells 

require a high amount of energy to maintain their limitless replication potential [284, 285] causing an 

energy metabolism dysfunction. Warburg et al. (1927) noted that the increased intake of glucose and 

production of lactate occurs even in the presence of oxygen (aerobic glycolysis) in tumor cells, now 

named the “Warburg effect”, which has been implicated in cell transformation, immortalization and 

proliferation during tumorigenesis [286]. These metabolic changes alter the microenvironment and 

surroundings of the cell, making them more conducive to cancer cell proliferation [287, 288]. Lastly, 

in 2002, the International Agency for Research on Cancer (IARC) concluded that breast, renal, colon, 

and endometrial cancer and esophageal adenocarcinoma could be prevented by avoiding weight gain 

[289]. The mechanisms by which cancer are caused can vary depending on the type of cancer, but 
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many cases are related to insulin resistance and the resulting chronic hyperinsulinemia and chronic 

inflammation, where obesity has been reported to play a causal role [289]. 

GIT2 is important in the control of cell polarization and direction-dependent regulation of the 

Golgi through RUN and SH3 Domain containing 2 (RUSC2; Fig. 1.4). RUSC2 is an interactor of GIT2 

through its SHD phosphorylation site. In various lung cancer cells, RUSC2 stabilizes GIT2 by inhibiting 

its degradation and increasing its phosphorylation [115, 290]. GIT2KO mouse neutrophils show a par-

tial loss of directionality and defective chemotaxis toward chemoattractants [115]. Previous studies 

have shown that GIT2 interacts with PIX, MAP kinase/ERK kinase 1 (MEK1), phospholipase-C gamma 

(PLCγ) and paxillin to regulate cell polarization and motility through the control of cytoskeletal dynam-

ics, membrane trafficking and focal adhesion turnover [291, 292]. Duan et al. demonstrated an im-

portant role for the interaction between RUSC2 and GIT2 in regulating EGF-stimulated RAB35-depend-

ent directional cell migration in non-small cell lung cancer cells [293]. Dysregulation of the EGF-recep-

tor can lead to increased intracellular pathway activity, resulting in direct or indirect cell proliferation, 

angiogenesis, invasion, and metastasis [294]. Thus, Duan et al. (2016) provides a line of evidence that 

the RAB35/RUSC2/GIT2 pathway is central for EGF receptor-induced directional migration in lung can-

cer cells [293]. 

4. Discussion 

In this chapter, we have discussed the highly complex aging process, a near-universal occur-

rence in biological systems, characterized by a progressive loss of physiological integrity, leading to 

impaired function and eventually to death [25]. We postulate that such a highly complex process could 

perhaps be controlled by a keystone protein, such as GIT2. Age-related disorders are caused by a mul-

titude of underlying processes or ‘hallmarks’, and GIT2 appears to be involved in each one of the pre-

viously-discussed processes. While not all links have been proven, the supporting research is encour-

aging. GIT2 plays an important role in stress sensitivity [2, 84, 295], aging [34], and somatic energy 

management [48], indicating that this protein might provide a novel target for therapies designed to 

minimize pathological aging and age-related disease. It thus stands to reason that GIT2-based thera-

pies may potentially aid in alleviating some of the pathological effects caused by aging. Considering 

the data obtained from GIT2KO mice, which age more rapidly than the WT age-matched controls, we 

hypothesize that the increase in GIT2 expression occurring with age is the body’s attempt to counter 

the aging process, which in the end is insufficient to overcome the damage [2, 48]. If we assume that 

the aging process can (to a certain degree) be termed a ‘GIT2-opathy’, strengthening GIT2 function 

could potentially reinforce network resiliency, and hence allow age-related pathological processes to 

be reversed. 
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Even though a considerable body of current aging research is being performed on the genomic 

level, even if target genes can be identified, we must still replace and/or alter our cells (i.e. modify the 

genome) to avoid pathological aging [296]. Employing gene therapy reveals potential for regenerative 

medicine, but it has been shown that other life-extending interventions, such as caloric restriction, 

show larger and more promising effects [297]. Even if we understand the full functional ramifications 

of the somatic genetic code, this does not imply the possibility to therapeutically edit the human ge-

nome. A simpler option might be to target at the protein level, using a keystone protein such as GIT2, 

and thus exploiting the cell’s own repair mechanisms to develop aging therapies. 

While GIT2 may represent a crucial therapeutic target for aging disorders, drug targets are 

preferably receptors, ion channels, kinases or phosphatases. GIT2, which acts as a scaffolding protein, 

does not represent an ideal drug target. To control GIT2, the identification of another protein that 

could control its expression would be the simplest approach. One such candidate is the PIX protein 

family. PIX proteins bind tightly to GIT2 (as well as GIT1), and mice lacking α-PIX in immune cells also 

display a dramatic deficit in GIT2 expression [114, 118]. It thus appears that GIT2-PIX association sta-

bilizes both proteins, so it will be important to understand whether age-related increases in GIT2 are 

accompanied by increases in PIX as well, and whether manipulating PIX expression can alter GIT2 lev-

els and activity. Secondly, recent work has demonstrated that GPCRs can effectively regulate the ex-

pression of multiple signaling proteins [298], suggesting that GPCRs might be used to regulate the 

expression of specific signaling proteins of interest. To potentially control this ‘aging system’, a GPCR 

with a strong functional link to GIT2 will have to be identified, which should show a strong co-expres-

sion relationship with GIT2 in desired tissues. This GPCR should next be targeted using a ligand that 

possesses a capacity to control GIT2 expression. We believe that GIT2 may represent an important 

target for both therapeutic development and diagnostic research of age-related disorders, and justi-

fies further research into means of altering keystone functions of GIT2, to reduce the burdens associ-

ated with aging.  
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Abstract 

Current pharmacopeia is dominated by therapeutics that target the G protein-coupled receptor GPCR) 

superfamily. Since the first demonstration of GPCR-based β-arrestin signaling, it has become clear that 

this signaling multiplicity may allow the creation of extra dimensions of receptor therapeutics. This 

signaling diversity of GPCRs has initiated research into ligands which could bias signaling towards ei-

ther G protein-associated, or non-G protein effector signaling. Such ‘biased’ ligands engender distinct 

downstream signaling profiles that can be identified using standard molecular biological techniques 

as well as high-dimensionality data analysis. Aging is a highly complex molecular process, affecting 

nearly all tissue systems in an organism and is the highest risk factor in developing multiple degener-

ative disorders such as Alzheimer’s disease and Parkinson’s disease, and type 2 diabetes mellitus. The 

intense complexity of the aging process creates an incentive to develop more specific drugs that pos-

sess the ability to attenuate or even reverse some of the features of premature aging. We propose 

that through a more nuanced appreciation of the degree(s) of signaling bias of therapeutics; research-

ers may be able to further refine the efficacy of GPCR modulators to combat the multidimensional 

aberrations that constitute the aging process. Identifying these non-G protein effectors could expand 

the effective pharmacopeia and assist the design of true precision medicines. This review discusses 

GIT2 as a potential non-G protein effector. 
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1. Introduction 

1.1 GPCR signaling 

G protein-coupled receptors (GPCRs) were initially thought to exist in a spontaneous equilibrium be-

tween two conformations, i.e. active (R*) and inactive (R) (Fig. 2.1A). The active conformation is sta-

bilized by binding to an agonist, or by mutagenesis that can relieve intramolecular constraints, thus 

increasing the proportion of receptors in the R* state [1-4]. In this classic model, GPCRs transmit sig-

nals to the intracellular domain by acting as guanine nucleotide exchange factors (GEFs) for the het-

erotrimeric guanine nucleotide-binding proteins (G proteins) when activated by binding of a ligand. 

The activation of these G proteins is initiated through conformational rearrangement of the GPCR 

transmembrane bundle, enabling their physical association with G proteins and eventually catalyzing 

the exchange of GDP for GTP on the Gα subunit. This guanine nucleotide exchange then initiates the 

dissociation of the heterotrimeric G protein into a GTP-bound α and βγ subunit complexes. These can 

stimulate, inhibit or physically-recruit multiple downstream signal transduction effectors, e.g. adenyl-

ate cyclase (AC), phospholipase C (PLC) or GPCR kinases (GRKs). In this manner, the heterotrimeric G 

protein can transmit information to the intracellular milieu about the qualitative and quantitative na-

ture of a specific extracellular stimulus.  

Over the last two decades, it has become evident after the concerted efforts of hundreds of research 

teams that GPCR downstream signaling is more complex, specific and diverse than initially considered 

[2]. This diversity in signaling arises from several factors associated with the cellular localization, the 

specific post-translational modification state of the receptor and perhaps most importantly, the ability 

of the receptor to utilize multiple signaling states called ‘receptorsomes’ (Fig. 2.1B). In these states, 

the receptor is bound to different down-stream effectors. These preset ‘receptorsomes’ show unique 

pharmacology, signaling, trafficking, desensitization, and internalization features. This discovery of the 

complexity and texture of GPCR signaling, forced a re-evaluation of the fundamental concepts of ago-

nism and antagonism [5-7], which were originally based on the “two-state” model (Fig. 2.1A) [8-10]. 

Perhaps one of the most historically important points of inflexion between the classical forms of GPCR 

transduction and the more ‘receptorsome’-based GPCR signaling was the demonstration of the β-ar-

restin-dependent signaling paradigm [11]. In this seminal work, it was found that, in contrast to the 

prevailing concept that β-arrestin engagement with the recently activated GPCR was simply a signal 

termination event, it actually marked the transition from one signaling state to another. The G protein 

signaling energy initiated from the ligand- 
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GPCR engagement is not destroyed, but is merely transferred to a different state, i.e. β-arrestin-de-

pendent signaling energy. While this discovery represented a paradigm shift in GPCR signaling, it is 

now to be placed in the context of the potential pluridimensional spectrum of GPCR signaling [12].  

In the face of this incipient signaling complexity, it is crucial to recognize the unique properties of 

endogenous or ‘cognate’ ligands for GPCRs. The cognate ligands of GPCRs attempt to impact every 

consequence of receptor activation in the same manner, whether desensitization, internalization, traf-

ficking, or G protein coupling [5] – hence these ligands strive to engender an omnipotent efficacy. In 

this context, given the capacity for multiple ligands to stimulate the same heptahelical receptor core, 

Figure 2.1: GPCR signaling: no longer two states, but pluridimensional. Various agonists, antagonists and inverse agonists 

were designed on the basis that G protein-coupled receptors (GPCRs) only function through G protein-dependent signaling 

and their downstream second messengers. It has now been shown however that these heptahelical receptors interact with 

many other proteins, it thus stands to reason that GPCRs can potentially also use these as downstream effectors. A) The 

original two-state model: receptors exist in spontaneous equilibrium between the active R* and the inactive R state. These 

states differ in their capacity to activate G proteins. In the native unbound state, the GPCR was thought to principally be 

maintained in the R conformation by intramolecular interactions within the receptor structure. The binding of an agonist 

removes these constrictions, allowing the GPCR to undergo a conformational change into the R* state enabling G protein 

coupling. B) Pluridimensional signaling model: GPCRs employ different downstream effectors in response to different ligands. 

This suggests that depending on the ligand, the receptor will assemble a unique ‘receptorsome’, i.e. set of downstream 

signallers, to exert a specific function. These receptorsomes can possibly be used to our advantage in order to treat 

pathologies, by biasing ligands to a specific subset of downstream effectors. 
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we should perhaps re-define our conceptualization of the ‘cognicity’ of endogenous ligands – thus 

perhaps the most accurate definition of a cognate ligand for a specific GPCR should be associated with 

its ability to most equally regulate the full GPCR signaling spectrum. Hence, it is likely that receptors 

and their cognate ligands co-evolved to elicit the most physiologically adaptive responses in target 

cells. With respect to the concept of functional relationships between ‘cognate’ ligands and their pre-

ferred receptors, the aging paradigm presents an important pathophysiological process. Humans in 

developed countries however, due to advances in medicine and hygiene, have extended their 

lifespans beyond that assumed for an organism of our metabolic rate/reproductive capacity [13], and 

as such the ligand-receptor adaptive responses may become maladaptive in aging organ systems. 

While our appreciation of GPCR signaling complexity has been guided by the understanding of extra 

G protein signaling paradigms, it is also clear that the receptor conformation for G protein activation 

is different between G protein pools, and that synthetic and naturally occurring ligands can selectively 

facilitate the formation of different receptor coupling conformations. Multiple distinct forms of “ago-

nist” ligands for a single GPCR type, have now been discovered to only activate a subset of G protein 

partners, a subset of downstream signaling effectors, or induce G protein coupling without initiating 

internalization and desensitization [3, 14-16].  Conventional partial agonists are functionally similar to 

agonists, displaying lower, but still “balanced”, efficacy than the “full” agonist, while antagonists were 

thought to simply block the agonist-binding site without affecting a conformational change in the re-

ceptor [17]. Yet some “antagonists” not only inhibit G protein-dependent signaling, they also cause 

the receptor to engage non-G protein effectors and signal without generating detectable heterotri-

meric G protein activation [5]. Inverse agonists act as antagonists on the GPCRs which do not show 

constitutive activity, and have the additional property of reducing the constitutive activity mediated 

by the receptor, by preferentially binding to the “off/R” state and thus pushing the equilibrium to the 

inactive state [18]. Lastly, in these multistate models, specific agonists appear to have the ability to 

activate distinct active ‘receptorsomes’, by exposing different intracellular regions involved in coupling 

separate G protein pools, initially demonstrated for the β2-adrenergic receptor antagonist ICI-118-

551 [19, 20], and arrestin-specific signaling (Fig. 2.1B) [11]. 

It stands to reason that agonist-selective receptor signaling, targeting a subset of the possible re-

sponse profiles, may represent an opportunity to develop drugs that are more precise and could also 

increase their efficacy (Fig. 2.2A). Since GPCRs can be activated by an exceptionally diverse set of stim-

uli, from photons of light and ions to neurotransmitters and peptides, these receptors represent an 

easy druggable and hyper-diverse therapeutic target. While a vast effort has been expended to un-

derstand the multiple dimensions of GPCR activity, one dimension of signal transduction that has been 

studied to a much lesser extent, is that of time. GPCRs clearly possess an intense degree of structural  
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flexibility, both as a single core protein, as well as part of the complex receptorsome structures. The 

consequences of short-term (milliseconds to minutes) structure-functional diversity have recently be-

come the subject of more intense study. However, in the context of molecular gerontology – spanning 

Figure 2.2: Pluridimensional signaling of GPCRs, selecting a specific ‘receptorsome’. Receptor signaling consists of a per-

fectly working system, which maintains is functionality through a complex organization/stoichiometry of interacting proteins, 

i.e. ‘receptorsome’. This is difficult to maintain throughout the entire life-span, and thus alterations occur with age. A) The 

function of ligands is to stabilize a specific receptorsome, thus selecting a type of active receptor. Using this theory, several 

biased ligands have been developed, showing selectivity towards G protein signaling (left), and towards β-arrestin (middle). 

In this review, we have indicated that many other interacting proteins of G protein-coupled receptors (GPCRs) may have a 

similar signaling function to G protein or, more likely, β-arrestin, however their downstream signaling has not been elucidated 

yet (right). B) In healthy/normal conditions (left), the receptors functions optimally through G protein and β-arrestin signaling. 

In cases of pathologies however, we posit that the receptors attempt to revert this pathological condition back to the normal 

situation, by employing the alternative downstream effectors which still need to be elucidated (right). Knowing this, the goal 

would be to use this information to create a biased ligand which pushes the signaling into this alternate signaling, allowing 

the receptor to further correct the pathological state. 
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years to decades - the concept of investigating receptor functional diversity of structure-activity rela-

tionships has been only sparsely considered [21]. Here we attempt to consider the potential impact 

that GPCR signaling diversity, and especially that outside of the classical G protein-dependent para-

digms, has upon signal transduction activities in physiological processes extending over years and dec-

ades (Fig. 2.2B). In specific terms, we shall discuss how GPCR signaling diversity contends with, and 

potentially shapes, pathophysiological trajectories. In doing so we will attempt to highlight the future 

potential for developing anti-aging therapeutic strategies that can ameliorate disorders such as Alz-

heimer’s disease (AD), Type 2 Diabetes Mellitus (T2DM), Parkinson’s disease (PD), and Osteoporosis 

by exploiting the pluridimensionality of GPCR signal transduction. 

 

Figure 2.3: GPCR pluridimensionality. A) Hypothesis surrounding the distribution of GPCR downstream signaling. For a long 

time, successful therapies have been created by targeting G protein-coupled receptors (GPCRs) through their transient G pro-

tein-dependent signaling, i.e. through agonists or antagonists. It has now however become clear that antagonists, while 

blocking G protein signaling, may bias the receptor to signal through alternative downstream effectors, such as β-arrestin. 

Left: In control scenarios, thus in absence of disease, most signaling goes through β-arrestin (yellow) or G protein (Purple) 

signaling, the smallest amount would go through any alternatives (other, pink). Right: However, in the case of aging or in a 

pathological situation, alternate signaling effectors possibly take point, and the amount of signaling through G protein and 

β-arrestin decreases. Thus, we posit that identifying and targeting these “other” signaling pathways may allow the develop-

ment of more precise therapeutics. B) Visual representation of the signaling time of GPCR downstream effectors: ‘Transient’ 

vs. ‘Stable’ signaling. While G protein signaling has been targeted to treat multiple disorders – establishing 35% of all phar-

macopeia – this type of signaling functions through second messengers and is as such transient, lasting for a maximum of 5-

10 minutes. In both Left and Right we see that G protein (purple) signaling only consists 5% of all signaling time. β-arrestin 

(yellow) signaling however, is a lot more stable and has been shown to even affect the transcription of G protein-coupled 

receptor (GPCR) interacting proteins. This β-arrestin signaling can last up to several hours. Left: in control conditions, i.e. no 

pathology, 5% of all signaling time is most likely through G proteins. The largest time is most likely spent signaling though β-

arrestin, which as mentioned above is more stable. The remaining 35% is possibly signaling through alternative effectors. 

Right: in pathological scenarios however, we believe that most of the signaling time will be though other signaling pathways, 

such as GIT2, or Pyk2, and more away from β-arrestin signaling. This can lead us to hypothesize that these “alternate” down-

stream signalers of GPCRs, may have more prominent and long-lasting effects and thus contribute to the design of precision 

medicine. 

40% β-arrestin 

signalling  

60% β-arrestin 

signalling  
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2. Biased GPCR signaling 

2.1 Ligand bias in nature 

Synthetic ligands can produce biased signaling fingerprints comparable to naturally occurring endog-

enous ligands [22, 23]. As stabilizing specific conformations of a receptor with a wide range of down-

stream effectors is theoretically optimal to fine-tune cellular responses, it stands to reason that ligand 

bias also occurs naturally. The first documented case of signaling bias in nature, was for the pituitary 

adenylate cyclase-activating polypeptide (PACAP) receptor, which was shown to have two naturally 

occurring peptide ligands. These two peptides, PACAP-27 and PACAP-38 produce different activation 

patterns of cAMP and IP3 (inositol triphosphate) signaling [24]. Further investigation revealed a prom-

inent candidate for the elaboration of biased signaling, the chemokine receptor system, consisting of 

19 receptors which are activated by 47 chemokines, that controls leukocyte migration in homeostatic 

and inflammatory physiologic processes [16, 25-31]. More specifically, the chemokine type 7 receptor 

(CCR7) for example, shows different responses to two of its endogenous ligands, CCL19 and CCL21. 

These two ligands exhibit similar potency and efficacy with respect to calcium mobilization, but show 

a dramatic difference in terms of receptor phosphorylation and desensitization [16]. A list of receptors 

which have been shown to respond to different naturally occurring ligands, thus ligands showing bias, 

can be found in Kenakin, et al. [32]. These systems showing multiple natural endogenous ligands 

should be further investigated to improve our understanding of how nature uses ligand bias to fine-

tune signaling. 

Accepting the phenomenon of natural signaling bias opens up a question which we will also try to 

address in this review: how does normal signaling alter with physiological changes? This could be 

through protein mutations, but also through system alterations that occur in disease and with aging, 

such as protein-protein interactions. Mutations in critical amino acid residues have already been-

shown to alter bias between G proteins and β-arrestin for the muscarinic M2 receptor [33] and also 

between different G proteins, i.e. Gq and Gs proteins, for the Neurokinin 1 (NK1) receptor [16, 34, 35]. 

2.2 G protein bias 

Several structurally altered agonists have been identified which target peptidergic and non-peptider-

gic GPCRs to entrain selective G protein coupling biases [24, 36, 37]. For example, signal-selective an-

tagonists, i.e. capable of inhibiting a limited number of downstream agonistic modalities, have been 

described for the cholecystokinin (CCK)-B [38] and NK1 receptors [15]. Additionally, GPCR ligands have 

been found that demonstrate the capacity to promote coupling to one G protein subset, while antag-

onizing the coupling to another, e.g. the gonadotropin-releasing hormone (GnRH) receptor ligand 
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Ant135-25. This compound acts as an ‘antagonist’ to Gq-coupling (pituitary tissues), while functioning 

as an agonist in terms of peripheral tissue-based (prostate gland) Gi signaling [3]. In addition to this G 

protein-based selectivity, GPCR antagonists, while classically attenuating active G protein turnover can 

still affect the initiation of a GPCR internalization process, e.g. for the CCK [39] and Angiotensin AT1a 

receptor [40], using D-Tyr-Gly-[(Nle28,31,D-Trp30)cholecystokinin-26–32]- phenethylester and [sar-

cosine 1, Ile4, Ile8] Ang II respectively.  

2.3 Non-G protein dependent bias 

The diversity of GPCR functionality is strongly controlled by the formation of stable receptor super-

structures that are defined by the nature and stoichiometry of the GPCR-interacting proteins con-

tained therein [41]. These so-called ‘receptorsome’ super-structures likely control the creation of a 

variety of distinct active states that are preferentially associated with specific downstream signal 

transduction events. The diversity, in both number and type of these receptorsomes creates a signal-

ing ‘ensemble’ of receptors that upon either ligand induction or through constitutive activity comprise 

the signal generating capacity in the cell for that specific GPCR. Receptorsomes not only modulate 

signal generation but also generate multiple extra levels of signal transduction conditioning, e.g. with 

respect to reaction kinetics, dynamic feedback regulation and signal type transmutation. The for-

mation of such multi-protein receptorsome entities is thus capable of facilitating additional dimen-

sions of signaling to both G protein dependent as well as protein-independent signal transduction [42]. 

The identification of critical receptorsome factors that determine both the ligand sensitivity and down-

stream signaling fate could significantly augment the discovery of novel ligands for GPCRs that possess 

a rationally defined signaling efficacy range. At the present time the studies of downstream signaling 

bias have focused on either G protein-specificity or on agents that possess a differential capacity to 

favor β-arrestin pathways compared to G protein cascades [21, 43-45]. While this status quo of GPCR 

signaling diversity has allowed the generation of multiple important therapeutic lead agents/drugs, it 

is highly likely that the exploitation of further dimensions of GPCR signaling will not only expand our 

mechanistic appreciation, but could increase the number of biased ligands that could target a single 

receptor class and thus enable the creation of true precision medicine. An important aspect of inter-

acting proteins that condition the GPCR signaling landscape through the creation of stable receptor-

somes is the presence of receptor-interacting domains. Thus it appears that, even in the absence of 

direct orthosteric ligand stimulation, the creation of stable receptorsome complexes is likely to control 

signal transduction from membranous environments to the cytoplasm, cytoskeleton, and nucleus de-

pending on the specific type and number of GPCR-associated protein-protein interactions[46, 47]. In 

this context this ‘dedicated’ receptorsome complex concept creates a hard-wired eventual signaling 

entity for the entrainment of distinct signaling outcomes. 
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3. GIT2 as a downstream effector for G protein-coupled receptors 

The GIT proteins were first discovered as GPCR kinase-interactors, as a result of a search for proteins 

that could bind GRKs [48, 49]. The GIT family of proteins comprises GRK-interacting proteins 1 and 2 

(GIT1 and GIT2 respectively) [50]. Both members of this group act as GTPase-activating proteins (GAPs) 

for the ADP-ribosylation factor (Arf) small GTP-binding proteins [48, 50]. Arf proteins are members of 

the Ras superfamily and function as regulators for vesicular trafficking and actin remodeling, regulat-

ing membrane dynamics and cytoskeletal rearrangements [51, 52]. The function of these GIT proteins 

is to limit the activity of Arf proteins [53], which have no intrinsic GTPase activity, thus requiring GAPs 

to deactivate them by converting the GTP bound to active Arf to GDP [54]. Due to their influence on 

these Arf-GTP-binding proteins, GIT proteins were initially discovered as regulators of GPCR internali-

zation [48, 50]. 

GPCRs are known to activate intracellular signaling through mediators such as small GTP-binding pro-

teins, heterotrimeric G proteins, and protein kinases. GIT2 forms a complex with the p21-activated 

kinase-interacting exchange factor PIX to integrate signaling in response to signals from integrins, het-

erotrimeric G proteins, receptor tyrosine kinases, and cell-cell interactions [55], to control cell polarity, 

adhesion and migration [55, 56]. While this interaction has yet to be fully elucidated, over 100 GIT-

associated proteins and dozens of direct partners have been described [57, 58]. In recent years, GIT2 

has been proposed to be potential GPCR downstream signaling factor [59]. In addition to this GIT2 has 

been shown to be a crucial factor in the integration of aging-associated physiological processes [60], 

as mentioned in Chapter 1. 

4. Discussion 

Heptahelical receptors are the most targeted proteins of clinically applicable drug therapies, where 

about 35% of all drugs target GPCRs [61]. These receptors have now been shown to interact with more 

than just G proteins and β-arrestins, as such the interaction with these additional proteins should be 

investigated. β-arrestin has already been intensely studied for multiple disorders, allowing a quick 

increase in the range of drugs that can target these disorders. In addition, these biased therapeutics 

appear to cause less side effects and more targeted results. However, it is clear that other therapeutic 

possibilities should be explored, hence expanding the dimensionality of GPCR-based drugs. The dis-

covery of more downstream effectors could aid in the design of more effective drugs and even preci-

sion medicine, potentially doubling or even tripling the number of available therapeutics. Ligands have 

truly become pluridimensional (Fig. 2.2), which brings with it answers, but also more questions. 

The questions surrounding non-G protein-based therapeutics simply do not end in discovering these 

specific proteins, they continue with finding the correct amount of bias. However, how much bias is 



Chapter 2  INTRODUCTION 

68 
 

necessary to create the perfect drug? Does one need to take into account every G protein-independ-

ent downstream signaler of GPCRs, or should we focus on G protein versus non-G protein? With the 

discovery of the non-G protein-dependent signalers and increased complexity comes a greater under-

standing of GPCR downstream signaling. We hypothesize that a good drug will have a “balanced” bias 

since in normal conditions all signaling pathways are employed, thus is not 100% directed at one pro-

tein or the other but a slight tipping of the scales. 

Non-G protein signaling is more contextual and thus plays a more prevalent role in pathophysiologies 

(Fig. 2.3A). We propose that G protein-independent signaling has a greater ability to modulate com-

plex processes, i.e. aging and age-related pathophysiologies [60]. Additionally, the transient nature of 

G protein-dependent signaling potentially does not support the creation of significant long lasting and 

prominent proteomic effects. β-Arrestin signaling, however, has been shown to be more stable and 

affect more long-term processes such as transcription, through the formation of complex, higher-or-

der multi-protein signaling ‘receptorsomes’ [62, 63]. This information has led us to believe that other 

downstream effectors, such as GIT2, could possibly evoke signaling cascades in a manner similar to β-

arrestin signaling, thus more stable than G protein signaling (Fig. 2.3B). As such, it appears that we are 

on the brink of a new era in GPCR specific pharmacopeia that will use this ligand bias to its advantage, 

to adjust therapeutic efficiency by blocking the harmful side effects while improving the positive [44].   
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1. Introduction 

As mentioned in chapter 1, it appears that the control or modulation of complex multidimen-

sional processes, such as aging and disorders, can be achieved by the presence of higher-order net-

work controlling factors termed ‘keystones’ or ‘hubs’. Traditional therapeutic development has fo-

cused upon the identification and targeting of single molecular targets, e.g. amyloid beta peptide for 

Alzheimer’s disease (AD). Unfortunately such models have been shown to be largely ineffective when 

complex multi-tissue responses, i.e. cognition and memory, are measured even despite effective mod-

ulation of amyloid beta levels [1]. Using bioinformatic pipelines, GIT2 was identified as a keystone 

protein in the aging process in 2012 [2]. In chapter 1, we have further elucidated the role of this scaf-

folding protein in the aging process, and already indicated that in order to employ GIT2 to our ad-

vantage, we potentially need to identify a GPCR which shows a direct expressional and function con-

nection to GIT2. Through our research one such protein has come to our attention, Relaxin family 

peptide 3 receptor (RXFP3). However, as this receptor has only recently been de-orphanized, there is 

not a lot known about this protein in the aging context. As such we used quantitative proteomics and 

interactomics in order to be able to further understand the connection between RXFP3 and GIT2. In 

this chapter, we will reveal the tools explored and used for the bioinformatics analysis in this disser-

tation. We will discuss the used bioinformatic tools in a general manner, discuss the principles, their 

applications, and the advantages and disadvantages. The settings used, can vary between the different 

datasets, as such this will be specified in the following chapters where necessary. 

2. Different protein sets require a different initial approach 

Protein datasets were acquired using two methods i) quantitative proteomics, either unla-

beled (for eventual label-free quantification using MaxQUANT) or after iTRAQ (isobaric tag labelling 

for relative and absolute quantification) labelling of peptides (Fig. 3.1A), and ii) quantitative interac-

tomics after SILAC (stable isotope labeling of amino acids in cell culture) labelling of proteins (Fig. 

3.1B).  

2.1 Quantitative proteomics 

Protein extracts were generated using specific lysis buffers according to the experiment. To 

generate differential cell fraction protein extracts, cells were first washed as monolayers with ice-cold 

PBS and then subjected to a detergent dependent fractionation process using a Q proteome extraction 

kit (Qiagen) according to the manufacturers’ instructions. Before eventual analytical use, protein 

quantification of generated cellular lysates was performed using a standard colorimetric protein assay, 

i.e. the Bio-Rad RC DCTM assay (Bio-Rad). The protein concentrations were assessed a second time 
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after trichloroacetic acid (TCA) precipitation overnight at 4°C using 1/3 volume of TCA, to ensure cor-

rect protein levels. For each sample 100 µg of protein was reduced using 5 mM Tris-2-(carboxyethyl)-

phosphine hydrochloride solution (TCEP; Pierce Biotechnology) and cysteine blocking was performed 

with 2 mM methyl methanethiosulphonate (MMTS) solution (Sigma-Aldrich). Each sample containing 

100 μg proteins, was digested using 10 μg trypsin (Promega) at 37°C overnight. Samples were then 

labelled using iTRAQ reagents (ABSciex) before being pooled into one mixture. To improve LC-MS/MS 

proteome coverage, samples were subjected to a 2D-LC fractionation system (Dionex ULTIMATE 3000, 

ThermoScientific, Waltham, MA, USA). The mixed peptides were first fractionated on a strong cationic 

exchange chromatography (SCX) polysulfoethyl aspartamide column (1 × 150 mm, (Dionex)) and sec-

ondly separated on a nano-LC c18 column (200 Å, 2 μm, 75 μm × 25 cm (Dionex)). The nano-LC was 

coupled online to a Q Exactive™-Plus Orbitrap (ThermoScientific) mass spectrometer. The nano-LC 

eluents were infused to the Orbitrap mass spectrometer with a capillary at 1.7 KV on a nanoelec-

trospray ionization (nano-ESI) source at a flow rate of 300 nL/min. Data-dependent acquisition in pos-

itive ion mode was performed for a selected mass range of 350–1800 m/z at MS1 level (140,000 res-

olution) and MS2 level (17,500 resolution). The list of identified proteins containing iTRAQ ratios of 

expression levels over control samples was then generated. 

We employed the quantitative mass spectrometric identification of extracted proteins unla-

beled or labelled with iTRAQ 8-plex, which employs isobaric tags to peptides at the N-termini and the 

lysine side chains. The advantage of using iTRAQ labelling is to eliminate the run-to-run variability in 

protein identification that can be seen with unlabeled mass spectrometry (MS). On the other hand, 

the iTRAQ labels are very expensive and require a large amount of protein to be used (100 μg), while 

only 1.5 μg is required using unlabeled MS. MS-based identification and quantification of iTRAQ-la-

belled proteins is achieved by simultaneous ratiometric measurement of eight differentially-labeled 

states, within a single combined sample from all states. The raw data was analyzed using Thermo 

Fisher Proteome Discoverer 2.1, the software is connected to a Sequest HT search engine (Thermo 

Fisher Scientific) using UNIPROT/SWISSPROT annotated database, with a false discovery rate (FDR) at 

less than 1%. For the label-free quantification, however, MaxQuant was used. Each protein was as-

signed a confidence score (0% to 100%) based on the confidence scores of its constituent peptides 

identified by unique spectral patterns. The following modification setting are applied, permanent 

changes: thiomethyl, transient changes: phosphorylation, acetylation, and oxidation. Proteins were 

only identified from the recovery and measurement of one peptide (from MS2) that is identified with 

a 99% confidence. Each tagged-protein also received quantitative scores corresponding to one of the 

eight iTRAQ tags to calculate the relative expression levels. The relative  
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Figure 3.1: Quantitative proteomics and interactomics. In this project we made use of two methods of proteomics. A) Quan-

titative proteomics after iTRAQ (isobaric tag for relative and absolute quantification). Using this method, we are able to ana-

lyze up to 8 samples in one run, as such removing the run-to-run variability that occurs with unlabeled mass spectrometry. 

After digestion using trypsin, peptides are labeled with the iTRAQ® isobaric tags (ThermoFisher), and then mixed equally. 

Thanks to balancer groups, peptides from each sample will have an identical m/z (mass to charge ratio) in MS1, and as such 

the expression of the peptide is analyzed in each sample simultaneously in MS2. In MS2 the balancer group is cleaved off, and 

quantification and identification can occur. B) In SILAC (Stable isotope labeling of amino acids in cells), as the name suggests, 

the proteins are labeled in cell culture thanks to isotopically labeled cell medium. To avoid mistakenly counting heavy labeled 

protein with unlabeled (light) proteins, we used ‘Medium’ (L-lysine-U-13C6 (K6), L-arginine-U-13C6 (R6)) and ‘Heavy’ (L-lysine-

U-13C6-15N2 (K8), L-arginine-U-13C6-15N4 (R10)) labeling. After co-immunoprecipitation samples will be mixed equally and 

then digested with trypsin. For SILAC, quantification is performed in MS1, after which the peptide sequences are identified in 

MS2. C) The data obtained after iTRAQ-based proteomics, is normalized using a log2 transformation, after which we select 

the proteins with expression levels ± 2 S.D. from the mean, thus selecting the proteins which are significantly affected com-

pared to a control condition. 
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expression levels of proteins in different samples were compared to controls. The ratiometric proteo-

mic data was then processed and normalized by performing a log2 transformation on the signal ratio’s 

retrieved from the MS [3] (Fig. 3.1C). Only proteins demonstrating expression variations outside plus 

or minus 2 standard deviations (95% confidence limits) from mean protein expression levels (based 

on normalized background analysis) were used for further analysis (Fig. 3.1C). Data acquisition was 

performed using a ThermoScientific Q-Exactive Plus Mass Spectrometer. 

2.2 Interactomics 

For interactomics, cells were extracted with a low detergent lysis buffer. Prior to lysis, cells 

were washed three times with ice-cold PBS and scraped from dishes in the presence of RIPA (150mM 

NaCl, 50mM Tris, 0.5% Sodium deoxycholate, 1% NP-40) 0.1% SDS (sodium dodecyl sulphate) supple-

mented with phosphatase Inhibitor Cocktail (PhosSTOP, Roche Diagnostics) and protease inhibitor 

cocktail (complete mini, Roche Diagnostics). Protein-based interactomes were isolated by immuno-

precipitation using anti-HA or –Flag-bound beads (Sigma-Aldrich) after protein labeling using SILAC. 

Equal amounts of proteins from ‘medium’ (L-lysine-U-13C6 (K6), L-arginine-U-13C6 (R6)) and ‘heavy’ (L-

lysine-U-13C6-15N2 (K8), L-arginine-U-13C6-15N4 (R10)) conditions were mixed to prepare the SILAC mix. 

Interactome-based proteomic analyses were performed using a ThermoScientific Tribrid-Fusion-ETD 

Mass Spectrometer. Digested peptides from each SILAC-labelled sample were separated on a nano-LC 

c18 column (200 Å, 2 μm, 75 μm × 25 cm (Dionex)). The nano-LC was coupled online to a Tribrid-

Fusion-ETD (ThermoScientific) mass spectrometer. The nano-LC eluents were infused to the Orbitrap 

mass spectrometer with a capillary at 1.7 KV on a nano-electrospray ionization (nano-ESI) source at a 

flow rate of 300 nL/min. Data-dependent acquisition in positive ion mode was performed for a se-

lected mass range of 350–1800 m/z at MS1 level (140,000 resolution) and MS2 level (17,500 resolu-

tion).  

The raw data was analyzed as mentioned above using Thermo Fisher Proteome Discoverer 

2.1, connected to a Sequest HT search engine (Thermo Fisher Scientific) using UNIPROT/SWISSPROT 

annotated database. The same confidence scoring assignment was performed based on the confi-

dence scores of its constituent peptides based on unique spectral patterns and only proteins identified 

from the recovery and measurement of one peptide (from MS2) that is identified with a 99% confi-

dence. However, instead of using a Log2 transformation however, here we use the ratio of interacting 

protein ‘expression’ between the control (pcDNA3.1+ empty vector (E.V.)) and the samples (interac-

tome of protein of interest, i.e. RXFP3 or GIT2). For further analysis, we selected the proteins with a 

ratio above 1.5, which means that  
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only proteins which bind to the protein of interest 1.5 times more than to the control are considered 

to bind significantly. 

3. Bioinformatic analysis 

For all proteomic experiments, we performed 3 biological replicates, and then selected the 

proteins which were common in at least 2 out of 3 replicates, which we used for further analyses. 

Examples of how I analyzed the obtained data from quantitative proteomics and interactomics are 

shown in the flowcharts in Fig. 3.2 and 3.3 respectively. 

3.1 Venn diagram separation of multiple dataset analysis 

The protein lists, whether it being from quantitative proteomics, or interactomics, were first 

processed using multiple forms of Venn diagram separation. Dependent on the number of dataset, 

the required output, and visualization of the dataset, different Venn diagram applications can be used. 

In this paragraph I will discuss four options, i) VennPlex (www.nia.nih.gov/research/re-

source/vennplex) [4], ii) VENNTURE (www.nia.nih.gov/research/resource/vennture) [5], iii) Interac-

tiVenn (http://www.interactivenn.net/) [6], and iv) VENNY (https://bioin-

fogp.cnb.csic.es/tools/venny/) [7], all of which are freely available.  

When comparing up to 4 datasets, it possible to use Vennplex or VENNY. The difference be-

tween these two programs lies in their output. Vennplex is a program that allows the isolation of the 

diverse numerical interactions among high-complexity datasets. These data can be easily exported 

into a spreadsheet. This program is able to facilitate the analysis of two to four gene sets and their 

Figure 3.2: Flowchart of the quantitative proteome Bioinformatic pipeline. For the bioinformatics analysis of quantitative prote-

omics data, we used of the different receptorsomes of RXFP3 obtained through our constellation experiment as an example. We 

have used the following investigative techniques organized in a flowchart. A) First, we isolated the proteins unique to each over-

expression level of RXFP3 (0.5 µg, Red; 1 µg, yellow; 2 µg, green; 5 µg, blue; 10 µg, purple), and analyzed each level individually 

using the PPI-hub function of Enrichr. As such we performed a protein-protein interaction pattern analysis of the constellation 

perturbagens, where we focused specifically on DNA damage response (DDR) proteins in order to investigate which overexpression 

level shows the clearest relationship to DNA damage repair. B) Next, we used latent semantic indexing to create a theoretical 

dataset for ‘GIT2 signaling’ (760 proteins, yellow), by overlapping the genes extracted from GeneIndexer significantly correlated to 

interrogator terms related to ‘Cell Signaling’ (3381 proteins, Red) and ‘GIT2’ (3339 proteins, green). This theoretical GIT2 signaling 

dataset was then compared to the different overexpression levels of RXFP3, where we found that the 5 µg dataset was the most 

reminiscent of GIT2 signaling. To further interrogate the role of this 5 µg dataset, we compared the full datasets of 5 µg and 0.5 

µg overexpression with C) Gene Ontology, which allowed us to extract the significantly associated molecular functions, associated 

with the dataset, and D) latent sematic indexing tool Textrous! which allows us to extract the words and noun-phrases significantly 

associated to the entire gene list of each dataset. These words and noun-phrases were then organized in a word cloud which 

correlates word frequency with word size and writewords, which allows us to identify the most re-occurring phrases. 
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corresponding expression values in a user-friendly manner [4]. Unfortunately, Vennplex is relatively 

primitive, and time consuming. If, however, the corresponding expression values are not of import 

VENNY can be used, which is easy to use and allows styling of the visual output in a simplistic manner. 

Regrettably, the dataset cannot be exported into a spreadsheet as is possible for Vennplex.  

When more up to 6 datasets need comparison VENNTURE and InteractiVenn can be used. 

VENNTURE is a novel C++-based Venn diagram-generating application that can accommodate the in-

put of up to 6 distinct data sets from a standard Excel spreadsheet. The Venn segment contents can 

either be viewed in the VENNTURE Venn diagram image itself or they can be exported to an annotated 

Excel spreadsheet. These diagrams allowed us to differentiate between the different conditions, and 

establish the significant protein lists further used. InteractiVenn is a more flexible tool, and allows you 

to modulate your visual output to your preferences, changing colors but you can also extract the dia-

gram as a scalable vector graphics file, allowing you to edit the text and shape. In addition, the output 

can be exported as a text file. 

My personal preference goes to Vennplex or InteractiVenn dependent on the need for the 

corresponding expression values. However, I find Vennplex extraction rather time consuming and 

primitive, so an update would be pleasant. 

3.2 Functional enrichment annotation of primary proteomic data 

To generate a higher-order functional interpretation of the proteomic and interactomic data 

we applied multiple forms of pathway and ontology-based annotation, such as Gene Ontology (GO: 

www.geneontology.org/) enrichment, canonical signaling pathway analysis (including both metabolic 

and cell signaling modules) with Ingenuity Pathway Analysis (IPA: www.ingenuity.com), KEGG (Kyoto 

Encyclopedia of Genes and Genomes: www.genome.jp/kegg) pathway enrichment analysis. 

For enrichment probabilities a standard hypergeometric test of significance is applied via 

WebGestalt: in our current workflows we applied the standard of accepted significant probability at p 

≤ 0.05. For each of these analytical workflows we also employed a cut-off of at least two significantly-

regulated transcripts (from the original filtered/analysis of variance gene set) needing to be present 

within the specific pathway/ontology term to fully populate a particular GO term group, or KEGG or 

canonical signaling pathway (IPA). IPA canonical signaling pathway additionally allows the inclusion of 

numerical z ratio qualifiers  



Chapter 3  INTRODUCTION 

82 
 

 



The use of bioinformatic pipelines in the discovery and analysis of proteomic datasets 

83 
 

for each transcript, allowing the generation of potential pathway ‘activation’ z-scores, which makes a 

prediction about the potential modulation of the specific enriched pathway using a cumulative score 

analysis of the different populating transcripts. The relative profundity of the GO term or KEGG path-

way population was measured as described previously using a ‘hybrid score’ [8]. Briefly, hybrid scores 

were calculated by multiplication of the negative log10 of the enrichment probability with the enrich-

ment ratio.  

GO can significantly facilitate high-dimensionality data analysis by supplying a large amount 

of structured information. This freely-available platform allows analysis by comparison of the func-

tional annotations of distinct gene sets. Both an advantage and a weakness of GO is its simplicity. It is 

easy enough to use without profound understanding of its structure, hence it is important to thor-

oughly understand the pitfalls and biases that can be present.  Due to the inherent heterogeneity of 

GO data, largely caused by the heterogeneity of the underlying knowledge itself, can introduce con-

siderable biases. While GO is very useful, it is still only a representation of the current state of 

knowledge, thus subject to change and incomplete, which is also something that needs to be taken 

into account. KEGG is, as its name would suggest, an encyclopedia of genes and genomes, allowing 

the allocation of functional meanings to genes and genomes at the molecular and higher levels. These 

higher level functions are embodied by networks of molecular interactions, reactions and relations. 

