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Abstract:  
 
A number of hormones and growth factors stimulate target cells via the second messenger 
pathways, which in turn regulate cellular phenotypes. Cyclic adenosine monophosphate (cAMP) 
is a ubiquitous second messenger that facilitates numerous signal transduction pathways; its 
production in cells is tightly balanced by ligand-stimulated receptors that activate adenylate 
cyclases (ACs), i.e., “source” and by phosphodiesterases (PDEs) that hydrolyze it, i.e., “sinks”. 
Because it regulates various cellular functions, including cell growth and differentiation, gene 
transcription and protein expression, the cAMP signaling pathway has been exploited for the 
treatment of numerous human diseases. Reduction in cAMP is achieved by blocking “sources”; 
however, elevation in cAMP is achieved by either stimulating “source” or blocking “sinks”. Here 
we discuss an alternative paradigm for the regulation of cellular cAMP via GIV/Girdin, the 
prototypical member of a family of modulators of trimeric GTPases, Guanine nucleotide Exchange 
Modulators (GEMs). Cells up- or down-regulate cellular levels of GIV-GEM, which modulates 
cellular cAMP via spatiotemporal mechanisms distinct from the two most often targeted classes 
of cAMP modulators, “sources” and “sinks”. A network-based compartmental model for the 
paradigm of GEM-facilitated cAMP signaling has recently revealed that GEMs such as GIV serve 
much like a “tunable valve” that cells may employ to finetune cellular levels of cAMP. Because 
dysregulated signaling via GIV and other GEMs has been implicated in multiple disease states, 
GEMs constitute a hitherto untapped class of targets that could be exploited for modulating 
aberrant cAMP signaling in disease states.  
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Cellular cyclic AMP: A balancing act between “Sources” and “Sinks”-- 
For cells to properly react to their environment, cells must constantly sense their external 

environment and correctly relay them to the intracellular environment. While sensing is 

mediated by a myriad of cell-surface receptors, relaying such signals depends on protein 

scaffolding, enzymatic reactions and the production of second messengers, such as cyclic 

nucleotides (Beavo & Brunton, 2002; Newton, Bootman, & Scott, 2016). Of the various cyclic 

nucleotides, the first to be identified was cyclic adenosine 3,5-monophosphate (cAMP), a 

universal second messenger used by diverse forms of life, such as unicellular bacteria, fungi, 

protozoans, and mammals. cAMP relays signals triggered by hormones, ion channels, and 

neurotransmitters [reviewed in (Sassone-Corsi, 2012)]. cAMP also binds and regulates other 

cAMP-binding proteins such as cyclic nucleotide gated channels, PKA, and Epac1. Intracellular 

levels of cAMP are regulated by the antagonistic action of two classes of enzymes: adenylyl 

cyclases (ACs) and cyclic nucleotide phosphodiesterases (PDEs). ACs, with the exception of 

soluble ACs, are membrane-bound enzymes that utilize ATP to generate cAMP transmitting 

signals from cell-surface receptors to second messengers. In contrast, PDEs are soluble 

enzymes and catalyze the degradation of the phosphodiester bond resulting in the conversion of 

cAMP to AMP. Most ACs are activated downstream from G-protein-coupled receptors (GPCRs) 

by interactions with the α subunit of the Gs protein (Gαs). Gαs is released from heterotrimeric αβγ 

G-protein complexes following binding of agonist ligands to GPCRs. Gαs is then free to bind to 

and activate AC (Pierce, Premont, & Lefkowitz, 2002). Alternatively, cAMP activity can be 

suppressed by ligands that stimulate GPCRs coupled to Gi (which inhibits AC activity) and/or 

cAMP can be degraded by PDEs. PDE4, for instance, is activated by protein kinase A (PKA), a 

downstream effector of cAMP, resulting in a negative feedback loop between cAMP and PDE4s 

(MacKenzie et al., 2002; Murthy, Zhou, & Makhlouf, 2002; Sette & Conti, 1996; Tremblay, 