One of the disadvantages of this platform is that you may see a pathway as overexpressed even though 

only downregulated proteins were observed. IPA provides potent algorithms which allow scientists to 

Figure 3.3: Flowchart of the interactome Bioinformatic pipeline. As an example for the analysis of interactomic dataset we used the 

interactome of RXFP3 in three different conditions; A) i) Control (Red, 47 proteins), ii) Oxidative stress (Ox stress, Green; 145 proteins), 

and iii) DNA damage (Blue, 193 protein). Initially, we started the interactome analysis by isolating the unique proteins to each condi-

tion, and analyzing them with textrous, word clouds and write words, similar to what we have described in Figure S2D. B) For further 

analysis we also created a ‘stress’ dataset (turquoise) where we have combined the oxidative stress and DNA damage interactomes. 

C) The network analyst platform was used to assess the potential of these proteins to create a dynamic physical network. In order to 

do so, we employed both non-tissue specific (generic) and hypothalamic-specific datasets, to generate interaction networks for both 

KEGG pathway enrichment (grey arrow) and Gene Ontology (GO; white arrow). These datasets we then overlapped with our experi-

mentally generated RXFP3 interactome after DNA damage and Oxidative stress. D) We then performed a comparative interactome 

analysis, by investigating the overlap of the interacting proteins of several DNA damage-related (PRKDC, H2AFX, MDC1, TP53, 

BRCA1), and oxidative stress-related (G3BP1, SIRT1, SOD1) proteins, with our control and ‘stress’ interactome dataset (as described 

in B). As a control for the specificity of the overlap, we also extracted the interacting proteins of several proteins which are unrelated 

to DNA damage response and oxidative stress (other; CNTRL, CRP, LONP2). E) to further elaborate a role for RXFP3 in aging, we 

compared our datasets (Control and Stress) to several aging related disease signatures extracted from GEN3VA, to establish the 

specificity of this overlap we also used several control signatures such as aortic aneurysm, which are not age-related. F) Lastly, we 

used latent semantic indexing tool GeneIndexer to interrogate our control and stress dataset with age-related (Aging) and –unrelated 

terms (Non-Aging). GeneIndexer associates our dataset with these interrogation terms and expresses significance with a cosine sim-

ilarity score.  
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gain insight into the biological context of their expression analysis results. One of the biggest disad-

vantages of this platform is its price. Unlike the other platforms discussed in this section, IPA is only 

available with a yearly license.  

Pathway analysis itself has become the first for many scientists for gaining insight into the 

biological context of their datasets, by reducing complexity. In this paragraph, I have only discussed 

three platforms, but there are many more available, such as wikipathways (www.wikipathways.org/in-

dex.php/WikiPathways), Reactome (https://reactome.org/), DAVID (https://david.ncifcrf.gov/) and 

iPathway-Guide (https://advaitabio.com/ipathwayguide/). I suggest using at least three different 

pathway analysis platforms to ascertain the significance of your results. In addition, as I have and will 

discuss further in this dissertation, proteins do not appear to be organized into pathways, but into 

complex networks. As such using these types of analyses alone, may not give a profound enough un-

derstanding of the datasets. As such, we always use pathway analysis in addition to several of the 

platforms described in the following sections.  

3.3 Protein interaction network analyses 

 As it has become apparent that proteins do not function as singular entities, but perform their 

functions through protein-protein interaction and complex formation. In this section we will discuss 

two platforms we have employed to investigation protein-protein interactions and protein networks. 

The first is STRING version 11.0 (http://string-db.org/). STRING generates predicted patterns of pro-

tein–protein interactions between input factors, either as individual proteins (using Official Gene Sym-

bols) or as a batch of proteins, employing a curated database of known and predicted protein–protein 

interactions, including direct (physical) and indirect (functional) associations. The protein–protein as-

sociations are drawn from four source domains: ‘Genomic Context’; ‘High-throughput Experiments’; 

‘Conserved Co-expression’ data; ‘Previous Knowledge’, from which STRING quantitatively integrates 

the interaction data for a large number of organisms, and transfers information between these organ-

isms where applicable. From the last reported update, the STRING database currently covers over 24.5 

x 106 proteins from over five thousand organisms. For most of our analysis the specific species was set 

as Homo Sapiens to ensure the greatest degree of network coverage. In addition to the species set-

tings, the ‘highest confidence’ level (0.9) of network integrity was used. STRING enables the observa-

tion of evidence-based, confidence-based and action-based networks, using the same set of input 

data. Here we employed the most informative network, i.e. the evidence-based network. STRING ev-

idence-based networks display forms of protein–protein interaction based on the following forms of 

empirical or informatic evidence: (genetic) Neighborhood; Gene Fusion; Co-occurrence; Co-expres-

sion; (empirical) Experiments; (curated) Databases; Textmining. We selected the most relevant forms 
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for our research, i.e. Experiments, and co-expression. STRING version 11.0 allows the generation of 

protein–protein interaction enrichment (with probability scoring), within the input dataset compared 

to the species-specific whole genome background dataset. In addition to the predicted level of pro-

tein–protein enrichment, generated by STRING, we also mathematically calculated the number of pro-

tein–protein interactions (numbers of evidence-based scores) per input transcript in the network, as 

well as the actual number of evidence-based scores for each protein in the network. 

In order to obtain molecular signatures specific for biological processes and disorders, meta-

analysis of datasets has been employed. NetworkAnalyst (www.networkanalyst.ca) is designed to pro-

vide the complex meta-analyses of gene/protein expression data through a freely-available web inter-

face. This comprehensive web-based tool couples well-established statistical procedures with state-

of-the-art data visualization, as such allowing an easily navigable large complex gene/protein expres-

sion data set to determine important patterns, function, and connections [9, 10], thus leading to the 

generation of new biological hypotheses. NetworkAnalyst is designed to be accessible to biologists 

rather than to specialist bioinformaticians. The complete protocol can be executed in ∼1.5 h. Com-

pared with other similar web-based tools, NetworkAnalyst offers a unique visual analytics experience 

that enables data analysis within the context of protein-protein interaction networks, heatmaps or 

chord diagrams. All of these analysis methods provide the user with supporting statistical and func-

tional evidence. 

3.4 Theoretical dataset creation and disease signature extraction 

In the absence of extensive and comprehensive high-dimensionality datasets that empirically 

explain the qualitative nature of selective GPCR signaling pathways, we have created unbiased theo-

retical signal-selective datasets to compare our empirical datasets with. Several platforms were used 

to this end: GeneIndexer (https://geneindexer.com/), GLAD4U (http://glad4u.zhang-lab.org), GEN3VA 

(http://amp.pharm.mssm.edu/gen3va/), and BioGRID (https://thebiogrid.org). 

GeneIndexer can employ biomedical text-based latent semantic indexing (LSI) to generate 

protein lists bearing at least an implied association (cosine similarity > 0.1) with interrogation terms 

(preferably using multiple synonyms to enhance correlated protein data efficiency) associated with 

our research, such as aging vs. non-aging related terms, or G protein vs. GIT2-dependent signaling. 

These theoretical datasets were created using GeneIndexer whole-genome interrogation. For exam-

ple, when investigating the potential bias of different ligands towards G protein, β-arrestin or GIT2-

dependent signaling, we produced specific G protein, β-arrestin, and GIT2-related lists. We created a 

list of interrogation terms (preferably between 10 and 20 terms) related specifically to each of these 

downstream effectors, e.g. for GIT2 the following terms were used: ‘GIT, GIT-2, CAT-2, CAT2, Cat2, 
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Cat-2, Git2, Git-2, ARF GAP GIT2, CAT 2, Cool-interacting tyrosine phosphorylated protein 2, Cool-in-

teracting protein 2, and Cool interacting tyrosine phosphorylated protein 2’. A second dataset was then 

created using interrogation terms related to cellular signaling with: ‘signaling, cell signaling, cellular 

signaling, signal transduction, intermediary cell metabolism, signalling, cell signalling, and cellular sig-

nalling’. The genesets related to these two interrogation sets, i.e. GIT2 and Cellular signaling, were 

then compared, and the intersecting genes were isolated, which represent ‘GIT2 signaling’. These da-

tasets, created in a simple, un-biased manner, we then employed to identify the potential degree of 

similarity of these theoretical signaling datasets with our empirically-generated high-dimensionality 

proteomic datasets. While GeneIndexer is a very useful tool, it is unfortunately not freely available 

and rather expensive to use. But the following program can be a free alternative. 

GLAD4U, freely available from the Vanderbilt University, department of Biomedical Informat-

ics, was also used to create theoretical datasets. This program relies on the National Center for Bio-

technology Information (NCBI)’s Pubmed data to generate this data, but is less extensive than Gene-

Indexer. In this dissertation the options were set to default, where the significance threshold was set 

to 0.01, 100 genes per page, 10 supporting publications per gene, 5-page links per page [11]. Through 

GLAD4U we were able to extract a list of genes related to diseases of interest, molecular functions, 

processes and proteins, allowing the answer to questions such as “Which genes are related to cell 

senescence?” and the subsequent “How many of these are found in our datasets?”. GLAD4U has the 

ability to do what GeneIndexer does, but at a lower capacity. 

Next, we used GEN3VA (GENE Expression and Enrichment Vector Analyzer), which is based on 

GEO (gene expression omnibus; www.ncbi.nlm.nih.gov/geo/). GEN3VA is a web-based system ena-

bling the integrative analysis of amassed collections of gene expression signatures identified and ex-

tracted from GEO [12]. GEN3VA can be used to identify, aggregate, and analyze themed collections of 

gene expression signatures from diverse studies, allowing us to extract specific disease signatures, 

which we can compare to our own data. Unfortunately, the number of signatures is limited so you 

have to be lucky to find a disease of interest. An interesting part of this program is that these signa-

tures do not only show the proteins/genes involved in this process but also whether these are up- or 

downregulated. 

The last platform I mentioned in this context is BioGRID, an interaction repository. The current 

index is version 3.5.179 and searches 71,178 publications for 1,753,686 protein and genetic interac-

tions from major model organism species. The data is freely available for download in standardized 

formats and provided via a search index. We used this tool to extract the interacting proteins of DNA 
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damage and oxidative stress response proteins, to assess involvement of our own acquired interac-

tomes in these processes. While BioGRID is considered the most extensive storage of interaction data, 

there are several others that can be used, such as the aforementioned STRING, but also InterAction® 

(www.interaction.com), MINT (Molecular INTeraction database; https://mint.bio.uniroma2.it/), and 

Corum (https://mips.helmholtz-muenchen.de/corum/). By combining all these databases you will 

most likely get the reliable dataset. 

3.5 Metadata extraction and crowdsourced curation and investigation 

The effective exploitation of existing, yet relatively cryptic high dimensionality data reposito-

ries has been augmented through the use of intelligent, user-based functional clustering of publicly 

available metadata. These data depositories are now becoming routine, e.g. GEO, Human Genome 

(www.genome.gov/) and Human Proteome (https://hupo.org/human-proteome-project) Organiza-

tions, Human Cell Atlas (www.humancellatlas.org/), Broad Institute Connectivity Map (cmap) 

(www.broadinstitute.org/connectivity-map-cmap), Allen Institute (https://alleninstitute.org/), as well 

as the diverse forms of data associated with the LINCS program (www.lincsproject.org/). Many of 

these data repositories are now in the process of developing and refining advanced informatic plat-

forms specifically tailored to assist biomedical scientists in accessing and efficiently analyzing the 

highly complex material contained within. 

The GEO, based at NCBI, represents a crucial data repository of validated transcriptomic data. 

In addition to standard search options available at GEO, the introduction of alternative search mech-

anisms including GEOBLAST and GEO2R have significantly improved advanced functional data retrieval 

[13]. In addition, multiple external GEO-using platforms are now commonly in use such as GEO2Enri-

chr, GEN3VA and shinyGEO [12, 14, 15]. As the GEO database is constantly growing alternative data, 

clustering/structuring strategies have been developed to continually exploit and interrogate this rich 

resource. Demonstrating the utility of curated expression data-driven approaches Zador et al.  (2018) 

employed GEO, cmap and the LINCS1000 signature database to discover novel therapeutic repurpos-

ing functionalities for central nervous system antineoplastic interventions. Specific GEO dataset ex-

traction procedures have also demonstrated the ability to facilitate novel receptor target identifica-

tion as well. For example, Wu et al. (2018) were able to identify the G protein-coupled receptor Gpr125 

as a potent controller of the beneficial prognostic outcomes of patients presenting with colorectal 

cancer [16]. In addition to the identification of anti-neoplastic interventions, large-scale computa-

tional biology initiatives using GEO interrogation have also shown promise in prioritizing novel GPCR-

targeting therapeutic agents, e.g. glucagon like peptide 2, RLN3 and follicle stimulating hormone sub-

unit beta, for the effective treatment of diabetes-associated retinopathy [17]. 



Chapter 3  INTRODUCTION 

88 
 

3.6 Natural language processing informatics 

In addition to our application of the LSI-based GeneIndexer theoretical dataset creation, we 

can use this program to apply additional informatic mechanisms based upon scientific natural lan-

guage processing (NLP) algorithms to our high-dimensionality data. By investigating our own dataset, 

with selected interrogation terms such as aging-related and unrelated terms, we can compare the 

cosine similarity scores, to assess the involvement of our dataset.  

To provide a gene/protein-to-word biomedical semantic correlation, inverse to that gener-

ated using GeneIndexer, we used our own NLP-based platform Textrous! [18] (http://tex-

trous.irp.nia.nih.gov/). Textrous! was specifically developed as an advanced rational web-based 

framework for the extraction of biomedical semantic meaning from a given input data set of arbitrary 

length. This platform simultaneously applies multiple NLP techniques including LSI, sentence splitting, 

word tokenization, parts-of-speech tagging, and noun-phrase chunking, to mine MEDLINE abstracts 

(www.nlm.nih.gov/bsd/pmresources), PubMed Central articles (www.ncbi.nlm.nih.gov/pmc/), arti-

cles from the Online Mendelian Inheritance in Man (OMIM: www.omim.org/), and Mammalian Phe-

notype annotation obtained from Jackson Laboratories (www.informatics.jax.org/phenNo-

types.shtml). Textrous! has the ability to generate meaningful output data, including both scientifi-

cally-relevant nouns as well as extended noun-phrases associated with these nouns, with even very 

small input datasets. In addition, Textrous! generates both collective and individual text extraction for 

the selecting, ranking, clustering, and visualization of English words obtained from the user data. 

Therefore, Textrous! is able to facilitate the output of quantitatively significant and easily appreciable 

semantic words and phrases linked to both individual gene/protein and batch genomic/proteomic 

data. Using these multiple NLP-based processors we could generate a more nuanced de novo inter-

pretation of our high-dimensionality data, i.e. derived from proteomics, and interactomics. 

Complex wordclouds were generated, using Wordcloud (www.wordclouds.com/), Jason Da-

vies wordclouds generator (www.jasondavies.com/wordcloud/) from Textrous! collective and/or in-

dividual processing outputs, including both nouns and associated noun-phrases. To create the input 

word sets for these clouds extracted noun-phrases were broken back down to individual words and 

then added to the original output nouns. These large semantically-associated word lists were then 

used as the direct input for Wordle-based cloud generation. Wordle-based clouds demonstrate the 

relative word frequencies from the input data by representing high occurrence frequencies with in-

creased font size. Eventual word frequency scores were assessed from the input list using the online 

WriteWords (www.writewords.org.uk/word_count.asp) application. Furthermore, we were able to 

get an additional appreciation of our dataset using the Phrase Frequency counter application of write 
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words (www.writewords.org.uk/phrase_count.asp). This extra application gives us the top phrases 

found in our dataset, thus giving us another in-depth appreciation of our dataset. 

5. Conclusion 

The bioinformatic tools discussed in this chapter, each have their own advantages and disad-

vantages. Using only one tool, would give only a fraction of the total puzzle. The best results can be 

achieved, by combining several of the described tools however, we can balance out the disadvantages 

and support the bioinformatic findings. While bioinformatics is advancing tremendously, it is still im-

portant to further support your data with additional experimentation. However, the analysis using the 

aforementioned platforms can elucidate in which direction you need to start your investigation 
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6. Bioinformatic tools used 

Allen Institute: https://alleninstitute.org  

Broad Institute Connectivity Map (cmap): www.broadinstitute.org/connectivity-map-cmap  

Computable Genomix: https://computablegenomix.com/geneindexer  

GENE Expression and Enrichment Vector Analyzer: http://amp.pharm.mssm.edu/gen3va/  

Gene expression omnibus: www.ncbi.nlm.nih.gov/geo/   

Gene Ontology: www.geneontology.org  

GLAD4U: http://glad4u.zhang-lab.org    

Human Cell Atlas: www.humancellatlas.org/  

Human Genome: www.genome.gov/  

Human Proteome: https://hupo.org/human-proteome-project  

Interactomic data at BioGrid: https://thebiogrid.org  

Kyoto Encyclopedia of Genes and Genomes: www.genome.jp/kegg  

LINCS program: www.lincsproject.org  

Mammalian Phenotype Jackson Laboratories: www.informatics.jax.org/phenNotypes.shtml  

MEDLINE abstracts: www.nlm.nih.gov/bsd/pmresources  

NetworkAnalyst: https://www.networkanalyst.ca/ 

Online Mendelian Inheritance in Man: OMIM: www.omim.org/  

PubMed Central articles: www.ncbi.nlm.nih.gov/pmc/  

STRING version 11.0: http://string-db.org  

Textrous!: http://textrous.irp.nia.nih.gov/  

VennPlex: www.nia.nih.gov/research/resource/vennplex  

VENNTURE: www.nia.nih.gov/research/resource/vennture  

Wikipathways enrichment: www.wikipathways.org/index.php/WikiPathways  

Wordcloud: www.wordclouds.com/  

https://alleninstitute.org/
http://www.broadinstitute.org/connectivity-map-cmap
https://computablegenomix.com/geneindexer
http://amp.pharm.mssm.edu/gen3va/
http://www.ncbi.nlm.nih.gov/geo/
http://www.geneontology.org/
http://glad4u.zhang-lab.org/
http://www.humancellatlas.org/
http://www.genome.gov/
https://hupo.org/human-proteome-project
https://thebiogrid.org/
http://www.genome.jp/kegg
http://www.lincsproject.org/
http://www.informatics.jax.org/phenNotypes.shtml
http://www.nlm.nih.gov/bsd/pmresources
https://www.networkanalyst.ca/
http://www.omim.org/
http://www.ncbi.nlm.nih.gov/pmc/
http://string-db.org/
http://textrous.irp.nia.nih.gov/
http://www.nia.nih.gov/research/resource/vennplex
http://www.nia.nih.gov/research/resource/vennture
http://www.wikipathways.org/index.php/WikiPathways
http://www.wordclouds.com/
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WriteWords phrase frequency counter: www.writewords.org.uk/phrase_count.asp  

WriteWords word frequency counter: www.writewords.org.uk/word_count.asp  

  

http://www.writewords.org.uk/phrase_count.asp
http://www.writewords.org.uk/word_count.asp
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Abstract 

In most species, females live longer than males. An understanding of this female longevity advantage 

will likely uncover novel anti-aging therapeutic targets. Here we investigated the transcriptomic re-

sponses in the hypothalamus – a key organ for somatic aging control – to the introduction of a simple 

aging-related molecular perturbation, i.e. GIT2 heterozygosity. Our previous work has demonstrated 

that GIT2 acts as a network controller of aging. A similar number of both total (1079-female, 1006-

male) and gender-unique (577-female, 527-male) transcripts were significantly altered in response to 

GIT2 heterozygosity in early life-stage (2 month-old) mice. Despite a similar volume of transcriptomic 

disruption in females and males, a considerably stronger dataset coherency and functional annotation 

representation was observed for females. It was also evident that female mice possessed a greater 

resilience to pro-aging signaling pathways compared to males. Using a highly data-dependent natural 

language processing informatics pipeline, we identified novel functional data clusters that were con-

nected by a coherent group of multifunctional transcripts. From these it was clear that females priori-

tized metabolic activity preservation compared to males to mitigate this pro-aging perturbation. These 

findings were corroborated by somatic metabolism analyses of living animals, demonstrating the effi-

cacy of our new informatics pipeline.  
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1. Introduction 

For most forms of eukaryotic life females live longer than males [1]. Superior female longevity 

has been demonstrated for a tremendous array of organisms, e.g. prairie-dogs, lions, red deer, short-

finned pilot whales, domestic cats, domestic dogs, laboratory based mice and rats, multiple non-hu-

man primate species and humans [1-14]. Assessing longevity of wild, or even domesticated animals is 

fraught with uncontrollable variability in data collection. Monitoring of laboratory-based organisms 

has provided perhaps the most reliable lifespan data in regards to gender diversity: the most reliable 

studies to date have been conducted with both rats and mice. The NIH-National Institute on Aging 

Biomarkers program raised thousands of rats of two inbred strains (F344 and Brown Norway) and one 

F1 hybrid in both ad libitum-fed and food-restricted conditions, including two different diets and 

found, in all cases, females lived slightly longer than males [1]. The best controlled murine longevity 

data has come from the Interventions Testing Program (ITP) that evaluates compounds that can be 

administered in food or water for their ability to extend mouse longevity. The ITP employed genetically 

heterogeneous mice and performed all experiments at three coordinated sites simultaneously. Exam-

ining the median longevity of control mice from multiple cohorts at the three sites revealed remarkable 

data consistency: in all cohorts, at all sites, female mice lived longer than males [13]. 

While laboratory rodents provide excellently controlled data, the most biomedically relevant 

gender-specific longevity data pertains to humans. Across diverse world populations – including many 

different cultural and environmental confounders - there is a near unanimity of data supporting female 

longevity superiority. In 176 of the 178 countries, islands, and principalities for which the United Na-

tions currently keeps records, a female longevity advantage is evident (http://unstats.un.org/unsd/de-

mographic/products/dyb/dyb2014.htm). In addition to this global meta-data, the Human Mortality 

Database (http://www.mortality.org/), comprising male/female mortality data from 38 countries, 

demonstrates that female life expectancy at birth exceeds male life expectancy for every year of data 

stored [15]. Gender disparities of lifespan greatly facilitate the development of novel theories concern-

ing the complex aging process, however relatively few studies have been performed on this issue [1]. 

While multiple theories have been proposed for gender differences, many mechanistic hypotheses 

have focused on asymmetric inheritance of sex chromosomes, hormonal influences on inflammatory 

and immunological responses, differential resistance to oxidative damage, modified mitochondrial 

functionality and energy usage diversity. With regards to the later aspects, it has recently been shown 

that human female brains tend to demonstrate a more youthful metabolic functionality compared to 

their male counterparts [16]. 
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Aging is associated with an accumulation of molecular alterations, affecting nearly every tissue 

in the body. These alterations affect cell survival, genomic stability, gene expression, cellular replica-

tion, oxidative damage by reactive oxygen species (ROS) and protein expression/post-translational 

modification [17, 18]. The ability of the body to manage this stress (‘molecular resilience’) degrades at 

a systems-wide level with increasing age due to the degradation of the efficiency of energy-generating 

metabolic systems and global loss of signaling complexity [19-22]. Disturbances of the primary energy-

synthesizing system, i.e. mitochondrial oxidative phosphorylation, leads to ATP depletion and an in-

crease in the harmful effects of unregulated hyperglycemia [23-25]. Disruptions to oxidative phosphor-

ylation have been linked to aging through the generation of glucose resistance and changes in body 

fat composition [25]. Due to this incremental loss of metabolic integrity the body becomes more prone 

to pathophysiologies linked to energy insufficiency [26]. In complex physiological systems (central 

nervous or endocrine), these progressive changes are likely organized by inter-connected networks of 

functionally related proteins. Coordination of complex systems often relies on the presence of a small 

number of crucial factors possessing network-controlling functions as opposed to individual dedicated 

functions. At a biological level, such network controllers are analogous to the ‘loose connectors’ pro-

posed by Watts and Strogatz in their seminal work on communication in small-world networks [27]. 

Our previous work has demonstrated that multidimensional coordinating proteins such as GIT2 may 

act as keystone ‘master-controllers’ of aging networks [28]. Healthy aging relies on coordinated hor-

monal/neuronal communication between the central nervous system and the periphery [18, 28-30]. 

The hypothalamus is one of the most important structures mediating efficient interactions between 

energy balance and neurological systems. This crucial brain region regulates multiple metabolic path-

ways by synthesizing and secreting numerous neuro-hormones that regulate the secretion of trophic 

hormones from the anterior pituitary and helps maintain the fidelity of ‘neuro-metabolic’ network 

communication during the aging process [28, 31, 32]. 

An individual’s aging trajectory is a complex sum of multiple synergistic and interconnected 

molecular pathologies including mitochondrial dysfunction, alterations in metabolism and nutrient 

sensation, dysfunctions in DNA repair, chronic inflammation, attenuated stress responses and the ac-

cumulation of oxidative damage [18, 33, 34]. Given these widespread aging-related activities, it is not 

surprising that the interaction between these molecular disruptions appear to underpin nearly all 

forms of major human disease [35-39]. One of the most penetrant pro-aging perturbations is the in-

crease in oxidative damage linked to metabolic disruption. Prematurely elevated ROS levels lead to 

increased functional stress on DNA damage repair (DDRp) systems resulting in genomic frailty [18]. 

Reinforcing its role in aging, GIT2 has been shown to be highly sensitive to temporal aging and meta-

bolic stressors such as ROS [28, 40]. GIT2 was first identified as a multifunctional GPCR interacting 
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protein [41, 42], but has subsequently been shown to regulate aging via its ability to coordinate so-

matic responses to energy deficits, regulate DDRp activities, control immunosenescence and manage 

ROS-related stress [26, 28, 43]. Hence, GIT2 forms a link between age-related cellular damage and the 

maintenance of DNA repair/stability, a process crucial to successful and healthy aging [18, 26, 44]. In 

the DDRp paradigm GIT2 forms functional complexes with DDRp proteins such as MRE11, γ-H2AX and 

ATM and directly promotes DNA repair by facilitating the regulation and stabilization of repair proteins, 

such as BRCA1, through a PARP-linked process [44]. Several stress-associated GIT2-interacting DDRp 

proteins (ATM, BRCA1, p53) also play important roles in circadian clock regulation [45-49]. This cellular 

clock regulation plays an important role in the aging process, as it regulates chronological aging by 

conferring daily rhythmicity to physiological functions [50-53]. Thus an evolutionary synergy exists be-

tween clock genes and DDRp proteins [54]. Recent data has shown that genomic deletion of GIT2 af-

fects cellular functions related to the circadian rhythm, i.e. diurnal/nocturnal metabolic changes [26] 

and immune cell activity [39]. Hence, cellular clock mechanisms not only control the chronological ag-

ing of cellular tissue but also regulate DNA damage, telomeric stability and metabolic activities [55-57]. 

In this context GIT2 is linked to the insulinotropic control of energy metabolism and its age-related 

dysfunction. Genomic deletion of GIT2 results in a disruption of the beta cell mass, alpha cell involution 

as well as reduced plasma insulin levels and insulin resistance [26]. A significantly reduced respiratory 

exchange ratio (RER) was also observed at a relatively young age (4 months) indicating that a switch 

occurred, away from glucose towards adipose and then, potentially, protein to generate energy. 

Hence, the transition from ‘healthy’ to ‘pathological’ aging may correspond with a significant downshift 

in RER as nearly all the processes engendered by energy insufficiency result in pathological loops [26, 

58]. More recently GIT2 has also been associated with cellular senescence and the creation of pro-

inflammatory senescence-associated secretory phenotype (SASP: [39]). This study revealed an inter-

related group of GIT2-associated factors connected to senescent/DNA stability functionality [39], e.g. 

high mobility group (HMG) proteins [39, 44], which are stress-sensitive DNA-modulatory factors in-

volved in transcription/translation and DNA repair activities. HMG proteins also control GIT2 functions 

in DDRp responses, in addition to PARP activity modulation [44, 59]. HMGB2 is critically involved in 

regulatory mechanisms involved in DNA damage [60] and senescence control [61], further strengthen-

ing the relationship between GIT2 and cell senescence. 

In our current study we have specifically attempted to uncover potential GIT2-associated func-

tions that may underpin superior female longevity. We have identified at a very early life stage (2 

months old) distinctions in potential anti-aging protective behavior before the onset of any significant 

lifestyle-induced aging trajectory variations. This suggests a pre-programmed enhanced ‘training-like’ 

resilience in females compared to males. Hence, female mice demonstrate a reactive ability to modify 
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their hypothalamic status to nullify their experience of stressful perturbations, similar to a well-trained 

athlete compared to a non-trained subject. Our data suggests that there is an innate resilience distinc-

tion in females that is related to their ability to sense stress and modify both their metabolic function 

and circadian rhythms to ensure healthy aging. The comparison between male and female mice in this 

report is of great potential therapeutic importance as previously a gender-specific hypothalamic re-

sponse was seen to variations in dietary energy intake such as caloric restriction an intermittent fasting 

[62] that have been demonstrated to significantly attenuate the generation of age-related disease [35, 

63, 64]. We hypothesize that GIT2 may serve as a functional channel between cellular senescence, 

clock regulation and DNA damage, and thus could have the capability to powerfully modify the accu-

mulation of age-related cellular damage. Our data here suggests that GIT2 likely plays a crucial role in 

preparing an organism for the aging process in a gender-dependent manner. Our research indicates 

that the stress sensor functionality of GIT2 is more important in females compared to males and may 

indeed act as one of the key factors in controlling healthy aging trajectories. 

2. Materials and Methods 

2.1. Experimental Animal Models 

GIT2 gene-trap heterozygous mice (GIT2-HET) were originally obtained from Dr. Richard T. 

Premont (Duke University Medical Center, Durham, NC, USA) and genotyped by genomic PCRs as pre-

viously described [65]. PCR amplification was performed using standard protocols. Primers used to 

screen the GIT2-HET mice were as follows: forward primer 5′-TCTCCTGGAACTCAGGGATT, reverse pri-

mers (WT) 5′-CATTTCAGAGTCTGCTGCCTTA 1 and (HET) 5′-GGCTACCGGCTAAAACTTGA. WT (C57BL/6) 

and GIT2-HET mice were group-housed (genotypes were housed separately) in temperature-con-

trolled (22°C) and humidity-controlled (45%) rooms with a 12 hour (h) light–dark cycle with food and 

water available ad libitum. All experimental mouse models were fed using a standard control animal 

chow containing 19% protein, 64% carbohydrates, and 17% fat (diet #101845 from Dyets Inc., Bethle-

hem, PA, USA). Experiments were performed during the light phase of the light–dark cycle in accord-

ance with NIH guidelines. Animal care and experimental procedures followed NIH guidelines and were 

approved by the National Institute on Aging Animal Care and Use Committee (433-LCI-2015). 

2.2. Whole somatic metabolic and behavioral analyses 

Murine behavior and metabolic parameters were measured, over a 48 h period, using a Co-

lumbus Instruments Comprehensive Lab Animal Monitoring System (CLAMS). The CLAMS system was 

used to assess X, Z total activity (counts), O2 consumption (milliliter/kilogram/h), CO2 production (mil-

liliter/kilogram/h), total energy expenditure (TEE: kcal/h/kg), heat production (kcal/h) and RER 

(VCO2/VO2), as described previously with modifications [66-68]. Eight mice per group were single 
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housed for 48 h in the system. The mean weight of WT-control mice (male – 32.45 ± 0.68g; female – 

24.36 ± 0.44g) was slightly less but not significantly different from the GIT2-HET counterparts (male - 

37.06 ± 1.17g; female – 27.44 ± 0.99g). Statistical analysis was performed using a two-tailed Student’s 

t-test, and p ≤ 0.05 was considered statistically significant. 

2.3. Western Blotting 

Murine hypothalami were extracted through expert micro-dissection. Protein extraction was 

performed using the Qproteome® extraction kit (Qiagen, Valencia, CA USA) following the manufac-

turer’s instructions. Allowing extraction of the differential cellular compartments (cytoplasm, plasma 

membrane, nuclear/large organelle, and cytoskeleton). All protein extracts were quantified using BCA 

reagent (ThermoScientific, Rockford, IL, USA) and then normalized for each specific experiment before 

resolution with SDS-PAGE and semi-dry electrotransfer (Bio-Rad, Hercules, CA, USA) to PVDF mem-

branes (PerkinElmer Life Sciences; Waltham, MA, USA). Membranes were blocked using a 4% BSA for 

Western blot as described previously [69], and primary antibody immune-reactive complexes were 

identified using alkaline phosphatase-conjugated secondary antisera (Sigma-Aldrich, St. Louis, MO, 

USA) with enzyme-linked chemifluorescence (GE Healthcare) and visualized with a Typhoon 9410 phos-

phorimager (GE Healthcare). Proteins were identified using primary antisera at 1:1000 to 1:10 000 

dilution, followed by species-specific alkaline phosphatase-conjugated secondary antibodies (Sigma-

Aldrich, St. Louis, MO, USA) at 1:7000 dilution. Primary antibodies specific for vacuolar protein sorting-

associated protein 33A (Vps33a: Abcam ab88254), lysophospholipid acyltransferase 2 (Mboat2: Ther-

moFisher Scientific PA5-53238) and thioredoxin interacting protein (Txnip: Cell Signaling Technology 

mAb #14715) were obtained from the identified sources and employed according to the manufac-

turer’s instructions.  

2.4. RNA extraction and oligonucleotide microarray hybridization and analysis 

RNA isolation from three animals in each experimental genotype and gender group was carried 

out using the Qiagen RNeasy Mini Kit (Qiagen, Inc., Valencia, CA, USA), as described previously [70]. 

RNA conversion to cDNA and subsequent hybridization with Sentrix MouseRef-8 Expression BeadChips 

(Illumina, San Diego, CA, USA) was performed as described previously [40, 71]. Microarray data were 

analyzed using DIANE 6.09, a spreadsheet-based microarray analysis program based on the SAS JMP7.0 

system10. Raw microarray data were subjected to filtering and z-normalization and tested for signifi-

cant changes as described previously [40]. Initial filtering identified genes with a z-ratio of ≥ ± 1.50, 

with the z-ratio being derived from the difference between the averages of the observed gene z-scores 

divided by the standard deviation of all of the differences for that particular comparison. Genes were 

then refined by calculating the False Discovery Rate (FDR), which controls for the expected proportion 
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of falsely rejected hypotheses, and including only those genes with FDR<0.05. These data were further 

analyzed using analysis of variance with significance set at p<0.05. This allowed us to identify tran-

scripts that differed in their intensity across all of the animal replicates and the various experimental 

conditions of the mice employed in this study. 

2.5. Bioinformatic Analyses 

Microarray-derived gene transcript lists were initially separated into specific expression polar-

ity regulation groups using VennPlex venn diagram analysis [72] before Gene Ontology (GO; biological 

process) and signaling pathway/upstream analysis annotation using the ToppGene ToppFun annota-

tion suite (https://toppgene.cchmc.org/) and IPA respectively. Predicted protein interaction networks 

were derived using STRING (https://string-db.org/) and were subsequently interrogated for functional 

ramifications using Enrichr-based GO and Enrichr Library analysis (http://amp.pharm.mssm.edu/Enri-

chr/). Textrous!-based natural language processing [73], using both latent semantic indexing (LSI)-

based Collective and Individual processing modes, was employed to derive biomedically relevant Gene 

Symbol – noun-phrase associations for significantly-regulated transcriptomic datasets. For both GO 

and IPA Canonical Signaling Pathway (CSP) analysis, we employed a cutoff of at least two transcripts 

(from the original filtered/analysis of variance datasets) needing to be present to minimally populate 

a particular GO term group or canonical IPA pathway, with a probability (p) of enrichment value of ≤ 

0.05. LSI-based analysis was performed as described previously using Textrous! [26, 39, 73]. Textrous! 

as well as other LSI-based informatics platforms (e.g. GeneIndexer), correlate the strength of associa-

tion, [28, 40] between specific transcripts in a dataset with user-defined interrogation terms. Textrous! 

is able to investigate connections between input transcripts/proteins (using input Gene Symbols) and 

biomedical words and more syntactic noun-phrases using complete extracted data (in the form of cu-

rated gene-word documents) from PubMed Central (https://www.ncbi.nlm.nih.gov/pmc/), OMIM 

(Online Mendelian Inheritance in Man: https://www.omim.org/), and the Mammalian Phenotypes Da-

tabase at the Jackson Laboratories Mouse Genomic Informatics portal (http://www.informat-

ics.jax.org/vocab/mp_ontology). For Textrous!-based natural language processing, the possible LSI 

correlation scores (termed Cosine Similarity Scores) for a gene/protein to be associated with an input 

interrogation term range from 0 to 1, with the stronger correlation scores approaching 1. A correlation 

score of ≥0.1 indicates at least an implicit correlation, between the specific gene and the user-defined 

input interrogation term [74]. To generate more data-specific high-dimensionality data annotation for 

Textrous!-based text outputs, significant data wordclouds can be created from the Textrous!-based 

semantic noun and noun-phrase outputs using the web-based JasonDavies wordcloud generator 

(https://www.jasondavies.com/wordcloud/). The text size within the word clouds is directly propor-

tional to the input word frequency. Numerical analyses of word-phrase frequencies from Textrous!  
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noun-phrase wordcloud outputs were made using WriteWords (http://www.writewords.org.uk/) fre-

quency calculator [26]. The use of freeform quantitative wordclouds to convey complex non-canonical 

signaling-activity relationships is becoming more and more recognized as a novel technique to investi-

gate high-dimensionality data [75-77]. 

2.6. Statistical analyses 

In each histogram or figure, data represent the means ± SEM. Statistical analyses (Student’s t-

test) were performed using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA). 

Significance level is indicated in each figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 

3. Results 

3.1 GIT2 heterozygosity induces profound transcriptomic responses in female and male hypothalami 

Compared to WT counterparts both female and male GIT2-HET hypothalamic transcriptome 

datasets demonstrated a clear spatial separation, as well as a clear female-male principal component 

analysis-based distinction (Fig. 4.1A). In both male and female mice at 2 months of age there were 

numerous significant alterations in hypothalamic transcriptomic expression patterns, hence 1079 and 

1006 significantly altered mRNA transcripts were identified in female and male GIT2-HET mice, respec-

tively (Fig. 4.1B: Table S4.1-female; Table S4.2-male). Generating an average transcript z-ratio across 

these transcripts, it was clear that the degrees of transcript upregulation or downregulation (mean z-

ratios of all significant transcripts) between females and males were similar (Fig. 4.1C-upper panel). 

With respect to the degree of global expression alterations it was evident that despite a relatively 

similar total number of significantly altered transcripts between females and males (Fig. 4.1B, C) there 

Figure 4.1: Transcriptomic microarray analysis of male and female GIT2-HET mice compared to their relative wild type (WT) 

gender-specific controls. A) 3-dimensional Principal Component Analysis plot for triplicates of WT female hypothalamus 

(WHYF), WT male hypothalamus (WHYM), GIT2-HET female hypothalamus (GHYF) and GIT2-HET male hypothalamus (GHYM) 

transcriptomic data. B) Total number of up- and down-regulated transcripts (upregulated denoted in red, downregulated in 

green) in female and male GIT2-HET mice compared to WT controls. C) Comparison between female and male GIT2-HET tran-

script z-ratio scores. The upper panel indicates the average of the upregulated or downregulated z-ratios for female and male 

GIT2-HET animals. Lower panel demonstrates the total sums of upregulated or downregulated transcripts for female or male 

GIT2-HET mice. Individual z-ratio transcript profiles for Vps33a (D), Mboat2 (E) and Txnip (F) in female/male GIT2-HET. Selec-

tive western blot validation for male/female GIT2-HET expression differential to WT controls of Vps33a (G), Mboat2 (H) and 

Txnip (I). Statistically significant alteration of mean protein expression for female/male GIT2-HET Vps33a (J), Mboat2 (K) and 

Txnip (L) compared to WT controls. M) Numerical venn-based separation of up- or downregulated transcripts between female 

(white circle) or male (grey circle) GIT2-HET hypothalamic transcriptomes. Proteins common but regulated in opposite polari-

ties between genders are indicated in blue (contra-regulated). N) Individual proteins significantly-regulated and common be-

tween females (white bars) and males (grey bars) that possess gender-specific polarities. O) STRING-based informatic network 

of 16 differentially-regulated proteins shared between genders. The generated network possesses a protein-protein interac-

tion enrichment p-value of 0.00236. The left panel indicates the individual protein names while the right panel indicates group-

ing of the interacting proteins based on k-means clustering into four groups. P) Enrichr-based Most-Popular Gene Library 

analysis of the 16 differential gender-specific proteins common to female and male GIT2-HET hypothalamic transcriptomes. 

For each bar the enrichment probability is indicated in parentheses. Q) Enrichr-based Gene Ontology annotation of the 16 

differential gender-specific proteins common to female and male GIT2-HET hypothalamic transcriptomes. For each bar the 

enrichment probability is indicated in parentheses.*p<0.05, **p<0.01, ***p<0.001. 
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was a global z-ratio downregulation bias amongst the female transcriptomes compared to the males 

(Fig. 4.1C-lower panel). To verify that our transcriptomic analyses were predictive of protein expres-

sion-level responses we chose three different hypothalamic transcriptomic responses (Fig. 4.1D-F; 

Vps33a, Mboat2 and Txnip) to correlate to actual protein expression distinctions (Fig. 4.1G-I). From 

our protein expression level analyses (Fig. 4.1J-L) there was a clear correlation between the effects of 

GIT2 heterozygosity upon both transcriptomic and protein expression data (Vps33a – female/male el-

evation; Mboat2 female/male diminution; Txnip female down-/male up-regulation). 

Differential Venn analysis of female and male transcriptomes revealed a predominant gender-

based dependence of responses to GIT2 heterozygosity – 53.4% of the female, and 52.8% of the male 

transcriptomic responses were unique to each gender (Fig. 4.1M: Table S4.3). Despite this gender di-

vergence in transcriptomic response commonalities were evident, with 155 upregulated and 223 tran-

scripts downregulated coherently (sharing the same expression polarity) in both genders (Fig. 4.1M). 

Sixteen transcripts common to both genders possessed distinct expression polarities (Fig. 4.1N). This 

small data corpus however was shown to form a tight coherent functional network (Fig. 4.1O: Average 

Node Degree = 2.62; protein-protein interaction enrichment p-value = 0.00236) centered upon the 

DNA repair protein Parp2 (Poly [ADP-ribose] polymerase 2). Employing further Enrichr-based infor-

matic analysis of this small data set we found a firm correlation of this gender-specific 16-transcript 

data set with GEO (Gene Expression Omnibus)-based Aging Perturbations (Fig. 4.1P) as well as signifi-

cant GO correlations with stress-associated metabolic and senescent activities (Fig. 4.1Q). 

3.2. Female-centric functional diversity of the hypothalamic transcriptomic response to GIT2 heterozy-

gosity 

3.2.1. Gene Ontology clustering 

We initially demonstrated at a rudimentary total z-ratio sum level (Fig. 4.1C), that the female 

transcriptomic response to GIT2 heterozygosity was distinct to that of the male, i.e. showing a bias 

towards overall transcript downregulation compared to males. Using classical transcriptomic analyses 

GO annotation and IPA CSP Analysis (Fig. 4.2) we again found that at a functional level the female 

hypothalamic responsivity to the heterozygous reduction of GIT2 levels was more profound than that 

of the males. With respect to GO (biological process) analysis we found that approximately 88% of the 

significantly populated GO term groups for the female/male data were uniquely-associated with fe-

male mice (Fig. 4.2A: Table S4.4). Given our previous implication of GIT2 in the pathological aging pro-

cess, it was interesting to note that GO analysis of the male and female hypothalamic transcriptomes 

in early life revealed a potent gender-specific phenotype (Fig. 4.2B, C) that mirrors the global female 

longevity superiority described previously. Hence, significantly-populated GO term biological process  
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groups in females were focused on aging, DNA damage and senescence (cellular senescence 

GO:0090398; aging GO:0016280; intrinsic apoptotic signaling pathway in response to DNA damage 

Figure 4.2: Gene Ontology and IPA Canonical Signaling pathway annotation of female and male GIT2-HET tran-

scriptomic data. A) Proportional venn diagram separation of female (white circle) and male (grey circle) Gene Ontology 

terms significantly (p<0.05) populated by female or male GIT2-HET hypothalamic transcriptomic data. B) Selected specific 

Gene Ontology term groups significantly populated (p<0.05) by female GIT2-HET transcriptomes. C) Selected specific Gene 

Ontology term groups significantly populated (p<0.05) by male GIT2-HET transcriptomes. D) Proportional venn diagram 

separation of female (white circle) and male (grey circle) IPA-derived canonical signaling pathways significantly (p<0.05) 

populated by female or male GIT2-HET hypothalamic transcriptomic data. E) Selected specific canonical signaling path-

ways significantly populated (p<0.05) by female GIT2-HET transcriptomes. F) Selected specific canonical signaling path-

ways significantly populated (p<0.05) by male GIT2-HET transcriptomes. 
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GO:0008630) while significantly-populated male GIT2-HET term groups were associated with neuronal 

atrophy, apoptosis and synaptic disruption (neuron apoptotic process GO:0051402; regulation of syn-

apse structure or activity GO:0050803; regulation of neuron death GO:1901214). Thus, it again appears 

that disruption of GIT2 levels in the female hypothalamus at an early age induces a greater response 

resonance with respect to aging-related activities than males at the same age.  