Lachance, & Hamet, 1985). It is noteworthy that some, but not all isoforms of PDEs are targets 

of such cAMP-PKA feedback loops [reviewed in (Bender & Beavo, 2006)].Thus, the level of 

cAMP in cells is a fine balance between its synthesis by ACs (i.e., source), its degradation by 

PDEs (i.e., sink) that in some instances may be subject to feedback regulation through the 

cAMP-PKA-PDE loop [reviewed in (Sassone-Corsi, 2012)]. Existing computational models built 

within certain contexts such as GPCR or GTPase activation kinetics (Kenakin, 2004; 
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Bornheimer et al., 2004) and compartmentalization (Yang et al., 2016; Agarwal et al., 2016) 

generally agree that the loss of spatial and temporal control of these “sources” and/or “sinks” 

can lead to aberrant behavior and loss of cAMP microdomains. In addition, these computational 

models helped point out what components are crucial for proper spatial and temporal control. 

For instance, (Yang et al., 2016) and (Agarwal et al., 2016) found that PDEs themselves are not 

sufficient for the formation of microdomains and secondary mechanisms such as buffering by 

PKA are needed. 

 

Aberrant circuits that give rise to too much or too little cAMP can be unhealthy; in fact, 

deregulated signaling events with resultant abnormal levels of cellular cAMP is a key 

pathophysiologic component in many human diseases (Figure 1; see Table). In the context of 

cancers, multiple studies across different cancers [breast (Tagliaferri et al., 1988), melanoma 

(Dumaz et al., 2006), pancreas (Boucher, Duchesne, Lainé, Morisset, & Rivard, 2001), etc.] 

agree that high levels of cAMP are generally protective, whereas low cAMP levels fuel cancer 

progression [reviewed in (Fajardo, Piazza, & Tinsley, 2014)]. High cAMP inhibits several harmful 

phenotypes of tumor cells such as proliferation, invasion, stemness, and chemoresistance, 

while enhancing differentiation and apoptosis (Figure 1).  
 

Therapies that target the canonical GPCR/G-protein-cAMP signaling pathway have been 

successfully translated to the clinics, and account for ~40% of currently marketed drugs that can 

treat a wide range of ailments (Filmore, 2004), from hypertension to glaucoma. However, such 

strategies have largely failed to impact cancer care or outcome. Thus, how tumor cells avoid 

high levels of cAMP, despite the fact that there are is generally hyperactivation of receptors 

(“sources”), is puzzling. Efforts to elevate cAMP using PDE inhibitors, although perceived as 

successful at the bench (reviewed in Table 3 in Pantziarka et al., 2018), showed controversial 

results in well-designed clinical trials (Barone, Giordano, Bonofiglio, Andò, & Catalano, 2017). 

This would suggest that inhibiting the “sinks” alone may not be enough. Consequently, despite a 

well-thought out therapeutic goal, i.e., to elevate cellular levels of cAMP, a strategy to 

accomplish the same in chronic diseases like cancers has not emerged. Here we highlight the 

importance of an emergent field / paradigm in trimeric GTPase signaling and in the regulation of 
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cellular cAMP; we discuss its importance in the tonic and robust suppression of cAMP, 

especially in the context of cancers.  

 

Enter GEMs: An emerging paradigm in GPCR-independent G protein and cAMP 
signaling-- 

Recent studies by us and others have shown that heterotrimeric G proteins can be 

activated by integrins and growth factor receptor tyrosine kinases (RTKs) (reviewed in, Ghosh, 

Rangamani, & Kufareva, 2017). Although these receptor classes are not typically coupled to 

heterotrimeric G proteins like the G protein-coupled receptors (GPCRs), both classes of 

receptors have been shown to modulate heterotrimeric G proteins and successfully transduce 

external stimuli into an intracellular cAMP signal (Alenghat, Tytell, Thodeti, Derrien, & Ingber, 