3.2.2. Signaling Pathway Analyses 

To reinforce our GO-based findings (Fig. 4.2A-C) we also compared the relative individual CSP 

annotation outputs for the GIT2-HET hypothalamic transcriptomes (Fig. 4.2D-F). Similar to the GO-

based annotation bias towards the female response to heterozygosity again there was a considerable 

female pathway annotation bias, i.e. 56% of the total significantly populated IPA CSPs were uniquely 

attributed to female GIT2-HET mice. In comparison, only 11.7% of the hypothalamic transcriptome-

derived signaling pathways significantly populated were unique to the male tissues (Fig. 4.2D: Table 

S4.5). As with our previous GO annotation we found a robust aging-metabolism phenotype in the fe-

male GIT2-HET transcriptome data (‘IGF-1 Signaling’, ‘Sirtuin Signaling Pathway’, ‘Mitochondrial Dys-

function’: Fig. 4.2E). Male GIT2-HET transcriptome pathway analysis also revealed age-related (‘mTOR 

Signaling’, ‘AMPK Signaling’) functions as well as ones tightly linked to neurophysiological activity (‘Ax-

onal Guidance Signaling’). As non-coordinated individual signaling pathway analyses of distinct da-

tasets can often generate a less than optimal mechanism for the comparison of two distinct high-di-

mensionality datasets, we also performed a direct IPA-based ‘Comparison Analysis’ of the total GIT2-

HET transcriptome datasets. Using this analytical platform, we were able to directly compare – within 

the same analytical workflow – the male and female signaling pathway datasets using predicted z-

score values for added interpretation of signaling activity polarity (Fig. 4.3A: Table S4.6). Reinforcing 

our previous gender-independent transcriptome phenotype observation, a potent impact upon oxida-

tive phosphorylation activity was found in both GIT2-HET genders (Fig. 4.3A). In contrast to this, a firm 

male GIT2-HET functional representation of nutrient sensing pathway activity (‘GPCR-Mediated Nutri-

ent Sensing in Enteroendocrine Cells’) was apparent, while for females a much greater functional em-

phasis was observed for aging, DNA damage repair and inflammaging-associated processes (‘Role of 

BRCA1 in DNA Damage Response’, ‘NF-κB Signaling’, ‘ATM Signaling’: Fig. 4.3A). Given our quantitative 

z-score predictions for eventual pathway control (as opposed to simple pathway enrichment probabil-

ities), we were also able to identify pathways that possess opposite predicted signaling z-scores. 

Among these gender-differential pathways it was again evident that male and female hypothalami 

possess functionally distinct responses to GIT2 heterozygosity. Hence females, in stark contrast to 

males, demonstrated a distinct positive signaling effect with respect to cell cycle regulation and fatty 

acid metabolism (‘Cyclins and Cell Cycle Regulation’, ‘PPAR Signaling’) while downregulating pathways  
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Figure 4.3: Comparative numerical analysis of canonical signaling pathway and upstream regulator annotation of fe-

male and male GIT2-HET transcriptomic data. A) Clustered signaling pathways significantly populated (p < 0.05) by fe-

male or male GIT2-HET hypothalamic transcriptome data. Each pathway is represented with an IPA-generated z-score 

prediction for pathway activation (positive z-score) or inhibition (negative z-score). Clustered upstream protein (B) or 

chemical (C) transcriptome pattern regulator signatures significantly populated (p<0.05) by female or male GIT2-HET hy-

pothalamic transcriptome data. Each upstream regulator signature is represented with an IPA-generated z-score predic-

tion for stimulatory control (positive z-score) or antagonistic control (negative z-score) of the user-defined input transcrip-

tome dataset. 
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classically associated with stress and aging (‘Sirtuin Signaling Pathway’, ‘Neuroinflammation Signaling 

Pathway’ ‘Telomerase Signaling Pathway’. ‘Insulin Receptor Signaling’, ‘NRF2-mediated Oxidative 

Stress Response’). Therefore, it seems that while experiencing the same functional insult, i.e. GIT2 het-

erozygosity, the female GIT2-HET response is to augment fatty acid metabolism while downregulating 

stress response/inflammation systems. In this case, it appears that as, the males diametrically oppose 

these responses, they are more likely experiencing/perceiving a greater pro-aging insult than females. 

This distinction therefore may represent an extant prevailing superiority of aging-resistance in females 

compared to males. As such, females may possess a greater level of nuance to their stress responsive-

ness than males, where the same level of neuro-metabolic insult clearly inculcates a more typical 

stress-response process (Fig. 4.3A). It is likely that the profound divergence in transcriptomic functional 

activity (Figs. 4.2 and 4.3) underpins this resilience superiority in females compared to males. 

3.2.3. Upstream Protein Perturbagen Analysis 

Perturbagens are substances usually designed to disrupt intracellular processes, by investigat-

ing the related perturbagens we may be able to obtain novel information concerning the functionality 

of networks within the cell. Using curated perturbagen response datasets to either genetic/proteomic 

or chemical mediators, it is possible to generate an appreciation of the range of potential media-

tors/controllers of a specific high-dimensionality dataset. Here, we have employed IPA-based ge-

netic/proteomic- and chemical-based upstream perturbagen analysis to uncover potential originating 

factors that may be responsible for the gender differential hypothalamic transcriptome responses in 

GIT2-HET mice. As with our previous signaling pathway analyses, we applied a direct comparison ap-

proach for this form of dataset annotation. With respect to potential upstream protein controllers of 

the specific gender transcriptome responses to GIT2 heterozygosity, it was clear that neurometabolic 

responses were prominent in both genders, as upregulation of the leptin receptor (LEPR), brain-de-

rived neurotrophic factor (BDNF) and insulin-like growth factor-1 (IGF-1) were predicted to be control-

lers of the hypothalamic transcriptomic responses (Fig. 4.3B: Table S4.7). A further gender-independ-

ent inhibitory function of hypothalamic dopaminergic signaling (Dopamine D2 receptor, DRD2), DNA 

integrity (Breast cancer type 1 susceptibility protein, BRCA1; Forkhead box protein M1, FOXM1) and 

time perception/energy homeostasis (Circadian locomotor output cycles protein kaput, CLOCK) was 

evident (Fig. 4.3B). Reinforcing our posit that at the transcriptome response level female GIT2-HET 

mice perceive an apparent lack of stress, there was a stark opposition between males and females in 

the potential transcriptome-based control of stress response systems linked to both oxidative (Nuclear 

factor erythroid 2-related factor 2, NFE2L2) and psycho-social (Glucocorticoid receptor, NR3C1) insults. 

For both the potential upstream effects of NFE2L2 and NR3C1 on the hypothalamic transcriptomes the 

male GIT2-HETs demonstrate a potential response profile commensurate with an active anti-stress  
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Figure 4.4: Comparison of signaling pathway and upstream regulator analytical output generated by total or gender-

unique GIT2-HET hypothalamic transcriptome datasets. A) Comparative signaling pathway z-scores generated using to-

tal female, unique female, total male or unique male GIT2-HET transcriptome data. Z-score pathway activation (orange) 

or inhibition (blue) is indicated for each significantly (p < 0.05) populated signaling pathway. B) Specific transcriptome 

data heatmap for the Telomerase Signaling pathway, demonstrating a potent bias for male (total or unique) stimulatory 

activity. Upregulated transcripts are denoted in red, downregulated transcripts in green – color intensity indicates the 

relative z-ratios. C) Comparative protein or chemical upstream regulator signature z-scores generated using total female, 

unique female, total male or unique male GIT2-HET transcriptome data. Z-score pathway activation (orange) or inhibition 

(blue) is indicated for each significantly (p < 0.05) populated upstream regulator pathway. D) Specific transcriptome data 

heatmap for Hydrogen Peroxide as a potential upstream regulator, demonstrating a potent bias for female (total or 

unique) antagonistic activity. Upregulated transcripts are denoted in red, downregulated transcripts in green – color in-

tensity indicates the relative z-ratios. 



Chapter 4  RESULTS 

112 
 

response. In this context, it appears that the female GIT2-HET mice do not ‘experience’ as much of a 

palpable stress as the males. In addition, in female GIT2-HET there was an apparent reduced level of 

upstream influence of pro-aging factors such as ATM, TP53 and FOXO3 (Forkhead box protein O3). 

Underpinning the profound distinction between the stress/aging resilience in female hypothalamic 

transcriptomes, there was a coherent pattern of potential enhanced transcriptional regulatory activity 

in females (protein MAX, MAX; N-myc proto-oncogene protein, MYCN). Thus, female GIT2-HET mice 

likely possess a resilience superiority via a more robust hypothalamic protection network activity com-

pared to males experiencing the same GIT2 heterozygosity insult. 

3.2.4. Upstream Chemical Perturbagen Analysis 

Investigating the potential upstream regulatory activity of small chemical influencers of the 

GIT2-HET hypothalamic transcriptomes we again found a clear gender-independent influence of dopa-

minergic signaling pathways, potentially associated with psychoactive signaling paradigms (dopamine, 

lithium), energy regulation (glucagon) and perceived stress (glucocorticoid: Fig. 4.3C; Table S4.8). In-

terestingly a reverse upstream relationship was observed for 6-hydroxydopamine (6-OHDA), a perturb-

agen classically linked with the oxidative destruction of dopaminergic neurons. In a similar vein, it was 

evident that the oxidative toxin paraquat also indicated an anti-stress response (greater in females 

compared to makes however). Supportive of our posit of an anti-aging status of the female GIT2-HET 

transcriptome an opposite response signature to DNA-damaging agents such as bexarotene, bleomy-

cin and cisplatin was found. In contrast, the male GIT2-HET transcriptome network suggests the pres-

ence of DNA integrity stress as these agents were predicted to be active controllers of the male GIT2-

HET transcriptome (Fig. 4.3C). Interestingly a potent prediction of coordinated apoptosis (betulinic 

acid, topetecan), mitochondrial disposal (betulinic acid) calcium mobilization control (BAPTA-AM) and 

anti-aging signaling (metformin) was evident for the females in opposition to that seen in males.  

3.3. Gender unique hypothalamic transcriptome response patterns to GIT2 heterozygosity 

3.3.1. Classical Pathway and Perturbagen Analysis 

Applying signaling pathway and upstream analytical pipelines using either the entire fe-

male/male transcriptomic data (female 1079 transcripts; male 1006 transcripts) or using the gender-

unique transcriptome data (female 577 transcripts; male 527 transcripts) we assessed the degree of 

functional divergence when comparing these different input datasets. This process would assess 

whether the total functional analyses were truly representative of gender-specific activity or if they 

potentially contained some confounding data. When we compared both the signaling pathway (Table 

S4.9) and upstream regulator (Table S4.10) annotation between total gender and gender-unique da-

tasets we found a good similarity of functional interpretation of the two different-sized datasets. 
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Hence, despite using approximately half of the input data volume for the gender-unique inputs (versus 

the total input data sets used previously), we again demonstrated a greater anti-aging/stress response 

in the females compared to the males (Fig. 4.4). As such, as with the total gender dataset analysis there 

was a clear distinction compared to males, at the predicted functional z-score level, of the female 

unique inhibition of inflammaging (‘Neuroinflammation Signaling’), stress response (‘NRF2-mediated 

Oxidative Stress Response’), cellular clock regulation (‘CREB Signaling in Neurons’) and aging mecha-

nisms (‘Telomerase Signaling’ – illustrated as an exemplar heatmap in Fig. 4.4B). In contrast to these 

downregulated signaling activities, female GIT2-HET transcriptomes also showed augmentation of cel-

lular differentiation/proliferation (‘Aryl Hydrocarbon Receptor Signaling’, Cyclin and Cell Cycle Regula-

tion’) and fatty acid oxidation (‘PPAR Signaling’) activity. With respect to the upstream analysis of the 

gender-unique datasets again a definitive female bias of stress-responsive upstream activity was seen 

(Fig. 4.4C, D). Hence, both the total and unique female transcriptomes were associated with an inhibi-

tion of upstream, oxidative stress (‘hydrogen peroxide’ - illustrated as an exemplar heatmap in Fig. 

4.4D; NFE2L2), DNA damage (Bleomycin), psychosocial stress (corticosterone, NR3C1), aging (FOXO3) 

and neurometabolic (D-glucose, IGF1R) signaling activity. As depicted in Fig. 4.4, in both the signaling 

pathway and upstream regulator processes the male GIT2-HET transcriptomes, both at the total and 

male-unique level, demonstrated opposite behavior to the analogous female datasets. 

3.3.2. Natural Language Processing Analysis 

While standard curated database-supported analysis has significantly contributed to high-di-

mensionality data analyses in the biomedical field, the rise of natural language processing techniques 

such as LSI has introduced an additional level of nuanced informatics. We have recently demonstrated 

the importance of LSI for biomedical text mining and the generation of data-driven functional ontolo-

gies for high-dimensionality datasets [78-80]. Using our novel LSI-based biomedical annotation engine 

Textrous! [73] we generated complex biomedical textual interpretations of the differential female- and 

male-unique hypothalamic transcriptomes. Textrous! can generate textual associations in two modes, 

i) Collective Processing where text associations with the whole input data corpus are considered and 

then arranged into a hierarchical wordcloud and ii) Individual Processing where heatmap correlations 

between specific input Gene Symbol terms are associated with the highest scoring (via Cosine Similar-

ity ranking) biomedical terms. In these processes, Textrous! is able to generate complex and highly-

data specific textual descriptions of functional activities. Applying collective processing to the gender-

unique transcriptomes from female and male GIT2-HET animals revealed a solid biomedical text-func-

tional divergence resonant with our previous analyses. Hence, for female GIT2-HET unique data (Fig. 

4.5A), Textrous! collective processing generated a coherent hierarchical wordcloud eventually con-
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densing onto two major clades – one associated with IGF-1 signaling and the other linked to patholo-

gies associated with two murine models, i.e. Weaver (dopaminergic dysfunction) and Reeler (insulino-

tropic dysfunction). In contrast to the female hierarchical cloud the male GIT2-HET transcriptome per-

turbagen response was associated with two condensing clades linked to retinoblastoma (indicating a 

dysfunctional MAX/MYC activity seen previously – Fig. 4.3B) and aberrant collagen functionality (Fig. 

4.5B) which has recently been demonstrated in psychosocially stressed murine hypothalamic [81]. We 

next applied the individual processing mechanism to both the female and male unique transcriptome 

datasets. Despite the general similarity of input data volume (577 female transcripts, 527 male tran-

scripts), a considerably larger biomedical noun-Gene Symbol association matrix was created using the 

Figure 4.5: Textrous!-based hierarchical wordcloud analysis of gender-unique GIT2-HET hypothalamic transcriptome data. A) 

Female unique GIT2-HET agglomerative hierarchical wordcloud indicates words with the greatest semantic association with the 

input dataset with the largest font in the ‘highest’ (running from green to red) areas of stepwise wordcloud. The words semanti-

cally-associated with the input dataset are indicated in the right of the panel with their specific Cosine Similarity, Z-score and 

Associations P-values. B) Male unique GIT2-HET agglomerative hierarchical wordcloud indicates words with the largest semantic 

association with the input dataset with the largest font in the ‘highest’ (running from green to red) areas of stepwise wordcloud. 

The words semantically-associated with the input dataset are indicated in the right of the panel with their specific Cosine Simi-

larity, Z-score and Associations P-values. 
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female unique hypothalamic data. The female biomedical noun-Gene Symbol matrix volume was 

15050 (50 primary nouns associated implicitly with 301 input Gene Symbols) – the male biomedical 

noun-Gene Symbol matrix volume however was only 11450 (50 primary nouns associated with only 

229 input genes). This matrix volume difference between female and male data (1.314 ratio of female: 

male) was greater than the difference in the input Gene Symbol data corpi (1.094 ratio of female: 

male), suggesting a more robust functional action of the transcriptome response in the female GIT2-

HET mice.  

Using the novel process of noun-phrase chunking [82, 83] we were able to expand the textual 

association scope from the initial matrices. Using this semantic association process we found 2885 

associated noun-phrases (8449 total words) specifically linked to the female GIT2-HET hypothalamic 

dataset compared to 2480 associated noun-phrases (6924 total words) linked to the male hypotha-

lamic dataset. As with the total Gene Symbol matrix volume differences between female and male 

datasets, with respect to total associated words (from noun-phrase chunking) a greater female : male 

word ratio was created (1.22) than based on the input Gene Symbol data bias (1.092 female: male). To 

generate a gestalt appreciation of these high-dimensionality biomedical text outputs we then con-

densed, via word frequency representation (JasonDavies Wordcloud Generator: www.jason-

davies.com/wordcloud/), these datasets to more comprehensible text clusters. Using this high-inten-

sity data-driven appreciation (using results from 52% and 43.4% of the input female and male Gene 

Symbols respectively) of transcriptome data we found a robust mitochondrial and cell differentiation 

bias in the overall female GIT2-HET unique data corpus, while the male GIT2-HET data generated a 

cloud dominated by terms associated cytoskeletal and neurosynaptic activity (Fig. 4.6).  

3.3.3. High-dimensionality wordcloud deconvolution for GIT2-HET dataset annotation 

Given the high volume (female – 15050; male – 11450 cells) of the individual processing Tex-

trous! outputs from the unique dataset annotation we next performed noun-Gene Symbol clustering 

within the primary biomedical noun matrices (Fig. 4.6). Clustering together closely-related noun groups 

with their semantically-associated empirically-derived Gene Symbol inputs we generated seven coher-

ent sub-matrices from the female unique (Fig. 4.7A-G) and five sub-matrices for the male unique da-

taset (Fig. 4.8A-E). By extracting the semantically-associated noun-phrases for each of the clustered 

sub-matrices, we were able to generate more specific high-dimensionality wordcloud outputs (termed 

mini-clouds (MCs)) for each sub-matrix. For each of these generated MCs we performed word fre-

quency analysis using WriteWords (www.writewords.org.uk/) to create a list of the top 10 highest fre-

quency words found in the noun-phrase outputs from the specific sub-matrices. Based on the nature 

of these extracted words we clustered these results to demonstrate commonalities and distinctions 
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between the MC interpretations (Fig. 4.9). In this semantic word association analysis, we found several 

common sub-features of the female and male GIT2-HET transcriptomes. Hence, mini-cloud number 1 

(MC1) for both genders (the largest sub-matrix size for each gender) were strongly representative of 

cytoskeletal remodeling and coiled-coil domain protein behavior (Fig. 4.9), with the male sub-matrix 

demonstrating a greater preponderance of associated transcript upregulation. Female MC4 and the 

male MCs 2 and 3 also clustered together based on their association with neuroplasticity and synaptic 

activity – in this respect a male overall clustering bias was seen due to the number of associated MCs.  

 

Female MC5 was most closely associated with the male MCs 4 and 5 due to their common transcrip-

tional/DNA management focus – here however there was an evident female bias indicated by a greater 

preponderance for transcript upregulation. Further confirming our previous analytical platforms, we 

found that female MC diversity is considerably larger than for males, evidenced by the female-specific 

MCs 3 (metabolic control), 6 (cellular differentiation control) and 7 (functional signaling and muscle  

 

Figure 4.6: Textrous!-based individual processing heatmap and high-dimensionality cloud analysis of gender-unique 

GIT2-HET hypothalamic transcriptome data. A) Female unique transcriptome GIT2-HET Textrous!-based individual pro-

cessing biomedical noun and transcript heatmap matrix. Taking both the primary biomedical nouns as well as the associ-

ated noun-phrases from this list a high-dimensionality wordcloud (right in the panel) can be generated to create a gestalt 

appreciation of the functional phenotype of input dataset. B) Male unique transcriptome GIT2-HET Textrous!-based indi-

vidual processing biomedical noun and transcript heatmap matrix. The associated high-dimensionality wordcloud (right 

in the panel) was generated in an analogous manner to that for panel A. 
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contractility behavior). These additional MCs derived from distinct female sub-matrices was highly in-

dicative of the more profound and diverse phenotypic response of the female hypothalamus to GIT2 

heterozygosity. We next investigated whether any significantly regulated transcripts existed that were 

associated with multiple sub-matrices. We found, for both genders, 11 transcripts that were found in 

the leading-edge sets of at least two sub-matrices (Fig. 4.9B, C). Upon cellular compartment (Jensen 

Compartment Analysis via Enrichr) and GO biological process (Enrichr) analysis (Fig. 4.9D-G) it was clear 

Figure 4.7: Textrous!-based sub-matrices and associated mini-cloud dataset representations for deconvoluted female-

unique GIT2-HET transcriptomic data. A – G) Represent distinctly-populated sub-matrices with their associated noun-

phrase mini-cloud (A = 1, B= 2, C=3, D=4, E=5, F=6, G=7) representations for female unique GIT2-HET transcriptome data. 

Within each sub-matrix heatmap the set of transcripts responsible for > 50% of the noun clustering are highlighted in 

yellow. This specific data subset is denoted the ‘leading edge’ of the specific sub-matrix. The dimensions of the full, or 

leading-edge sub-matrices (nouns * transcripts) are given. For each mini-cloud (MC) the word frequencies in the cloud are 

proportional to the represented font. Specific word colors were varied randomly to accentuate font size differences. All 

MCs were generated using the JasonDavies Wordcloud Generator (www.jasondavies.com/wordcloud/) using consistent 

numerical settings. 
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that these multidimensional 11 transcripts were differentially focused according to the animals’ gen-

der, i.e. females were all linked to mitochondrial functionality (Fig. 4.9D, F) while males were linked to 

neurosynaptic functionality (Fig. 4.9E, G). 

3.4. Demonstration of functional somatic variance of responses to GIT2 heterozygosity in female and 

male animals 

Our in-depth and nuanced informatics interpretation of the relatively simple hypothalamic 

transcriptome responses to GIT2 heterozygosity revealed a distinctive molecular phenotype for the 

female and male GIT2-HETs. As the hypothalamus is perhaps the master organ with respect to somatic 

control of neuroendocrine behavior [84] we employed a comprehensive behavioral analytical ap-

proach to assess the gender-specific effects of GIT2 heterozygosity. Hence, we investigated behavioral 

and physiological phenotypes of female and male GIT2-HET mice using a Columbus Instruments CLAMS 

Oxymax system [26]. GIT2-HET mice of both genders were assessed over a 48-hour period for behav-

ioral responses to differential to WT control mice. For female and male GIT2-HET mice there was a 

clear distinction between the VO2 (oxygen consumption: Fig. 4.10A), VCO2 (carbon dioxide production: 

Fig. 4.10B), TEE (total energy expenditure: Fig. 4.10C) and thermal heat generation (Fig. 4.10D), i.e. 

across the circadian cycle female GIT2-HET mice demonstrated a lower level of VO2, VCO2, TEE and 

heat generation compared to WT controls and failed to demonstrate any specific temporal variation 

across the experimental period. In contrast, male GIT2-HET animals still demonstrated circadian cy-

clicity of these physiological parameters with also a smaller difference compared to these values found 

in male WT controls. Thus it appears that female GIT2-HET mice possess a non-circadian cycling dimi-

nution of energetic parameters – in contrast to the male GIT2-HET animals. With respect to the ob-

served RER (respiratory exchange ratio) both female and male GIT2-HET mice demonstrated a signifi-

cant reduction in this parameter indicating a potential shift away from the primary usage of glucose as 

a metabolic energy source (Fig. 4.10E), as we have observed before in homozygous GIT2 KO mice [26]. 

In accordance with the alterations observed in female GIT2-HET circadian rhythms we also found that 

with respect to physical activity in the CLAMS cages (x and z axis motion) the female GIT2-HET mice 

failed to demonstrate any nocturnal activity (Fig. 4.10F-H) increases, unlike the male GIT2-HETs which 

demonstrated similar circadian rhythms to male WT controls. Therefore, it is clear from this CLAMS 

data that indeed despite a similar number of significantly-modulated hypothalamic transcripts (female 

GIT2-HET 1079, male GIT2-HET 1006) between the two genders there is a significant and multidimen-

sional distinction at the molecular and physiological level between these functional networks in female 

and male mice, associated with anti-stress and anti-aging functions.  
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4. Discussion 

Here we demonstrate that in an early adult time point, i.e. 2 months of age, a partial reduction 

of GIT2 expression results in a dramatic functional distinction between the molecular and physiological 

effects in female and male mice. At a gestalt level we found a numerical similarity in the total number 

of significantly altered hypothalamic transcripts found in female and male GIT2-HET mice (Fig. 4.1). 

Despite this overall similarity in total numbers there was a definite divergence between the two gen-

ders as over half of these significantly altered transcripts were unique to either gender. Among com-

mon transcripts there was a small coherent group of 16 factors differentially controlled between the 

two genders that generated a rationally linked series of factors related to aging, DNA damage and 

metabolic disruption centered upon Parp2 (Fig. 4.1). Parp2 was downregulated in females and upreg-

ulated in males. Reductions in Parp2 are associated with an increased sensitivity to DNA damaging 

agents in mice and humans [85, 86]. Previously, we have shown that GIT2 forms a dynamic complex 

with Parp2 in response to DNA-damaging insults [44], therefore this attenuation of Parp2 may seem 

Figure 4.8: Textrous!-based sub-matrices and associated mini-cloud dataset representations for deconvoluted male-

unique GIT2-HET transcriptomic data. A – E) Represent distinctly-populated sub-matrices with their associated noun-phrase 

mini-cloud (A=1, B=2, C=3, D=4, E=5) representations for female unique GIT2-HET transcriptome data. Within each sub-

matrix heatmap the set of transcripts responsible for > 50% of the noun clustering are highlighted in yellow. This specific 

data subset is denoted the ‘leading edge’ of the specific sub-matrix. The dimensions of the full, or leading-edge sub-matrices 

(nouns * transcripts) are given. For each mini-cloud (MC) the word frequencies in the cloud are proportional to the repre-

sented font. Specific word colors were varied randomly to accentuate font size differences. All MCs were generated using 

the JasonDavies Wordcloud Generator (www.jasondavies.com/wordcloud/) using consistent numerical settings. 
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non-beneficial to the female mice. This female idiosyncratic response may however facilitate the in-

culcation of a secondary protective mechanism, i.e. the diversification of energy metabolism away 

from oxidative phosphorylation to fatty acid beta-oxidation. Intermittent or periodic molecular and/or 

dietary interventions (e.g. ketogenic diets) that divert energy metabolism away from primary oxidative 

phosphorylation to fatty acid beta-oxidation have been shown to increase longevity [87-90]. Such a 

potential activity could be a potential mechanism by which females may help promote their natural 

longevity superiority. In our study we found that i) ketogenic activity and fatty acid biosynthesis were 

controlled by the divergent polarity female-male transcriptome sub-dataset (Fig. 4.1Q), ii) females up-

regulated fatty acid-related PPAR signaling activity (Fig. 4.3A, 4.4A) and iii) females demonstrate a 

more profound mitochondrial oxidative phosphorylation dysfunction compared to males (Fig. 4.2E, F). 

Diminutions of Parp2 may indeed be an effective longevity strategy as they could facilitate metabolic 

diversification. Parp2-/- mice demonstrate disrupted insulinotropic functionality and favor fatty acid 

metabolism [91]. An enhancement of SIRT1 activity that is directly related to augmented cellular pro-

tection systems and longevity, is also seen in these mice (Fig. 4.2E; [91-93]). In addition to the potential 

key role of Parp2 in this gender distinction of longevity mechanisms, differential female/male expres-

sion was observed for multiple factors associated with pathological aging trajectories (Rpl29 - [94]; 

Gdi1 -[95]; Plin4 – [96]; Hmgcs2 – [97]; Vwf – [98]; Txnip – [99, 100]; Cdkn1a – [101, 102]; Fkbp5 – [103, 

104]; Caskin1 – [105], mitochondrial neurodegeneration (Txnip – [99, 106]; Fkbp5 – [107]), cellular 

senescence (Cdkn1a – [101, 102]), metabolic stresses (Kns2 – [108], Tsc22d3 – [109]; Plin4 – [110, 111]; 

Hmgcs2 – [112]; Txnip – [99, 113]), nutrient selection (Txnip - [114]), psychosocial stress (Fkbp5 - [115]; 

Caskin1 – [116]), circadian rhythm disruption (Tsc22d3 – [117]), ketone metabolism (Hmgcs2 – [118, 

119]) and inflammaging (Txnip – [99, 106]; Cdkn1a – [102]).  

Thus, a direct comparison of the common but opposite polarity (contra-regulated) transcripts 

provides a clear indication of the distinctiveness of female versus male responses to GIT2 hypothalamic 

heterozygosity. Interpretation of the global transcriptome also yielded important insights into the gen-

der-specific control of longevity. Using both GO and IPA CSP analysis it was evident that a greater func-

tional impact (Fig. 4.2A, D) of heterozygosity was experienced by the females – suggestive of a greater 

endogenous functionality of GIT2 in females. Hence, despite a similar number of significantly altered 

hypothalamic transcripts, a huge disparity of GO and CSP annotation was observed, demonstrating a 

fundamental distinction of transcript inter-relatedness in female hypothalami. With respect to GO bi-

ological process annotation a clear female-specific focus upon age-related processes was evident com-

pared to the males that instead demonstrated a degenerative GO biological process phenotype (Fig. 

4.2B, C). A similar phenotypic gender distinction was also seen with the CSP annotation (Fig. 4.2E, F).  
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Figure 4.9. Functional clustering and word frequency phenotype analysis of female and male unique mini-cloud proper-

ties. A) For each specific mini-cloud (MC) created from gender-unique GIT2-HET transcriptomes the top 10 word frequencies 

(calculated using WriteWords-based analysis: http://www.writewords.org.uk/) are represented. Based on these unbiased 

MC-based outputs functionally-similar female (white) or male (grey) MCs were clustered. The proportion of up- or downreg-

ulated (up – red, down – green) data transcripts within the specific MC is indicated in the associated pie-chart. Identification 

of multidimensional transcripts present within at least two different sub-matrix leading edge data sets from female (B) or 

male (C) GIT2-HET mice. The expression polarity of each leading edge transcript and the specific MC it was derived from are 

denoted in the matrix (upregulation – red, downregulation – green). Enrichr-based Jensen Compartment analysis of female 

(D) or male (E) multidimensional leading edge transcripts revealed a totally distinct phenotype for each dataset, i.e. females 

= mitochondrial, males = neurosynaptic. The inset heatmaps in each panel indicate the transcript to cellular compartment 

relationship. Enrichr-based Gene Ontology (biological process) analysis of female (F) or male (G) multidimensional leading 

edge transcripts revealed a totally distinct phenotype for each dataset, i.e. females = mitochondrial activity, males = synaptic 

activity. The inset heatmaps in each panel indicate the transcript to Gene Ontology term relationship. For each of the panels 

D-G, the probability values of compartment or Gene Ontology term enrichment are denoted in parentheses. 
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At the signaling pathway level the female control of Sirtuin and IGF-1 activity was contrasted by the 

damage (NER pathway) phenotype in male. Both of these findings suggest a distinctive hypothalamic 

response to GIT2 heterozygosity, i.e. females present a capacity to withstand and not respond to the 

applied perturbation. This can be seen clearly when the predicted z-scores of pathway activation or 

upstream regulators are cross analyzed (Fig. 4.4). Female GIT2-HET mice, at the global transcriptome 

and also the gender-unique transcriptome level potently downregulate pathways normally expected 

as part of the aging process, e.g. neuroinflammation, NRF2 oxidative stress response or Telomerase 

signaling (Fig. 4.4A, B) – in contrast their male counterparts actively upregulated these responses, in-

dicating they indeed ‘perceived’ the GIT2 heterozygosity perturbation to a greater extent. While down-

regulating (or could be interpreted as failing to positively engage) classical stress pathways, females 

demonstrated preparedness in promoting pathways to modify circadian rhythms (‘Aryl Hydrocarbon 

Receptor Signaling’; [120, 121]) and energy metabolism diversification (‘PPAR Signaling’; [122]). Tell-

ingly, the male GIT2-HET significantly attenuated the activity of these pathways. A similar striking di-

vergence of transcriptomic response was observed with the analysis of potential upstream regulators 

of the GIT2-HET datasets (Fig. 4.4C, D). Male GIT2-HET hypothalami presented classical signs of stress-

induced transcriptomic changes, i.e. increases of oxidative (hydrogen peroxide) and psychosocial 

stresses (corticosterone) as well as DNA damaging agents (bleomycin), appeared to be upstream of 

the transcriptomic responses in male GIT2-HETs. In regards to these perturbations the females pre-

sented the opposite response, i.e. a perceived absence of stress. This distinction was also seen with 

upstream protein regulators, i.e. male GIT2-HET transcriptomic responses seemed to be under the 

control of increased stress pathways (NFE2L2 (Nrf2 pathway: [123]), FOXO3 [124], NR3C1 [125]). These 

distinctions of responsiveness raise the possibility that females, at the hypothalamic level, possess an 

innate aging resilience ‘program’ with a differential dependency on the GIT2 aging regulator. In this 

context, we propose that GIT2 may act as a hypothalamic ‘decision maker’ with respect to the entrain-

ment of anti-stress/aging somatic programs.  

Classical pathway analysis relies heavily upon human-curated data clusters (e.g. CSPs) or hu-

man-based annotation (GO). Here we also adopted a machine-based annotation process with our ap-

plication of the LSI-based Textrous! platform to generate a more data-dependent appreciation of the 

GIT2-HET transcriptomes. Using our novel pipeline of mini-cloud generation, we were able to create 

an unprecedented level of data deconvolution that revealed highly distinct functional signaling clusters 

that concisely defined the distinctive nature of female versus male GIT2 heterozygosity. Using our mini-

cloud data extraction procedure, we were able to demonstrate a profound functional global bias to-

wards female response behavior (Fig. 4.6) that was underpinned by specific functional clusters regu-

lating cellular differentiation and metabolic diversity (Fig. 4.9). During temporal stresses, e.g. caloric 
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restriction, exercise, dietary deprivation, psychosocial stress it is likely that the body’s ability to employ 

diverse energy substrates rapidly without excessive molecular re-organization will facilitate healthy 

aging. Controlling a reliable energy production pipeline, despite fluctuations, would prevent time lags 

in ATP supply or excessive ROS accumulation, both processes that would enhance age-related cellular 

damage. Reinforcing our informatic analyses we found that female GIT2-HET mice, compared to male 

GIT2-HETs, presented with larger metabolic shifts in VO2, VCO2, RER, greater depression of TEE and 

heat production (associated with hypothalamic age-control mechanisms: [126] and a near total dele-

tion of circadian rhythmic activities (Fig. 4.10). It is therefore unsurprising in this context that main-

taining metabolic network flexibility is important for longevity [127-134]. As such, our observed phe-

notypic differences in somatic metabolism therefore support the accuracy of our novel informatic de-

convolution workflows.  

 Many of the current mechanistic theories of aging are focused on the critical role of metabolic 

diversity (oxidative phosphorylation or β-oxidation) of mitochondrial functionality. It is our contention 

that GIT2, especially in females, acts as one of the coordinators of metabolic aging and stress sensitivity 

[26, 135-137]. From our mini-cloud leading-edge analysis a clear molecular bias between male and 

female GIT2-HET transcriptomes was apparent (Fig. 4.9A). Here we have attempted to create a clearer 

Figure 4.10: Whole-body metabolic analysis of WT and GIT2-HET female and male mice. All experimental murine sub-

jects were housed for 48 h in a Columbus Instruments International Comprehensive Lab Animal Monitoring System 

(CLAMS). VO2 (A), VCO2 (B), TEE (total energy expenditure) (C), HEAT (ambient heat generation) (D), RER (respiratory 

exchange ratio) (E), x-total activity (F), x-ambulatory activity (G) and z-total activity (H) were measured in WT females 

(black-filled circles), GIT2-HET females (white-filled circles), WT males (black-filled squares) and GIT2-HET males (grey-

filled squares). Vertical grey areas in each panel (A–H) indicate the dark period of animal incubation in the CLAMS cham-

ber. Each data point plotted is the mean ± SEM for four independent experimental animals. Statistical significance is 

indicated in each figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 

 



Chapter 4  RESULTS 

124 
 

and more concise mechanism to deconvolute high-dimensionality data for identifying the key distinc-

tive factors between two divergent phenotypes, i.e. female versus male GIT2-HET hypothalamic tran-

scriptomes. Using Textrous! heatmap analysis and the construction of mini-clouds we were able to 

prioritize leading edge sets distinct to each gender. When we investigated the presence of multidimen-

sional factors (Fig. 4.9B, C) across these gender-specific mini-clouds, we found a simple and clear defi-

nition of the fundamental functional distinctions between females and males. Hence, trophic control-

ling factors in females were overwhelmingly associated with mitochondrial functionality, while analo-

gous male factors instead were associated with synaptic functionality (Fig. 4.9D-G). Thus, it seems em-

inently clear that in the face of a consistent perturbation, i.e. GIT2 heterozygosity, females concentrate 

on regulating energy metabolism diversity while males focus on maintaining neurosynaptic architec-

ture – this functional bifurcation may have profound effects for aging trajectories in these mice and 

both genders in general. Given the potential importance of these 11 key factors, future studies exam-

ining the temporal variance in expression across both genders have already been instigated. Hopefully, 

an enhanced understanding of these longevity-regulating networks will reveal crucial mechanisms by 

which healthspan may be therapeutically regulated. 

While there is considerable research investigating the role of dietary stress factors on aging, 

e.g. caloric restriction or intermittent fasting [35, 63, 138-140] a smaller body of literature has been 

developed for the impact of psychosocial/anxiety [141-147] and psychoactive [148-151] stressor ef-

fects on longevity. It is clear however from these studies that a reliable intersection between psycho-

logical and psychoactive stress and the rate of aging/onset of age-related disease exists [152]. Further 

confirming this link, it has been demonstrated that anti-psychotic therapeutics can also entrain lon-

gevity-related anti-oxidant pathways such as the telomerase and Nrf2 pathways [153, 154]. Thus, it is 

not surprising that if aging and stress-related activities are functionally linked a physical bridge must 

also be present. The GIT2 murine model has been demonstrated to possess an excessive stress drive 

related to greater diurnal corticosterone levels [18, 155], here we found considerable functional over-

lap between the female GIT2-HET molecular phenotype and physiological processes associated with 

the stress-aging nexus, e.g. altered age-related DNA damage activity (Fig. 4.2B), modulated dopamine 

signaling and mitochondrial function (Fig. 4.2D), modification of upstream dopamine D2 receptor 

(DRD2) activity (Fig. 4.3B), altered lithium, dopamine and 6-hydroxy dopamine functional effects (Fig. 

4.3C), transcriptome association with dopaminergic/Parkinsonian Weaver/Reeler murine phenotypes 

(Fig. 4.5A: [156-158]) and a potent mitochondrial bias of female GIT2-HET functionality (Fig. 4.9). With 

respect to the associations between neurodegenerative conditions (with occasional psychiatric symp-

toms; [159]) such as PD which has classically been associated with dopaminergic deficits due to dam-

age to nigro-striatal pathways, and the GIT2-HET phenotype, it is interesting to note that some of the 
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most robust risk factors for PD are age-related mitochondrial dysfunction and neuronal demyelination 

[160-162]. Further linking female-biased GIT2 signaling to dopaminergic/aging functionalities, we have 

recently demonstrated in a female model (ovariectomy) of advanced hypothalamus-associated aging 

linked with mitochondrial dysfunction [163], that significant alterations in brain functional connectiv-

ity, neuronal demyelination and disrupted dopaminergic receptor signaling were correlated to dimi-

nution of female GIT2 expression [164]. In this study we also found a strong correlation of reduced 

GIT2 expression with an attenuation of relaxin-3 receptor (Rxfp3) expression. The G protein-coupled 

Rxfp3 receptor has recently been demonstrated to possess significant potential as a target for psychi-

atric/psychological stress-related conditions [165, 166] – given this, it is interesting to note that we 

also found (Table S4.1, S4.2) a further correlation between GIT2 expression and Rxfp3 (formerly iden-

tified as Gpcr135), i.e. GIT2 heterozygosity resulted in a significant reduction of Gpcr135 expression. 

This repeated commonality of expression regulation suggests that this axis of the Rxfp3 and the G 

protein-coupled receptor-interacting GIT2 may represent a fundamental regulatory system for aging 

trajectories of neurometabolic/degenerative conditions. 

In our current study, we have deployed novel bioinformatic workflows to deconvolute high-

dimensionality transcriptome data to yield an actionable and functionally-relevant data output. We 

suggest it is likely that female longevity superiority may be associated with the ability of GIT2 to control 

energy metabolism flexibility. In contrast, males appear to prioritize neurosynaptic functionality to the 

detriment of metabolic flexibility. These findings are in agreement with our previous work in which we 

found that female central nervous system transcriptomic responses are exquisitely sensitive to meta-

bolic perturbations while male counterparts are only sensitive to caloric excess or starvation [62, 167]. 

With respect to the specific locus of female longevity superiority considerable interest has focused 

upon gender-associated hormonal signaling cascades. It is interesting to note that perhaps the most 

prevalent – at a worldwide level – energy and age-related disorder, Metabolic Syndrome [168, 169], is 

tightly linked to gender-controlling hormonal signaling [170]. It has been demonstrated that disruption 

to androgen-estrogen signaling balances, e.g. with menopause or polycystic ovarian syndrome, can 

augment the susceptibility of females to metabolic syndrome [171-173] resulting in negative effects 

upon healthspan. Therefore, females may possess a longevity superiority likely due to their prioritiza-

tion of metabolic diversity capacity compared to males. 
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Abstract 

DNA damage response (DDR) processes, often caused by oxidative stress, are important in aging and 

-related disorders. We recently showed that G protein-coupled receptor (GPCR) kinase interacting 

protein 2 (GIT2) plays a key role in both DNA damage and oxidative stress. Multiple tissue analyses in 

GIT2KO mice demonstrated that GIT2 expression affects the GPCR relaxin family peptide 3 receptor 

(RXFP3), and is thus a therapeutically-targetable system. RXFP3 and GIT2 play similar roles in 

metabolic aging processes. Gaining a detailed understanding of the RXFP3-GIT2 functional relationship 

could aid the development of novel anti-aging therapies. We determined the connection between 

RXFP3 and GIT2 by investigating the role of RXFP3 in oxidative stress and DDR. Analyzing the effects 

of oxidizing (H2O2) and DNA-damaging (camptothecin) stressors on the interacting partners of RXFP3 

using Affinity Purification-Mass Spectrometry, we found multiple proteins linked to DDR and cell cycle 

control. RXFP3 expression increased in response to DNA damage. Overexpression, and Relaxin 3-

mediated stimulation of RXFP3 reduced phosphorylation of DNA damage marker H2AX, and repair 

protein BRCA1, shows that RXFP3 may be moderating DNA damage. Our data suggests an RXFP3-GIT2 

system that could regulate cellular degradation after DNA damage, and could be a novel mechanism 

for mitigating the rate of age-related damage accumulation. 



Chapter 5  RESULTS 

138 
 

1. Introduction 

Disruption of the glucose metabolic system is nearly universal in aging and as this primary 

metabolic process falters, a negative energy balance occurs, as ATP levels reduce while reactive 

oxygen species (ROS) levels increase. This simultaneous loss of the capacity to maintain energetic 

processes in the face of increasing oxidative stress will eventually overwhelm cellular antioxidant 

capabilities, resulting in oxidative damage of DNA, one of the most well-known and recognized 

hallmarks of aging [4]. Many age-related disorders that affect our population, such as 

neurodegeneration, type 2 diabetes mellitus (T2DM) and cardiovascular disorders, are caused by 

these hallmarks [5].  