2009; Poppleton, Sun, Fulgham, Bertics, & Patel, 1996). Where these receptors differ from 

GPCRs is that unlike GPCRs that rapidly perturb cAMP for a finite period of few hundred 

seconds, growth factor RTKs and Integrins signal over longer periods of time [about 60 minutes 

after an acute stimulus before a steady state is reached (Burke, Schooler, & Wiley, 2001; 

Kholodenko, Demin, Moehren, & Hoek, 1999)]. Who or what may allow these receptors to 

couple to and modulate G proteins remained a puzzle for decades. One mechanism for such 

coupling that has emerged just within this past decade is non-receptor (i.e., cytosolic) 

modulators of G proteins that may contextually and dynamically scaffold unlike receptor classes 

to heterotrimeric G proteins. More specifically, studies focused on GIV (also known as 

Girdin/HkRP1/APE) the prototypical member of the family of proteins known as Guanine 

nucleotide Exchange Modulator (GEMs) have exposed the critical roles of a class of cytosolic 

scaffolds that use their modularity and motifs to trigger G protein signaling downstream of 

growth factor receptors (Beas et al., 2012; Ghosh et al., 2010; Gupta et al., 2016; Lin et al., 

2014, 2011; Ma, Aznar, et al., 2015; Ma, Lopez-Sanchez, et al., 2015; Midde et al., 2015; 

Parag-Sharma et al., 2016) and integrins (Leyme, Marivin, & Garcia-Marcos, 2016; Leyme, 

Marivin, Perez-Gutierrez, Nguyen, & Garcia-Marcos, 2015; Lopez-Sanchez et al., 2015; Weng 

et al., 2014). There have been four GEMs identified thus far, all implicated in diverse signaling 

paradigms: GIV was independently discovered by four groups (Anai et al., 2005; Enomoto et al., 

2005; Le-Niculescu, Niesman, Fischer, DeVries, & Farquhar, 2005; Simpson et al., 2005) in 
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2005,  Calnuc/Nucleobindin 1 and 2 (NUCB1 and NUCB2) in 2011 (Garcia-Marcos, 

Kietrsunthorn, Wang, Ghosh, & Farquhar, 2011) and Daple in 2015 (Aznar et al., 2015). 

 
A series of studies from our group and others helped understand the unique features 

and different set of rules of GEM-dependent (and hence, GPCR-independent) G protein 

signaling (Ghosh et al., 2017; Midde, Aznar, Kalogriopoulos, & Ghosh, 2016). In brief, this 

signaling pathway has distinctive temporal and spatial features and an unusual profile of 

receptor engagement: diverse classes of receptors [such as Integrins, RTKs, and LRPs 

(reviewed in, Ghosh, Rangamani, & Kufareva, 2017)], not just GPCRs can engage with GIV to 

trigger such activation. Such activation is spatially and temporally unrestricted, that is, can occur 

both at the plasma membrane (PM) and on internal membranes discontinuous with the PM, and 

can continue for prolonged periods of time. GEMs act within diverse signaling cascades and 

couple activation of these cascades to G-protein signaling via an evolutionarily conserved motif 

of ∼30 amino acids that directly binds and modulates Gαi and Gαs proteins. It is via this short 

motif that GIV-GEM serves as a GEF for Gαi and as a GDI for Gαs in a temporally-spatially 

segregated manner that is controlled by two kinases CDK5 and PKC-theta (Gupta et al., 2016). 

Despite this apparent paradox of modulating Gαi and Gαs, both forms of modulation lead to 

suppression of cellular cAMP (Ghosh et al., 2017). Thus, unlike the canonical G protein/cAMP 

signaling paradigm, which is rigid (finite, is triggered exclusively by GPCRs and transduced via 

either Gi or Gs at a time, primarily at the PM), the temporal and spatial features of non-canonical 

G protein/cAMP signaling via GIV-family of cytosolic GEMs are unusually complex and relaxed. 