 Stress-induced DNA damage is arguably the most prominent underlying cause of aging and in 

turn may be one of the primary players in almost all age-related disorders [6]. This hypothesis has 

been supported by the investigation of accelerated aging disorders, i.e. Hutchinson–Gilford progeria 

syndrome, Ataxia Telangiectasia and Werner syndrome, which have one commonality, they are a 

direct effect of DNA damage response (DDR) and repair disruption [7-11]. As such, therapeutic 

amelioration of this stress-induced DNA damage could be very effective for treating age-related 

disorders. We recently identified the G protein-coupled receptor (GPCR) associated protein, GIT2, as 

a potential keystone in aging [12]. Further work demonstrated that this receptor scaffolding protein 

also plays a role in oxidative stress responses [13], and is crucial for integrating several components 

of the DDR [14]. GIT2 knockout (GIT2KO) mice showed an increased vulnerability to DNA damage [15], 

displayed symptoms of T2DM [16], showed signs of ‘inflammaging’ [17, 18], and most importantly, 

showed accelerated aging compared to their wild-type littermates [15]. While this makes GIT2 an 

interesting target for treating multiple age-related disorders, GIT2 is a scaffolding protein and is 

therefore difficult to target directly. Typically, drugs are designed to be directed at enzymes, ion 

channels or receptors. However, as GIT2 is a GPCR interacting protein, it is highly likely that we can 

identify a receptor that is strongly associated with the GIT2 system. Our recent work has shown that 

GPCRs possess a potent capacity to control transcriptional and translational efficacies, often via non-

G protein signaling activities [19, 20]. This likely contributes to their ability to generate and control the 

integrity and coherency of cellular signaling pathways, via the coordinated regulation of cascade 

proteins [21-23]. As there are likely to be strong transcriptional co-relationships between proteins 

linked via a common signaling function, it is possible that there are dedicated GPCRs that possess a 

profound link to specific signaling proteins via correlated expression. This ability to link an important 

target signaling protein to a tractable drug target, such as a GPCR, holds tremendous promise for the 

generation of intelligently-targeted therapeutics for age-related disorders. In this study, we 
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investigated a receptor that shows an expressional and functional relationship with GIT2, the Relaxin 

Family Peptide 3 Receptor (RXFP3).  

RXFP3 has been implicated in stress response [24], anxiety [25], depression [25, 26], feeding 

[27-30], arousal [27] and alcohol addiction [31] using RXFP3/RLN3 deficient mouse models. The first 

indications linking the RXFP3/RLN3 system to stress and metabolic control, was through its presence 

in the hypothalamic regions involved in the hypothalamic-pituitary-adrenal axis [30, 32-34] and the 

paraventricular nucleus [29, 30]. The relationship to stress has further been supported by the 

activation of RLN3 containing neurons in the nucleus incertus after administration of corticotropin 

releasing factor. The association to anxiety and depression was discovered as RLN3 expressing 

neurons also express inhibitory serotonin type 1A (5-HT1A) receptors, suggesting functional 

interactions between these two systems [35]. There is currently emerging evidence linking anxiety to 

accelerated aging, as several accelerated aging mouse models display anxiety [15, 16]. In addition, we 

have previously shown that RXFP3 expression is significantly affected when an aging-associated 

alteration occurs in the affect-modulating dopaminergic functionality in mice [36]. Thus, RXFP3 may 

be associated with controlling aging-related functions in addition to its anxiolytic and anti-depressant 

effects. Furthermore, RXFP3 may represent an important neurochemical markers of depression in 

Alzheimer's disease (AD), where Lee et al. demonstrated an increase in immunoreactivity in depressed 

AD patients [25]. Given our previous work concerning the role of GIT2 in the regulation of the aging 

process, the determination of a therapeutically targetable GIT2-RXFP3 synergistic signaling system 

may provide a basis for the design of novel GIT2-RXFP3 based therapeutics for the treatment of aging-

related disorders. 

2. Materials and methods 

2.1 Cell culture, transfection and treatment 

Human HEK293 (CRL 1573) were obtained from ECACC and propagated at 37oC with 5 % CO2 

ambient tension, according to the approved culture protocols defined for these cell lines. Human 

neuronal SH-SY5Y (CRL-2266) were obtained from ATCC and again propagated according to the 

published protocols of the disseminating organization. Murine hypothalamic neuronal cells, GT1-7 

cells were obtained from Pamela Mellon (San Diego, California, USA [37]). All cell lines were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich) with 10 % fetal bovine 

serum (FBS)-containing propagation media, supplemented with 1 % Penicillin/Streptomycin 

antibiotics as previously described [38]. 

For the interactomic experiments, we used SILAC (Stable isotope labeling of amino acids in 

cell culture), in order to label our proteins/peptides prior to experimentation. As such this technique 
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allows us to analyze a very small amount of peptides using mass spectrometry. Customized DMEM 

media, without arginine and lysine were purchased from AthenaES. This medium was supplemented 

with ‘medium’ (L-lysine-U-13C6 (K6), L-arginine-U-13C6 (R6)) and ‘heavy’ (L-lysine-U-13C6-15N2 (K8), L-

arginine-U-13C6-15N4 (R10)), respectively (Cambridge Isotope Laboratories [39], and with dialyzed FBS 

and 1 % antibiotics. To engender at least 90 % of protein labeling, cells were cultured in SILAC medium 

for at least five passages. The ‘medium’ and ‘heavy’ conditions were compared to avoid non-labeled 

peptide errors [39]. Dependent on prevailing growth rates, the cells were passaged on a regular basis. 

One day prior to transfection, 3x106 cells were seeded into 10cm plates to obtain a 50-80 % 

cell confluence the day of the transfection. Cells were counted using a Luna II Automated Cell Counter 

(Invitrogen-Life Technologies). The cDNAs for a hemagglutinin (3xHA)-tagged human RXFP3 receptor 

(obtained from the Missouri S&T cDNA Resource Center: www.cdna.org) and an empty plasmid 

(pcDNA3.1+: Invitrogen-Life Technologies) were transfected into the cells with Lipofectamine® 3000, 

using the manufacturers’ instructions. To investigate the effect of differential receptor overexpression 

on downstream proteins, we transfected the cells with a range of cDNA concentrations (0.5, 1, 2, 5, 

and 10 µg). To induce oxidative stress, cells were treated with 100 nM hydrogen peroxide 

(H2O2/peroxide) for 90 minutes. DNA damage was caused using 1 µM Camptothecin (CPT) for 3, and 

24 hours, dependent on the experiment.  

In order to discover novel functions of RXFP3, for example the ability to moderate DDR, we 

investigated the effect of RXFP3 overexpression (5 μg) compared to E.V. as a control on DDR after 

stressing the cells with 10 μM of CT. Cells were extracted using the following lysis buffer RIPA 1%SDS 

(150 mM NaCl, 50 mM Tris, 0.5% Sodium deoxycholate, 1% NP-40) 1% SDS (sodium dodecyl 

sulphate).To assess whether stimulation of RXFP3 using its endogenous ligand RLN3 might have a 

possible protective ability, we pre-stimulated the cells with 100 nM of RLN3. We administered two 

stimulation points, 1 and 2 h prior to stressing the cells with 10 µM CPT for 3 h. As a control, an equal 

amount of TFA was used, which we used to dissolve RLN3. This experiment was repeated in reverse, 

where cells were stressed prior to RLN3 stimulation. 

2.2 Cellular protein extraction  

For generic low-definition cellular protein extraction, following a described cellular treatment, 

cells were washed three times with ice-cold PBS and scraped from dishes in the presence of either 

RIPA 0.1 % or 1 % SDS supplemented with phosphatase Inhibitor Cocktail (PhosSTOP, Roche 

Diagnostics) and protease inhibitor cocktail (complete mini, Roche Diagnostics), dependent on the 

experiment. To generate differential cell fraction protein extracts, cells were first washed as 

monolayers with ice-cold PBS and then subjected to a detergent dependent fractionation process 
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using a Q proteome extraction kit (Qiagen) according to the manufacturers’ instructions. Before 

eventual analytical use, protein quantification of generated cellular lysates was performed using a 

standard colorimetric protein assay, i.e. the Bio-Rad RC DCTM assay (Bio-Rad).  

2.3 iTRAQ sample preparation 

The protein concentrations were assessed a second time after trichloroacetic acid (TCA) 

precipitation overnight at 4°C using 1/3 volume of TCA, to ensure correct protein levels. For each 

sample 100 µg of protein was reduced using 5 mM Tris-2-(carboxyethyl)-phosphine hydrochloride 

solution (TCEP; Pierce Biotechnology) and cysteine blocking was performed with 2mM methyl 

methanethiosulphonate (MMTS) solution (Sigma-Aldrich). Each sample containing 100μg proteins, 

was digested using 10μg trypsin (Promega) at 37°C overnight. Samples were then labelled using iTRAQ 

reagents (ABSciex) before being pooled into one mixture. The following iTRAQ labels were used for 

the transfected cells: iTRAQ labels 113 was used for the transfected cells with the pcDNA3.1+ empty 

plasmid; iTRAQ labels from 114 to 118 were used to label the differentially transfected cells with 

RXFP3 (114-0.5 μg_RXFP3-HA, 115-1 μg_RXFP3-HA, 116-2 μg_RXFP3-HA1, 117-5 μg_RXFP3-HA, 118-

10 μg_RXFP3-HA). After labelling, the samples were pooled, dried down and dissolved with SCX buffer 

prior to SCX chromatography. 

2.4 SILAC sample preparation 

RXFP3 interactomes, extracted using RIPA 0.1 % SDS, were isolated by immunoprecipitation 

using anti-HA bound beads (Sigma-Aldrich) overnight on an end-over-end shaker, after which the 

bound proteins were extracted using 100 µl of 150 mM Glycine-HCl buffer (pH 2.5). The samples were 

continuously vortexed for 5 minutes, then centrifuged. The supernatants, containing the proteins, 

were immediately transferred to a new tube containing 40 µl neutralizing buffer (1 M Tris, pH 8). 

Proteins were then precipitated overnight at 4°C using TCA, after which the pellet was washed with 

acetone and resuspended in 60µl resolubilization buffer (6 M Urea, 2 M ThioUrea, 10 % SDS in 50 mM 

TEAB). Equal amounts of proteins from ‘medium’ and ‘heavy’ conditions were mixed to prepare the 

SILAC mix. The sample was then reduced (TCEP), cysteine blocking was performed (MMTS), and the 

proteins were digested with trypsin (see section iTRAQ sample preparation).  

2.5 Strong cation exchange chromatography separation (SCX) 

The pooled samples were diluted 10-fold with HPRP buffer A (5 mM KH2PO4 in 5 % acetonitrile 

at pH 3.0), to reduce sample complexity during the LC-MS/MS analysis. These were then separated 

using a 1 mm x 150 mm polysulfoethyl aspartamide column (Dionex). The column was eluted with a 

gradient: 0 to 25 minutes 60 % HPRP buffer B (5 mM KH2PO4 at pH 3.0 in 5 % acetonitrile containing 
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0.5 M NaCl), 25 to 45 minutes 100 % HPRP buffer B and 25 to 45 minutes 100 % HPRP buffer A. For 

each sample, 40 fractions were eluted and then pooled into 10 fractions. These fractions were then 

diluted before being loaded into the C18 column. 

2.6 Nano-LC-MS/MS analysis 

The mass spectrometric analysis of the iTRAQ samples was performed using a nano-LC column 

(Dionex ULTIMATE 3000) coupled online to a Q Exactive™-Plus Orbitrap (ThermoScientific), the SILAC 

samples were analyzed using our Orbitrap Fusion™ Tribrid™ (ThermoScientific). Peptides were loaded 

onto a 75 μm × 150 mm, 2 μm fused silica c18 capillary column, and mobile phase elution was 

performed using buffer A (0.05 % formic acid, 99.5 % Milli-Q water) and buffer B (0.05 % formic acid 

in 80 % acetonitrile/ Milli-Q water). The peptides were eluted using a gradient from 4 % buffer B to 90 

% buffer B over 45 min at a flow rate of 0.3 μl/min. The LC eluent was directed to an ESI source for 

Orbitrap analysis. The mass spectrometer was set to perform data dependent acquisition in the 

positive ion mode for a selected mass range of 350-1800 m/z for quantitative expression difference at 

the MS1 (70,000 resolution) level followed by peptide backbone fragmentation with normalized 

collision energy (NCE) of 32, and identification at the MS2 level (17,500 resolution). The raw data was 

analyzed using Thermo Fisher Proteome Discoverer 2.0, the software was connected to a Sequest HT 

search engine (Thermo Fisher Scientific) using UNIPROT/SWISSPROT annotated database with a false 

discovery rate (FDR) at less than 1 %. Each protein was assigned a confidence score (0 % to 100 %) 

based on the confidence scores of its constituent peptides based on unique spectral patterns. Proteins 

were only identified from the recovery and measurement of one peptide (from MS2) that is identified 

with a 99 % confidence. 

2.7 Bioinformatic analyses 

We applied a multidimensional informatic approach to the analysis of our proteomic and 

interactomic data. To facilitate the specific separation of complex datasets, we employed the Venn 

diagram platforms, VennPlex, VENNTURE [40, 41] and interactivenn (www.interactivenn.net/) [42]. To 

generate unbiased outputs, we employed the latent semantic indexing (LSI)-based informatic platform 

Textrous! [20] to create de novo signaling descriptions from selected datasets that facilitate a more 

nuanced appreciation of high-dimensionality receptor signaling paradigms [20], focusing on the 

significantly related words and noun-phrases (p ≥ 0.05). From Textrous!-based natural language 

processing analyses wordclouds were generated with WordCloud (www.wordclouds.com/). To extract 

both word and phrase frequencies from our Textrous! output we employed the Frequency Counter 

application from WriteWords (www.writewords.org.uk/word_count.asp).  
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Furthermore, Enrichr (http://amp.pharm.mssm.edu/Enrichr/#) was employed to analyze the 

significantly relevant related pathways and diseases/ontologies, identified using Gene Ontology (GO). 

In addition, we created interactomes of several important players in oxidative stress (G3BP1, SIRT1, 

and SOD1) and DNA damage (PRKDC, H2AFX, MDM2, MDC1, TP53, BRCA1) response in silico, using 

the freely available BioGRID (https://thebiogrid.org/). As a control for this experiment we made an 

additional list of proteins unrelated to these stress responses (Non-stress; i.e. CNTRL, CRP, LONP2). 

Next, we used GEN3VA (GENE Expression and Enrichment Vector Analyzer; 

http://amp.pharm.mssm.edu/gen3va/), which is based on GEO (gene expression omnibus; 

www.ncbi.nlm.nih.gov/geo/), a web-based system enabling the integrative analysis of amassed 

collections of gene expression signatures identified and extracted from GEO. Allowing us to extract 

specific disease signatures, which we can compare to our own data. We have extracted the following 

signatures: i) Aging (found in GEN3VA under the name “Model of cerebral aging and Alzheimer's 

disease: temporal cortex”), ii) schizophrenia (in GEN3VA “Schizophrenia: postmortem superior 

temporal cortex”) and iii) aortic aneurysm (“Abdominal aortic aneurysm”). The latter was used as a 

control to assess whether the protein overlap is specific and this does not occur with non-aging-related 

datasets (Data sets found in Table S5.7). 

Lastly, LSI platform GeneIndexer (https://geneindexer.com/) was used to investigate the 

association of our protein set with our own input of interrogator terms. Here we used age-related and 

age-unrelated terms, i.e. Aging: Neurodegeneration, Cognitive impairment, Senescence, Parkinson's 

Disease, Amyotrophic lateral sclerosis, Alzheimer's Disease (Fig 8A); and non-Aging: Tuberculosis, Spina 

Bifida, Asthma, Tourette syndrome, ADHD, Achondroplasia (Fig. 8B). The use of this LSI allows us to 

use natural language processing for data extraction, identifying hidden connections between the 

proteins and the interrogation terms. The GeneIndexer database holds more than 1.5 million Medline 

abstracts, which correspond to over 21.000 mammalian genes. This program extracts all gene-to-word 

relationships from the literature using LSI. Here a cosine similarity score larger than 0.2 typically 

specifies an explicit association, while a score lower than 0.2 indicates an implied relationship, a cutoff 

score was set at 0.1. 

For advanced network-based analysis we employed the NetworkAnalyst 

(https://www.networkanalyst.ca/) application that is designed to serve as a visual analytics platform 

for comprehensive gene expression profiling and meta-analysis. NetworkAnalyst allows for the 

creation, and eventual informatics interrogation, of multiple network types. Multiple types of protein 

interaction database are available for interactome enrichment analysis including the IMEx 

(International Molecular Exchange Consortium) consortium (http://www.imexconsortium.org/), 

https://thebiogrid.org/
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STRING (https://string-db.org) and the CCSB-associated Rolland Interactome 

(http://interactome.dfci.harvard.edu/H_sapiens/: [43]). 

2.8 Immunoblot, immunoprecipitation, and immunocytochemistry 

To validate the proteomic data, the experiments were replicated and analyzed using 

immunoblotting with a standard protocol (Fig. S5.3C&D). In short, all samples separated on 4 % – 12 

% SDS-PAGE (Life Technologies), transferred to PVDF membrane (Amersham) and blocked using 5 % 

BLOTTO milk. Primary antibodies for immunoblots: GIT2 (Bethyl), RXFP3 (LSBio), HA-tag, phospho-

BRCA1 (ThermoScientific), G3BP1 (Santa Cruz Biotechnology), Actin (Sigma Aldrich), PARP1, EIF4a1, γ-

H2AX, PHB (GeneTex), XPOI (Atlas Antibodies), phospho-ATM (Rockland), DDB1, phospho-PRKDC 

OSSA (Abcam), Src (Cell Signaling technology). The membrane was then incubated with species 

appropriate secondary antibodies conjugated to horseradish peroxidase (HRP), immune complexes 

were then identified using enhanced chemiluminescence (ECL, GE Healthcare) and an Amersham 

imager 680 system. WB quantification was performed with GE-ImageQuant TL and Image J software, 

using red ponceau staining as a loading control. 

SILAC data was validated using a standard co-immunoprecipitation protocol coupled to 

immunoblotting, where the proteins were extracted from the anti-HA affinity beads through 

resuspension in Laemmli buffer (DTT and LDS 2x), after which the samples were analyzed using 

immunoblotting (see above). Immunostaining was performed according to a standard protocol. 

Briefly, cells were fixed in 4% paraformaldehyde, for at least 20 min and no longer than 24h at room 

temperature. Non-specific labeling was blocked with 5 % goat serum (1:500 dilution; Dako, Heverlee, 

Belgium) for 1 h, primary antibodies were incubated for 1 h (1:500 dilution) and secondary antibodies 

for 30 min at room temperature. Nucleus staining was performed with DAPI (Invitrogen), after which 

cells were mounted with Dako fluorescent mounting medium (Dako, Heverlee, Belgium) and 

examined with confocal microscopy LSM 700 (Zeiss). 

2.9 Murine tissue RT-PCR 

GIT2KO gene-trap animals [44] based on a standard C57BL/6 background, initially obtained 

from Duke University (Richard Premont, Durham, NC) were bred at the National Institute on Aging 

under NIH protocol numbers, 432-LCI-2015 and 433-LCI-2015, according to approval of the 

Institutional Review Board. All animal studies performed were approved according to the guidelines 

of the NIA Animal Care and Use Committee. Mice were maintained in a 12 h light/dark cycle on an ad 

libitum regular diet. The RNeasy Mini kit (Qiagen) was used for cellular mRNA extraction from multiple 

tissues derived from wild  
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type (C57Bl6) and GIT2KO mice. Reverse transcription was performed using proprietary kits (Life 

Technologies, Carlsbad CA). Genes were normalized to GAPDH. RT-PCR was performed using the ABI 

Prism 7300 Sequence Detector (Applied Biosystems, Carlsbad CA). 

2.10 Statistical analyses 

In each histogram or figure, data represent the means ± SEM (standard error of the mean). 

Statistical analyses (Student’s t-test) were performed using GraphPad Prism version 7.0 (GraphPad 

Software, San Diego, CA, USA). Significance level is indicated in each figure as *p ≤ 0.05; **p ≤ 0.01; 

***p ≤ 0.001. 

3. Results 

3.1 Coordinated mRNA and protein expression profiles between GIT2 and RXFP3 

In the search for a GIT2-related GPCR, we collected the following tissues from male GIT2KO 

mice: from the central nervous system (cortex, hippocampus and hypothalamus) and the periphery 

(pancreas and liver) for mRNA profiling. We found that RXFP3 expression was decreased in accordance 

with the GIT2 expression in these tissues (Fig. 5.1A, B). This is something that we have previously also 

seen in the hypothalamus of heterozygous GIT2KO mice [45]. To validate these mRNA expression 

findings, we performed western blots to assess RXFP3 protein expression patterns in multiple GIT2KO 

mice (Fig. 5.1B). Again, we found that in response to a diminution of GIT2 expression, there was a 

significant decrease in the levels of RXFP3 in all the assessed tissues. Additionally, upon introduction 

of a cDNA clone for human RXFP3 to either human neuronal SH-SY5Y or classical HEK293 cells, we 

found a significant increase in the expression of human GIT2 (Fig. 5.1C).  

Previously, we showed that hypothalamic functionality was altered in GIT2KO mice [16]. Thus, 

we investigated whether functional stimulation of endogenous RXFP3 at endogenous expression 

levels in murine hypothalamic neuronal GT1-7 cells with its cognate ligand relaxin 3 (RLN3, 1-100nM, 

6hrs of stimulation) would affect GIT2 expression. We found a significant dose-dependent elevation 

of GIT2 expression (Fig. 1D). Hence, both in response to enhanced constitutive receptor activity 

(induced by augmented ectopic expression – Fig. 1C) and ligand stimulation (Fig. 5.1D), the active 

RXFP3 state seems to be functionally associated with GIT2 expression levels. In a previous study, we 

showed that GIT2 expression levels are associated with oxidative stress, diabetic pathologies, 

advancing age and DNA damage [12-14, 16]. These data suggest that the GIT2-RXFP3 relationship may 

represent a molecular axis important for regulation of age-related damage. Thus, we next investigated 

further functional links between these two proteins with relation to oxidative stress and DNA damage. 
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3.2 RXFP3 constitutive activity regulates the expression of DNA damage response proteins 

Recent research has demonstrated that in addition to short-term intermediary cell 

metabolism events mediated by G protein activation, GPCRs such as RXFP3 can regulate the 

expression profiles of multiple downstream signaling proteins. This occurs via the creation of more 

stable signaling entities, such as intricate G protein-independent multi-protein ‘receptorsome’ 

Figure 5.1: Discovery of RXFP3 as a possible controller for GIT2, identified through an expressional relationship. A) Using 

transcriptome profiling, we investigated the expression levels of RXFP3 in GIT2-knock out (GIT2KO) mice (n=4). Both in the central 

nervous system (cortex, hippocampus, and hypothalamus) and in peripheral tissues (pancreas, and liver) RXFP3 expression level 

was decreased compared to Wild-type (WT) littermates (n=4), GAPDH expression was shown to be stable as a control. B) These 

results were replicated using western blotting, actin loading control was used. C) Through transient transfection, RXFP3 was over 

expressed in SH-SY5Y and HEK293 cells at 1 and 2μg, as control cells were also overexpressed with an empty vector (pcDNA3). 

Actin was used as a loading control (n=3). A specific expression increase for GIT2 was seen after overexpression of RXFP3 in both 

cell types. D) Stimulation of GT1-7 cells using the endogenous ligand Relaxin 3 (RLN3), showed a dose dependent increase in GIT2 

expression, with increasing levels of RLN3 (n=3). Data represent the means ± SEM (standard error of the mean). Statistical 

analyses (Student’s t-test) were performed using GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA, USA). 

Significance level is indicated in each figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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complexes [20, 46]. The human (and murine) RXFP3 is a relatively unique receptor with respect to its 

basal activity status. It bears a pro-activating natural mutation in its ultra-conserved Asp-Arg-Tyr (DRY) 

amino acid triple motif, an Asp to Thr alteration, found at the juxtamembrane region of the second 

intracellular loop (Fig. S5.1). This natural mutation increases its ligand independent activity [47]. 

Therefore, RXFP3 likely possesses a range of diverse signaling functions in the absence of its cognate 

ligand.  

To assess these functions, likely generated by an ensemble of stably reinforced receptorsome 

structures, we used a stepwise ectopic expression process for generating the broadest possible range 

of ‘active’ receptorsome complexes, which we termed a ‘constellation curve’ [48-50]. Without an 

unprecedented knowledge of receptorsome composition, or range of sub-state-selective or biased 

ligands, the ability to selectively induce distinct-signaling receptorsomes can only be achieved using 

such an expression-level variation protocol. By increasing expression levels, the range of 

receptorsomes will likely increase the diversity of distinct RXFP3 receptorsomes incrementally, 

revealing expression-specific function actions, until a saturation level is reached. As a gestalt readout 

of these distinct receptor forms, we employed a proteomic screening assessment of cellular 

alterations in response to the different RXFP3 receptorsomes, analogous (although less detailed) to a 

perturbagen ‘constellation’ process with the GIT2 scaffolding protein to assess which signaling 

pathways it was associated with [14]. In this current study, we performed a ‘constellation’ experiment 

in HEK293 cells, where we ectopically expressed an ascending level of an N-terminally 3xHA-tagged 

human RXFP3. Selective western-blot analyses specific for HA epitope tag (RXFP3) confirmed the 

effective constellation expression variance of the human RXFP3 receptor clone (Fig. 2A). Using both 

anti-native RXFP3 antibody measurements and our quantitative mass spectrometric data we found 

that even a higher expression level of RXFP3 (5µg) only engendered a relatively modest increase in 

total cellular RXFP3 content (1.5 - 2-fold increase). It is likely that such modest alterations are a) 

relatively within normal physiological expression ranges and b) more akin to the potentially elevated 

levels of RXFP3 that may be engineered by the cells after protracted periods of stressor exposure as 

is likely in the aging process. 

We next assessed, in an unbiased manner, the proteomic ‘constellation’ perturbagen 

response to these ascending expression levels of RXFP3. Protein extracts were investigated as a 

multiplex using quantitative proteomics through iTRAQ labelling, with each RXFP3 expression level 

compared ratiometrically to the proteomic response effects to empty vector (E.V.) ectopic expression 

(Table S5.1&2). We found that the introduction of various expression levels of RXFP3 (Fig. 5.2A) caused 

significant and selective alterations in protein expression across the whole RXFP3 level range. The  
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Figure 5.2: 5µg of RXFP3 overexpression indicates a role in the DNA damage response. A) Western blot validation of the 

differential overexpression curve for RXFP3-HA (n=3). We see a clear increase of RXFP3-HA signal with an increased level of 

transfections. B) We then selected the proteins unique to each overexpression level using a InteractiVenn for further 

investigation, obtaining the following percentages of uniquely-regulated proteins: 0.5 µg RXFP3 21.8% unique; 1 µg RXFP3 – 

37.2% unique; 2 µg RXFP3 26.6% unique; 5 µg RXFP3 25.2% unique; 10 µg RXFP3 40.8% unique. C) Applying protein-protein 

interaction (PPI) pattern analysis through Enrichr, we were able to show a strong representation for DNA damage repair and 

energy metabolism-related proteins across the different RXFP3 expression ranges. We also observed a strongest PPI dataset 

enrichment for DNA damage response proteins for the 5 µg RXFP3 expression level. D-E) We next calculated the number of input 

dataset proteins associated with the target PPI database protein multiplied by the negative log10 of the enrichment probability, 

or hybrid score. We see that for the D) sum and the E) total sum of hybrid score occurrences, the enrichment for DDR-associated 

factors was shown to be most profound for the 5 µg RXFP3 level. 
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number of significantly altered proteins (compared to empty vector (E.V) transfected controls) 

responding to the specific RXFP3 expression levels the following: 0.5µg RXFP3 – 183; 1µg RXFP3 – 293; 

2µg RXFP3 297; 5µg RXFP3 – 278; 10µg RXFP3 – 269. We next separated the common and distinctive 

RXFP3 perturbagen responsive proteins using InteractiVenn (Fig 5.2B). For each expression level, the 

percentage of uniquely-regulated proteins was relatively similar, i.e. 0.5µg RXFP3 21.8% unique; 1µg 

RXFP3 – 37.2% unique; 2µg RXFP3 26.6% unique; 5µg RXFP3 25.2% unique; 10µg RXFP3 40.8% unique 

(Fig. 2B). In contrast to these unique expression events, 12 proteins were significantly altered across 

all five RXFP3 expression levels (Fig. S5.2; PRR14L, SCYL1, CCDC9, NEK7, HIST1H3A, ATPIF1, CDCA2, 

PAGR1, POTEKP, MTMR1, ZCCHC3, MEPCE). Many of these commonly regulated proteins are known 

to be associated with energy balance regulation (PRR14L [51]), inflammaging (NEK7 [52]; ATPIF1 [53]), 

aging associated DNA damage (SCYL1 [54]; CCDC9 [55]; HIST1H3A [56]; ATPIF1 [57]; PAGR1 [58]; 

ZCCHC3 [59]) or cell senescence (CDCA2 [60]). As such it appears that in addition to expression level 

effects there a core functionality of the RXFP3 was also evident, which was tightly linked to age-related 

pathologies.  

Given the impact on protein complex formation and the regulation of cellular signaling 

paradigms, we next analyzed, using protein-protein interaction (PPI) pattern analysis, each distinct 

RXFP3 expression level dataset using Enrichr (Fig. 5.2) [1], to discover the most DDR-related RXFP3 

overexpression level. We observed a strong representation of multiple DNA damage repair and energy 

metabolism-related proteins across the RXFP3 expression ranges used (Fig. 5.2C). The strongest PPI 

dataset enrichment for DDR proteins such as PRKDC, p53, PARP1 and TOP1 was observed for proteins 

influenced by the 5 µg RXFP3 expression level (Fig. 5.2C). This was also indicated by calculating a hybrid 

score, i.e. the number of input dataset proteins associating with the target PPI database protein 

multiplied by the negative log10 of the enrichment probability, evidenced by the greater numbers of 

DDR-associated PPI proteins found (Fig. 5.2D) as well as the total sum of the hybrid scores for DDR-

associated PPI proteins associated with the different RXFP3 protein datasets (Fig. 5.2E).  

In a previous study, we demonstrated that when investigating novel GPCR-based signaling 

paradigms it is possible to assess selective signaling specificity using comparisons of empirical data 

with mass analysis-based ‘theoretical’ signaling datasets [20]. To this end, we created a GIT2-specific 

signaling set in an analogous manner to our previously created arrestin-signaling datasets [20], by 

isolating the intersection dataset between ‘Cellular Signaling’ and ‘GIT2’ associated text matrices (Fig. 

5.3A: Table S5.3). This concatenated Latent Semantic Analysis (LSA)-based dataset comprised 760 

GIT2-Signaling proteins. Initially we found that with canonical signaling pathway analysis (Table S5.4) 

of this ‘theoretical’ dataset, a strong signaling pathway phenotype reminiscent of known GIT2 
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signaling capacities was apparent, i.e. cytoskeletal control, GPCR signaling, immune function, stress 

responses as well as cell cycle and metabolism regulation [16, 61, 62] (Fig. 5.3B). This GIT2-reminiscent 

mechanistic interpretation of our ‘theoretical’ GIT2 signaling dataset, strongly reinforces our unbiased 

informatics approach to aid novel signaling paradigm investigation. Furthermore, upon inspection of 

some exemplars of the significantly enriched pathways (Ingenuity Pathway Analysis-based) within this 

theoretical dataset, we not only demonstrate specific GIT2-associated activities, e.g. ‘Actin 

Cytoskeleton Signaling’ [63], ‘Breast Cancer Regulation by Stathmin 1’ [14] and ‘Mitochondrial 

dysfunction’ [16], but also novel functions, e.g. ‘Sirtuin Signaling’ and ‘Relaxin Signaling’ (Fig. 5.3B). 

We then compared the overlap between this theoretical GIT2 dataset and the diverse RXFP3 

expression levels, to help identify any potential biases towards GIT2-associated signaling functionality 

(Fig. 2.2). Calculating both the numerical and percentage overlap of distinct RXFP3 expression range, 

we found that the strongest intersection with the theoretical GIT2-signaling set occurred with the 5 

µg RXFP3 expression level (Fig. 5.3C). 

From our unbiased multidimensional ‘constellation’ analysis it was clear that a strong 

phenotype related to the protection of nucleic acids was observed. To further investigate this, we then 

focused on two levels of RXFP3 expression – one relatively innocuous 0.5 µg (allowing ectopic 

expression to occur without the introduction of a profound cellular phenotype), and the second being 

the 5 µg level that was strongly associated with DNA protection activity. Protein expression patterns 

significantly regulated in response to 0.5 µg and 5 µg of RXFP3 overexpression were co-analyzed using 

Gene Ontology (GO) term enrichment analysis (Fig. 2.2C), demonstrating the presence of common 

(RNA binding, cadherin binding) as well as distinct (transmembrane transport activity – 0.5 µg; Double 

stranded DNA binding – 5 µg) significantly enriched GO term groups (Fig. 5.4A). The strongest 

clustering proteins at the 0.5 µg RXFP3 level were associated with mitochondrial activity (ATP5C1) and 

RNA methylation (YTHDF3, YTHDF2) – while in response to the 5 µg RXFP3 expression level, strongly 

clustering proteins were associated with DNA damage/repair (TOP1), stress responsiveness (HMGB1) 

and cell senescence (HMGB2). Using the natural language processing informatic platform Textrous! 

[2] (Fig. 2.2D), we also found a strong functional divergence between these two datasets, i.e. the lower 

level of expression was associated with histone and microtubular function while the 5 µg RXFP3 

expression level again was strongly associated with DNA repair activities. The WriteWords phrase 

frequency counter was used (Fig. 2.2D) to extract the top 4 highest frequency phrases from Textrous! 

visualized in Figure 5.4B&C. Given these results and our PPI enrichment analysis results (Fig. 5.2) we 

next decided to further investigate the physical interactome of the human RXFP3 receptor in control 

and aging stress-associated conditions.  
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Figure 5.3: RXFP3 constellation comparison to a theoretical GIT2-Cell signaling dataset. A) To further investigate the role for RXFP3 

as a controller for GIT2, we created a GIT2-specific signaling set, comprised out of 760 proteins, by investigating the intersection 

dataset between ‘Cellular Signaling’ (using the following 8 interrogator terms: Signaling, cell signaling, cellular signaling, signal 

transduction, intermediary cell metabolism, signaling, cell signaling, cellular signaling, indicated by 1   8) and ‘GIT2’ associated text 

matrices (using the following 13 interrogator terms: GIT2, GIT-2, Cat2, Cat-2, CAT2, CAT-2, Git2, Git-2, ARF GAP GIT2, CAT 2, Cool-

interacting tyrosine phosphorylated protein 2, Cool-interacting protein 2, and Cool interacting tyrosine phosphorylated protein 2, 

indicated by 1  13). B) Analysis of this theoretical GIT2-signaling set using canonical signaling pathway analysis shows a strong 

recollection of the known GIT2 signaling capacities. But interestingly some other novel functionalities were also apparent such as 

Sirtuin Signaling and Relaxin Signaling. C) Lastly, we investigated which overexpression level of the RXFP3 constellation showed a 

potential GIT2-associated bias. Calculating both the numerical and percentage overlap, we found that the strongest intersection with 

the theoretical GIT2-signaling set was clear with the 5 µg RXFP3 level. 
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3.3 Aging-related cellular stress alters the physical RXFP3 interactome 

As complex signal transduction occurs through the dynamic modulation of PPIs [64], especially 

with respect to receptors [48, 65, 66], we next analyzed the nature of the proteins which physically 

associate with RXFP3, and how these interactions are modulated in response to oxidative stress 

(peroxide-induced) and DNA damage (CPT-induced). Using western blotting and confocal microscopy 

we observed the presence of DNA damage foci in the nucleus, specifically demonstrated by γ-H2AX as 

well as the increase of phospho-ATM – both these factors indicate DNA damage and DDR (Fig. S5.3A) 

[67, 68].  

Employing a cellular SILAC (Stable Isotope Labeling with Amino Acids in Cell Culture)-based 

affinity purification-mass spectrometry (AP-MS) approach, we were able to identify and quantify the 

potential interacting proteins that may represent components of the RXFP3 interactome. Three AP-

MS RXFP3 interactomes were extracted, i) control interactome ‘Control’: E.V. vs. RXFP3 no stress (n=3); 

ii) oxidative stress interactome ‘Ox Stress’: E.V. vs. RXFP3 stressed with 100 nM H2O2 for 90 minutes 

(n=3); and iii) DNA damage interactome ‘DNA damage’: E.V. vs. RXFP3 stressed with 1 µM of CPT for 

3 hours (n=3). We then compared the different protein compositions of these interactomes and 

investigated the proteins unique to each condition (Fig. 5.5A, proteins are listed in Table S5.5). In 

control conditions we reliably observed 47 distinct RXFP3 interacting partner proteins (Fig. 5.5A – 

Table S5.5). Among these control condition interacting proteins, we found several that were strongly 

associated with DNA stability management, e.g. EIF4A1 [69], RPS27A [70], MAP4 [71] and PHB [72]. 

Upon the introduction of the two age-related perturbagens, H2O2 and CPT, we found a profound 

increase – potentially due to a functional stabilization of the interactome complexes [73] – in the size 

of the stress-associated RXFP3 interactomes (Fig. 5.5A). In response to peroxide exposure, multiple 

factors linking oxidative stress to DNA damage management and senescence were found to physically 

associate with RXFP3 receptorsomes including PRDX6 [74, 75], PCNA [76, 77], FUS [78], RBMX [79], 

PARP1 [80], PRDX1 [81-83], SOD1 [84, 85], LDHB [86] and YBX1 [87]. In response to a DNA damaging 

perturbagen, multiple factors linking cellular stress to DNA damage management, senescence and 

organismal longevity were also found to be physically associated with RXFP3 receptorsomes, including 

PHB2 [88-91], TRAP1 [92, 93], AIMP1 [94, 95], KPNA2 [96, 97], TUFM [98], EMD [99, 100], MAT2A [101, 

102], NONO [103-110], IGFBP2 [111-113], SNRPA1 [114], HNRNPF [115], FAM98A [116] and ELAVL1 

[117-120]. It is likely that during pathological aging, the generation of oxygen radicals, e.g. ROS, 

precedes the eventual DNA damage that is induced by this ongoing oxidative stress [121], which is 

what our results demonstrate. These data indicate that, with respect to PPI-associated signaling 

events, RXFP3 can be ‘activated’ or stabilized into distinct states by aging-associated stress and thus 

dynamically modifies its stable interactome profile.  
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Figure 5.4: RXFP3 constellation, differential overexpression of RXFP3 indicates a role in DNA damage response. A-C) The 

results from the bioinformatic analysis of 0.5 µg RXFP3-HA (Left, grey), and 5 µg RXFP3-HA overexpression (Right, orange) 

using B) Gene Ontology through Enrichr [1]; C) Wordcloud generation and D) phrase frequency counting (WriteWords) of the 

words and noun-phrases extracted from Textrous! [2]. Here we see that a different overexpression level of RXFP3, indicates a 

different role of RXFP3, where with 0. 5µg RXFP3 we see a role in translation, and chromatin structure, while for 5 µg RXFP3 

overexpression a role for DNA damage response and repair.  
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To further investigate this dynamic receptorsome aspect of RXFP3 biology (Fig. 2.3), we 

performed unbiased natural language processing analytics to generate a gestalt appreciation of the 

distinctive phenotypes of the stress-associated RXFP3 interactomes (Fig. 2.3A). Applying the collective 

processing mode of Textrous! to the specific RXFP3 interactomes we found that the extracted words 

with the strongest association frequency to the entire peroxide-induced interactome dataset 

(measured using WriteWords) were all linked to DNA damage repair processes (Fig. 2.3B), while the 

CPT-induced RXFP3 interactome, was linked to cell cycle regulation – indicative of potential senescent 

related behavior (Fig. 5.5B). Using noun-phrase chunking platform of Textrous! [2], allowing more 

natural syntactic interpretations of the interactome datasets, we again demonstrated a DNA damage 

versus cell cycle regulation distinction between peroxide- or CPT-induced interactomes (Fig. 5.5C). 

Inspecting the specific agglomerative wordcloud structures for the control (Fig. 5.5D) RXFP3 

interactome bore a strong association with neurodegenerative conditions such as dementia, and more 

specifically frontotemporal dementia, that are strongly associated with age-related damage 

accumulation [122], suggesting a basic and fundamental role of RXFP3 systems in age-related disease. 

The RXFP3 interactomes stabilized by peroxide (Fig. 5.5E) or CPT (Fig. 5.5F) treatment again revealed 

a strong bias towards DNA damage repair and cell cycle regulatory behavior respectively. Further 

adding to the connection between RXFP3 biology and its ability to interact with cell cycle machinery, 

we indeed found that the RXFP3 can physically interact with mitotic spindle structures (Fig. S5.3B), 

thus potentially revealing an additional role of the RXFP3 in anti-aging and Senescence Associated 

Secretory Phenotype (SASP)-associated mechanisms [123, 124] that have also been linked previously 

to GIT2 functionality [16, 18]. 

2.4 Stress sensitive RXFP3 network analysis 

Using the specific and consistent peroxide- (Fig. 5.6A&B) or CPT-induced (Fig. 5.6C&D) RXFP3 

interactome protein datasets, we investigated the potential dynamic physical networks of these 

proteins using the Network Analyst platform (Fig. 2.3) [125]. We employed both generic (non-tissue 

specific) and hypothalamic-specific datasets (given the initial identification of GIT2 as an aging 

keystone in this tissue) as background databases to generate statistically-significant interaction 

networks for KEGG pathway enrichment (Fig. 5.6A&C) and Gene Ontology (GO; biological process; Fig. 

5.6B&D). At the level of both GO and KEGG pathway enrichment, the use of either background 

databases resulted in highly similar enriched GO terms and KEGG pathways. For GO analysis the 

percentage overlap of hypothalamic vs. generic tissue was 72.1 and 87.1% for peroxide- and CPT-

induced interactomes respectively. At the KEGG pathway level, these same analytical values were 56.5 

and 45.5% respectively for KEGG analysis of peroxide or CPT effects.  
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Using the peroxide-induced RXFP3 interactome we found that at the KEGG pathway level the 

interacting protein network was strongly associated (indicated by significant pathway enrichment 

Figure 5.5: Initial analysis of the unique RXFP3 interactomes under stress conditions indicates a role in DNA damage response 

and cell cycle control. A) VennPlex analysis of the different RXFP3 interactomes, RXFP3 without stress (control; orange) (n=3), 

RXFP3 in response to Oxidative stress using 100 nM hydrogen peroxide for 90 min (Ox Stress; Green) (n=3), and DNA damage 

using 1 µM of camptothecin for 3 h (DNA damage; blue) (n=3). For further analysis, the proteins unique to Oxidative stress and 

DNA damage were used for further analysis using Textrous! (textrous.irp.nia.nih.gov), which employs latent semantic indexing 

to achieve an easy and unbiased appreciation of our data, supplying a list of words and noun-phrases related to our dataset. 

Further analysis of these wordlists using WriteWords (www.writewords.org.uk), enabled us to count the most prominently 

present B) words, and C) noun-phrases associated to the specific datasets, from this it becomes clear that RXFP3 interacts with 

proteins involved in DNA damage response (Oxidative Stress) and Cell cycle control (DNA damage) in response to stress. Next, 

we visualized the extracted the hierarchical wordclouds from Textrous!, where we see the specific words for D) Control, indicating 

a role in control of neurodegenerative disorders such as Alzheimer’s disease and frontotemporal dementia (FTD), E) Oxidative 

Stress, again indicating an association with DNA damage repair; and F) DNA damage, indicating a connection to cell cycle 

control.  
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values) with DNA protection management (Base Excision Repair p=0.0403; Mismatch Repair 

p=0.0206), cell cycle control (Cell Cycle p=0.0319), energy management diversity 

(Glycolysis/Gluconeogenesis p=0.028) and lifespan (Longevity Regulating Pathway p=0.022: Fig. 5.6A). 

Using GO biological annotation of the peroxide-induced RXFP3 interactome network we found that 

this protein cluster was strongly linked to DNA integrity management (Response to DNA Damage 

Stimulus p=0.00702; Base Excision Repair p=0.0319) and age-associated oxidative damage (Response 

to Oxidative Stress p=0.0079; Aging p=0.0346) (Fig. 5.6B). Performing similar KEGG pathway analysis 

of the CPT-induced RXFP3 interactome we again found a strong aging-associated network phenotype 

of proteins, i.e. a strong representation (indicated by significant pathway enrichment values) of KEGG 

pathways associated with cell cycle control (Cell Cycle p=0.0455) and age-associated tissue pathology 

(Cellular Senescence p=0.0297; Necroptosis p=0.0311) (Fig. 5.6C). GO biological process analysis of the 

CPT-induced RXFP3 interactome supported these results, i.e. energy diversification (Mitochondrion 

organization p=0.00854) and stress resilience (Response to DNA Damage Stimulus p=0.00000159; 

Cellular Response to Stress p=0.000377) (Fig. 5.6D). Upon meta-analysis of these GO/KEGG 

annotations we found that for the oxidative stress RXFP3 interactome, the most dominant interacting 

protein factor was proliferating cell nuclear antigen (PCNA), through multiple (6 independent 

associations) links to different annotations (both GO and KEGG). In a similar manner, in response to 

CPT the most multidimensional factor (5 independent associations) linked to multiple significant 

annotations was cyclin-dependent kinase Inhibitor 2A (CDKN2A). Recent evidence has shown that one 

of the most specific functions of PCNA is to control the oxidative stress sensitivity of cells in concert 

with DNA damage repair mechanisms [126]. CDKN2A is an active connector between oxidative and 

DNA damage [127] with cellular senescence/pathological aging programs [128, 129]. The dynamic 

physical interaction of RXFP3 with these key factors in stress-related aging mechanisms underpins the 

potential importance of RXFP3 system in pathological aging. 

2.5 Comparative interactome analysis 

To simplify the following analysis, we combined the peroxide- and CPT-induced RXFP3 

interactomes to make one generic ‘stress’ interactome (Fig. 2.3B). We then compared the RXFP3 

‘control’ and combined ‘stress’ datasets to each BioGRID-derived protein interactomes. We extracted 

specific curated physical interactome database entries from BioGRID version 3.5, for well-known 

oxidative stress (G3BP1 – 299 proteins, SIRT1 – 251 proteins, SOD1 – 294 proteins) and DDR (PRKDC – 

283 proteins, H2AFX – 300 proteins, MDM2 – 299 proteins, MDC1 – 198 proteins, TP53 – 300 proteins, 

BRCA1 – 301 proteins) proteins (Table S5.6), to assess the potential PPI-based functionality of RXFP3 

receptorsomes (Fig. 2.3D). To control for the differences in numerical size between the ‘control’ (47 

proteins) and ‘stress’ RXFP3 interactome (268 proteins) we also employed multiple (n=3) randomly  
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generated (www.molbiotools.com/randomgenesetgenerator.html) protein datasets (47 for ‘control’ 

RXFP3 and 268 for the ‘stress’ RXFP3 interactome) for comparative interactome analyses. We found 

that with both the ‘control’ and ‘stress’ interactomes, versus the random datasets, there were 

considerable functional overlaps with many of the aging/metabolism BioGRID interactome datasets 

(Fig. 5.7A&B). The largest overlap was seen for G3BP1 (G3BP Stress Granule Assembly Factor 1), H2AFX 

(H2A Histone Family Member X), and BRCA1 (BRCA1, DNA repair associated) (Fig. 5.7A). As an 

Figure 5.6: Comparison of the oxidative stress and DNA damage RXFP3 interactome indicates roles in age-related 

processes. Using the specific and consistent peroxide (A-B) and CT-induced (C-D) RXFP3 interactome datasets we investigated 

the potential of these proteins to form a network using NetworkAnalyst. To generate statistically-significant interaction 

network KEGG enrichment (A&C) and Gene Ontology – Biological process (B&D) analysis. Using both generic and 

hypothalamus-specific backgrounds resulted in highly similar enriched GO terms and KEGG pathways. Using the peroxide-

induced RXFP3 interactome we found that the interacting protein network was A) strongly associated with DNA protection 

management, cell cycle control, energy metabolism, and lifespan at the KEGG pathways level, B) while at the GO biological 

annotation, we also see a strong connection to DNA integrity management, and additional age-associated oxidative damage. 

C) Using the same KEGG pathways analysis on the CT-induced interactome we again found a strong network phenotype 

associated with aging, i.e. cell cycle control, and age-related tissue pathology. D) GO biological process analysis showed a 

strong association with pathological aging responses, such as energy diversification and stress resilience. 
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additional workflow control for this comparative interactome experiment we created an extra list of 

proteins relatively unrelated to aging and DNA damage (CNTRL, CRP, LONP2: ‘Non-stress’), where we 

clearly see a minimal overlap compared to the oxidative stress and DNA damage proteins (Fig. 5.7B). 

The large overlap seen for all these proteins indicates an important regulatory role for RXFP3 in stress 

response. How this correlates to aging and age-related disorders was analyzed next. 

 We extracted available meta-data for several age-related disorders and non-age-related 

disorders from GEN3VA [130] and compared these to our interactome datasets (Fig. 5.7C&D; Fig. 

2.3E). We extracted datasets for classical Aging, Schizophrenia, in fact a potential aging-associated 

disorder [131] and non-specifically age-associated condition, i.e. aortic aneurysm as a control to assess 

whether the protein overlap is specific (Table S5.7). As can be seen in Fig. 5.7C and D, the numerical 

protein overlap with ‘Aging’ is larger than the other two datasets, where 64 of the combined RXFP3 

‘stress’ dataset show overlap, which is 23.88% of the total RXFP3 ‘stress’ set. Perhaps not completely 

unsurprising [131], we also see a strong overlap with ‘schizophrenia’, i.e. 54 proteins, or 20.90%. We 

see only one protein overlapping with ‘aortic aneurysm’ for the RXFP3 ‘stress’ dataset, namely PHGDH 

(Phosphoglycerate Dehydrogenase) and none for the RXFP3 ‘control’ set. These results gained from 

human curated dataset collections further support our hypothesis that RXFP3 may play a role in aging 

and the related disorders. 

Lastly, we used the Latent Semantic Indexing (LSI)-based informatic platform GeneIndexer 

[132], to interrogate our RXFP3 ‘control’ and ‘stress’ datasets with the following age-related syntactic 

concepts (Aging): Neurodegeneration, Cognitive impairment, Senescence, Parkinson's Disease, 

Amyotrophic lateral sclerosis, Alzheimer's Disease; and non-age-related terms (non-Aging): 

Tuberculosis, Spina Bifida, Asthma, Tourette syndrome, ADHD, Achondroplasia (Fig. 5.8A-B; Fig. 2.3F). 

Using this, we were able to assess the (RXFP3 ‘control’ (Table S5.8) or ‘stress’ (Table S5.9)) strength of 

correlation with specific aging- and non-aging related interrogator concepts and the RXFP3 

interactome datasets (Fig. 5.8C-D), by averaging the different extracted individual protein cosine 

similarity scores. In this instance we see a larger average cosine similarity score for both RXFP3 

datasets with the age-related terms compared to the non-aging interrogation paradigm.  

2.6 RXFP3 is a possible protective factor against DNA damage 

If RXFP3 acts as a regulatory factor for aging-related stress management we hypothesized 

that, like GIT2 [13, 14], its expression may be directly altered by aging-associated stress perturbations. 

We compared 24 hours of vehicle to 24 hours of CPT stimulation and saw a significant increase in 
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RXFP3 expression with CPT-induced DNA damage, which was indicated by an increase in γ-H2AX and 

phospho-ATM (Fig. 5.9A).  

To assess the potential mechanistic role of RXFP3 in DNA damage repair, we overexpressed 

RXFP3 in cells prior to stressing the cells using CPT (Fig. 5.9B). We investigated how this RXFP3 

overexpression affected the phosphorylation status of DNA damage repair proteins, such as BRCA1, 

H2AX, ATM and PRKDC. The phosphorylation of BRCA1 is indicative of the cells’ attempt to repair and 

recover from the damage caused [133-135]. The phosphorylation of H2AX, generating the γ-H2AX 

form, is the first sign of DNA damage, which is dephosphorylated immediately after DNA damage has 

been repaired. ATM activation mediates DDR through homologous recombination (HR), while PRKDC 

(also known as DNA-PKc) activates non-homologous end-joining (NHEJ). With the introduction of 

ectopic RXFP3 expression we observed a decrease in ATM and H2AX phosphorylation, while we 

observed a concomitant increase in BRCA1, PRKDC phosphorylation (Fig. 5.9B), suggesting that the 

cellular DNA-reparative process is likely induced with increased RXFP3 expression. When stress is 

applied to the cells, we observed a clear increase in ATM and PRKDC phosphorylation, while BRCA1 

activation was diminished compared to control levels. This data suggests that RXFP3 overexpression 

likely enhances the cellular stress responsivity to potential DNA damage – in a similar manner 

previously observed with GIT2 expression potentiation and protection against DNA-damaging insults 

[14]. 

In addition to this passive functionality of RXFP3, we tested the DNA-protective ability of 

RLN3-mediated stabilization of RXFP3. In this experimental paradigm, cell cultures were strongly 

stimulated with RLN3 (100 nM) for 1 and 2 hours before the introduction of CPT-induced DNA damage. 

We observed an effective reduction in ATM, BRCA1, and H2AX phosphorylation, compared to our 

control conditions. These results indicate that the activation of RXFP3 with its endogenous ligand RLN3 

attenuated the potential impact of DNA damage stress and thus may be associated with an augmented 

cellular protection from stress and thus aid in cellular recovery via a more effective stress resilience 

mechanism. This relationship between ligand-stimulated RXFP3 and DNA damage recovery proteins 

was next investigated using confocal microscopy (Fig. 5.9C) and western blotting (Fig. 5.9D). Here we 

observed a strong decrease in the number of nuclear foci identified using γ-H2AX and phospho-BRCA1 

antibodies in conditions where the cells were pre-stimulated with RLN3 compared to the control cells 

(Fig. 5.9C). In addition to this, we investigated the dynamic phosphorylation status of the DNA damage 

regulating kinase, PRKDC. Here we saw the opposite, PRKDC phosphorylation is higher in RLN3 

compared to vehicle control conditions (Fig. 5.9C, D). To assess the potential therapeutic (as opposed 

to prophylactic) DNA-protecting capacity of RXFP3 activity, we first stressed the cells with CPT and  
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Figure 5.7: RXFP3 interactome analysis using BioGRID extracted interactomes and GEN3VA extracted signatures, a first 

indication of a role in Aging. Using the BioGRID database (www.thebiogrid.org) the interacting proteins of several known 

oxidative stress and DNA damage proteins were extracted, and assembled into specific interactomes. A) Here we show the 

number of overlapping proteins between the unstressed RXFP3 interactome (Ctrl; black) versus the stressed interactomes 

(combined both the response to oxidative stress and DNA damage, Stress; Red) and the interacting proteins of DNA damage 

response/repair proteins (MDC1, H2AFX, BRCA1, PRKDC, TP53, MDM2) and oxidative stress proteins (SOD1, G3BP1, SIRT1). 

We see that while the RXFP3 interactome in control conditions already shows overlap, this overlap is considerably increased 

under stress. B) When we assemble the interactomes of the oxidative stress and DNA damage proteins separately, Ox stress 

and DDR, respectively, we again see this greater overlap for the RXFP3 “stress” interactome. When this was repeated for 

three proteins unrelated to oxidative stress, DNA damage or aging (other), we did not see this overlap. C) Next, GEN3VA 

(http://amp.pharm.mssm.edu/gen3va/) was used to extract protein signatures pertaining to aging, which is of most interest 

to us, schizophrenia, of which we hypothesize RXFP3 might be a controlling factor, and as a negative control we extracted 

protein signatures for aortic aneurysm, where we believe RXFP3 is not associated with at all. The overlap was visualized 

using InteractiVenn (www.interactivenn.net). D) The overlapping proteins were then visualized in a bar chart, showing the 

large differences between “ctrl” and the “stress” interactomes of RXFP3. In addition, we see nearly no overlap with the 

signature for aneurysm, a decent overlap for schizophrenia, and a large overlap with aging. This data not only indicates the 

large differences between RXFP3 in control versus RXFP3 in stress conditions, but that RXFP3 possible plays an important 

role in oxidative stress, DNA damage response and aging. 
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then stimulated them with two doses of RLN3. Similar to our findings in Fig. 5.9D, we see that when 

administered after the DNA-stressing insult we again revealed the ability of RLN3 to reduce the extent 

of eventual DNA stress, suggesting that, in addition to a prophylactic DNA-protective capacity, RLN3 

can also induce an efficient, post-stress, DNA-damage attenuation therapeutic action (Fig. 5.9E).  

4. Discussion 

We investigated the potential connectivity of RXFP3 with the DDR signaling domain. Our 

previous studies demonstrated that the GPCR scaffolding protein GIT2 likely plays a potent and trophic 

level regulatory role in the aging process [62]. We have found that GIT2 expression is sensitive to 

oxidative perturbations [136], normal and pathological aging [12, 16, 137], alterations of dietary 

energy intake [16], age-related neurodegeneration [36], somatic glycemic and metabolic status [16] 

and DNA-damaging insults [14]. GIT2 genomic deletion has been shown to disrupt pancreatic beta cell 

development [16], adipose deposition [137], immune cell migration [63], control cellular senescence 

as well as attenuate overall lifespan [18]. These multidimensional findings suggest that GIT2 could 

indeed represent a novel therapeutic target for aging related disorders. One mechanism that is 

currently being investigated is the synthetic chemical mediated regulation of ADP ribosylation factor 

GTPase Activating Protein (ARF GAP) enzymatic activity, with the experimental agent QS11 [138]. 

While small molecules are a simple mechanism to regulate ARF GAP activity, the GIT molecules (both 

GIT1 and GIT2) are highly interconnected proteomic factors and simple indiscriminate inhibition of 

enzymatic activity will not likely elicit specific signaling effects. In addition, as GIT2 is a scaffolding 

protein, as well as an ARF GAP, it is also possible that simple chemical inhibition/modulation of ARF 

GAP activity, will not control all the additional protein-protein binding functionalities of GIT2. Our work 

over recent years has demonstrated that in addition to the simple regulation of intermediary cell 

metabolism events such as calcium mobilization or activation of protein kinases, GPCRs possess a 

functional efficacy profile that exists at the transcriptional and protein translational level [19, 20, 139-

141]. Thus, GPCRs likely possess a translational relationship with signaling factors that they then 

employ as components in their diverse signaling outputs – hence each signaling molecule possesses 

an intrinsic priority relationship to their associated GPCRs. In this study, we investigated this potential 

for linking a cell surface GPCR to intracellular signaling protein GIT2, and to modulate its age-

controlling functionality. Thus, we present a novel paradigm for therapeutic drug development and 

prioritization. Using a genomic deletion model for GIT2 analysis we found that the RXFP3 was 

reflexively altered in its expression in a coordinated manner with GIT2 (Fig. 5.1). In addition to this 

expression-based relationship, we also demonstrated that both ectopic expression and ligand 

stimulation (using RLN3) of the RXFP3 receptor was able to exert an expression level effect (in multiple  
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Figure 5.8: Investigation of the RXFP3 interactome using Latent Semantic Indexing program, GeneIndexer. Using specific age-related 

or -unrelated interrogator terms, the Latent Semantic Indexing program, GeneIndexer is able to show a relationship between our dataset 

and aging. A) Using Neurodegeneration, cognitive impairment, senescence, Parkinson’s disease, amyotrophic lateral sclerosis, and 

Alzheimer’s disease as the Age-related interrogation terms (“aging”), and Tuberculosis, spina bifida, asthma, Tourette syndrome, ADHD, 

achondroplasia, as the unrelated aging terms (“Non-aging”), we were able to support our relationship of RXFP3 with aging (Fig. 5.5). 

Both for the Control (Ctrl) and Stress interactome a stronger correlation was seen with the aging interrogation terms. B) When the 

results of the interrogation terms were added together, the difference between the aging and non-aging terms was significant. C) 

GeneIndexer output with the cosine similarity score for the proteins with the interrogation terms of the control interactome for RXFP3, 

and D) for the stress interactome for RXFP3. 
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cell types) upon GIT2, suggesting a close functional synergy between GIT2 and the RXFP3 receptor. 

The cognate ligand of RXFP3, RLN3, is also termed insulin-like peptide 7 and like insulin, is composed 

of an A- and B-chain connected by two disulfide bonds [142]. While RXFP3 responds to the binding of 

its ligand, its amino acid structure (Fig. S5.1A&B) reveals the presence of a natural modification of the 

canonical third transmembrane helix (TM3) activity-regulating ‘DRY’ motif - replaced by a ‘TRY’ motif, 

where the aspartic acid is replaced by a threonine in humans and an alanine in mice. DRY motif 

disruption typically results in enhanced constitutive active levels in the absence of the cognate 

orthosteric ligand [47]. In typical class A GPCRs, the DRY motif Asp is bound to a Gln/Glu in TM6 which 

allows the formation of a salt bridge, creating an ionic lock which is further stabilized by the interaction 

between the Asp and Arg in the DRY motif itself [143, 144]. This ionic lock, which typically constrains 

the receptor in an ‘inactive’ state until a ligand is bound, is absent in RXFP3 allowing it to exist in the 

active conformation [47, 143, 144]. While considerable research has been conducted into how 

structural alterations can affect constitutive activity levels, these studies were conducted initially in 

the context of a monodimensional mode of GPCR signaling, i.e. through heterotrimeric G proteins. 

Subsequent discoveries concerning first β-arrestin [145] and then further multi- [19] and 

pluridimensional [146] GPCR signaling modes necessitates the application of a specificity with respect 

to which multiple output efficacies are constitutively active, and which are not. Within the 

pluridimensional signaling context, it is likely that a broad receptorsome ensemble [147] is responsible 

for the multiple modes of receptor signaling. Therefore, the measurement of a single, often soluble 

second messenger index, is unlikely to reveal a diverse range of efficacy profiles.  

Using our ‘constellation’ curve analysis, we correlated such a divergent signaling profile with 

a ‘theoretical’ GIT2 dataset approach we have pioneered recently to investigate unchartered signaling 

paradigms [20]. Employing this approach (Fig. 5.3) we found that the RXFP3 expression level most 

associated with DDR functionalities was also most strongly intersecting (at the protein expression 

level) with the GIT2-signaling ‘theoretical’ dataset. It is interesting to note that the natural DRY motif 

mutation in the RXFP3 has been associated with preferences for enhanced receptor internalization. It 

may be possible therefore that this internalized RXFP3 receptor pool could initiate distinct signaling 

modalities independent from that emanating from the plasma membrane [148, 149]. In this context, 

it is unsurprising that such a functional idiosyncrasy may be associated with a protein strongly linked 

to internalization behavior and microvesicular movement, i.e. GIT2 [61]. This theory coincides with 

the possibility that RXFP3 might be a stress sensor within the cellular interior. 

 With our RXFP3 constellation expression data we saw a clear suggestion of a role in DNA 

damage response at 5 µg overexpression level compared to 0.5 µg (Fig. 5.2&4; top 15 up and down-
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regulated proteins in Table S5.10). In addition to these most strongly regulated proteins, we observed  

proteins that specifically relocate to another cellular fraction, e.g. Thioredoxin (TXN2) involved in 
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oxidative stress response [150], translocated from the nucleus to the plasma membrane. Using LSI 

(Textrous!) we revealed a strong connection between DDR activity and increased RXFP3 expression 

(Fig. 5.4B). While this may suggest that RXFP3 causes DNA damage, we hypothesize, that increased 

expression of RXFP3 prepares the cells for damage. Therefore, RXFP3 activity may enhance innate 

cellular resilience and thus engender an augmented, more sensitive response mechanism to DNA 

damage, which was supported by the elevation in RXFP3 expression after DNA damage (Fig. 5.9A), 

which may be a response of the cell to prepare for the presence of incipient damage and thus responds 

by enhancing its coterie of interacting DDR proteins. In turn, our data also demonstrates that RXFP3 

interacts with many proteins involved in the DNA damage response and repair process (Fig. 5.5). 

As signaling proteins are unlikely to exist as discrete unitary entities, it is now widely accepted 

that the formation of coherent and co-functional protein complexes lies at the basis of nearly each 

physiological and pathophysiological process [151-153]. Our AP-MS investigation into the dynamic 

RXFP3 interactome was interrogated using multiple unbiased approaches (Figs. 5.5-8) to generate an 

accurate gestalt appreciation of this signaling entity. We found a potent link between RXFP3 and a 

role in DNA damage response and repair, cell cycle control and potentially even cell senescence 

regulation. We identified multiple proteins related to senescence, e.g. CDKN2A [154, 155], LMNA 

[156], PARP1 [157], PSMA5 [158], and PHB [159]. Senescence occurs naturally during embryonic 

development and recently it has received considerable attention through its potential role in the 

development of age-related disorders. Senescent cells arise due to replicative telomeric attrition or 

stress-associated cellular damage and can have either an unfavorable or beneficial impact on tissues 

and organs depending on the cell type and metabolic state. As senescent cells amass in tissues with 

progressing age, they have been connected to many aging declines and diseases [154]. CDKN2A 

(p16)/RB (Retinoblastoma-associated protein) directs one of the two pathways which is responsible 

for the initiating and maintaining cellular senescence programs, where CDKN1A or p21 together with 

p53, a consistent GIT2-interacting protein [14] directs the other [154]. 

Figure 5.9: RXFP3 acts as a protective factor of DNA damage. A) RXFP3 expression increases significantly with DNA damage 

caused by 10 μM CT for 24 hours (n=3). Induction of DNA damage was validated using γ-H2AX and p-ATM. B) Overexpression of 

RXFP3 compared to control (E.V.) elicits a specific response of DNA damage-associated proteins in unstressed stressed (CT-

treated) cells. Overexpression of the RXFP3, in the absence of CT exposure, appears to prepare the cell for stress responsivity as 

this results in the activation of BRCA1 (p-BRCA1), PRKDC (p-PRKDC), ATM (p-ATM) and H2AX (γ-H2AX). However, we also see a 

decrease in activation compared to control (E.V.) transfected cells after stress of these proteins, indicating that the RXFP3 

potentially facilitates DNA damage repair (n=3). C) RXFP3 stimulation using RLN3 (100 nM, 1 and 2 hours prior to stress induction 

using 10 µM CT), directly affects the number of γ-H2AX, pBRCA1 and pPRKDC foci (n=30) using confocal microscopy, where we 

see a specific decrease in γ-H2AX, and p-BRCA1 foci, and an increase in PRKDC activation. D) These results were also shown using 

immunoblotting (n=6). E) Stimulating RXFP3 after stress induction (2 shots, 1 and 2 hours after 3h 10 µM CT), here called post-

stimulation, induced similar effects (n=6). 
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BioGRID was used to compare the interactome of RXFP3 to known oxidative stress and DDR 

proteins (Fig. 5.7). A large interactome overlap was found for several canonical DDR proteins, (MDC1 

[160]; H2AFX - [161, 162]; BRCA1 [163, 164]; PRKDC [165], TP53 [166], MDM2 [164]) and anti-oxidative 

stress associated proteins (SOD1 [167]; SIRT1 [168, 169]; G3BP1 [170]). MDC1 is recruited to the 

double strand break (DSB) sites [160] after the initiation of the signaling cascade caused by these 

lesions, which starts with the phosphorylation of H2AX, generating the γ-H2AX species. The interaction 

between MDC1 and γ-H2AX allow for binding and retaining of additional DDR factors at DNA damage 

sites including GIT2 and BRCA1 [15, 171]. With DNA damage, p53 expression elevates significantly in 

cells and functions as a transcription factor to control the expression of proteins that coordinate the 

DDR related post-translational modification of the E3 ubiquitin ligase MDM2, which may act as the 

master regulator of p53 [164]. BRCA1 is a tumor suppressor gene, which contributes to DNA repair 

and transcriptional regulation in response to DNA damage, and protects the genome from damage. In 

addition, this repair protein regulates the transcription of proteins involved in the repair of DNA. 

Lastly, PRKDC is recruited to DSBs and aids in the repair of DNA via NHEJ, interacts with the GIT2-

interactor p53 and appears to play a pivotal role in DNA repair in non-proliferating cells [172]. 

SOD1 scavenges ROS such as superoxide radicals produced in the body, thus playing a vital 

role in oxidative stress and lifespan management [173-175]. SIRT1, similar to SOD1, is an oxidative 

stress-sensitivity [176] and longevity regulator that has stress attenuation functions in vascular 

endothelial and neuronal cells, indicating a role in cardiovascular and neurodegenerative disorders. 

G3BP1, while not directly related to oxidative stress, is important in stress granule formation in 

response to this oxidative stress. Cells have two methods following exposure to environmental stress, 

i) induce apoptosis, ii) inhibit apoptosis and repair the damage induced by stress. These two options 

minimize cell loss, while preventing the damaged cells, with abnormal DNA and protein changes [177-

179]. Stress granules control these two alternatives and this antioxidant activity is partially regulated 

by G3BP1 [180, 181]. 

The overlap over RXFP3 with these proteins related to oxidative stress and subsequent stress 

granule (SG) formation – which is also associated with senescence mechanisms [170] piqued our 

interest. SGs are formed by RNA binding proteins which consolidate important transcripts required to 

maintain cell viability during the presence and after the alleviation of stress [182]. In this context in 

our constellation data we found that SOD1, ATXN2 and G3BP1 were seen to be specifically 

translocated from the nucleus to the cytoplasm in response to RXFP3 overexpression. In addition, we 

have shown that RXFP3 interacts with SOD1 and G3BP1 proteins in response to oxidative stress and 

DNA damage, respectively, using AP-MS. This in combination with the considerable overlap of the 

RXFP3 and the curated SOD1 and G3BP1 interactomes, supports our hypothesis that RXFP3 acts as a 
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stress sensor and then controls translation of DDR proteins and interacts with these SGs in order to 

protect the cell from potential harm. However, further investigation into this role of RXFP3 as an 

oxidative stress sensor and responder will be the subject of further studies. 

Using GEN3VA-based curated data we were able to establish independently that there may 

be a role for RXFP3 in aging, and a new potential role was found for RXFP3 in the development of 

schizophrenia (Fig. 5.7), a mental disorder characterized by delusions and hallucinations [183] that is 

being increasingly associated with pro-aging mechanisms [131]. One of the plausible underlying 

mechanisms for schizophrenia is a disruption in dopaminergic neurotransmission, possibly due to 

oxidative stress [184]. While this connection between RXFP3 and schizophrenia has previously not yet 

been made, as RXFP3 plays a potential role in dopamine transmission [185] and protection against 

oxidative stress, shown in this paper, this association with schizophrenia is not entirely surprising. 

Reinforcing this posit we have also recently shown that in pro-aging murine models areas of the 

central nervous system whose dopaminergic connectivity is affected also show deficits in both GIT2 

and RXFP3 expression [36]. 

 Following our molecular investigation of RXFP3 at the dynamic interactome level we have 

demonstrated that stimulation of the RLN3/RXFP3 system in cells, appears to be protective against 

DNA damage. Both prior to stress or following stressor exposure, RLN3 application decreased the 

phosphorylation of H2AX and BRCA1, while increasing PRKDC phosphorylation. This shows that RLN3 

is a protective factor prior to damage, indicating it could possibly be used as a DNA-damage protecting 

agent.  

Furthermore, BRCA1 is bound and phosphorylated by ATM kinase [135, 186], as well as G2/M 

control kinase, CHK2, and potentially many other kinases [187]. Further investigation has shown that 

BRCA1 is involved in complexes that promote and activate the repair of DSB and initiate HR. This is 

supported by the co-localization and interaction with important DDR proteins such as Rad51 [188], 

Rad50, MRE11 [189, 190], ATM [135, 186], H2AX [191, 192], and p53 [187]. Lastly, BRCA1 and PARP, 

whilst involved in completely different response and repair mechanisms, appear to cooperate to 

repair DNA damage [193]. In addition, and underlining the role of DDR processes in neurodegenerative 

aging, BRCA1 has also been recently implicated in AD [194]. Many of these stress repair proteins, i.e. 

H2AX, GIT2, PARP, BRCA1, and ATM, have been shown to be of importance in both here with the 

RXFP3 paradigm and our previous GIT2 signaling findings, i.e. GIT2 is phosphorylated by ATM upon 

DNA damage and form complexes with DDR-associated factors such as p53, ATM, PARP1 and γ-H2AX 

[14]. 
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Figure 5.10: RXFP3 in DNA damage response and repair. A) With DNA damage in the form of a double strand break (DSB), 

the cell has several mechanisms to respond and thus repair itself. The damage is recognized by the MRE11-RAD50-NBS1 

complex (MRN complex), which recruits and activates ATM (Ataxia Telangiectasia Mutated), which is autophosphorylated. 

ATM, in turn phosphorylates multiple damage-associated proteins. H2AX (a variant of the histone H2A family) 

phosphorylation (generating γ-H2AX) allows for the recruitment of MDC1 (Mediator of Damage Checkpoint protein 1), also 

a phosphorylation substrate of ATM. Phosphorylated MDC1 serves as a scaffold for the recruitment of other proteins required 

for the activation of BRCA1 by ATM, thus promoting cell cycle arrest and DNA repair. BRCA1, in turn, then interacts with 

multiple proteins, i.e. p53, RAD50, RAD51, ATM, NSB1 and BRCA2, to modulate DNA repair, transcription, and the cell cycle. 

Phosphorylation of BRCA1 by ATM activates DNA repair through homologous recombination, in cooperation with BRCA2 and 

RAD51. Additionally, BRCA1 recruits the MRN-complex to the sites of DNA damage. ATM furthermore phosphorylates the 

aging keystone GIT2 promotes the repair of DNA damage via the stabilization of repair factor BRCA1, in the repair complex. 

GIT2 then allows the formation of a nuclear DSB focus dependent on H2AX, ATM, and MRE11. Also GIT2 is a strong interactor 

of the cell cycle checkpoint protein p53 and PARP1. PARPs play a pivotal role in DNA damage detection and repair, by the 

formation of ADP-ribose ribosylation complexes, allowing the recruitment of DDR proteins to the damaged DNA. After the 

DNA has been repaired, γ-H2AX is dephosphorylated by PP2A, a phosphatase. B) Cells exploit two major DSB repair pathways, 

i) ATM-dependent homologous recombination (HR), and ii) PRKDC-mediated Non-homologous end joining (NHEJ). In the 

absence of a functional ATM, it seems cells are able to rely on functional PRKDC signaling for their survival, thus using the 

NHEJ pathway as a backup pathway for DSB repair [3]. 
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Using our current findings, we have attempted to situate RXFP3 and its signaling functionality 

within the known DDR domain (Fig. 5.10A&B). We propose that RXFP3 participates in PRKDC activation 

following RLN3 stimulation. This RXFP3-entrained process allows the cell to employ PRKDC-dependent 

NHEJ, in addition to typically ATM-associated HR. RXFP3 can potentially enhance DNA repair, thus 

explaining our observed accelerated decrease in ATM, H2AX and BRCA1 phosphorylation, while PRKDC 

phosphorylation is increased. This proposal is supported by the research of Riabinska, et al. [3] which 

demonstrated that in ATM-defective cells, PRKDC offers a backup mechanism for failed DSB repair 

through HR, using NHEJ. Their research was further reinforced by the early embryonic lethality of 

ATM+PRKDC-KO mice [195], while animals only lacking one of the two proteins are viable [196, 197]. 

This direct effect of RXFP3 stimulation and expression on the activation of PRKDC and the NHEJ DNA 

repair is supported by minimal PRKDC phosphorylation alteration in response to DNA damage caused 

by CPT (Fig. 5.9B&C). While the overall effect of RXFP3 system activation upon PRKDC expression and 

phosphorylation, also supports our acquired information displayed in Figure 5.9, using co-IP we 

further demonstrated that activated PRKDC (pPRKDC) interacts with RXFP3 (Fig. S5.3C). This 

interaction supports our theory depicted in Figure 10B, where we suggested that RXFP3 interacts with 

PRKDC and allows its activation, in addition to the activation of ATM thus facilitating DNA damage 

repair. As can also be seen, the RXFP3 sequence (Fig. S5.1) contains three potential phosphorylation 

sites, two for ATM and one for PRKDC. Interestingly, however, the phosphorylation sites mentioned 

in Figure S5.1 are located at the extracellular region of the receptor. This indicates that this GPCR is 

potentially available in the cell in a usual ‘outside-out’ conformation, but also in a novel ‘outside-in’ 

conformation. It may thus be very important to explore further, through receptor mutation, as 

performed previously for GIT2 [14]. 

Given our demonstration of a potential role for RXFP3 in controlling aging-associated disease 

we further tested the potential validity of our contention at an unbiased, mass analytical level. To this 

end we employed a recently demonstrated technique of reverse-database analysis using LSI [198]. As 

such, we first created a database of proteins, extracted from the entire human genome (via PubMed 

Central text mining using GeneIndexer), explicitly and implicitly associated with input interrogator 

terms covering the majority of age-associated disease conditions, termed the ‘Disease Continuum’ 

(Fig. 5.11A). To identify potential therapeutic targets that could interact and potentially control this 

‘Disease Continuum’ in a multidimensional manner we isolated the proteins within this continuum 

most strongly associated with a battery of terms linked to central nervous system function, energy 

metabolism and GPCR-focused signaling (Table S5.11). Ranking the Cosine Similarity scores of the 

resultant factors that were prominent in the disease continuum and the ‘Therapeutic Interrogators’ 

(Fig. 5.11B) we found that, based on a correlation ranking probability score (p < 0.001, ***) there were  
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Figure 5.11: Unbiased analysis of the potential role for RXFP3 in controlling age-related disorders. To test the validity of our 

hypothesis in an unbiased manner, we used reverse-database analysis using latent semantic indexing platform GeneIndexer. A) 

We started by creating a database of proteins, associated with input interrogator terms of the majority of age-related disorders, 

which we termed the ‘Disease Continuum’. B) We next tried to identify a potential therapeutic target for these diseases, a GPCR 

in particular. To do so we investigated the Disease continuum protein dataset with GPCR-related terms, to create the 

‘Therapeutic continuum’. C) The proteins were ranked according to the cosine similarity scores, and based on a correlation 

ranking probability score (p<0.001, ***) 37 specific proteins were identified demonstrating a large amount of correlation within 

the therapeutic interrogators greater than the 99th percentile. The top three ranked multidimensional proteins that could 

represent effective age-related disease targets were, AVPR1B, MAS1 and RLN3, the cognate ligand for the RXFP3. 
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37 specific protein targets demonstrating a number of correlations within the therapeutic 

interrogators that was greater than the 99% (representing only 0.67% of the input ‘Disease Continuum’ 

dataset). The top three ranked multidimensional proteins that could represent effective age-related 

disease interdiction targets were, arginine vasopressin receptor 1B (AVPR1B), MAS1 proto-oncogene, 

GPCR (MAS1) and RLN3, the cognate ligand for the RXFP3 (Fig. 5.11C). It is interesting to note that the 

MAS1 [199] and arginine vasopressin receptors [200] have recently been implicated in age-related 

disorder amelioration. In this context, using an unbiased multidimensional approach it is tantalizing 

to anticipate that therapeutic modulation of the RXFP3 may also hold significant promise for the 

attenuation of multiple age-related diseases. 

Taken together, our findings suggest that RXFP3, may be involved in oxidative stress and DNA 

damage stress response, in addition to its role in corticotropin stress response [24, 201]. This 

involvement of GPCRs in DDR has only recently been observed [198], and it appears that the receptor 

systems have long been developed alongside DDR systems to act as stress sensors, as appears to be 

the case for RXFP3, i.e. oxidative stress, DNA damage and potentially age-related stress. When we 

combine this information with its expressional and functional relationship and association with GIT2 

[12, 13, 15, 16], it appears that we may be able to target RXFP3, and as such control GIT2 and 

potentially treat or even prevent age-related disorders such as neurodegeneration. Future research 

should focus on further unraveling the relationship between GIT2 and RXFP3 so that RXFP3-targeted 

therapeutics can be designed. 
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Supplementary table 5.3: Concatenated GIT2 signaling theoretical data set. 

Supplementary table 5.4: Canonical Signaling Pathway Analysis of theoretical GIT2-Signaling dataset. 

Supplementary table 5.5: RXFP3 interacting proteins. 

Supplementary table 5.6: BioGrid interactomes for DNA damage response, and oxidative stress. 

Supplementary table 5.7: GEN3VA disease signature lists. 

Supplementary table 5.8: GeneIndexer interrogation of RXFP3 ‘control’ interactome. 

Supplementary table 5.9: GeneIndexer interrogation of RXFP3 ‘control’ interactome. 
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Supplementary table 5.11: Therapeutic continuum. 
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Figure S5.1: Analysis of the RXFP3 amino acid structure indicates a potential role in the DNA damage response. A-B) Amino 

acid structure of RXFP3. A) RXFP3 represented as a heptahelical snake extracted from GPCRdb (www.GPCRdb.org), and B) as an 

amino acid sequence. Visualized in both A and B are the predicted extracellular (blue), transmembrane (red), and intracellular 

(green) domains. Further investigation into the different motifs in the sequence indicates the absence of the typical “DRY” or Asp-

Arg-Tyr motif responsible for receptor conformation change after ligand activation, instead a “TRY” or Thr-Arg-Tyr motif (Black) 

is present. In addition, we identified two phosphorylation sites for Ataxia Telangiectasia Mutated (ATM), with typical motif: Sx, in 

this case SQ or Ser-Gln (Pink), and one phosphorylation site for DNA protein kinase C (DNA-PK also known as PRKDC); with typical 

SxQ motif, in this case SLQ or Ser-Leu-Gln (Yellow). Potential phosphorylation sites were identified using Scansite 

(https://scansite4.mit.edu) and InterProScan (http://www.ebi.ac.uk/interpro/interproscan.html). 

 

http://www.ebi.ac.uk/interpro/interproscan.html
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  Figure S5.2: The 12 common proteins across all five RXFP3 expression levels. Through InteractiVenn (www.interactivenn.net), 

we were able to investigate the unique and overlapping proteins for the RXFP3 constellation experiment. 12 proteins were 

significantly altered across each of the RXFP3 overexpression levels, i.e. PRR14L, SCYL1, CCDC9, NEK7, HIST1H3A, ATPIF1, CDCA2, 

PAGR1, POTEKP, MTMR1, ZCCHC3, and MEPCE. These proteins show involvement in energy metabolism regulation, DNA damage 

associated with aging, and cell senescence. Using a heatmap we are able to show the protein expression of each protein, where 

green is downregulation and red is upregulation. Certain proteins, were contra-regulated in the different overexpression levels 

and cellular fractions, and are therefore neither upregulated or downregulated (yellow). 
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Figure S5.3: Experiment validations. A) Validation of mass spectrometry data (RXFP3 0.5 and 5 µg overexpression) 

through immunoblotting, testing: SRC, G3BP1, OSSA, DDB1, and HA (RXFP3), with Red Ponceau as a loading 

control. B) Validation of interactomics experiment using co-immunoprecipitation. C) DNA damage validation after 

oxidative stress and camptothecin, using the DNA damage responder γ-H2AX as a marker, indicating the 90 minute 

exposure of 100 nM H2O2 can cause a possibly survivable amount of DNA damage, while 3 h of 1 µM camptothecin 

elicits a larger amount of DNA damage. D) Confocal microscopy was used to investigate the expression of RXFP3 

(green), where we see that RXFP3 expression can overlap with the mitotic spindle (blue) during mitosis, indicating 

a role in cell cycle control. 



Chapter 5  RESULTS 

184 
 

 



 

 

 

 

 

Chapter 6 

The synergistic GIT2-RXFP3 signaling system – a protective receptor system 

controlling age-related DNA damage 

  



Chapter 6  RESULTS 

186 
 

This chapter is based the following manuscript: “The synergistic GIT2-RXFP3 signaling system – a 

protective receptor system controlling age-related DNA damage” in progress. 

 

Jaana van Gastela,b, Hanne Leysena,b, Mi-Hye Leec, Jhana O. Hendrickxa,b, Abdelkrim Azmib, Louis M 

Luttrellc, Bronwen Martind, Stuart Maudsleya†. 

 

aReceptor Biology Lab Department of Biomedical Sciences, University of Antwerp, Antwerp, Belgium 

bTranslational Neurobiology Group, Center of Molecular Neurology, VIB, Antwerp, Belgium 

cDivision of Endocrinology, Diabetes & Medical Genetics, Medical University of South Carolina, 

Charleston, SC USA  

dFaculty of Biomedical Sciences, Veterinary Science and Pharmacy, University of Antwerp, Belgium 

 

Contribution: The paper was written by JvG, and SM, experiments were performed by JvG, HL, MHL, 

and AA, adaptations and corrections were made all authors. 

  



The synergistic GIT2-RXFP3 signaling system – a protective receptor system controlling age-related DNA damage 

 

187 
 

Abstract 

In order to optimally combat highly complex age-related diseases, a desirable strategy would involve 

amelioration of multiple contributing process, i.e. metabolic dysfunction, inflammation, fat 

deposition, oxidative stress and DNA damage. G protein-coupled receptor (GPCR) kinase interacting 

protein 2 (GIT2) has been identified as a recognized keystone protein that helps orchestrate signal 

communication in aging. While possessing a central role in aging, as a scaffolding protein GIT2 does 

not offer itself as a simple therapeutic target unlike receptors, ion channels and enzymes. To mitigate 

this impasse, we investigated whether GIT2 possessed a strong functional/physical relationship to a 

tractable target that could then facilitate effective GIT2-regulation. This investigation resulted in the 

identification of strong functional link between Relaxin family peptide 3 receptor (RXFP3) and GIT2 

(Chapter 5). Here we have employed quantitative proteomics, affinity-purification mass spectrometry, 

and bioinformatic analyses to generate GIT2-RXFP3 system-specific molecular signatures, which could 

be used further to investigate the functional ramifications of this novel age-regulating paradigm. This 

research could aid in the discovery and development of novel therapies for a broad range of age-

related disorders that are associated with GIT2 functionality. Here we demonstrate that at the 

molecular interactome level, GIT2 and RXFP3 form a dynamic functional system, where they can 

control/activate both non-homologous end-joining and homologous recombination to repair DNA 

damage.  
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1. Introduction 

Aging is arguably the most complex and interconnected biological processes known. 

Organisms can age healthily or pathologically depending on multiple intrinsic and environmental 

factors [2-4]. Common to both trajectories of aging however is the progressive accumulation of 

damage in the cell, due to a dysfunction of the repair systems – the time of overt damage onset and 

the extent of this damage dictates the presence of healthy or pathological aging. This progressive loss 

of physiological integrity leads to impaired functionality and increased susceptibility to cell mortality 

[5] and is potentially associated with a breakdown in multi-system signal transduction complexity [6]. 

Demonstrating this principle of pathological aging is likely instigated by several interconnected 

dysfunctions in the body; these integrity deficits are often termed the ‘hallmarks of aging’, i) metabolic 

dysfunction and fat deposition, ii) chronic inflammation, iii) oxidative stress, iv) DNA damage [5, 7]. 

We suggest the following sequence of events in a simplistic model, which eventually leads to cell 

death: at the age of 30-35 an initial metabolic dysfunction obstructs optimal glucose usage as the 

primary energy source, which could force the heightened use of lipid-based metabolism for 

supplementary energy production [8-11]. This in turn would increase the amount of lipids stored as 

an energy reserve, thus possibly inducing a greater pro-inflammatory state [12, 13]. The reduced 

energy generation efficiency together with this increase inflammation is likely to cause an increased 

oxidative radical burden (due to the divergence from efficient oxidative phosphorylation) which in 

turn will cause a rise in the risk for damage to cellular proteins, lipids and nucleic acids (DNA) [14-16]. 

While a simplistic view of the hallmarks of aging as a temporal sequence of events, it is likely that 

these occur simultaneously during the aging process and their chronological associations may vary, 

thus resulting in an aging course specific to each individual [7].  

While aging itself is not considered a disorder, it is a complex syndromic state that enables or 

perhaps even prompts the occurrence of collateral diseases in elderly persons or individuals 

presenting advanced aging conditions [17]. As such aging is a risk factor for the development of 

multiple chronic disorders [18, 19]. Even though aging does not adhere to the traditional 

characteristics of a disease, targeting the negative aspects of aging might facilitate therapy 

development for complex age-related pathologies. 