GIV uses this relaxed circuitry to integrate, reinforce and compartmentalize signals downstream 

of diverse classes of receptors and G proteins in a way that enables it to orchestrate cellular 

phenotypes in a sustained manner. While the molecular mechanisms that govern the unique 

spatiotemporal aspects of non-canonical G protein activation by GIV and the relevance of this 

new paradigm in health and disease has been reviewed elsewhere (Midde et al., 2016), the 

structural basis for GEM-dependent G protein activation has just begun to emerge. Using the 

combined synergy of x-ray crystallography, molecular dynamics simulations, and other 

biophysical and biochemical approaches a recently published study (Kalogriopoulos et al., 

2019), has revealed that despite differences in how they independently bind G-proteins, both 
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GPCRs and GEMs share common mechanisms for nucleotide exchange. A part of their 

allosteric paths converge to disrupt key nucleotide contacts in the hydrophobic core of the 

nucleotide-binding domain, which ultimately leads to nucleotide exchange (Ghosh & Garcia-

Marcos, 2019). Despite these atomic level insights, the impact of the unusual complex and 

relaxed spatiotemporal aspects of GEM-dependent G protein activation on cAMP production 

was difficult to deduce intuitively, and hence, required investigations from a systems level.   

 

As a tunable valve between the “sources” and “sinks”, GEMs enable tonic modulation  
of cAMP, impart robustness-- 

With the ultimate goal of generating experimentally testable predictions, recently we 

used a systems biology approach to understand the design principles of the GEM-dependent 

biological network with a focus on cAMP signaling (Getz, Swanson, Sahoo, Ghosh, & 

Rangamani, 2019). We constructed the first-ever compartmental network model of growth-factor 

triggered cAMP signaling and identified two key features of non-canonical G protein signaling 

via GIV-GEM. We focused the study on the epidermal growth factor (EGF) and its receptor 

(EGFR) because this pathway had the most experimental evidence (Gupta et al., 2016) to use 

towards building mathematical models with well-validated tools/readouts/approaches to 

validate/test model-inspired predictions. This endeavor resulted in two major findings.   

 

First, the model implicated compartmentalized RTK signaling at the PM (where GIV 

serves as a GEF that triggers activation of Gαi) and on the endosomes (where GIV serves as a 

GDI that inhibits activation of Gαs) as a key contributor to the delayed and prolonged cAMP 

dynamics that is observed over an hour. Consequently, RTK-GIV-triggered cAMP dynamics 

spans 5 to >60 min, which coincides with other RTK-triggered mitogenic signaling pathways, 

trafficking events, and transcriptional response; this is the major temporal domain of RTK 

activity, the so-called “window of activity” (Amit, Wides, & Yarden, 2007).  

 

Second, the model predicted and experimentally validated that GIV-GEM may serve as 

a tunable “valve” for cAMP regulation in cells. When all the known compartmental and reaction 

kinetics were accounted for, the model indicated that GIV levels (which vary in pathologic 
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states; see Table), in conjunction with EGFR levels, can be thought of as key determinants, and 

high GIV in the setting of high EGFR may facilitate tonic suppression of cAMP levels regardless 

of pathway stimulation. In a low-EGFR state, varying GIV concentrations resulted in cAMP 

changes only within a narrow range; however, in a high-EGFR state, varying GIV concentrations 

achieved a larger variance in cAMP. In a low-GIV state, varying EGFR concentrations resulted 

in cAMP changes; however, in high-GIV states, cAMP concentrations remained low regardless 

of increasing levels of EGFR. GIV levels, in conjunction with EGFR (“source”) levels, emerged 

as key determinants, and high-GIV state regardless of the levels of activation of EGFR resulted 

in tonic suppression of cAMP levels, reminiscent of the actions of “valves” in any conduit 

[Figure 2]. The “valve” appears to be “closed” at high-GIV states, despite high levels of 

“sources”, and hence, when “sources” and “valve” were compared head to head, the “valve” 

emerged as the dominant determinant of cellular levels of cAMP. 