Over recent years, it has become clear that biological systems function as integrated 

networks, rather than simplistic linear molecular cascades [20-27]. Composed of self-reinforcing 

protein-protein interaction clusters, these communication systems have the ability to control 

processes from single cell to whole body level [28]. The most biologically important proteins in such 

clusters are the ones with the highest degree of cross-system interconnectivity (betweenness) – these 

factors are often termed ‘keystone’ proteins or ‘hubs’ [29-33]. While aging is highly complex, even 
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these systems are organized as such, where potentially only one keystone could generate network 

robustness, thus allowing it to become highly resistant to random node failure. Hence with the 

probability of keystone failure this would then be rapidly replaced within the remaining network via a 

self-reinforcing systemic re-organization that restores an effective trans-network communication [34-

37]. Therefore the presence of dynamic and functional keystones within a biological network allows 

response and adaptation to changes in external and internal conditions, without loss of network 

functionality and integrity [38]. A protein which displays this level of interconnectivity in the aging 

process is GIT2 (G protein-coupled receptor kinase-interacting protein 2) [1, 7, 11, 39-42], identified 

through bioinformatics analysis using a novel combinatorial informatics approach merging both 

classical hypergeometric pathway analysis with the natural language processing latent semantic 

indexing (LSI) technique [39]. Initially, this protein was identified as an important scaffolder recruited 

to G protein-coupled receptors (GPCRs) during internalization [43]. However, further investigation 

indicated several more important functions in a multitude of systems related to the aging process [1, 

11, 41, 44-47];. i) controlling DNA damage response factors [1], ii) response to oxidative stress [48], iii) 

regulation of metabolic functionality [11] and fat deposition [47](unpublished data) and iv) an 

association with age-associated T-cell activity and immune responses [41]. While this makes GIT2 a 

very interesting therapeutic target, it is unfortunately a molecular scaffolding protein that does not 

fall within the primary drug target categories, i.e. receptors, ion channels and kinases/phosphatases. 

However, as GIT2 is a GPCR interacting protein [43], it is likely that we could use a related GPCR to 

modulate GIT2 function. This is especially feasible given our previous work demonstrating the capacity 

of GPCRs to control, in addition to the classical intermediary cell metabolism pathways [49], the 

expression of complex protein networks in a ligand-tailored manner [11, 50-52]. Thus we suggest that 

in this manner we may be able to control expression/functionality of GIT2 [7, 53] as a GPCR effector 

molecule. While the majority of GPCR-based drug research has classically concentrated on dogmatic 

ligand descriptions such as “agonist” or “antagonist” that activate or inhibit G protein signaling, 

Luttrell, et al. have demonstrated that certain antagonists, while deactivating G protein signaling 

appear to direct signaling through other downstream signalers [50, 54, 55]. The first non-G protein 

alternative GPCR-based signaling effector identified was β-arrestin, which is now becoming the first 

to be targeted for more specific therapies with less side effects [53, 56, 57]As GPCRs have been shown 

to interact with considerably more proteins than just G proteins and β-arrestins, it may be possible 

that there are more scaffolding proteins which function as downstream effectors [58, 59].  

Proteins which are involved in the same system have an expressional relationship [1, 60, 61], 

we have previously discovered that GIT2 appears to have an expression-based relationship with the 

Class A GPCR, Relaxin family peptide 3 receptor (RXFP3) [62]. In van Gastel, et al, we demonstrated 
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that in addition to this expressional relationship, RXFP3, like GIT2, plays an important role in DNA 

damage response (DDR), and possibly oxidative stress response, indicating that these also have a 

functional relationship. Further investigation into this receptor has also indicated a role in energy 

metabolism [63, 64], anxiety [65, 66] and the circadian rhythm [67], like GIT2 [11, 46]. As the control 

of GIT2 might of great import in the development of the treatment of debilitating age-related 

disorders such as Alzheimer’s disease, frontotemporal dementia, Type 2 Diabetes Mellitus and even 

the lesser known schizophrenia, we further investigated how these two proteins may interact and 

form a druggable system. In order to demonstrate this, we have employed a multidimensional 

investigative approach using quantitative proteomics, affinity-purification mass spectrometry (AP-

MS), bioinformatics analysis and bioluminescent resonant energy transfer (BRET) to uncover this novel 

signaling system. 

2. Material and methods 

2.1 Cell culture and transfection 

Human embryonic kidney (HEK293) cells were kept in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10 % fetal bovine serum (FBS), 1 % Glutamax, and 1 % 

Penicillin/Streptomycin antibiotics. For affinity purification mass spectrometry (AP-MS), customized 

DMEM medium without arginine and lysine was purchased from AthenaES. This medium was 

supplemented with ‘medium’ (L-lysine-U-13C6 (K6), L-arginine-U-13C6 (R6)) and ‘heavy’ (L-lysine-U-13C6-

15N2 (K8), L-arginine-U-13C6-15N4 (R10)) (Cambridge Isotope Laboratories [68], and with 10 % dialyzed 

FBS and 1 % antibiotics. To create at least 90% of protein labeling, cells were maintained in SILAC 

medium for five passages or more. The ‘medium’ and ‘heavy’ conditions were used to avoid non-

labeled peptide errors [68]. Cells were grown in an incubator at 37°C with 5 % CO2 in a humidified 

incubator and were passaged on a regular basis, depending on their growth rates. 

One day prior to transfection, 3 x 106 cells were seeded into 10 cm plates in order to engender 

a 50-80 % cell confluence the day of transfection. Cell counting was performed using a Luna II 

Automated Cell Counter (Invitrogen-Life Technologies). The cDNAs for a haemagglutinin (HA)-tagged 

human RXFP3 receptor (obtained from the Missouri S&T cDNA Resource Center: www.cdna.org), 

mCherry- and rLuc-RXFP3 (created in house), YFP- and Flag-tagged GIT2 (obtained from our 

collaborator, Dr. Richard Premont (Duke University Medical Center)), an empty plasmid (pcDNA3.1+: 

Invitrogen-Life Technologies), and a Flag-Tagged OSSA (GeneCopeia) were transfected into the cells 

with Lipofectamine® 3000, using the manufacturers’ instructions. An easy way to assess the function 

of a novel protein, is to analyze the downstream effects of its dose-dependent overexpression (0.5, 1, 
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2, 5, and 10 µg) in an experiments we have called a constellation curve, which has previously already 

shown its expediency [1, 62]. 

Cells were extracted using both detergent dependent fractionation (DDF) using a Q proteome 

extraction kit (Qiagen) and RIPA (150 mM NaCl, 50 mM Tris, 0.5 % Sodium deoxycholate, 1 % NP-40, 

0.1-1 % SDS (sodium dodecyl sulphate)). Before use, the RC DC protein assay (Bio-Rad) was used to 

perform protein quantification. 

Lastly, several treatments were used to assess the function of our proteins of interest in aging, 

using low manageable levels of oxidative stress using 100 nM hydrogen peroxide (H2O2) for 90 minutes 

(min). In addition, we used camptothecin (CT) to mimic extreme DNA damage, at a concentration of 

0.1-10 μM. Lastly, we investigated several ligands derived from relaxin 3 (RLN3), Analog A and Analog 

B, which could potentially show a bias for GIT2-selective pathways. Prior to each of these treatments, 

the cells were serum deprived for 2 hours, both to synchronize the cells, but also to assure the FBS in 

the medium does not interfere with the ligand activation of the receptor. For ligand stimulation 0.1-

100 nM was used, depending on the desired conditions. 

2.2 Mass Spectrometry 

2.2.1 Proteomics sample preparation 

The protein concentration of the proteins was assessed a second time after trichloroacetic 

acid (TCA) precipitation overnight at 4°C using 1/3 volume of TCA to ensure correct protein levels. For 

each sample, 100 µg of protein was reduced using 5 mM Tris-2-(carboxyethyl)-phosphine 

hydrochloride solution (TCEP; Pierce Biotechnology) and cysteine blocking was performed with 2 mM 

methyl methanethiosulphonate (MMTS) solution (Sigma-Aldrich). To enhance trypsinisation 1 mM 

CaCl2 was added. Each sample was digested to peptides using 1 μg trypsin (Promega) per 10 µg sample 

at 37°C overnight. Samples were then resolubilized and 1.5 µg of peptides were loaded onto the MS.  

2.2.2 SILAC sample preparation 

Interactomes were isolated by immunoprecipitation (IP) using anti-HA (RXFP3) or anti-Flag 

(GIT2) bound beads (Sigma-Aldrich) overnight on an end-over-end shaker at 4°C. Hereafter the bound 

proteins were extracted using 100 µl of 150 mM Glycine-HCl buffer (pH 2.5). The samples were 

continuously vortexed for 5 min, then centrifuged (1 min at 10 000 x g). The supernatants, containing 

the proteins, was immediately transferred to a new tube containing 40 µl neutralizing buffer (1 M Tris, 

pH 8.0). Proteins were then precipitated overnight at 4°C using TCA, after which the pellet is washed 

with acetone and resuspended in 60 µl resolubilization buffer (6 M Urea, 2 M ThioUrea, 10 % SDS in 

50 mM TEAB). Equal amounts of proteins from ‘medium’ and ‘heavy’ conditions were mixed to prepare 
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the SILAC mix. The sample was then reduced (TCEP), cysteine blocking was performed (MMTS), and 

the proteins were digested with trypsin (see section Proteomics sample preparation).  

The pooled samples were diluted 10-fold with HPRP buffer A (5 mM KH2PO4 in 5 % acetonitrile 

at pH 3.0), to reduce sample complexity during the LC-MS/MS analysis. These were then separated 

using a 1 mm x 150 mm polysulfoethyl aspartamide column (Dionex). The column was eluted with a 

gradient: 0 to 25 min 60 % HPRP buffer B (5 mM KH2PO4 at pH 3.0 in 5 % acetonitrile containing 0.5 M 

NaCl), 25 to 45 min 100 % HPRP buffer B and 25 to 45 min 100 % HPRP buffer A. For each sample, 40 

fractions were eluted and then pooled into 10 fractions. These fractions were then diluted before to 

be loaded in the C18 column. 

2.2.3 Nano-LC-MS/MS analysis 

The mass spectrometric analysis of the proteomics samples was performed using a nano-LC 

column (Dionex ULTIMATE 3000) coupled online to a Q Exactive™-Plus Orbitrap (ThermoScientific), 

the SILAC samples were analyzed using the Orbitrap Fusion™ Tribrid™ (ThermoScientific) in house. 

Peptides were loaded onto a 75 μm × 150 mm, 2 μm fused silica C18 capillary column, and mobile 

phase elution was performed using buffer A (0.05 % formic acid, 99.5 % Milli-Q water) and buffer B 

(0.05 % formic acid in 80 % acetonitrile/ Milli-Q water). The peptides were eluted using a gradient 

from 4 % buffer B to 90 % buffer B over 45 min at a flow rate of 0.3 μl/min. The LC eluent was directed 

to an ESI source for Orbitrap analysis. The mass spectrometer was set to perform data dependent 

acquisition in the positive ion mode for a selected mass range of 350-1800 m/z for quantitative 

expression difference at the MS1 (70000 resolution) level followed by peptide backbone 

fragmentation with normalized collision energy (NCE) of 32, and identification at the MS2 level (17500 

resolution). 

The raw data from the quantitative proteomics samples were analyzed using MaxQuant 

connected to the search engine Andromeda. The raw data from the SILAC-labeled samples was 

analyzed using Thermo Fisher Proteome Discoverer 2.0, the software was connected to a Sequest HT 

search engine (Thermo Fisher Scientific) using UNIPROT/SWISSPROT annotated database. Each 

protein was assigned a confidence score (0 % to 100 %) based on the confidence scores of its 

constituent peptides based on unique spectral patterns. Proteins were only identified from the 

recovery and measurement of one peptide (from MS2) that is identified with a 99 % confidence. 

2.3 Bioinformatic analysis 

The analysis of our proteomic and interactomic data was performed with a multidimensional 

informatic approach. The complex datasets were deconvoluted by using Venn diagram platforms 
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VennPlex and VENNTURE [69, 70]. In order to elucidate the function of the GIT2-RXFP3 system, we 

created three datasets, constellation curves for RXFP3, GIT2 and RXFP3 and GIT2 co-overexpression 

(RXFP3 & GIT2). We then created a theoretical ‘RXFP3 + GIT2’, by combining the RXFP3 and GIT2 

datasets, which we compared to the actual ‘RXFP3 & GIT2’ co-overexpression in a venn diagram (Fig. 

6.1A). By isolating the proteins unique to the ‘RXFP3 & GIT2’ dataset, which we considered the 

‘system’ dataset. Primary analysis was perform using Gene Ontology (GO; www.geneontology.org) in 

order to extract the biological processes related to our protein datasets. To assess the role of the 

RXFP3+GIT2 system, we used GLAD4U (http://glad4u.zhang-lab.org/index.php) to extract protein lists 

related to our own interrogation terms of interest, i.e. 1) DNA damage: ‘DNA damage’, ‘DNA damage 

repair’, and ‘DDR’; 2) Aging: ‘Age-related’, ‘Aging’, and ’Lifespan’; 3) Telomere: ‘Telomerase’, 

‘Telomere’, and ‘Telomere length’ 4) control/unrelated: ‘Asthma’, ‘Malaria’, and ‘Tuberculosis’. 

GLAD4U creates these proteins lists thanks to the National Center for Biotechnology Information 

(NCBI)'s Pubmed data. 

To generate an unbiased appreciation of the dataset, we used the latent semantic indexing 

(LSI) platform Textrous! [52] to create signaling descriptions from the selected datasets that facilitate 

a better appreciation of high-dimensionality receptor signaling paradigms [52]. The words and noun-

phrases extracted from Textrous! analyses, wordclouds were generated with WordCloud 

(www.jasondavies.com/wordcloud/). We furthermore employed the Frequency Counter application 

from WriteWords (www.writewords.org.uk/phrase_count.asp).  

Furthermore, we used the GEO (gene expression omnibus; www.ncbi.nlm.nih.gov/geo/) 

based GEN3VA (GENE Expression and Enrichment Vector Analyzer; 

http://amp.pharm.mssm.edu/gen3va/). GEN3VA is web-based system which enables the integrative 

analysis of cumulative collections of gene expression signatures identified and extracted from GEO. 

The use of this program allows us to extract specific disease signatures, and compare these to our own 

datasets. We have extracted the following signatures: i) Aging (found in GEN3VA under the name 

“Model of cerebral aging and Alzheimer's disease: temporal cortex” extracted for males, females and 

common to both), ii) aortic aneurysm (“Abdominal aortic aneurysm”), and systemic sclerosis 

(“Systemic Sclerosis”). The latter two datasets were used as a control to assess whether the protein 

overlap is specific and this does not occur with non-aging-related datasets. 

LSI platform GeneIndexer (https://geneindexer.com/) was employed to investigate the 

implication of our protein set with our own input of interrogator terms related to aging. Here we used 

age-related and age-unrelated terms, i.e. Aging: Neurodegeneration (ND), Cognitive impairment (CI), 

Senescence (S), Parkinson's Disease (PD), Amyotrophic lateral sclerosis (ALS), Alzheimer's Disease (AD); 
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and non-Aging: Tuberculosis (TB), Spina Bifida (SB), Asthma (A), Tourette syndrome (TS), attention 

deficit hyperactive disorder (ADHD), Achondroplasia (AP). This technique allows us to use natural 

language processing for data extraction, identifying hidden connections between the proteins and the 

interrogation terms. GeneIndexer associations are performed thanks to its database which holds over 

1.5 million Medline abstracts, corresponding to over 21.000 mammalian genes. This program extracts 

all gene-to-word relationships from the literature using LSI. A cosine similarity score larger than 0.2 

typically specifies an explicit association, while a score lower than 0.2 indicates an implied relationship, 

a cutoff score was set at 0.1. 

Ingenuity Pathway Analysis (IPA) is employed for Canonical Signaling Pathway enrichment. To 

gain a signaling-based appreciation GIT2-RXFP3 System interactome, an IPA canonical signaling 

pathway investigation was carried out. In order to further investigate the novelty of our interactomic 

data, we used STRING (https://string-db.org/). The following setting were used, only evidence based 

interactions were investigated using experimental and co-expression active sources. The minimum 

required interaction score was set to the high setting (0.700), and all uncoupled nodes except for 

RXFP3 and GIT2 were removed.  

2.4 Immunoblotting, and -precipitation 

To validate the proteomics data, the experiments were replicated and analyzed using 

immunoblotting with a standard protocol. In short, all samples separated on 4 %–12 % SDS-PAGE (Life 

Technologies), transferred to PVDF membrane (Amersham) and blocked using 5 % BLOTTO milk. The 

membrane was then incubated with species appropriate secondary antibodies conjugated to 

horseradish peroxidase (HRP), immune complexes were then identified using enhanced 

chemiluminescence (ECL, GE Healthcare) and an Amersham imager 680 system. WB quantification 

was performed with GE-ImageQuant TL and Image J software, using red ponceau staining as a loading 

control. 

Using a standard co-immunoprecipitation (co-IP) protocol coupled to immunoblotting, where 

the proteins were extracted from the anti-HA/Flag affinity beads through resuspension in Laemmli 

buffer (DTT and LDS 2x), we were able to elucidate the interacting alterations that occur for both 

RXFP3 and GIT2 

2.5 Animal husbandry 

For this study, male C57BL/6 wild type (WT) mice were used. Animals were housed in groups 

(3-4 mice per cage) with ad libitum access to both food and water in a light (12/12-hour on/off, 7am 

to 7pm), temperature (21.5-22.5°C) and humidity (45%)-controlled environment. The following ages  
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were used to achieve a greater understanding of RXFP3 and GIT2 in the natural aging process; 2, 4, 8, 

12, and 16 months of age. All animals were humanely euthanized using isoflurane, the brain was 

extracted and flashfrozen and kept at -80°C. The hippocampus from each animal was then extracted 

and used for further analysis, after protein extraction using RIPA 0.1% SDS. 

2.6 Intermolecular BRET using rLuc-RXFP3 and GIT2-YFP 

Cells were transiently transfected with 1.5 µg of plasmid DNA encoding the C-terminal yellow 

fluorescent protein (YFP)-tagged GIT2 and 0.15 µg of rLuc-RXFP3 using Fugene HD. 24 h after 

transfection, cells were detached, collected by centrifugation, resuspended in BRET buffer [1 mM 

CaCl2, 140 mM NaCl, 2.7 mM KCl, 900 µM MgCl2, 370 µM NaH2PO4, 5.5 mM d-glucose, 12 mM NaHCO3, 

25 mM HEPES; pH 7.4] and aliquotted into white-wall clearbottom 96-well plates at a density of 

100,000 cells per well. Background and total Venus fluorescence were read on an OptiPlate™ 

microplate reader (PerkinElmer, Waltham, MA) with 485 nm excitation and 525–585 emission filters. 

Cells were stimulated with 100 nM of RLN3 for 0-30 min and coelenterazine was then added as a 

control. Luciferase (440–480 nm) and Venus (525–585 nm) emissions were read to calculate the BRET 

ratio (emission eYFP/emission Rluc). Net BRET ratio was calculated by background subtracting the 

BRET ratio measured for vehicle versus ligand treated cells in the same experiment. 

2.7 Statistical analyses 

In each histogram or figure, data represent the means ± SEM (standard error of the mean). 

Statistical analyses (Student’s t-test and one-way ANOVA) were performed using GraphPad Prism 

version 8.0 (GraphPad Software, San Diego, CA, USA). Significance level is indicated in each figure as 

*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 

Figure 6.1: RXFP3-GIT2 system analysis elucidates a role in aging. A) In order to investigate the GIT2-RXFP3 system, we created 

our own GIT2-RXFP3 ‘system’, by comparing the protein signatures of individual RXFP3 and GIT2 overexpression to the proteins 

specifically affected by the co-overexpression of these two protein. To investigate the role these two protein, play as a system, 

we then isolated the proteins unique to the co-overexpression experiment and have named this the ‘system effect. B) To assess 

the specific functions of the different constellations we employed Gene Ontology (www.geneontology.org), to extract the 

biological processes associated with the protein datasets specific for RXFP3 (red), GIT2 (blue), and the GIT2-RXFP3 ‘system’ 

(green). The specific biological processes show that each constellation has a distinct effect in the cell. The system appears to show 

a relationship with age-related telomeric control, which we investigated further. C) Using GLAD4U (www.glad4u.zhang-

lab.org/index.php) we extracted protein lists related to DNA damage, Telomere function, and Aging, with as a control several 

processes unrelated to aging. These lists are generated by GLAD4U which relies on the National Center for Biotechnology 

Information (NCBI)'s Pubmed data. We used the following interrogation terms: 1) unrelated: ‘Asthma’, ‘Malaria’, and 

‘Tuberculosis’; 2) DNA damage: ‘DNA damage response’, ‘DNA damage repair’, and ‘DNA damage’; 3) Telomere: ‘Telomerase’, 

‘Telomere’, and ‘Telomere length’; and 4) Aging: ‘Age-related’, ‘Aging’, and ’Lifespan’. We then compared these GLAD4U datasets 

to our own, to ascertain whether there was any significant overlap. We see here that while the three dataset show similar overlap 

for our control terms (unrelated), GIT2 shows significant overlap with DNA damage compared to both RXFP3 and the system. For 

both Telomere and aging-related datasets however we see that the system shows significantly increased overlap. Significance 

level is indicated in figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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3. Results 

3.1 Bioinformatic analysis of the GIT2-RXFP3 system constellation indicates a role in telomeric aging 

To investigate a potentially synergistic functional link between RXFP3 and GIT2 we first 

conducted a quantitative proteomics-based analysis of the RXFP3 and GIT2 individual ectopic 

expression and then combined expression ‘constellation’ [1, 62]experiments. As such, we were able 

to investigate the proteins which are affected by overexpression-based molecular perturbation of the 

cellular system is as a whole. In order to generate the most comprehensive range of proteomic data 

as possible from these perturbation experiments, we employed a differential detergent fractionation 

(DDF) approach to reduce global proteomes to four major physical compartments (cytosol, plasma 

membrane, large organelles/nucleus and cytoskeleton). In this present study we focused on the 

cytoplasm, plasma membrane and the nucleus, as these are also the fractions in which we find 

consistent expression of both RXFP3 and GIT2. As we have shown previously, differential RXFP3 

perturbation expression at the cellular level has greatly assisted in the elucidation of its role in the 

DDR process [62]. Here we enhanced and expanded this protocol to allow for individual RXFP3 or GIT2 

perturbation analysis. In addition to this we also employed a co-perturbation protocol with the 

coordinated co-expression of RXFP3 and GIT2. In a similar vein to our previous research on signal 

transduction interactions [71], to inspect the most critical RXFP3-GIT2 interaction based effects we 

have generated perturbation response sets for a theoretical signaling effect combination of the 

individual expression protocol results (theoretical: ‘RXFP3 + GIT2’) and for the actual system-induced 

combination induced by actual co-expression (‘RXFP3 & GIT2’). Linking to our previous work [62] we 

then analyzed the differential effects of GIT2 expression and co-overexpression of RXFP3 and GIT2 to 

elucidate the functional definition of the actual GIT2-RXFP3 system as opposed to interactions 

between individual systems. This was performed as the following, depicted in Fig. 6.1A, we combined 

the datasets for the individual RXFP3- and GIT2 overexpression to create the theoretical ‘RXFP3 + GIT2’ 

dataset. This theoretical dataset was then compared to the perturbagen dataset created through 

actual RXFP3 and GIT2 co-overexpression ‘RXFP3 & GIT2’. In this protocol the proteins which were 

uniquely affected in the ‘RXFP3 & GIT2’ co-overexpression dataset we henceforth define as the 

‘System constellation’. This system constellation can be considered to only be affected in the presence 

of the formed GIT2-RXFP3 synergistic system.  

We started by analyzing the entire System constellation, i.e. all proteins significantly affected 

by the co-overexpression of the GIT2-RXFP3 system at every level of overexpression (0.5-10 µg; Table 

S1). Here we first performed statistical enrichment of Gene Ontology (GO) Biological processes related 

to the full RXFP3, GIT2 and System constellations (Fig. 6.1B). Extracting 5 highly enriched biological 

processes, we found that RXFP3 shows involvement in metabolic processes and protein complex  
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formation (Acetyl-CoA biosynthetic process (GO:0006085), cellular nitrogen compound metabolic 

process (GO:0034641), organic cyclic compound metabolic process (GO:1901360), cellular protein-

containing complex assembly (GO:0034622), and organelle organization (GO:0006996). The biological 

Figure 6.2: Bioinformatic analysis of the GIT2-RXFP3 system constellation curve. By using the method described previously in 

figure 1, we were able to create system datasets specific to each overexpression level. This overexpression we can consider as a 

perturbagen in the cell, which can specifically help us elucidate the role of this system in the cell. A) We then compared these 

datasets and isolated the proteins unique to each perturbagen level, B-F) which we then investigated using the latent semantic 

indexing program Textrous! (https://textrous.irp.nia.nih.gov/), extracting the related words and noun-phrases. These associated 

words and noun-phrases were then organized by frequency (the higher the frequency of the word, the larger the word is 

represented in the dataset). We see that each overexpression level B) 0.5 µg (orange), C) 1 µg (green), D) 2 µg (blue), E) 5 µg 

(yellow), and F) 10 µg (purple), shows a distinct function. Where we see that 2 µg (D) and 5 µg (E) appear most interesting in the 

context of our aging research. We thus investigated the textrous! data of these two perturbagen levels further using the 

writewords phrase frequency counter (www.writewords.org.uk/phrase_count.asp), where we again see the role for G) DNA 

damage response and repair becoming clear for 2 µg, and H) telomere control for 5µg of system overexpression. 
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processes specific to the GIT2 dataset were more diverse (perhaps indicative of the network-

controlling multidimensionality of GIT2 compared to the more specific functionality of RXFP3) – 

however these were also strongly associated with metabolic processes (cellular metabolic process 

(GO:0044237), and cellular nitrogen compound metabolic process (GO:0034641)), but also negative 

regulation calcium mobilization typical for second messengers (negative regulation of endoplasmic 

reticulum calcium ion concentration (GO:0032471)), gene expression (gene expression 

(GO:0010467)), and amyloid precursor protein synthesis (positive regulation of amyloid precursor 

protein biosynthetic process (GO:0042986)). Further investigation into the ‘System constellation’, we 

revealed an association with the molecular aging process, through the positive control of telomere 

length (regulation of telomerase RNA localization to Cajal body (GO:1904872), positive regulation of 

telomere maintenance via telomerase (GO:0032212), positive regulation of telomere maintenance via 

telomere lengthening (GO:1904358), regulation of telomere maintenance via telomerase 

(GO:0032210), and positive regulation of telomere maintenance (GO:0032206)), which was absent for 

the other two constellation datasets. As such, we further deconvoluted the relationship between this 

system constellation and age-related terms using the unbiased text-based analytical search engine 

GLAD4U (Gene List Automatically Derived For You) [72]. We extracted several gene lists related to 

aging subdivided in four categories, i.e. 1) DNA damage, 2) Aging, 3) Telomere and as a control we 

created the list 4) Control, with disorders so unrelated to aging. In order to generate these gene lists 

we used the following interrogator terms: 1) ‘DNA damage’, ‘DNA damage repair’, and ‘DDR’; 2) ‘Age-

related’, ‘Aging’, and ’Lifespan’; 3) ‘Telomerase’, ‘Telomere’, and ‘Telomere length’ 4) ‘Asthma’, 

‘Malaria’, and ‘Tuberculosis’, which are listed in Table S2. Using reversed LSI analysis, through 

Textrous! [73], we validated that these datasets were specific to their respective interrogator term 

(Fig. S6.1). The overlap between these concept-based sets is depicted as a percentage of overlapping 

proteins compared to the sum of the genes compared (Fig. 6.1C). Employing this investigational we 

demonstrated that paradigm that the System constellation dataset shows a significantly stronger 

relation to Age- and Telomere-related terms, when compared to the individual RXFP3 and GIT2 

datasets. GIT2 however shows the largest overlap with the control ‘Non-related’ interrogation (again 

potentially indicating the multifactorial network-bridging capacity of GIT2), and the DNA damage 

related genelists. As such it appears that the system plays an important role in aging, but potentially 

not only through DDR. 

As differential overexpression of the system may elicit specific signaling paradigms, we 

employed InteractiVenn [74] to isolate the proteins which are unique to each overexpression level 

(Fig. 6.2A, Table S3). These unique datasets were then each investigated using Textrous! [73]. Using 

this natural language processing platform, we were able to isolate the words and noun-phrases related  
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to each dataset. These complex syntactic outputs were then visualized through the creation of high-

dimensionality word clouds using the web-based Jason Davies cloud generator 

(https://www.jasondavies.com/wordcloud/) (Fig. 6.2B-F). Applying this unbiased analytical process, 

we found that the 2 and 5 μg overexpression levels of the System, demonstrated a strong association 

Figure 6.3: Bioinformatic analysis of the GIT2-RXFP3 system interacting proteins supports a role in DNA damage response. 

Using the methods used previously for isolating a system specific interactome, we further investigated the role of the GIT2-RXFP3 

system in DNA damage response, by investigating its interacting proteins. A) we started by using the latent semantic indexing 

program Textrous! extracting the related words and noun-phrases, which we then organized and displayed in a wordcloud, where 

the more frequently occurring words were displayed larger. Here, the involvement of the system in the DNA damage response 

process appears again. B) we then investigated the extracted words and noun-phrases using the write words phrase frequency 

counter, where we see that this system is perhaps involved in DNA double strand break repair through the typical homologous 

recombination process. C) We extracted protein lists as described in figure 1, related to DNA damage (DDR), using GLAD4U 

datasets extracted for the following interrogation terms: ‘DNA damage response’, ‘DNA damage repair’, and ‘DNA damage’, as 

a control (non-DDR) we extracted protein lists unrelated to the DNA damage response process, i.e. ‘Asthma’, ‘Tuberculosis’, and 

‘Malaria’. D) Lastly, we investigated the interactomes of individual RXFP3 (Red), GIT2 (Blue) overexpression and the system 

(green), with Gene Ontology. We extracted the biological processes related to DNA damage response, where we see that the 

system is more related to each except for DNA conformation change, where we see a high hybrid score for RXFP3. Significance 

level is indicated in figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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with a molecular gerontology phenotype, i.e. ‘DNA damage repair’ and ‘Mitochondria’, respectively. 

Further definition and analysis of these results using the web-based WriteWords Phrase frequency 

counter (http://www.writewords.org.uk/phrase_count.asp), we extracted the most highly recurring 

phrases from this data corpus. For the 2 µg expression level of System overexpression, we again found 

a clear relationship to DNA damage repair (Fig. 6.2G). When we investigated the 5 µg system, the 

relationship to telomeric aging was also evident (Fig. 6.2H). As such we used these two overexpression 

levels for further experimentation to understand the role of this molecular signaling system (RXFP3, 

GIT2) in molecular aging. 

3.2 GIT2-RXFP3 selective interactome indicates a specific role in DNA damage responses 

To elucidate the molecular players in the downstream signaling network connected to the 

synergistic GIT2-RXFP3 system, we next used AP-MS (Affinity Purification-Mass Spectrometry) to study 

the interacting proteins of the System in a high-dimensionality scale. We propose that this approach, 

screening for a wide range of interactome partners is more likely to generate physiologically-relevant 

information as opposed to the reductionist investigation of binary binding partners. Selective AP-MS 

performed in triplicate for both HA-tagged RXFP3 and Flag-tagged GIT2, separately. As such, we were 

able to extract the proteins which interact with RXFP3 and GIT2, when both are overexpressed in cells. 

The proteins interacting with RXFP3 and GIT2 in the System, were then combined to create the actual 

co-overexpression System. When comparing this to the individual interactomes we found that the 

physical interaction of GIT2 with RXFP3 was empirically demonstrated. Next, we compared the 

‘theoretical’ RXFP3 + GIT2 interactome, where each protein was overexpressed individually to the 

‘actual’ RXFP3 & GIT2 interactome, where the proteins were co-overexpressed. Where, as described 

previously, we isolated the proteins which were unique to the ‘Actual’ interactome, further called the 

RXFP3-GIT2 System Interactome (Fig. 6.1B, Table S4).  

This System Interactome was then investigated further using bioinformatics analysis, starting 

with Textrous! After extracting all the associated words and noun-phrases high-dimensionality word 

clouds were generated (Fig. 6.3A). This interactome-based output again generated an unbiased 

molecular interpretation that was highly indicative of a role for this interactome system with DNA 

damage responses. This connection was supported via interrogation of this semantic output using the 

WriteWords phrase frequency counter. In doing so we demonstrated that ‘Homologous 

recombination DNA double strand break repair’ was the most commonly occurring phrase (Fig. 6.3B). 

Hereafter, we employed GLAD4U to investigate the relationship of this System Interactome to DDR 

(Fig. 6.3C) and the complex aging process (Fig. 6.5). Using the previously extracted DNA damage 

related protein datasets from GLAD4U (Fig. 6.1C, Table S2), compared to the Control dataset, we  
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supported the role for the GIT2-RXFP3 System in DNA damage response. By comparing the System 

Interactome to these DNA damage-related protein datasets, we found a significantly (p = 0.0013) 

larger overlap as compared to the control GLAD4U datasets (Fig. 6.3C). Through this combinatorial 

Figure 6.4: Bioinformatic analysis of the GIT2-RXFP3 system interacting proteins indicates a potential importance in age-

related processes and disorders. A) using the previously described GLAD4U database, we extracted datasets related to aging 

using the following interrogation terms: unrelated: ‘Asthma’, ‘Malaria’, and ‘Tuberculosis’; and Aging: ‘Age-related’, ‘Aging’, and 

’Lifespan’. Again, we see a significant difference in overlap, where our system interactome interact more with an aging-related 

dataset. B) We then used the disease signature database GEN3VA (p.pharm.mssm.edu/gen3va/), to extra signatures associated 

with aging and age-related disorders, i.e. ‘Model of cerebral aging and Alzheimer's disease: temporal cortex’ specific for male 

and female brain, and overlapping in both, and compared these to disease signatures as far non connected to aging such as: 

‘abdominal aortic aneurysm’ and ‘systemic sclerosis’. Here, we again see that the system interactome overlaps significantly more 

with age-related disease signatures compared to our control datasets. C) GeneIndexer, a latent semantic analysis tool, was then 

used to further confirm this relationship with aging. Like GLAD4U, GeneIndexer can be employed using self-chosen interrogation 

terms to elucidate a specific function of a dataset. In this case we used 6 age-related: ND: neurodegeneration, CI: cognitive 

impairment, S: senescence, AD: Alzheimer’s disease, PD: Parkinson’s disease, HD: Huntington’s disease; and 6 non-related terms: 

TB: tuberculosis, SB: spina bifida, A: Asthma, TS: Tourette syndrome, ADHD: attention deficit hyperactive disorder, AP: 

Achondroplasia. D) combined the aging-related terms and the control terms to demonstrate that the age-related terms were 

significantly associated with our dataset compared to the control terms. E) The last analysis was performed using ingenuity 

pathway analysis (IPA), investigating the associated canonical pathways for GIT2 (Blue), RXFP3 (Red), and the system (Green). 

Interestingly, we see a clear difference between the datasets. It appears that RXFP3 is more strongly related to mTOR-related 

aging and DNA double strand break repair by Non-homologous end joining, while GIT2 shows more relation to Ataxia 

Telangiectasia Mutated (ATM) related DNA damage repair. The system on the other hand, shows a clear relation to age-related 

canonical pathways such as, Sirtuin signaling, Mitochondrial Dysfunction, and NAD+ Biosynthesis. Significance level is indicated 

in figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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word-gene correlation analysis (Textrous, GLAD4U), we were again able to demonstrate that this 

unbiased protocol was able to uncover a profound, multidimensional link between the System 

Interactome and DNA damage responses. 

To supplement our unbiased text-based analytical platforms we also employed more classical 

informatics analyses. Hence we also used GO – Biological Processes term enrichment to verify whether 

the System Interactome was especially related to DNA damage responses when compared to the 

RXFP3 and GIT2 individual molecular interactomes (Fig. 6.3D). We extracted the significantly-enriched 

GO Biological Process terms specific to age-related stress and DNA damage response, i.e. Nuclear 

export, protein export from nucleus, positive regulation of DNA repair, regulation of double strand 

break repair via homologous recombination, DNA replication, DNA conformation change, positive 

regulation of DNA damage response, DNA duplex unwinding, positive regulation of double strand 

break repair via homologous recombination, and stress granule assembly (stress granule assembly 

(GO:0034063), positive regulation of double-strand break repair via homologous recombination 

(GO:1905168), DNA duplex unwinding (GO:0032508), positive regulation of response to DNA damage 

stimulus (GO:2001022), DNA conformation change (GO:0071103), DNA replication (GO:0006260), 

regulation of double-strand break repair via homologous recombination (GO:0010569), positive 

regulation of DNA repair (GO:0045739), protein export from nucleus (GO:0006611), and nuclear 

export (GO:0051168). Detailed inspection of the differential GO term enrichment outputs 

demonstrated that these biological processes are specifically and strongly correlated to the System 

Interactome as opposed to the individual interactomes, except for ‘DNA conformational change’ 

which showed a high correlation with RXFP3. When we investigated the full interactomes of the 

individual RXFP3 and GIT2 expression paradigms using Textrous!, this strong correlation to DNA 

damage was not significantly represented (Fig. S6.2A-B).  

3.3 GIT2-RXFP3 selective interactome indicates a specific role in aging 

To investigate the role of our defined RXFP3-GIT2 system in aging, we used the previously 

extracted Aging related protein datasets from GLAD4U (Fig. 6.1C, Table S2), compared to the Control 

dataset, we further investigated the role for the GIT2-RXFP3 System in aging and age-related disorders. 

We found a larger overlap as compared to the control GLAD4U datasets (Fig. 6.4A). 

To further support this finding, we extracted aging-related disease signatures from the 

publicly-accessible GEN3VA database (https://amp.pharm.mssm.edu/gen3va/), i.e. ‘Model of cerebral 

aging and Alzheimer's disease: temporal cortex’ specific for male and female brain, and overlapping 

in both (Table S5). As an unbiased ‘control’ for this protocol we extracted the proteins signatures 
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unrelated to aging, i.e. control consisting of ‘Abdominal aortic aneurysm’, and ‘systemic sclerosis’.  

When we investigate the overlap of these datasets with our System Interactome, we found a 

significant (p value = 0.0121) increase for the disease signatures related to aging as compared to the 

unrelated datasets (Fig. 6.4B). In addition to this, we employed the LSI program GeneIndexer to 

interrogate our dataset with age-related vs. –unrelated user-defined concept terms. GeneIndexer 

demonstrates correlation of the user-defined concept terms with an introduced protein/gene dataset 

using a cosine similarity score process [75] (Fig. 6.4C-D). As we have shown previously it is often an 

optimal informatic solution to employ combinatorial pipelines, i.e. linking classical processes with 

Figure 6.5: The interaction between GIT2 and RXFP3 is very quick and can be altered using age-related stress. A) the analysis of the 

GIT2-RXFP3 interaction was started using Bioluminescence Resonance Energy Transfer (BRET), where we see that the interaction 

between RXFP3 and GIT2 is present in the absence of stimulation but increases at 3 minutes, after which it disappears (n=7). B) These 

results were then supported by using co-immunoprecipitation (co-IP), where we see a significant increase after 3 minutes, similar to 

our BRET results, after which the interaction significantly decreases to below basal levels, i.e. interaction in absence of stimulation 

(n=3). C) These results were also supported by our Affinity purification-mass spectrometry (AP-MS) results, where we see a higher 

overlap between the RXFP3 and GIT2 interactomes after 10 minutes of stimulation, which then decreases again to basal levels. D) 

However, when we investigate these interacting proteins using STRING (https://string-db.org/), we see that all of our data is new, 

when our settings are set to the following. E) It appears we can alter the interaction between RXFP3 and GIT2, using age-related 

stress. Using a co-IP, we were able to show that our IP is specific to HA-RXFP3, as we used an pcDNA3.1+ as control (E.V.). In control 

conditions (C), in absence of stress, the interaction between these two proteins is present, but low. When we give the cells age-related 

DNA damage after oxidative stress using 90 minutes of 100nM hydrogen peroxide (H2O2), this interaction increases. While when we 

use camptothecin (CT; 3 hours, 10 µM), thus mimicking extreme DNA damage, this interaction decreases again (n=3). Significance 

level is indicated in figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 



The synergistic GIT2-RXFP3 signaling system – a protective receptor system controlling age-related DNA damage 

 

205 
 

novel practices such as biomedical natural language processing. In this vein we also introduced 

classical pathway analysis to this investigation – hence we extracted the top 10 (based on enrichment 

significance: p < 0.05) Canonical Pathways from Ingenuity Pathway Analysis related to our System 

Interactome, and investigated the association of these pathways with the RXFP3 and GIT2 

interactomes (Fig. 6.4E). The strongest association for the System Interactome was seen for 

‘mitochondrial dysfunction’, ‘oxidative phosphorylation’, ‘NAD Biosynthesis III’ and ‘sirtuin signaling 

pathway’. Taken together these four canonical pathways are of great importance in the aging process 

[76-79]. In addition, this form of dataset analysis was able to suggest that the control of DDR through 

NHEJ, in this paradigm, may be a more RXFP3-specific process (DNA double strand break repair by 

Non-Homologous End joining). In contrast at the pathway analysis level such annotation was absent 

for the GIT2 interactome alone. While the System Interactome does also show involvement in 

homologous recombination DDR, i.e. ‘ATM Signaling’ it appears to be a more GIT2-dependent 

signaling pathway – this is in agreement with our previous research [1]. Furthermore, while both 

RXFP3 and GIT2 show involvement in cardiovascular homeostasis [80], ‘eNOS signaling’, however 

when they are forming a system this cardiovascular involvement disappears. As such, we see very 

specific potential signaling effects of RXFP3 and GIT2 individual versus combined overexpression. 

3.4 Interaction of RXFP3 and GIT2 is strengthened by pharmacological stimulation 

As we have shown previously, using AP-MS investigation, RXFP3 and GIT2 can physically 

interact after co-overexpression, we next investigated this interaction further to reveal how this 

system could be modified, i.e. enhanced or destabilized. To this end we applied three different 

methodologies to probe this interaction, i) BRET (Bioluminescence Resonance Energy Transfer), ii) Co-

IP and iii) AP-MS. 

Firstly, to investigate how and when this RXFP3-GIT2 interaction is stabilized, we used BRET, 

which measured the interaction between RLuc-RXFP3 and GIT2-YFP after RLN3 stimulation over time. 

Using this in cellula real-time resonance energy transfer technique, we were able to show that a basal-

level interaction between these two proteins can occur prior to stimulation, but within minutes of 

RLN3 stimulation, this interaction was profoundly enhanced at 3 min, after which it disappears, and it 

seems GIT2 moves away from RXFP3 (Fig. 6.5A). We then confirmed this with immunoblotting after 

co-IP (Fig. 6.5B), where we again saw the interaction between RXFP3 and GIT2 is more pronounced 

between at 3 min, and decreases 10 min after stimulation to a near basal level of GIT2 (RXFP3 

overexpression without stimulation), as was seen for BRET. Interestingly, at 100 min of stimulation 

with see that the interaction between RXFP3 and GIT2 is decreased even further (Fig. 6.5B).  
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As we observed in the BRET data, the interaction of GIT2 with RXFP3 is most easily observed 

between 3-10 minutes, we decided to investigate the interacting proteins of RXFP3 after a similar 

short-term stimulation with RLN3 (10 min). This time frame, within the range of RXFP3-GIT2 

intractability, was chosen to potentially increase the retrieved number of dynamic complexes, i.e. in 

contrast to BRET events that are recorded on an individual cell to cell basis, identification via AP-MS 

will occur over millions of cells that may possess diverse kinetics across the 3-10-minute range. Hence 

we contend that while potentially not optimal the 10-minute timeframe will facilitate an easier 

practical capture process for multiple cell plates and still deliver AP-MS complexes similar to those 

seen in our BRET analyses. Using this carefully applied process we were able to find a strong increase 

in protein overlap for the interacting proteins of RXFP3 and GIT2 after RXFP3 has been stimulated with 

RLN3 (Fig. 6.5C), suggesting that at this point RXFP3 is interacting with GIT2 to perform a specific 

function, instead of the basal interaction we see in control conditions. This ligand-driven interactome 

was then further analyzed using STRING (Fig. 6.5D), where we see that neither RXFP3 nor GIT2 

interacts with any of the interacting proteins present, indicating that this data is novel. Despite this 

lack of curated protein association, we found that this network was still significantly enriched for 

protein-protein interactions (PPI enrichment p-value = 5.22-10) compared to randomly-generated 

protein data from STRING. Such an enrichment indicates that the proteins are at least functionally 

connected, as a group. This suggests that the extracted interactomes for RXFP3 stimulated with 10 

min of RLN3, is most likely connected to the interactome for GIT2, thus indicating that these form a 

network together.  

3.5 The RXFP3 and GIT2 system as a nexus for cellular sensitivity to age-related stressors 

While the RXFP3-GIT2 system can be modified through RLN3 stimulation we have also 

contended that this system is also associated with the molecular aging process. Hence we next 

investigated how age-related stress perturbagens could affect this system. In control cellular 

conditions, the interaction between RXFP3 and GIT2 is evident, but relatively week. Given the 

involvement of both these proteins in the aging process, it is possible that the interaction needs to be 

enhanced by either stress (in the form of reactive oxygen species (ROS)), or DNA damage. As such, we 

investigated the interaction between these two proteins after 90 min of exposure to hydrogen 

peroxide (100 nM), mimicking age-related DNA damage and 3 hours of exposure to CT (10 µM), 

eliciting strong DNA damage effects. Using these two paradigms we found that the interaction 

between RXFP3 and GIT2 is strongest after oxidative stresses compared to DNA damage (Fig. 6.5E). 

With further investigation into other interacting proteins of RXFP3, we observed an increased 

interaction with DDR protein and functional interactor of GIT2, PARP1 with oxidative stress, and even 

higher interaction after DDR. In addition to this, analysis of the interaction with oxidative stress related 
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protein PHB (prohibitin: [81-83]), was found to be the strongest interaction after oxidative stress (Fig. 

S6.2C). 

 

To further investigate the potential role of the GIT2-RXFP3 system as a nexus in stress 

sensation, we investigated the association of well-characterized stress-related proteins with either 

RXFP3 or GIT2 alone as well as the previously described ‘System’. We first investigated the DDR protein 

Figure 6.6: The system can increase cell survival after DNA damage by activating PRKDC. A) The involvement of the GIT2-RXFP3 

system in DNA damage repair, was further elucidated through immunoprecipitation. We transfected (TF) cells with an empty 

pcDNA3.1+ vector (C), RXFP3 (R), GIT2 (G) or RXFP3+GIT2 co-overexpression (R+G), after which we performed two different kinds 

of immunoprecipitation, specific for the HA-epitope on RXFP3 (HA) and Flag epitope on GIT2 (Flag), where we show a specific 

immunoprecipitation for HA-RXFP3 and Flag-GIT2. We then investigated the interaction with DNA damage response protein 

PRKDC in its activated conformation (pPRKDC). We see here that by co-overexpression RXFP3 (Red) and GIT2 (Blue), as a system 

(Purple), we significantly increase the interaction of RXFP3 and pPRKDC, and also induce an interaction between GIT2 and pPRKDC 

(n=3). B) to ascertain the repair capabilities of this system, we investigated the effect of overexpression on stressed cells. As we 

wished to induce a survivable level of DNA damage, we first performed a dose curve on the cells, in absence of overexpression. 

Cells not stress with DNA damage were used as control (dashed line). From these result, we have decided to continue this 

experiment with 0.1 µM of CT, where we see a cell death of 26%, while using more CT causes cell death of over 40%. C) As such, 

0.1 µM of CT, was used to stress the cells after transfecting the cells with RXFP3, and GIT2 individually, but also after co-

overexpression of RXFP3 and GIT2. Interestingly, we see that while RXFP3-transfected and untransfected (dashed line), show 

similar survivability, GIT2 overexpression seems to decrease the amount of surviving cells. By co-overexpressing, and as such 

inducing the system however, we see a significant increase in cell survival (n=9). Significance level is indicated in figure as *p ≤ 

0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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PRKDC, also known as DNA-dependent protein kinase catalytic subunit (DNA-PKcs). This protein plays 

a critical role in the activation of the non-homologous end-joining (NHEJ) DDR process. While the cell 

usually does not employ this type of DNA repair, as it is more mutagenic than the usually employed 

homologous recombination (HR) which functions through the kinase ataxia telangiectasia mutated 

(ATM). In contrast to the slow process of HR (6 hours) NHEJ represents a rapid repair response, i.e. 

taking only 30 min. Here we found that PRKDC specifically interacted with RXFP3, while only 

interacting with GIT2 after the formation of the System Interactome was augmented through ectopic 

co-overexpression. These findings were replicated using co-IP, where we clearly see that not only does 

activated PRKDC (pPRKDC – representing the auto-phosphorylated species (phospho S2056)) interact 

with GIT2 after co-overexpression, the interaction with RXFP3 appears also appears to be enhanced 

(Fig. 6.6A). From these results, it appears that the GIT2-RXFP3 system can engage NHEJ-dependent 

DDR in addition to HR-dependent DNA repair. As such, we assessed the interaction of pPRKDC with 

RXFP3 after stimulation using its endogenous ligand RLN3 after 3, 10 and 100 min (Fig. S6.2D). Using 

this regimen, we found that the RXFP3 pPRKDC interaction increases until 10 min stimulation, after 

which it drops. These data tentatively suggest that RXFP3-GIT2-PRKDC DNA damage repair complexes 

exist and thus represent a potentially important new molecular paradigm with which to target 

therapies against age-related disease. 

To investigate how this system can impact DDRs we assessed the effect of expression of this 

system upon the extent of DNA damage induced by an exogenous stressor. In our previous work we 

have already demonstrated that augmentation of GIT2 levels can attenuate the extent of DNA damage 

suffered in response to chemically- (cis-platin) or ionizing radiation-induced DNA damage [1]. Here we 

chose to employ a cellular model in which the DNA damaging insults were not destined to be fully 

lethal as we considered this a more effective investigational model for long-term organismal survival. 

Hence we found that application of 0.1 μM CT could result in the creation of a survivable level of 

damage, where on 20 % of cells have perished (Fig. 6.6B). By increasing the concentration to 1 and 10 

μM, survivability drops to 40 % or lower, as such a therapeutic intervention is as such nearly 

impossible. We thus selected 0.1 μM CT to investigate the effect of the RXFP3-GIT2 system in the cell 

survival after DNA damage, we co-overexpressed these proteins in the cell, prior to long term CT 

exposure. Here we found that the cell survival increased by 50 % compared to the control condition 

(dashed line), where cells were transfected with an empty pcDNA3.1+ vector, and also compared to 

individual overexpression of RXFP3 or GIT2, which both demonstrated more cell death than the 

control condition (Fig. 6.6C). Thus as with the protective role of GIT2 it appears that this synergistic 

system also possesses the capacity to attenuate DNA damage induced by external insults. Here we  
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Figure 6.7: A novel downstream effector of RXFP3, called OSSA. A) Investigation of the overexpression of RXFP3 (red) and its 

effect on downstream proteins, we discovered that GIT2 (blue) is not the only protein showing a specific expression pattern. OSSA 

(yellow), displayed a similar expression pattern. Where its expression increases with low level overexpression, and decreases with 

high overexpression. B) this expression was also seen when overexpression OSSA, and investigating the expression of RXFP3 and 

GIT2. C) Interestingly we see that if we overexpress the GIT2-RXFP3 system, the expression of OSSA decreases, which suggests 

that when RXFP3 is forced to employ one type of downstream effector, in this case GIT2, it is no longer able to employ another 

type of signaling, such as OSSA. D) investigating the RXFP3-OSSA system further, we analyzed the expression of these two proteins 

after low-level individual overexpression compared to co-overexpression. Here, we see an interesting reinforcement effect, where 

we barely see any expression for OSSA and RXFP3 at 1 µg overexpression, when we co-overexpress the two proteins, we increase 

the expression of the HA- and Flag-tagged RXFP3 and OSSA, respectively. E-F) Lastly, we investigated whether RXFP3 and OSSA 

interact, in both directions. E) Performing an immunoprecipitation for RXFP3, we pick up a very light signal for OSSA, which is 

possibly due to its scaffolding function. The immunoprecipitation for RXFP3 was validated by testing one of its known interactors 

EIF4a1. F) The same experiment was performed for OSSA, where we see a clear interaction with RXFP3. This OSSA IP was validated 

using its known interactor PPARγ. 
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have shown further that indeed the protective effect is able to promote cell survival in the face of DNA 

damage. 

In addition to the association of the RXFP3-GIT2 system with proteins associated with DDR 

processes, we observed consistent interactions with signaling factors implicated in oxidative stress. 

When investigating the overexpression effects of individual RXFP3, we see the same increase in 

expression for both GIT2 and recently named oxidative stress response protein OSSA [84, 85]. Both 

GIT2 and OSSA show increased expression in response to low overexpression of RXFP3 (Fig. 6.7A). 

OSSA expression is also increased similarly to the RXFP3-induced elevation of GIT2 expression (Fig. 

6.7B).  

We also investigated whether RXFP3 can physically interact with OSSA. An interaction can 

clearly be seen after extracting Flag-OSSA specifically (Fig. 6.8C&D), however the RXFP3-OSSA 

interaction after HA-RXFP3-based co-IP is very light. This result may be due to potential steric 

hindrances for the purification of one protein compared to the ability to co-precipitate with the other. 

However, we were able to recapitulate the interaction via both protein targets, suggesting the 

potential relevance of this receptor-adaptor association. The co-IP of the RXFP3-OSSA complex was 

further validated using known interacting proteins for each of these target proteins, where EIF4a1 was 

used for RXFP3 (Fig. 6.9C), and PPARγ and SRC were used for OSSA (Fig. 6.9D). 

We investigated the RXFP3-OSSA relationship further by studying proteomic perturbation 

responses to individual or co-expression paradigms in the cell. Here we found that the individual 

expression levels of RXFP3 and OSSA were increased following the augmented induction of a RXFP3-

OSSA functional system. Hence, the robust presence of an RXFP3-OSSA complex was observed for 

even minimal expression DNA concentrations (0.5 μg) when both proteins were simultaneously 

expressed as opposed to individual expression (Fig. 6.7E). Similar reinforcement can be seen for RXFP3 

and GIT2 (Fig. 6.7F). In addition, we see that the presence of the RXFP3-GIT2 complex causes a 

reduction in OSSA expression (Fig. 6.7F), indicating that we are potentially uncoupling RXFP3 from 

OSSA to GIT2-dependent signaling. 

Reinforcing our observance of this RXFP3-OSSA complex we found that low level 

overexpression of RXFP3 appears by itself (potentially associated with its constitutive activity) to 

possess the capacity to instigate the assembly of molecular complexes containing RXFP3, GIT2 and 

OSSA complex. In this structure, OSSA may act as a scaffolder that is responsive to oxidative stress 

with GIT2 potentially connecting RXFP3 to the two aforementioned DNA damage response pathways 

(HR, NHEJ). It is interesting to note that in response to the creation of a functional RXFP3-GIT2 system 

(via co-expression) we observed a consistent dynamic redistribution of OSSA away from the plasma  
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Figure 6.8: RXFP3 and OSSA show specific translocation in response to oxidative stress. A) To investigate the relationship of the 

RXFP3-OSSA complex in oxidative stress, we have performed a time course after stressing cells with 100nM hydrogen peroxide (H2O2) 

after which we extracted the different fractions of the cells using detergent dependent fractionation with the Q proteome extraction 

kit. As both RXFP3 (Red) and OSSA (Yellow) are membrane proteins, we isolated the cytoplasm (Cyt) and the plasma membrane 

(P.M.). We see that RXFP3 clearly moves from the plasma membrane towards the cytoplasm, with the lowest expression of RXFP3 at 

60 minutes after which it moves back towards the plasma membrane. While OSSA expression also decreases in the plasma membrane 

is expression appears quite constant in the cytoplasm. B) To further understand this expression translocation we used confocal 

microscopy, comparing the expression of OSSA (green) and RXFP3 (red) in control conditions (Ctrl) and after the aforementioned 

stress. Through this experimentation we are able to understand the stable expression of OSSA in the cytoplasm. In both control and 

stress conditions we see OSSA in the cytoplasm, however after stress we see the presence of puncta (arrows), which are typical for 

stress granules. The expression of RXFP3 appears to move from the plasma membrane towards stress fibers (arrowheads), which are 

present in both the cytoplasmic and the cytoskeletal fractions. TL: translucent light. 



Chapter 6  RESULTS 

212 
 

membrane (Fig. 8A) to the cytosol (Fig. 6.8A&B). This response may suggests that when RXFP3 is in 

closer functional contact with GIT2 this system may co-opt and cause the mobilization of additional 

stress-responsive systems such as those associated with OSSA, i.e. modification of PPAR pathways 

associated with oxidative stress [86, 87]. When we further investigate the microscopy results, we see 

that in response to oxidative stress the cells respond by forming stress granules (Fig. 6.8B: arrows) and 

stress fibers (Fig. 6.8B: arrowheads). It appears that RXFP3 translocates from the plasma membrane 

towards to stress fibers which consist of the cytoskeleton. OSSA on the other hand moves towards the 

cytoplasm in small vesicles called the stress granules. 

3.6 The GIT2-RXFP3 synergistic system is altered with increasing age 

DNA damage is one of the major processes which occurs with and likely drives a large part of 

the aging process, in the periphery and in central nervous tissues [88, 89]. We have seen in our 

previous analyses that the GIT2-RXFP3 process potentially play a role in aging and age-related 

disorders [62]. It has been shown that due to its high resting concentrations of intracellular calcium 

(required for elevated cognitive sensitivity) that the hippocampus is often a locus where early aging 

deficits are strongly represented [90-92], we investigated the interaction between RXFP3 and GIT2 in 

vivo, using wild-type murine hippocampus [92]. We started by analyzing the general expression of 

RXFP3 and GIT2 in the hippocampus at different ages (2, 4, 8, 12, and 16 months) (Fig. 6.9A). 

Interestingly, we have repeated results published by Chadwick, et al 2012, where they also see a 

general downward trend of GIT2 in this tissue. A similar downward trend could be observed for RXFP3, 

already indicating that these two proteins are also functionally connected in vivo. Additionally, we 

have investigated the expression pattern of the activated DNA repair protein BRCA1 (pBRCA1). Which 

shows a very specific pattern, increasing until 8 months after which we see a dramatic drop in pBRCA1 

expression. This age in mice, can be compared to middle age in humans, where aging trajectories 

appear to be set due to variances in metabolic states [10]. As alterations in interaction between vital 

proteins has already been shown to be causative for disorders [93-95], we investigated the interaction 

between RXFP3 and GIT2 at young, middle and old ages in mouse hippocampus, i.e. 2, 8, and 16 

months old, by performing a GIT2-specific IP and performing a western blot for RXFP3 (Fig. 6.9B). We 

see that RXFP3 interaction with GIT2 disappears after 8 months of age. Interestingly, we discovered 

the same trend seen with the age-related stress stimulation of RXFP3 (Fig. 6.5E). From this data, we 

were interested in identifying a potential ligand which can activate this system specifically. 

3.7 RXFP3 as a therapeutic target 

As we have shown here and in our previous work [1], both primary components of this system 

(GIT2 and RXFP3) potentially represent parts of a novel therapeutic process with which to attenuate 
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stress-induced cellular damage. Hence through selective ligand-based stabilization of this system 

novel interventions into aging may be uncovered. Here we report that using synthetically generated 

analogs of RLN3, termed ‘Analog A’ and ‘Analog B’ we have identified potential therapies that may 

possess the capacity to selectively control this synergistic RXFP3-GIT2 paradigm. As it has recently 

been shown that activated GPCRs can increase the expression of specific proteins in addition to their 

transient affects through second messengers [60], we performed long-term stimulation experiments 

at more biological concentrations of the ligand (Fig. 6.10A-C). Here we stimulated cells (6h) with highly 

selective concentrations (0.1 nM) of RLN3, Analog A and Analog B after 2 h of serum deprivation. To 

assess the functional divergence of these ligands at the potential therapeutic level, i.e. modulation of 

protein factors associated with setting DDR sensitivity we employed quantitative proteomics to assess 

how each distinct ligand contributed to this functionality (Fig. 6.10A-C, table S6). The proteins 

(significantly altered by the ligand treatment) that were unique to each stimulation paradigm were 

then used for further bioinformatic analysis. Subsequent to this analysis, multiple proteomic effects 

were validated at the western blot level (Fig. 6.10D-E). As we intend to therapeutically engage the 

GIT2-RXFP3 signaling axis, we compared the Textrous output of each expression pattern, further 

termed as a Textrous signature (Fig. S6.2), to our previously generated System perturbagen datasets. 

In this case we found a strong overlap between the ligand-induced Textrous signatures with our 

previously defined System Constellation (using the different perturbagen levels) and Interactome (see 

sections ‘3.1&2’, Fig. 6.10A). Interestingly, we found that the proteins in the Textrous signatures for 

each ligand were strongly divergent despite the strong structural similarity, indicating an important 

structure-activity relationship distinction. By comparing the semantically related words of the ligands 

to the Textrous signature of the System Constellation and Interactome, we found that the proteins 

specifically altered after Analog B stimulation specifically demonstrated a striking relationship to DNA 

damage response factors (Fig. 6.10A&B, Fig. S6.3C, Fig. 6.1, Fig. 6.2 and Fig. 6.3A). This strong 

relationship between Analog B and DDR functionalities, can be explained by the presence of the 

following proteins, such as H2AFX [1, 96, 97], FANCD2 [98], PRKDC [99], and SSBP1 [100, 101]. In 

contrast to this RLN3 stimulation engendered signaling responses related to the degeneration of 

hearing and sight, typical with aging but also caused by disease, which we can connect back to the 

following words ‘degeneration’, ‘retina’, and ‘hearing’ (Fig. S6.3A), possibly due to the presence of the 

following proteins ALMS1 [102], MKKS [103, 104], and COX2[105]. For Analog A however we see a 

clear association to typical G protein-related signaling with the high frequency presentation of 

biomedical words including ‘GTP’, ‘exchange’, and ‘factor’ as well as YWHAB and YWHAE [106] (Fig. 

S6.3B).  
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We have previously shown that specific GPCR-associated signaling paradigms can be extracted 

from complex datasets through the use of comparative theoretical signaling sets created through 

multiple interrogator term concatenation [52]. Thus we compared our generated protein signatures 

of each ligand to theoretically generated signaling datasets specific to ‘G protein’, ‘β-arrestin’ and 

‘GIT2’ selective signaling (Fig. 6.10C). These datasets were created as described by Maudsley et al and 

van Gastel et al [52, 62]. In short we employed the latent semantic indexing program GeneIndexer, to 

generate a gene list related to interrogator terms for G protein, β-arrestin, GIT2, and cell signaling. 

Figure 6.9: RXFP3 and GIT2 show age-related expression and interaction changes in vivo. To further elucidate the role of RXFP3 

and GIT2 in aging, we used wild-type murine hippocampus tissues of 2, 4, 8, 12, and 16 months of age (n=3). A) The expression of 

RXFP3 (red) and GIT2 (blue), display a similar expression pattern in response to age, where their expression decreases with age. In 

addition, we analyzed the expression of activated DNA damage repair protein BRCA1 (pBRCA1, black), to assess how this expression 

could be related to aging. Here we see that the expression increases until 8 months of age, where is suddenly drops. This could be 

due to a malfunction in the stabilization and activation of BRCA1, a process in which GIT2 plays a critical role (n=3). B) As such we 

further investigated the interaction of RXFP3 and GIT2 in these aging mice, as this may be vital in the BRCA1-dependent repair of 

DNA. We performed an immunoprecipitation specific for GIT2, after which we investigated the expression of RXFP3 (n=3). Here we 

see that RXFP3 and GIT2 interact until 8 months, after which it decreases significantly. It is thus a possibility that the GIT2-RXFP3 

system is responsible for the stabilization and activation of BRCA1 as a unit, and not just the responsibility of GIT, as previously 

described[1]. Significance level is indicated in figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Prior to use of these datasets, these were validated using reversed latent semantic analysis, and wet 

lab validations [52, 62](. Through this unbiased analysis we found that the signaling output of RLN3 is 

relatively similar to Analog A, with comparable overlap seen for G protein and GIT2 signaling, while a 

β-arrestin signaling overlap is relatively absent. Analog B on the other hand demonstrates more biased 

qualities, in particular to GIT2-related signaling. These results were next analyzed using western 

blotting, where we have investigation the activation of ERK1/2 or MAPK in response to 100nM of each 

ligand after 2 hours of serum deprivation (Fig. 6.10D). We found thatRLN3 and Analog A showed a 

more typical GPCR-based MAPK activation pattern [107], which is initiated quickly and is terminated 

after 30 min. In contrast to this stimulation with Analog B induced a long term activation of MAPK, 

indicating a distinction from more standard G protein/arrestin uncoupling forms of GPCR signaling. 

Our data indicate that Analog B possesses a potentially a specific bias towards more long-term 

signaling effects such as have been shown for non-G protein dependent signaling paradigms [56]. We 

next demonstrated that Analog B also has a specific effect on GIT2 expression after long-term 

stimulation, by comparing its expression to non-stimulated cells (Fig. 6.10E). In figure 6.10C we see 

that GIT2 expression is increased at the plasma membrane (P.M.), and interestingly also in the nucleus 

(Nucl). While the expression of GIT2 remains the same for each ligand in the cytoplasm (C.P.), we 

found that its expression is decreased compared to the non-stimulated cells in the cytoskeleton 

(C.Sk.), where we see the lowest expression following Analog B stimulation. We propose that GIT2 

may move towards the plasma membrane to engage with membrane-based RXFP3 and then 

potentially translocates to the nucleus to perform its functions in the DNA damage response and 

repair [1]. Lastly, we investigated the interaction between RXFP3 and GIT2 after stimulation with 

Analog B (Fig. 6.10E), as we have previously done in for RLN3 (Fig. 5B). We found that the association 

of RXFP3 with GIT2 was more profoundly enhanced with Analog B exposure compared to RLN3. In 

addition to this we hypothesized that Analog B may be more cyclical in its activity, allowing RXFP3 to 

engage GIT2, allow it to function through a potential GIT2-dependent pathway, after which GIT2 

returns to RXFP3, ready for the next signal. This enhanced temporal activity may indeed account for 

the idiosyncratic MAPK signaling responses observed previously. 

4. Discussion 

We have found that both GIT2 and RXFP3 play an important role in the control of a synergistic 

signaling system with a contextual focus upon signaling events linked to aging modulation [7, 62]. 

Investigation of these two proteins has shown us that they both play important roles in several of the 

aspects occurring with age, i.e. oxidative stress, DNA damage response, and energy metabolism. Here 

we directly investigated this GIT2-RXFP3 system in greater depth, to understand what role they play 

when forced to work together in a cell system. While our previous experimentation has shown that 
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these two proteins take part in a different aspect of the aging process [62], it appears that through 

cooperation they are able to reinforce their individual DDR functions. This was supported by the 

interaction between RXFP3 and DDR protein PRKDC, which increases after promotion of this RXFP3-

GIT2 system via co-overexpression of RXFP3 and GIT2. Interestingly this effect on PRKDC, also induced 

the interaction of this DDR protein with GIT2 (Fig. 6.6A). This could thus mean that induction of our 

defined ‘System’, facilitates DNA repair through activation of both ATM and PRKDC. Interestingly, 

PRKDC has also been implicated in the context of aging and lifespan[108, 109]. In addition, a 

combination of PRKDC deficiency and telomere dysfunction has shown to cause a shortened lifespan. 

Interestingly, this was diminished even further due to experimental activation of the innate immune 

response, through deregulation of the cytokine cascade [110]. GIT2 has also been shown to be 

involved in immune response activity, where the majority features the aging immune response, such 

as neutrophil function, proinflammatory cytokine production and thymocyte selection and regulation 

[111]. The relationship to telomere function and lengthening, has been seen in this paper after we had 

induced the presence of the GIT2-RXFP3 system (Fig. 6.1&6.2F). So potentially, the relationship 

between PRKDC and telomere function can be enhanced by activating the GIT2-RXFP3 system. From 

the data we have gathered concerning the DNA damage response and repair complex consisting of 

RXFP3, GIT2 and PRKDC, it appears that the activation of PRKDC and the interaction with this system 

occurs after the RLN3-stimulated coupling of RXFP3 and GIT2 (Fig. S6.2D and Fig. 6.5). The therapeutic 

targeting of this specific functional system (involving a bias towards GIT2 signaling) could be of great 

benefit for the generation of anti-aging therapies.  

The interaction between RXFP3 and GIT2 was also shown to be augmented by oxidative 

stressors (H2O2) that can inducing age-related DNA damage (Fig. 6.5). Interestingly we found that 

topoisomerase inhibition induced DNA damage appeared to also profoundly affect this interaction. 

This effect can also be seen when investigating the interaction of these two protein in vivo in murine 

hippocampus at different ages. In young animals this interaction can be seen, showing that in normal 

healthy animals this interaction is the norm. At 8 month of age, which is comparable to 30 years of 

age in humans, which has been seen as the age where aging starts to be visible [93, 112], this 

interaction may be reinforced to aid in the repair of damage to the cells and tissues due to the 

intermittent attack of ROS [93]. With age-dependent continued exposure to ROS there will be 

continued periods of damage that will be unlikely to be completely repaired (especially at the level of 

DNA damage adducts [1]) for each stressful cycle. Thus protracted exposure to ROS with the absence 

of complete repair results in the progressive accumulation of DNA lesions –reproducing a state similar 

to our in cellula CT-induced lesions. As such, our findings of ‘System interactome’ disruption with CT 

exposure functionally mirrors the reductions in topoisomerase activity observed in advancing age that 



The synergistic GIT2-RXFP3 signaling system – a protective receptor system controlling age-related DNA damage 

 

217 
 

results in increased rates of DNA damage accumulation [113]. We hypothesize that with mice which 

are 16 months of age (nearly 70% of maximal lifespan) the RXFP3-GIT2 interaction nearly disappears, 

suggesting that due to the accumulation of excessive damage as a result of many months of ROS 

damage, this ROS-sensing molecular system has given way to the reparative and restorative separated 

RXFP3 and GIT2 systems [1]. 

Hence, it seems that when the cells are attempting to contend with the initial ROS insult (in 

the absence of excessive accumulated damage), RXFP3 and GIT2 interact to form a cytoprotective 

response system. However, in the presence of overt DNA damage, e.g. in advanced age [114] or direct 

CT-treatment, this sensing system is no longer favored and both of these components primarily 

contend with DNA damage repair seperately. Combining this information with our previously 

published data [62], it appears that RXFP3 interacts with DNA damage response proteins primarily 

after induction of oxidative stress. After induction of severe DNA damage however, RXFP3 interacts 

with proteins involved in cell cycle control and mitosis, possible controlling and arresting mitosis until 

the cell is able to repair itself. In addition, it may be that RXFP3 connects with proteins involved in 

cellular senescence [62, 115, 116]. This relationship of the GIT2-RXFP3 system in aging is furthermore 

supported by the analyzing the Canonical pathways for the System interactome extracted using IPA-

based analyses (Fig. 6.4E), i.e. ‘mitochondrial dysfunction’, ‘oxidative phosphorylation’, ‘NAD 

Biosynthesis III’ and ‘sirtuin signaling pathway’. Each of these pathways play a critical role in the aging 

process [117-121]. Mitochondrial dysfunction has been classified as one of the typical hallmarks of 

aging, where their ability to provide us with energy is reduced causing the release of harmful ROS 

[122-124], leading to DNA mutations [123] and proteostasis disruption [124]. During aging the 

oxidative phosphorylation performed by these mitochondria is decreased, which contributes to 

impaired cellular metabolism [122]. This role in mitochondrial control also appeared in the Textrous!-

based wordcloud for 5 µg System overexpression (Fig. 6.2E). A systemic decrease in Nicotinamide 

adenine dinucleotide (NAD+) across multiple tissues has been demonstrated to be one of the marked 

processes in aging [125]. Dysfunction in the biosynthesis of NAD+ plays an important part in the 

pathophysiologies of age-related disorders such as neurodegenerative diseases and metabolic 

disorders. Sirtuins are NAD+-dependent enzymes, which are downstream effectors, involved in the 

progression of multiple age-related diseases [120, 126].  

As we have indicated previously it is our contention that the GIT2-RXFP3 interaction is initially 

reinforced through the sensation of ROS species –we have also found that the GIT2-RXFP3 system 

shows a novel relationship with a recently discovered RNA-binding protein, termed OSSA. Until 

recently OSSA was designated as C9orf10 (Homo Sapiens chromosome 9 open reading frame 10) or 

FAM120a, and was originally found through the human genome sequence project as an annotated 
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protein [127]. OSSA received its name in 2009 by Tanaka et al., as they discovered that this protein 

was activated in times of oxidative stress and in turn activates Src family kinases (SFKs) and thus 

playing a key role in the protection from oxidative stress-induced apoptosis in cancer cells. Their 

designation was codified as Oxidative Stress-associated Src Activator [84]. The Src family of tyrosine 

kinases are a group of closely-related non-receptor tyrosine kinases, which are critical in processes 

related to malignant transformation, as overexpression of this protein contributes to the resistance of 

cancer cells to apoptosis [128], as well as regulating multiple GPCR-related cellular activities linked to 

endocytosis, cell signaling and multi-protein structure organization including both cytoskeletal 

structures and receptorsome complexes [59, 107, 129-132]. Activation of the SFKs is dependent on 

two specialized binding domains, Src homology domain (SH) 2 and 3. The inactive SFK is sustained by 

the association with both SH2 and SH3, which is disrupted after phosphorylation [133]. Interestingly, 

when we investigate the amino acid structure of RXFP3 we see the presence of proline-rich motifs in 

the carboxyl-terminal tail (Fig. S6.4). These proline-rich motifs facilitate the physical interaction with 

proteins containing SH3 domains, such as c-Src, through proline-2 helices [134, 135]. This potentially 

connects this relaxin 3 receptor with OSSA through Src, which is also known to functionally interact 

with GIT2 [132, 136, 137]. Interestingly, the SH3 domain-containing proteins play a vital role in age-

related pathophysiological signaling [138], further underlining the likely importance of RXFP3 in 

regulating aging and age-related disorders.  

While OSSA has a received a stress-sensitive designation, it has also been termed the 

constitutive coactivator of Peroxisome proliferator-activated receptor gamma (PPARγ)-like protein 1. 

As such, we have further investigated the relationship between OSSA and PPARγ, which controls the 

expression of genes in networks involved in adipogenesis, lipid metabolism, maintenance of metabolic 

homeostasis and inflammation [139], all processes kernel to the generation of aging phenotypes. 

PPARγ has been identified as a master regulator of adipocyte differentiation, where it appears to be 

vital in the conversion of white to brown adipose tissue [140, 141], which emerging evidence now 

demonstrates to be important in controlling aging trajectories [142]. Interestingly, both GIT2 and 

RXFP3 have been implicated in adipose tissue dysfunction as well. In GIT2KO mice we have seen that, 

GIT2 potentially attenuates the extent of subcutaneous and visceral fat accumulation compared to 

age-matched control mice when fed with a high fat diet. As such the GIT2KO mice displayed a greater 

resistance to high fat-induced obesity (unpublished data). GIT2 genomic alteration has also been 

shown to alter adipose development in bone tissues as well [47]. In diet-induced obesity (DIO) rats, 

an animal model closely resembling the human obesity, a constitutive increase in RLN3 expression 

was seen in the nucleus incertus in the brain, compared to control rats [143]. In addition, it has been 

shown that intracerebroventricular (i.c.v.) administration of RLN3 for a  
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duration of 2 weeks showed a significant increase in the inguinal subcutaneous and visceral 

retroperitoneal white adipose tissue [63], the latter of which has been connected to the development 

of metabolic syndrome [144]. The nucleus incertus is a region in the rodent pontine brainstem, which 

can control contextual memory formation [145], also involved in behavioral activation and stress 

response [146]. 

Even though PPARγ has mostly been investigated in adipose tissues and as such has been 

implicated in fat metabolism, it has now become clear that this protein may also play a role in insulin 

sensitivity and glucose metabolism through a direct action upon genes involved in insulin-stimulated 

glucose disposal [147]. With specific regards to the trophic control of aging phenotypes, it has been 

shown that PPARγ is able to attenuate physiological stress responses and PPARγ signaling can diminish 

activation of both the hypothalamic pituitary adrenal (HPA) axis and sympathetic nervous system 

during acute response to stress [148]. The HPA axis is a central stress response system, that 

intertwines the central nervous system with the endocrine system [149]. We have previously shown 

that GIT2 plays a crucial role metabolic efficiency, which naturally declines with age [11]. Using GIT2KO 

mice, we have seen that compared to their WT littermates, young GIT2KO mice shown a significantly 

reduced respiratory exchange ratio, indicating a switch from glucose towards adipose catabolism to 

generate energy – feature typical of pro-aging phenotypes [42, 150-152]. Furthermore, a loss of GIT2 

significantly influenced the structure and activity of pancreatic islets, causing a decrease in insulin 

production, a loss of β-cell mass and α-cell involution [11]. The endogenous ligand for RXFP3, RLN3, is 

also called the insulin-like peptide 7 (INSL7) due to the structure similarity, already indicating a 

connection to energy metabolism. When investigating its role further, it was discovered that acute 

and chronic RXFP3 activation caused increases in feeding, weight gain, and triggered decreases in 

plasma leptin and insulin [153]. 

Figure 6.10: Discovery of a potential GIT2-biased RLN3 analog. As we are interested in identifying a ligand which could engage the 

GIT2-RXFP3 system which could be long-term, we stimulated cells with RLN3 and two analogs for 6 hours at the more biological level 

of 0.1 nM (n=1). The data obtained from this, we then used to investigate their functionality in DNA damage response and ability to 

employ GIT2 as a downstream effector. A-B) We investigated the overlap of these ligand signatures using Textrous!, creating ligand- 

and system A) constellation and B) interactome-dependent textrous! signatures. After this analysis, we do see a dramatic increase 

in overlap for Analog B. C) To assess the GIT2-related signaling of each ligand, we next created three theoretical datasets for G 

protein (orange), β-arrestin (pink) and GIT2 (blue) signaling using GeneIndexer as previously performed and validated by Maudsley 

et al. 2016, and van Gastel et al. in press. We compared the protein overlap of β-arrestin and GIT2, to the typical G protein signaling. 

It became clear that only Analog B showed a strong overlap with GIT2-signaling, in addition we see an increase in β-arrestin signaling. 

D) These results were supported using western blotting, where we see that signaling protein MAPK is activated short-term when 

stimulated with RLN3 and Analog A, indicating typical G protein signaling. While Analog B shows more long-term activation (n=3). 

E) Next, we analyzed GIT2 expression in response to long term stimulation (6 hours, 0.1 nM). We see that GIT2 expression is 

specifically increased in the plasma membrane and nucleus. Indicating GIT2 might be recruited to the plasma membrane where it 

interacts with RXFP3 and is employed as downstream effector to the nucleus for DNA damage response. F) We also repeated the 

interaction experiment performed in figure 5 for Analog B, where we see a more cyclic response, increased interaction at 3 minutes, 

similar to RLN3, but instead of a steady decrease, we see a sudden drop at 10 minutes, and then a high increase at 100 minutes of 

stimulation. 
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The subtle, stress-related temporal relationships between these different proteins described 

here, e.g. GIT2, RXFP3, OSSA, PPARγ, could represent their role as crucial co-regulators of both the 

metabolic and DNA damage components of the aging process. As mentioned in van Gastel, et al. in 

Figure 3 [7], while the molecular complexities of the aging process are unique to every individual, 

several processes are common. These so-called consistent hallmarks comprise a complex multitude of 

processes which are possibly both initiated and controlled by the concurrent interaction of different 

pathological domains [7]. We have proposed, in a simple manner, that an individuals’ aging trajectory 

begins with metabolic dysfunction, where the optimal usage of glucose is disrupted, and as such the 

switch will be made from glucose to lipid as an energy source. This could then potentially, cause and 

increased ROS burden, because of decreased efficiency in energy production. Due to this increased 

burden, molecular oxidative stress is more likely to occur, which then in turn increases the risk for 

cellular protein, lipid, and ultimately DNA damage. While this is likely at the present time an 

incomplete definition of the sequence of damaging events in aging [7], we can hypothesize that the 

GIT2-RXFP3 system might ameliorate the damaging sequelae of oxidative stress by influencing OSSA 

and the interacting PPARγ (Fig. 6.7C), and as such have a direct effect on the aging process before 

actual DNA damage occurs. 

Our analysis of this multi-component complex, started with a simple constellation curve 

perturbagen experiment. Hence, we sought to express increasing amounts of RXFP3 (Chapter 5) to 

reveal the widest possible range of functions for our receptor, and the scaffolding protein GIT2. In 

doing so, we have previously been successful in the discovery of a novel function for RXFP3 in DNA 

damage response [62]. Perhaps being indicative of the importance of GIT2-RXFP3 system to cellular 

oxidative damage we report here the first demonstration of co-expression relationship between this 

system and OSSA, i.e. low levels of RXFP3 expression co-regulates both GIT2 and OSSA. The same 

expression relationship for RXFP3 and GIT2 was also observed, with the introduction of minimal 

overexpression of OSSA (Fig. 6.7A&B). In addition to these co-expression patterns, we have also shown 

that RXFP3 and OSSA interact. The interaction of RXPF3 with GIT2 however is dependent on prevailing 

cellular conditions, i.e. the interaction with RXFP3 increases after oxidative stress and shortly after 

ligand stimulation.  

In order to identify potential therapeutic modulators of the synergistic GIT2-RXFP3 system we 

have strived to develop a biased GPCR ligand, Analog B, that possesses a preference for engendering 

GIT2-associated signaling functions. Entrainment of such a selective pathway could potentially aid in 

the repair of DNA damage occurring with aging. From our unbiased bioinformatic analysis, we found 

that RLN3 and Analog A are more focused towards receptor-based G protein modulation compared 

to Analog B. This novel ligand appears to divert signal flow away from β-arrestin-associated G protein 
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signaling terminations, but towards more long term signaling modalities potentially independent of G 

protein regulation [53, 154]. For future studies it would be interesting to elucidate a high-definition 

structure activity relationship (SAR) of RXFP3 modulators that can promote GIT2-associated DNA 

protective activities.  

  



The synergistic GIT2-RXFP3 signaling system – a protective receptor system controlling age-related DNA damage 

 

223 
 

References 

1. Lu, D., et al., Nuclear GIT2 is an ATM substrate and promotes DNA repair. Mol Cell Biol, 2015. 
35(7): p. 1081-96. 

2. Barnes, R.P., E. Fouquerel, and P.L. Opresko, The impact of oxidative DNA damage and stress 
on telomere homeostasis. Mech Ageing Dev, 2019. 177: p. 37-45. 

3. Gude, N.A., et al., Cardiac ageing: extrinsic and intrinsic factors in cellular renewal and 
senescence. Nat Rev Cardiol, 2018. 15(9): p. 523-542. 

4. Bakula, D., et al., Aging and drug discovery. Aging (Albany NY), 2018. 10(11): p. 3079-3088. 
5. Lopez-Otin, C., et al., The hallmarks of aging. Cell, 2013. 153(6): p. 1194-217. 
6. Lipsitz, L.A. and A.L. Goldberger, Loss of 'complexity' and aging. Potential applications of 

fractals and chaos theory to senescence. JAMA, 1992. 267(13): p. 1806-9. 
7. van Gastel, J., et al., GIT2-A keystone in ageing and age-related disease. Ageing Res Rev, 2018. 

43: p. 46-63. 
8. Colman, R.J., et al., Caloric restriction delays disease onset and mortality in rhesus monkeys. 

Science, 2009. 325(5937): p. 201-4. 
9. Moffitt, T.E., et al., The Longitudinal Study of Aging in Human Young Adults: Knowledge Gaps 

and Research Agenda. J Gerontol A Biol Sci Med Sci, 2017. 72(2): p. 210-215. 
10. Belsky, D.W., et al., Quantification of biological aging in young adults. Proc Natl Acad Sci U S 

A, 2015. 112(30): p. E4104-10. 
11. Martin, B., et al., GIT2 Acts as a Systems-Level Coordinator of Neurometabolic Activity and 

Pathophysiological Aging. Front Endocrinol (Lausanne), 2015. 6: p. 191. 
12. Mau, T. and R. Yung, Adipose tissue inflammation in aging. Exp Gerontol, 2018. 105: p. 27-31. 
13. Tchernof, A. and J.P. Despres, Pathophysiology of human visceral obesity: an update. Physiol 

Rev, 2013. 93(1): p. 359-404. 
14. Oleson, B.J., et al., The Role of Metabolic Flexibility in the Regulation of the DNA Damage 

Response by Nitric Oxide. Mol Cell Biol, 2019. 39(18). 
15. Nishimoto, Y. and Y. Tamori, CIDE Family-Mediated Unique Lipid Droplet Morphology in White 

Adipose Tissue and Brown Adipose Tissue Determines the Adipocyte Energy Metabolism. J 
Atheroscler Thromb, 2017. 24(10): p. 989-998. 

16. Song, E.A. and H. Kim, Docosahexaenoic Acid Induces Oxidative DNA Damage and Apoptosis, 
and Enhances the Chemosensitivity of Cancer Cells. Int J Mol Sci, 2016. 17(8). 

17. Rattan, S.I., Aging is not a disease: implications for intervention. Aging Dis, 2014. 5(3): p. 196-
202. 

18. Collier, T.J., N.M. Kanaan, and J.H. Kordower, Ageing as a primary risk factor for Parkinson's 
disease: evidence from studies of non-human primates. Nat Rev Neurosci, 2011. 12(6): p. 359-
66. 

19. Niccoli, T. and L. Partridge, Ageing as a risk factor for disease. Curr Biol, 2012. 22(17): p. R741-
52. 

20. Barabasi, A.L. and Z.N. Oltvai, Network biology: understanding the cell's functional 
organization. Nat Rev Genet, 2004. 5(2): p. 101-13. 

21. Maudsley, S., et al., Bioinformatic approaches to metabolic pathways analysis. Methods Mol 
Biol, 2011. 756: p. 99-130. 

22. Maudsley, S., S. Siddiqui, and B. Martin, Systems analysis of arrestin pathway functions. Prog 
Mol Biol Transl Sci, 2013. 118: p. 431-67. 

23. Suphavilai, C., L. Zhu, and J.Y. Chen, A method for developing regulatory gene set networks to 
characterize complex biological systems. BMC Genomics, 2015. 16 Suppl 11: p. S4. 

24. Hoffman, J.M., et al., Proteomics and metabolomics in ageing research: from biomarkers to 
systems biology. Essays Biochem, 2017. 61(3): p. 379-388. 

25. Caetano-Anolles, G., et al., Emergence of Hierarchical Modularity in Evolving Networks 
Uncovered by Phylogenomic Analysis. Evol Bioinform Online, 2019. 15: p. 1176934319872980. 



Chapter 6  RESULTS 

224 
 

26. McClure, R.S., et al., Unified feature association networks through integration of 
transcriptomic and proteomic data. PLoS Comput Biol, 2019. 15(9): p. e1007241. 

27. Tyson, J.J., T. Laomettachit, and P. Kraikivski, Modeling the dynamic behavior of biochemical 
regulatory networks. J Theor Biol, 2019. 462: p. 514-527. 

28. Fraser, H.B., Modularity and evolutionary constraint on proteins. Nat Genet, 2005. 37(4): p. 
351-2. 

29. Albert, R., H. Jeong, and A.L. Barabasi, Error and attack tolerance of complex networks. Nature, 
2000. 406(6794): p. 378-82. 

30. Jeong, H., et al., Lethality and centrality in protein networks. Nature, 2001. 411(6833): p. 41-
2. 

31. Han, J.D., et al., Evidence for dynamically organized modularity in the yeast protein-protein 
interaction network. Nature, 2004. 430(6995): p. 88-93. 

32. Schadt, E.E., Molecular networks as sensors and drivers of common human diseases. Nature, 
2009. 461(7261): p. 218-23. 

33. Schadt, E.E., B. Zhang, and J. Zhu, Advances in systems biology are enhancing our 
understanding of disease and moving us closer to novel disease treatments. Genetica, 2009. 
136(2): p. 259-69. 

34. O'Leary, J.K., et al., The Resilience of Marine Ecosystems to Climatic Disturbances. BioScience, 
2017. 67(3): p. 208-220. 

35. Zhang, X.-T., H.-L. Bi, and Y. Wang, A Stochastic Programming Approach for Resilient Hub 
Location in Power Projection Network considering Random Hub Failures. Mathematical 
Problems in Engineering, 2017. 2017: p. 8. 

36. Vugrin, E.D., M.A. Turnquist, and N.J.K. Brown, Optimal recovery sequencing for enhanced 
resilience and service restoration in transportation networks. International Journal of Critical 
Infrastructures, 2014. 10(3/4): p. 218-246. 

37. Pan, X. and H. Wang, Resilience of and recovery strategies for weighted networks. PLoS One, 
2018. 13(9): p. e0203894. 

38. Wolfson, M., et al., The signaling hubs at the crossroad of longevity and age-related disease 
networks. Int J Biochem Cell Biol, 2009. 41(3): p. 516-20. 

39. Chadwick, W., et al., GIT2 acts as a potential keystone protein in functional hypothalamic 
networks associated with age-related phenotypic changes in rats. PLoS One, 2012. 7(5): p. 
e36975. 

40. Anckaerts, C., et al., Image-guided phenotyping of ovariectomized mice: altered functional 
connectivity, cognition, myelination, and dopaminergic functionality. Neurobiol Aging, 2019. 
74: p. 77-89. 

41. Siddiqui, S., et al., Genomic deletion of GIT2 induces a premature age-related thymic 
dysfunction and systemic immune system disruption. Aging (Albany NY), 2017. 9(3): p. 706-
740. 

42. Van Gastel, J., et al., Multidimensional informatic deconvolution defines gender-specific roles 
of hypothalamic GIT2 in aging trajectories. Mech Ageing Dev, 2019: p. 111150. 

43. Premont, R.T., et al., The GIT family of ADP-ribosylation factor GTPase-activating proteins. 
Functional diversity of GIT2 through alternative splicing. J Biol Chem, 2000. 275(29): p. 22373-
80. 

44. Li, H., et al., Genetic deletion of GIT2 prolongs functional recovery and suppresses chondrocyte 
differentiation in rats with rheumatoid arthritis. J Cell Biochem, 2018. 119(2): p. 1538-1547. 

45. Phee, H., et al., Regulation of thymocyte positive selection and motility by GIT2. Nat Immunol, 
2010. 11(6): p. 503-11. 

46. Schmalzigaug, R., et al., Anxiety-like behaviors in mice lacking GIT2. Neurosci Lett, 2009. 
451(2): p. 156-61. 



The synergistic GIT2-RXFP3 signaling system – a protective receptor system controlling age-related DNA damage 

 

225 
 

47. Wang, X., et al., The cytoskeletal regulatory scaffold protein GIT2 modulates mesenchymal 
stem cell differentiation and osteoblastogenesis. Biochem Biophys Res Commun, 2012. 425(2): 
p. 407-12. 

48. Chadwick, W., et al., Minimal peroxide exposure of neuronal cells induces multifaceted 
adaptive responses. PLoS One, 2010. 5(12): p. e14352. 

49. Latorraca, N.R., A.J. Venkatakrishnan, and R.O. Dror, GPCR Dynamics: Structures in Motion. 
Chem Rev, 2017. 117(1): p. 139-155. 

50. Luttrell, L.M., et al., Beta-arrestin-dependent formation of beta2 adrenergic receptor-Src 
protein kinase complexes. Science, 1999. 283(5402): p. 655-61. 

51. Gesty-Palmer, D., et al., beta-arrestin-selective G protein-coupled receptor agonists engender 
unique biological efficacy in vivo. Mol Endocrinol, 2013. 27(2): p. 296-314. 

52. Maudsley, S., et al., Informatic deconvolution of biased GPCR signaling mechanisms from in 
vivo pharmacological experimentation. Methods, 2016. 92: p. 51-63. 

53. van Gastel, J., et al., beta-Arrestin Based Receptor Signaling Paradigms: Potential Therapeutic 
Targets for Complex Age-Related Disorders. Front Pharmacol, 2018. 9: p. 1369. 

54. Gesty-Palmer, D., et al., A beta-arrestin-biased agonist of the parathyroid hormone receptor 
(PTH1R) promotes bone formation independent of G protein activation. Sci Transl Med, 2009. 
1(1): p. 1ra1. 

55. Carr, M.I. and S.N. Jones, Regulation of the Mdm2-p53 signaling axis in the DNA damage 
response and tumorigenesis. Transl Cancer Res, 2016. 5(6): p. 707-724. 

56. Luttrell, L.M., S. Maudsley, and L.M. Bohn, Fulfilling the Promise of "Biased" G Protein-Coupled 
Receptor Agonism. Mol Pharmacol, 2015. 88(3): p. 579-88. 

57. van Gastel, J., et al., Targeting non-G protein signaling paradigms in aging and disease. Nat 
Rev Drug Discov, In Review. 

58. Ritter, S.L. and R.A. Hall, Fine-tuning of GPCR activity by receptor-interacting proteins. Nat Rev 
Mol Cell Biol, 2009. 10(12): p. 819-30. 

59. Magalhaes, A.C., H. Dunn, and S.S. Ferguson, Regulation of GPCR activity, trafficking and 
localization by GPCR-interacting proteins. Br J Pharmacol, 2012. 165(6): p. 1717-1736. 

60. Lopez de Maturana, R., et al., GnRH-mediated DAN production regulates the transcription of 
the GnRH receptor in gonadotrope cells. Neuromolecular Med, 2007. 9(3): p. 230-48. 

61. Hendrickx, J.O., et al., GRK5 - A Functional Bridge Between Cardiovascular and 
Neurodegenerative Disorders. Front Pharmacol, 2018. 9: p. 1484. 

62. van Gastel, J., et al., The RXFP3 receptor is functionally associated with cellular responses to 
oxidative stress and DNA damage. Aging (Albany NY), In Press. 

63. Calvez, J., C. de Avila, and E. Timofeeva, Sex-specific effects of relaxin-3 on food intake and 
body weight gain. Br J Pharmacol, 2017. 174(10): p. 1049-1060. 

64. Sutton, S.W., et al., Metabolic and neuroendocrine responses to RXFP3 modulation in the 
central nervous system. Ann N Y Acad Sci, 2009. 1160: p. 242-9. 

65. Zhang, C., et al., Central relaxin-3 receptor (RXFP3) activation reduces elevated, but not basal, 
anxiety-like behaviour in C57BL/6J mice. Behav Brain Res, 2015. 292: p. 125-32. 

66. Watanabe, Y., et al., Relaxin-3-deficient mice showed slight alteration in anxiety-related 
behavior. Front Behav Neurosci, 2011. 5: p. 50. 

67. Smith, C.M., et al., Relaxin-3 null mutation mice display a circadian hypoactivity phenotype. 
Genes Brain Behav, 2012. 11(1): p. 94-104. 

68. Park, S.S., et al., Effective correction of experimental errors in quantitative proteomics using 
stable isotope labeling by amino acids in cell culture (SILAC). J Proteomics, 2012. 75(12): p. 
3720-32. 

69. Cai, H., et al., VennPlex--a novel Venn diagram program for comparing and visualizing datasets 
with differentially regulated datapoints. PLoS One, 2013. 8(1): p. e53388. 

70. Martin, B., et al., VENNTURE--a novel Venn diagram investigational tool for multiple 
pharmacological dataset analysis. PLoS One, 2012. 7(5): p. e36911. 



Chapter 6  RESULTS 

226 
 

71. Martin, B., et al., Growth factor signals in neural cells: coherent patterns of interaction control 
multiple levels of molecular and phenotypic responses. J Biol Chem, 2009. 284(4): p. 2493-511. 

72. Jourquin, J., et al., GLAD4U: deriving and prioritizing gene lists from PubMed literature. BMC 
Genomics, 2012. 13 Suppl 8: p. S20. 

73. Chen, H., et al., Textrous!: extracting semantic textual meaning from gene sets. PLoS One, 
2013. 8(4): p. e62665. 

74. Heberle, H., et al., InteractiVenn: a web-based tool for the analysis of sets through Venn 
diagrams. BMC Bioinformatics, 2015. 16: p. 169. 

75. Cashion, A., et al., Expression levels of obesity-related genes are associated with weight 
change in kidney transplant recipients. PLoS One, 2013. 8(3): p. e59962. 

76. Akbari, M., T.B.L. Kirkwood, and V.A. Bohr, Mitochondria in the signaling pathways that 
control longevity and health span. Ageing Res Rev, 2019. 54: p. 100940. 

77. Belenguer-Varea, A., et al., Oxidative stress and exceptional human longevity: Systematic 
review. Free Radic Biol Med, 2019. 

78. Kane, A.E. and D.A. Sinclair, Sirtuins and NAD(+) in the Development and Treatment of 
Metabolic and Cardiovascular Diseases. Circ Res, 2018. 123(7): p. 868-885. 

79. Kitada, M., et al., Sirtuins and Type 2 Diabetes: Role in Inflammation, Oxidative Stress, and 
Mitochondrial Function. Front Endocrinol (Lausanne), 2019. 10: p. 187. 

80. Boo, Y.C. and H. Jo, Flow-dependent regulation of endothelial nitric oxide synthase: role of 
protein kinases. Am J Physiol Cell Physiol, 2003. 285(3): p. C499-508. 

81. Hernando-Rodriguez, B. and M. Artal-Sanz, Mitochondrial Quality Control Mechanisms and 
the PHB (Prohibitin) Complex. Cells, 2018. 7(12). 

82. Bang, J.I., et al., Proteomic analysis of placentas from cloned cat embryos identifies a set of 
differentially expressed proteins related to oxidative damage, senescence and apoptosis. 
Proteomics, 2011. 11(23): p. 4454-67. 

83. Signorile, A., et al., Prohibitins: A Critical Role in Mitochondrial Functions and Implication in 
Diseases. Cells, 2019. 8(1). 

84. Tanaka, M., et al., A novel RNA-binding protein, Ossa/C9orf10, regulates activity of Src kinases 
to protect cells from oxidative stress-induced apoptosis. Mol Cell Biol, 2009. 29(2): p. 402-13. 

85. Kelly, T.J., et al., Sequestration of microRNA-mediated target repression by the Ago2-
associated RNA-binding protein FAM120A. RNA, 2019. 25(10): p. 1291-1297. 

86. Uddin, M.S., et al., Endothelial PPARgamma Is Crucial for Averting Age-Related Vascular 
Dysfunction by Stalling Oxidative Stress and ROCK. Neurotox Res, 2019. 36(3): p. 583-601. 

87. Giampietro, L., et al., PPAR-gamma agonist GL516 reduces oxidative stress and apoptosis 
occurrence in a rat astrocyte cell line. Neurochem Int, 2019. 126: p. 239-245. 

88. Maynard, S., et al., DNA Damage, DNA Repair, Aging, and Neurodegeneration. Cold Spring 
Harb Perspect Med, 2015. 5(10). 

89. Fang, E.F., et al., Nuclear DNA damage signalling to mitochondria in ageing. Nat Rev Mol Cell 
Biol, 2016. 17(5): p. 308-21. 

90. Foster, T.C., Senescent neurophysiology: Ca(2+) signaling from the membrane to the nucleus. 
Neurobiol Learn Mem, 2019. 164: p. 107064. 

91. Bartsch, T. and P. Wulff, The hippocampus in aging and disease: From plasticity to 
vulnerability. Neuroscience, 2015. 309: p. 1-16. 

92. Bettio, L.E.B., L. Rajendran, and J. Gil-Mohapel, The effects of aging in the hippocampus and 
cognitive decline. Neurosci Biobehav Rev, 2017. 79: p. 66-86. 

93. Gonzalez, M.W. and M.G. Kann, Chapter 4: Protein interactions and disease. PLoS 
computational biology, 2012. 8(12): p. e1002819-e1002819. 

94. Zhang, Q., et al., Systems-level analysis of human aging genes shed new light on mechanisms 
of aging. Hum Mol Genet, 2016. 25(14): p. 2934-2947. 

95. Kikuchi, M., et al., Identification of unstable network modules reveals disease modules 
associated with the progression of Alzheimer's disease. PLoS One, 2013. 8(11): p. e76162. 



The synergistic GIT2-RXFP3 signaling system – a protective receptor system controlling age-related DNA damage 

 

227 
 

96. Bartkova, J., et al., DNA damage response as a candidate anti-cancer barrier in early human 
tumorigenesis. Nature, 2005. 434(7035): p. 864-70. 

97. Siddiqui, M.S., et al., Persistent gammaH2AX: A promising molecular marker of DNA damage 
and aging. Mutat Res Rev Mutat Res, 2015. 766: p. 1-19. 

98. Nepal, M., et al., FANCD2 and DNA Damage. Int J Mol Sci, 2017. 18(8). 
99. Enriquez-Rios, V., et al., DNA-PKcs, ATM, and ATR Interplay Maintains Genome Integrity during 

Neurogenesis. J Neurosci, 2017. 37(4): p. 893-905. 
100. Sykora, P., et al., DNA Polymerase Beta Participates in Mitochondrial DNA Repair. Mol Cell 

Biol, 2017. 37(16). 
101. Tian, H.P., et al., Single-Stranded DNA-Binding Protein 1 Abrogates Cardiac Fibroblast 

Proliferation and Collagen Expression Induced by Angiotensin II. Int Heart J, 2018. 59(6): p. 
1398-1408. 

102. Nasser, F., et al., Ophthalmic features of cone-rod dystrophy caused by pathogenic variants in 
the ALMS1 gene. Acta Ophthalmol, 2018. 96(4): p. e445-e454. 

103. Rachel, R.A., et al., Combining Cep290 and Mkks ciliopathy alleles in mice rescues sensory 
defects and restores ciliogenesis. J Clin Invest, 2012. 122(4): p. 1233-45. 

104. Zamanian Azodi, M., et al., Protein-protein interaction network of celiac disease. Gastroenterol 
Hepatol Bed Bench, 2016. 9(4): p. 268-277. 

105. Sun, Y., et al., Inhibition of cyclooxygenase-2 by NS398 attenuates noise-induced hearing loss 
in mice. Sci Rep, 2016. 6: p. 22573. 

106. Obsilova, V., et al., Mechanisms of the 14-3-3 protein function: regulation of protein function 
through conformational modulation. Physiol Res, 2014. 63 Suppl 1: p. S155-64. 

107. Maudsley, S., et al., The beta(2)-adrenergic receptor mediates extracellular signal-regulated 
kinase activation via assembly of a multi-receptor complex with the epidermal growth factor 
receptor. J Biol Chem, 2000. 275(13): p. 9572-80. 

108. Kusumoto-Matsuo, R., et al., Serines 440 and 467 in the Werner syndrome protein are 
phosphorylated by DNA-PK and affects its dynamics in response to DNA double strand breaks. 
Aging (Albany NY), 2014. 6(1): p. 70-81. 

109. Chung, J.H., The role of DNA-PK in aging and energy metabolism. FEBS J, 2018. 285(11): p. 
1959-1972. 

110. Wong, K.K., et al., Diminished lifespan and acute stress-induced death in DNA-PKcs-deficient 
mice with limiting telomeres. Oncogene, 2007. 26(20): p. 2815-21. 

111. Mazaki, Y., et al., Neutrophil direction sensing and superoxide production linked by the GTPase-
activating protein GIT2. Nat Immunol, 2006. 7(7): p. 724-31. 

112. Wolkorte, R., J. Kamphuis, and I. Zijdewind, Increased reaction times and reduced response 
preparation already starts at middle age. Front Aging Neurosci, 2014. 6: p. 79. 

113. Lepore, G., et al., Brain aging and testosterone-induced neuroprotection: studies on cultured 
sheep cortical neurons. Neuro Endocrinol Lett, 2013. 34(5): p. 395-401. 

114. Sanchez-Flores, M., et al., Oxidative stress, genomic features and DNA repair in frail elderly: A 
systematic review. Ageing Res Rev, 2017. 37: p. 1-15. 

115. Leysen, H., et al., G Protein-Coupled Receptor Systems as Crucial Regulators of DNA Damage 
Response Processes. Int J Mol Sci, 2018. 19(10). 

116. Santos-Otte, P., et al., G Protein-Coupled Receptor Systems and Their Role in Cellular 
Senescence. Comput Struct Biotechnol J, In press. 

117. Qian, W., et al., Chemoptogenetic damage to mitochondria causes rapid telomere dysfunction. 
Proc Natl Acad Sci U S A, 2019. 116(37): p. 18435-18444. 

118. Gomez-Serrano, M., et al., Mitoproteomics: Tackling Mitochondrial Dysfunction in Human 
Disease. Oxid Med Cell Longev, 2018. 2018: p. 1435934. 

119. Raffaghello, L. and V. Longo, Metabolic Alterations at the Crossroad of Aging and Oncogenesis. 
Int Rev Cell Mol Biol, 2017. 332: p. 1-42. 

120. Johnson, S. and S.I. Imai, NAD (+) biosynthesis, aging, and disease. F1000Res, 2018. 7: p. 132. 



Chapter 6  RESULTS 

228 
 

121. Lee, S.H., et al., Sirtuin signaling in cellular senescence and aging. BMB Rep, 2019. 52(1): p. 24-
34. 

122. Lesnefsky, E.J. and C.L. Hoppel, Oxidative phosphorylation and aging. Ageing Res Rev, 2006. 
5(4): p. 402-33. 

123. McAdam, E., R. Brem, and P. Karran, Oxidative Stress-Induced Protein Damage Inhibits DNA 
Repair and Determines Mutation Risk and Therapeutic Efficacy. Mol Cancer Res, 2016. 14(7): 
p. 612-22. 

124. Korovila, I., et al., Proteostasis, oxidative stress and aging. Redox Biol, 2017. 13: p. 550-567. 
125. Lautrup, S., et al., NAD(+) in Brain Aging and Neurodegenerative Disorders. Cell Metab, 2019. 

30(4): p. 630-655. 
126. Mattison, J.A., et al., Resveratrol prevents high fat/sucrose diet-induced central arterial wall 

inflammation and stiffening in nonhuman primates. Cell Metab, 2014. 20(1): p. 183-90. 
127. Holden, S. and F.L. Raymond, The human gene CXorf17 encodes a member of a novel family of 

putative transmembrane proteins: cDNA cloning and characterization of CXorf17 and its 
mouse ortholog orf34. Gene, 2003. 318: p. 149-61. 

128. Xue, L.Y., J. He, and N.L. Oleinick, Rapid tyrosine phosphorylation of HS1 in the response of 
mouse lymphoma L5178Y-R cells to photodynamic treatment sensitized by the phthalocyanine 
Pc 4. Photochem Photobiol, 1997. 66(1): p. 105-13. 

129. Chadwick, W., et al., Repetitive peroxide exposure reveals pleiotropic mitogen-activated 
protein kinase signaling mechanisms. J Signal Transduct, 2011. 2011: p. 636951. 

130. Davidson, L., et al., Cytoskeletal reorganization dependence of signaling by the gonadotropin-
releasing hormone receptor. J Biol Chem, 2004. 279(3): p. 1980-93. 

131. Davidson, L., et al., Gonadotropin-releasing hormone-induced activation of diacylglycerol 
kinase-zeta and its association with active c-src. J Biol Chem, 2004. 279(12): p. 11906-16. 

132. Shikata, Y., et al., Involvement of site-specific FAK phosphorylation in sphingosine-1 phosphate- 
and thrombin-induced focal adhesion remodeling: role of Src and GIT. FASEB J, 2003. 17(15): 
p. 2240-9. 

133. Sicheri, F., I. Moarefi, and J. Kuriyan, Crystal structure of the Src family tyrosine kinase Hck. 
Nature, 1997. 385(6617): p. 602-9. 

134. Kay, B.K., M.P. Williamson, and M. Sudol, The importance of being proline: the interaction of 
proline-rich motifs in signaling proteins with their cognate domains. FASEB J, 2000. 14(2): p. 
231-41. 

135. Ravi Chandra, B., et al., Distribution of proline-rich (PxxP) motifs in distinct proteomes: 
functional and therapeutic implications for malaria and tuberculosis. Protein Eng Des Sel, 
2004. 17(2): p. 175-82. 

136. Heckel, T., et al., Src-dependent repression of ARF6 is required to maintain podosome-rich 
sealing zones in bone-digesting osteoclasts. Proc Natl Acad Sci U S A, 2009. 106(5): p. 1451-6. 

137. Bagrodia, S., et al., A tyrosine-phosphorylated protein that binds to an important regulatory 
region on the cool family of p21-activated kinase-binding proteins. J Biol Chem, 1999. 274(32): 
p. 22393-400. 

138. Aitio, O., et al., Recognition of tandem PxxP motifs as a unique Src homology 3-binding mode 
triggers pathogen-driven actin assembly. Proc Natl Acad Sci U S A, 2010. 107(50): p. 21743-8. 

139. Barish, G.D., V.A. Narkar, and R.M. Evans, PPAR delta: a dagger in the heart of the metabolic 
syndrome. J Clin Invest, 2006. 116(3): p. 590-7. 

140. Koppen, A. and E. Kalkhoven, Brown vs white adipocytes: the PPARgamma coregulator story. 
FEBS Lett, 2010. 584(15): p. 3250-9. 

141. Chang, J.S. and K. Ha, A truncated PPAR gamma 2 localizes to mitochondria and regulates 
mitochondrial respiration in brown adipocytes. PLoS One, 2018. 13(3): p. e0195007. 

142. Dong, M., et al., Role of brown adipose tissue in metabolic syndrome, aging, and cancer 
cachexia. Front Med, 2018. 12(2): p. 130-138. 



The synergistic GIT2-RXFP3 signaling system – a protective receptor system controlling age-related DNA damage 

 

229 
 

143. Lenglos, C., et al., Regulation of expression of relaxin-3 and its receptor RXFP3 in the brain of 
diet-induced obese rats. Neuropeptides, 2014. 48(3): p. 119-32. 

144. Bjorndal, B., et al., Different adipose depots: their role in the development of metabolic 
syndrome and mitochondrial response to hypolipidemic agents. J Obes, 2011. 2011: p. 490650. 

145. Szonyi, A., et al., Brainstem nucleus incertus controls contextual memory formation. Science, 
2019. 364(6442). 

146. Ryan, P.J., et al., Nucleus incertus--an emerging modulatory role in arousal, stress and 
memory. Neurosci Biobehav Rev, 2011. 35(6): p. 1326-41. 

147. Kim, H.I. and Y.H. Ahn, Role of peroxisome proliferator-activated receptor-gamma in the 
glucose-sensing apparatus of liver and beta-cells. Diabetes, 2004. 53 Suppl 1: p. S60-5. 

148. Ryan, K.K., et al., Physiological responses to acute psychological stress are reduced by the 
PPARgamma agonist rosiglitazone. Endocrinology, 2012. 153(3): p. 1279-87. 

149. Joseph, D.N. and S. Whirledge, Stress and the HPA Axis: Balancing Homeostasis and Fertility. 
Int J Mol Sci, 2017. 18(10). 

150. Daly, M.M., Effects of age and hypertension on utilization of glucose by rat aorta. Am J Physiol, 
1976. 230(1): p. 30-3. 

151. Schmidt, B., et al., Effects of glyoxal or methylglyoxal on the metabolism of amino acids, 
lactate, glucose and acetate in the cerebral cortex of young and adult rats. Brain Res, 2010. 
1315: p. 19-24. 

152. Gwozdz, K., T. Szkudelski, and K. Szkudelska, Characteristics of metabolic changes in 
adipocytes of growing rats. Biochimie, 2016. 125: p. 195-203. 

153. Ganella, D.E., et al., Increased feeding and body weight gain in rats after acute and chronic 
activation of RXFP3 by relaxin-3 and receptor-selective peptides: functional and therapeutic 
implications. Behav Pharmacol, 2012. 23(5-6): p. 516-25. 

154. Luttrell, L.M., S. Maudsley, and D. Gesty-Palmer, Translating in vitro ligand bias into in vivo 
efficacy. Cell Signal, 2018. 41: p. 46-55. 

 

  



Chapter 6  RESULTS 

230 
 

Supplementary information 

Supplementary tables 6.1-6.6 are available in the following dropbox folder 

https://www.dropbox.com/sh/22rhpxxfs7kiozj/AAA1ZgQ-DhU7y2NXVfBIKYRCa?dl=0  

Supplementary table 6.1: Protein specifically altered after RXFP3, GIT2 and GIT2-RXFP3 ‘System’ 

constellation experiment. 

Supplementary table 6.2: Semantically related protein lists extracted from GLAD4U. 

Supplementary table 6.3: GIT2-RXFP3 ‘System’ constellation protein lists, separated by 

overexpression level. 

Supplementary table 6.4: The interacting proteins of RXFP3 and GIT2 in different conditions. 

Supplementary table 6.5: GEN3VA disease signature lists. 

Supplementary table 6.6: Ligand stimulation signatures. 

  

https://www.dropbox.com/sh/22rhpxxfs7kiozj/AAA1ZgQ-DhU7y2NXVfBIKYRCa?dl=0
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Figure S6.1: Textrous analysis of GLAD4U datasets. In order to assess the validity of the GLAD4U extracted protein 
datasets, we performed Textrous! analysis on the protein list for A) other, B) DDR, C) Aging, and D) telomere. 
 



Chapter 6  RESULTS 

232 
 

  

Figure S6.2: RXFP3 and GIT2 interaction analysis. To indicate that the relationship found between the RXFP3-GIT2 system and DNA 

damage is specific, we also analyzed the interacting proteins of A) RXFP3 and B) GIT2 individually with Textrous!. C) We furthermore 

investigated the interaction between RXFP3 and DNA damage (PARP1) and oxidative stress related protein PHB. Here we 

demonstrate that the interaction between RXFP3 and PARP1 increases with DNA damage, and het interaction with PHB is highest 

after oxidative stress. D) The interaction between RXFP3 and the activated DNA damage response protein PRKDC, was also 

investigated. Here we see that pPRKDC interaction increases after stimulation with RLN3 reaching its peak at 30 minutes. Significance 

level is indicated in figure as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure S6.3: Distinct bioinformatic patterns are seen for 3 different RLN3 analogs. After long-term stimulation of cells using RLN3, 

Analog A, and Analog B, we analyzed the data using Textrous!, creating wordclouds from the extracted words and noun-phrases 

after which we also analyzed these with writewords phrase frequency counter. Here we see three distinct roles for each ligand. A) 

RLN3 stimulation indicated a role in hearing loss and blindness. B) Analog A showed a distinct relationship to G protein-dependent 

signaling. C) Analog B on the other showed a strong relationship to DNA damage response and repair. 
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Figure S6.4: RXFP3 amino acid structure analysis indicates a possibility of SH3 domains. Investigating the protein amino structure 

of RXFP3, we see the presence of proline rich regions in the carboxy-terminal tail. The motifs facilitate the interaction with proteins 

containing SH3 domains, such as c-Src and potentially OSSA. 
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1. Overview, and project positioning 

Aging is potentially the most important underlying cause for many of the most prominent and 

deadly disorders in the global population. While aging itself cannot be considered as a disease, it 

should be comprehensively appreciated at the molecular level in order to discover novel treatment 

strategies of these age-related disorders. In this dissertation, I have investigated the role of a novel 

player in aging, RXFP3, and its functional relationship with the aging keystone GIT2. I have attempted 

to investigate whether these two proteins possess the ability to form a synergistic system in cellular 

stress response processes and as such potentially in the aging process itself. While GIT2 has previously 

been identified as an important regulator protein in many of the aspects of aging, so far no real pro-

gress has been made in the rational exploitation of this scaffolding protein in the development of anti-

aging therapeutics. The difficulty here lies in the nature of GIT2 as a scaffolder protein as this factor 

represents a non-canonical drug target. Classical drug targets are proteases, kinases, phosphatases, 

ion channels and GPCRs, the last of which are by far the most successful and widely used - approxi-

mately 35% of all pharmacopeia target these heptahelical receptors [1, 2]. While this in itself is already 

impressive, this high number of approved Food and Drug Administration (FDA)-approved drugs, 475 

in fact, is thanks to the targeting of only ±100 GPCRs [1]. However, so far about 800 GPCRs are known 

to be present in the human proteome, of which about 560 have been de-orphanized through cognate 

ligand identification. This means that there are still about 240 receptors which are not yet targetable, 

even though it has been hypothesized that these may be true orphans, and as such do not have an 

endogenous ligand [3]. This means that the amount of GPCR-directed therapeutics is likely to increase 

even more, as only ±10 % of these receptors are now being targeted [4]. As such it seems to be of 

great importance to potentially indirectly target GIT2, through the use of a GPCR, such as the class A 

rhodopsin-like receptor, RXFP3. 

As mentioned in my introduction, it was discovered nearly 20 years ago that heptahelical re-

ceptors can signal through more than just G proteins, but also through β-arrestins [5]. In my thesis I 

hypothesized that GIT2 could be yet another important downstream signaling effector for GPCRs. 

GIT2-signaling would therefore represent a third important GPCR effector, following the discovery of 

G protein and β-arrestin-associated signaling. This discovery could tremendously increase the volume, 

specificity and selectivity of our current pharmacopeia, through the ‘ligand bias’ phenomenon [6, 7].  

While this ligand bias, likely exploiting the existence of different stable receptorsome struc-

tures, is highly beneficial for the development of an extended and nuanced pharmacopeia (also po-

tentially inducing less side effects) it also immensely increases the complexity of GPCR signaling. The 

research I have performed in this dissertation, represents a relatively simple methodology to identify 

and understand the relationship between GPCRs and a potential novel downstream signaler. To this 
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end I have therefore endeavored to extend our understanding of the existence and nature of  the 

pluridimensionality of GPCR signaling [8]. I have used quantitative proteomics, and interactomics to 

investigate the functional nature of the synergistic GIT2-RXFP3 signaling system. Primarily, I found that 

a dose-dependent expression-based relationship exists between these two proteins (Chapter 5) [9]. 

Next, I demonstrated that these two proteins interact with each other at the plasma membrane, 

shortly after ligand stimulation and after oxidative stress induced, aging-related, survivable DNA dam-

age insults (Chapter 6). In addition to this, I found that both RXFP3 and GIT2 play a role in DNA damage 

response and repair. Interestingly enough however, they appear to play a role at different parts of the 

DNA damage response. Where GIT2-dependent DDR is associated with ATM and RXFP3-dependent 

DDR is connected to PRKDC (Chapter 5). While these two proteins appear to be unrelated in the re-

sponse and repair of DNA damage, we have been able to show that by co-overexpressing RXFP3 and 

GIT2 we were able to facilitate/accelerate these phenomena. In addition, I have shown that by poten-

tiating the presence of the GIT2-RXFP3 system through this co-overexpression we increase the inter-

action of RXFP3 with DDR protein PRKDC in its activated form, and even induce an interaction between 

PRKDC and GIT2. Stimulation of RXFP3 using RLN3, allows for activation of PRKDC (Chapter 6). 

From multiple high-dimensionality datasets I have been able to extract differential molecular 

signatures specific to RXFP3 and GIT2 separately, but also when they function together as a synergistic 

system – analogous to work my host lab previously pioneered [10]. In this regard I have been able to 

generate high-dimensionality interactomic signatures for the GIT2-RXFP3 system, which I have already 

used to select a potentially system-specific ligand by performing signature matching (Fig. 7.2) and sig-

naling matching (as presented in Figure 6.8). Further analysis into this ligand (identity remains confi-

dential) has shown that this may indeed be a biased ligand more directed towards GIT2-dependent 

signaling as opposed to G proteins or β-arrestins. 

Using my novel mechanism of molecular signature matching, in the future it will be possible to 

also identify other ligands specific for other diverse GPCR signaling systems. As such it would be fea-

sible to potentially investigate the RXFP3-OSSA system I have outlined in Chapter 6 (Fig. 6.7). In addi-

tion, I could also exploit the use of theoretical signaling datasets for other potential downstream sig-

nalers such as PYK2, JAK2, GRKs, NHERF1, and MUPP1. Using GeneIndexer, as mentioned in Chapter 

5, I could create these specific signaling signatures, which I would then use to compare to the different 

receptorsome structures invoked by specific ligands.   

2. Future work and perspectives 

No PhD is every truly finished, and despite all the hard work and result presented here, there 

is plenty that is still to be done. In this last section, I will indicate what experiments could still be  
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performed, and some suggestions on how we could use this research into the development of a po-

tential therapeutic for age-related disorders, which are largely caused by inadequate DNA damage 

Figure 7.1: Signature generation and use for further compound screening. A) In the process of investigating the GIT2-RXFP3 

system, we suggest using the following ‘omics’ tools: quantitative proteomics, interactomics and phosphoproteomics. The 

first will be the analysis of the effect of overexpression of RXFP3 and GIT2 individually and co-overexpressed together. In 

addition, these proteins are overexpressed at different doses, to elucidate the entire array of effects and functions they are 

part of. By selecting the proteins which are specific to the co-overexpression, we can discern the proteins specific to the system 

from the protein for when these proteins are acting separately. In addition, we repeat this experiment using interactomics, 

where we investigate the interacting proteins of RXFP3 and GIT2 individually and as a system. Lastly, using phosphoprote-

omics we can study the activation pattern of the receptor after activation using the endogenous ligand RLN3, which should 

stabilize the general RXFP3 in its activated conformation. This can be elucidated by comparing the phosphoproteins in the 

presence and absence of GIT2, to show which signaling pathway is RXFP3-GIT2 selective. This supplies us with three different 

protein signatures that we can use further. B) The three signatures obtained from the previous experiments, can then be 

compared and compile to create one integrated GIT2-RXFP3 signature. C) This integrated GIT2-RXFP3 signature can then be 

used to compare to the signatures obtained after stimulation with different compounds to discover a compound which shows 

to most overlap with the integrated signature, and as such shows a bias for the GIT2-RXFP3 system. Of the compounds shown 

here, we could then further investigate compound B. In addition, an antibody (Ab) chip to quickly identify this interesting 

compound. 
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response and repair. Furthermore, I will also situate this research into the larger picture of GPCR sig-

naling and which other proteins could represent other potential downstream signalers of these recep-

tors. 

2.1 Therapeutic discovery 

In order to further investigate the relevance of my identified ligand, there are several steps 

that should be undertaken. Firstly, an in-depth analysis of its effects on the standard activation process 

of the RXFP3, through a typical cAMP accumulation experiment. In addition, interactomics and phos-

phoproteomics experiment should be undertaken to compare and contrast these ligand-driven mo-

lecular signatures. I have already demonstrated (Chapter 5&6) that by analyzing the changes in inter-

acting proteins in response to stress, one can understand the role that our protein of interest plays. 

Thus, I would suggest to repeat these interactome experiments after stimulation of the receptor using 

its endogenous ligand compared to several other structurally-related compounds of interest. These 

interactomes could then possibly be investigated using bioinformatics analysis as performed previ-

ously (Chapter 2), or compared to a GIT2 signaling dataset (interactome or theoretical dataset ex-

tracted from GeneIndexer (Chapter 6)).  

In addition to this interactome investigation, one could also perform phosphoproteomic in-

vestigations to elucidate the activation pattern of each compound, in the absence (using GIT2 siRNA) 

and presence (after ectopic overexpression), of GIT2 (Fig. 7.1A-B). By comparing the difference be-

tween these two conditions, one could see which effects are ‘GIT2 specific’ and thus how each com-

pound affects the downstream signaling of RXFP3 when it employs GIT2 as a downstream signaler. I 

could also furthermore investigate the complex of proteins affected by the activation of GIT2-RXFP3 

system through ‘connectomics’ using the MS-cleavable crosslinker DSSO coupled to novel XlinkX de-

convolution software incorporated into our Fusion-MS workflows [11, 12]. 

Lastly, while here we are only investigating six different compounds, by using an antibody 

chip, we could study the specific effects of different compounds on the entire RXFP3-GIT2 signature. 

As such we would be able to expedite the procedure of ligand discovery (Fig. 7.1C). 

2.2 GPCR signaling 

As mentioned in chapter 3, GPCR signaling is becoming more and more complex as our 

knowledge advances. While this was initially considered to be rather simple, fluctuating between an 

inactive and an active state, which can be stabilized by using an antagonist or an agonist, respectively. 

It appears that there are many more receptor conformations, which are now termed receptorsomes, 
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allowing the receptor to activate the necessary downstream signaling pathways through select effec-

tors. While a lot of research is down performed on β-arrestin signaling, it appears no real research is 

being done in the discovery of additional G protein-independent signaling proteins. I hypothesize that, 

as GPCRs interact with over 100 proteins, there are plenty more downstream effectors. Our research 

appears to be the first identifying a third downstream effector, I hypothesize that the following pro-

teins could be potential signalers of GPCRs: PYK2, JAK2, GRKs, NHERF1, and MUPP1, all of which have 

also been implicated in age-related disorders [13]. This information has led to us to understand that 

other downstream effectors, such as the ones mentioned previously, and more specifically GIT2, could 

possibly evoke signaling cascades in a manner similar to β-arrestin signaling, thus more stable than G 

protein signaling (Fig. 7.2). This has led us to consider that we are on the brink of a new era in GPCR 

specific pharmacopeia that will use this ligand bias to its advantage, to adjust therapeutic efficiency 

by blocking the harmful side effects while improving the positive [14]. 

When I focus on the results that I have obtained, it appears that RXFP3 is able to engage a 

GIT2-dependent signaling pathway in addition to the typical Gi/o signaling pathways that have been 

discovered previously [15], when stimulated with endogenous RLN. As such it appears that in order 

for the cell to function normally, GIT2-dependent signaling is required in addition to G protein-de-

pendent signaling. From my data it appears that with age, this engagement of GIT2-dependent signal-

ing becomes less efficient, as can be seen in figure 6.9. As such, we can hypothesize that to shift RXFP3 

signaling back to GIT2 signaling using a GIT2-selective ligand, we could potentially mediate this patho-

logical aging, i.e. the presence of age-related disorders. One ligand that has shown promise is Analog 

B, and should be investigated further in an age-related context. One possible direction is assessing the 

effect of this ligand in vitro, using the age-related stressors discussed in this dissertation, and investi-

gating DDR activation, DNA damage repair and telomere length. Another would be to investigate the 

effect in vivo in murine models of accelerated aging, such as SAMP8 mice.  

2.3 DNA damage response 

As I have shown that RXFP3, together with GIT2, plays an important role in the engagement 

of NHEJ-dependent DNA damage repair, it would be of interest to investigate this further as well. After 

investigation of the amino acid structure of the heptahelical RXFP3 receptor (Fig. S5.1), we have found 

several phosphorylation motifs for PRKDC, but also HR-related protein ATM. In order to understand 

the effect RXFP3 has on these two DDR proteins it would be interesting to disrupt these motifs located 

on the ‘extracelullar’ region of RXFP3. As we have been looking the auto-phosphorylation status of 

PRKDC, it would be interesting to see how mutation of the RXFP3 amino acid structure may alter the 

activation of PRKDC. Do we disrupt this auto-phosphorylation? Lastly, it would be interesting to see if 
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PRKDC can still be activated in absence of the RXFP3-GIT2 interaction, by using GIT2 and RXFP3-knock 

out cells.  

 

3. General Conclusions 

Through high-dimensionality proteomic and interactomic analyses I have found that multiple 

functionalities of the aging keystone GIT2 can be controlled by the Class A heptahelical receptor 

RXFP3. In addition, these two proteins appear to have the ability to work together to enhance the DNA 

damage response process, and facilitate nucleic acid repair which occurs with age. In times of age-

related and manageable stress, such as DNA damage-inducing oxidative stress, RXFP3 and GIT2 inter-

act (Chapter 6, Fig. 6.5E and 6.7B). I have also discovered that this interaction, appears to induce an 

interaction with the DDR protein PRKDC when it is activated (Fig. 6.6A). Thanks to the interaction be-

tween RXFP3 and GIT2, it is possible that in addition to the typically employed HR for DNA damage 

repair, this system can activate NHEJ which is typically based on PRKDC. It has previously been de-

scribed that GIT2 plays a vital role in this ATM-dependent HR process and stabilizing DNA repair pro-

tein BRCA1 [16], so potentially GIT2 could also aid in the activation and stabilization of PRKDC. In ad-

dition, I have already identified a potential novel ligand which appears to show a partial bias towards 

GIT2 (Fig. 6.8). While these results are very promising, as I said in the beginning of this chapter, it is 

not yet finished. I hope the next RXFP3 expert will be able to take this further. 

Figure 7.2: Non-G protein-dependent signaling shows more stable effects. G protein-dependent signaling (Blue), which has 

been employed extensively for therapeutic design, appears to uniquely function through second messengers, invoking short-

term effects. When G protein-coupled receptors (GPCRs) perform their functions through proteins other than G proteins (Red), 

such as β-arrestin or GIT2, it can elicit more complex and long-term effect such as transcriptional control of functionally related 

proteins. 
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Abbreviations: 

6-OHDA 6-hydroxydopamine 

AD  Alzheimer’s disease 

AP-MS  Affinity Purification Mass Spectrometry 

AT  Adipose tissue 

ATP  adenosine trisphosphate 

BAPTA-AM 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl 

ester) 

BER  base excision repair 

CLAMS  Comprehensive Lab Animal Monitoring System 

CNS  Central nervous system 

CSP  Canonical signaling pathways 

CT  camptothecin 

DDR  DNA damage response 

DDRp  DNA damage repair 

DRY  aspartic acid (Asp) - arginine (Arg) - tyrosine (Tyr) 

DSB  double-strand break 

E.V.  pcDNA3.1+ empty vector 

GEN3VA GENE Expression and Enrichment Vector Analyzer 

GEO  gene expression omnibus 

GO  Gene ontology 

GPCR  G protein-coupled receptor 

h  hour 

H2O2  hydrogen peroxide 

HD  Huntington’s disease 

HET  heterozygous 

HR  homologous recombination 

IPA  ingenuity pathway analysis 

ITP  interventions testing program 

iTRAQ  isbaric tag for relative and absolute quantification 

KEGG  Kyoto encyclopedia of Genes and Genomes 
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KO  knock-out 

LSI  Latent semantic indexing 

MC  mini-cloud 

MetS  Metabolic Syndrome 

Min  minute 

MS  mass spectrometry 

NCBI  National Center for Biotechnology Information 

NHEJ  non-homologous end-joining 

NLP  natural language processing 

NO  Nitric oxide 

PD  Parkinson’s disease 

PPI  protein protein interaction 

R/R*  Inactive/active state of GPCRs 

RER  respiratory exchange ratio 

ROS  reactive oxygen species 

SASP  Senescence Associated Secretory Phenotype 

SEM  standard error of the mean 

SILAC  stable isotope labeling of amino acids in cell culture 

T2DM  Type 2 Diabetes Mellitus 

TEE  total energy expenditure 

WT  Wild-type 

 

Protein list: 

AC  adenylate cyclase 

AGE  advanced glycation end products 

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

Arf  ADP-ribosylation factor  

ATM  Ataxia Telangiectasia Mutated 

BDNF  brain-derived neurotrophic factor 

BRCA1  Breast cancer type 1 susceptibility protein 

CCL  chemokine ligand 
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CCK  cholecystokinin 

CCR  chemokine receptor 

CDKN2A cyclin-dependent kinase Inhibitor 2A 

CLOCK  Circadian locomotor output cycles protein kaput 

CNTRL  centriolin 

CRP  C-reactive protein 

DRD2  dopamine D2 receptor 

ERCC1  Excision Repair Core Complementary group-1 

EGF  endothelial growth factor 

FANCI  Fanconi anemia group I protein 

FOX  forkhead box protein 

G3BP1  Ras GTPAse-activating protein-bing protein 1 

GAP  GTPase-activating protein 

GEF  Guanine nucleotide exchange factor 

GIT1/2  G protein-coupled receptor kinase interacting transcript 1 or 2 

GnRH  gonadotropin-releasing hormone 

GRK  G protein-coupled receptor kinase 

GRIT  Rho GTPase-activating protein 32 

H2AFX  histone H2AX 

HIF1  hypoxia-inducible factor-1 

HMGB1  High mobility group protein B1 

IGF1  insulin growth factor-1 

IL  interleukin 

Ins  insulin 

IP3  inositol triphosphate 

LEPR  leptin receptor 

LONP2  Lon protease homolog 2, peroxisomal 

MAPK  p38 mitogen activated protein kinase 

MAX  Protein MAX 

Mboat2  lysophospholipid acyltransferase 2 

MDC1  Mediator of DNA damage checkpoint protein 1 
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MEK1  MAP kinase/ERK kinase 1 

MRE11  Double-strand break repair protein MRE11 

MYCN  N-myc proto-oncogene protein 

NF-κB  Nuclear factor-κB 

NK1  Neurokinin 1 

NR3C1  Glucocorticoid receptor 

NRF2/NFE2L2 Nuclear factor erythroid 2-related factor 2 

OSSA  Oxidative stress induced Src Activator 

PACAP  pituitary adenylate cyclase-activating polypeptide 

PADR  Poly-ADP ribose 

PAK1  p21-activated kinase 

PARP  poly (ADP-ribose) polymerase  

PCNA  proliferating cell nuclear antigen 

PHGDH  Phosphoglycerate Dehydrogenase 

PIX  beta PAK-interacting exchange factor 

PLC  phospholipase-C 

PPAR  Peroxisome proliferator-activated receptor  

PRKDC  DNA-dependent serine/threonine protein kinase 

RANK  receptor activator of nuclear factor kappa B 

NFE2L2  Nuclear factor erythroid 2-related factor 2 

NR3C1  Glucocorticoid receptor 

RLN3  Relaxin 3 

RUSC2  RUN and SH3 Domain containing 2 

RXFP3  Relaxin family peptide 3 receptor 

SIRT  sirtuin 

SOD1  super oxide dismutase 

SRC  Proto-oncogene tyrosine-protein kinase Src 

TLR  Toll-like receptor 

TNFα  tumor necrosis factor-alpha 

TP53  p53 protein 

TRAF  TNF receptor associated factor 6 
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TXNIP  thioredoxin interacting protein 

VPS33a  vacuolar protein sorting-associated protein 33A 
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