 

 In all, the model directly compared the relative strengths of “valves” and “sinks”. We 

found that the effect of GIV concentration on cAMP levels in cells is discernible only when PDE 

activity is low; a high-PDE state overshadowed all effects of changing levels of GIV and virtually 

abolished GIV-dependent changes in cAMP levels. When PDE activities are high, cAMP levels 

do not go up even in low-GIV states likely because increased production is balanced by 

increased degradation. Why would a cell waste energy (ATP) in such a ‘futile cycle’? This 

situation is reminiscent of the maintenance of steady-state cGMP levels in the sub-µM range in 

thalamic neurons by concomitant guanylyl cyclase and PDE2 activities (Hepp et al., 2007) and 

cAMP levels in pyramidal cortical neurons by concomitant AC and PDE4 activities (Castro et al., 

2010). Prior studies have suggested that such tonic cAMP production and PKA activity enable 

signal integration and crosstalk with other cascades (Houslay & Milligan, 1997); unlike an on/off 

system gated exclusively by Gαs proteins, tonic activity allows both up- and downregulation by 

activation of Gαi or inhibition of Gαs (via GIVGEM) and by PDEs. Our findings suggest that such 

up/down tunability is best achieved by changing the cellular concentrations of GIV. Because 

these predictions were also experimentally validated, PDEs (“sinks”) were determined as a 

dominant node and GIV (“valve”) as the subordinate node. 
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 Overall, these findings cemented the importance and relevance of GIV-GEM as a 

tunable “valve” for cellular cAMP within a new network module where there can be many 

“sources” (EGFR, and other receptors that also engage GIV-GEM) and “sinks” (diverse 

subtypes of PDEs). The impact of tuning the “valve” up or down (by changing levels of GIV-

GEM) was most pronounced in the setting of high “sources” (i.e., ligand activation of multiple 

receptors) and low “sinks” (PDE activity). While cAMP levels were flexible and responsive to 

ligand stimuli when GIV levels were maximally tuned down and the “valve” was open, robust 

suppression of cAMP was seen when GIV levels were maximally tuned up and the “valve” was 

closed [see Figure 2]. 

 

The flow of information in layers within signal transduction circuits in general 

(Doyle & Csete, 2011; Friedlander, Mayo, Tlusty, & Alon, 2015; Kirschner & Gerhart, 

1998), and more specifically for RTKs like EGFR (Amit et al., 2007; Oda, Matsuoka, 

Funahashi, & Kitano, 2005), is believed to conform to a bow-tie or hourglass 

macroarchitecture in which diverse functions and diverse components are intertwined via 

universal carriers. Because cAMP is considered as one of the universal carrier molecules 

at the knot of such bowties which determines robustness (Friedlander et al., 2015), we 

conclude that GIV-GEM operates at the knot of the bow-tie as a tunable valve for 

controlling robustness within the circuit [Figure 3]. GIV’s ability to control the universal 

carrier, cAMP could explain why GIV has been found to be important for diverse cellular 

functions and impact diverse components (Aznar, Kalogriopoulos, Midde, & Ghosh, 

2016). In an hourglass architecture, the lower and higher layers tend to see frequent 

evolutionary changes, while the carriers at the waist of the hourglass appears to be 

constant/invariant and sometimes, virtually ‘ossified’. Of relevance to our model, the 

importance of cAMP appears to be indeed ossified from unicellular organism to human 

alike, and GEMs like GIV are expressed ubiquitously in all tissues from fish to man and 

GIV-like GEMs have so far been identified as early as in C. elegans (Coleman et al., 

2016). 
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Implications of the new network for cAMP signaling in disease pathogenesis-- 
There are several implications of the newly built network model, which we summarize 

below.  First, our work provides valuable clues into the impact of increased robustness at high-

GIV states in cancers. Robustness in signaling is an organizing principle in biology, not only for 

the maintenance of homeostasis but also in the development and progression of chronic 

debilitating diseases like cancers; it is widely accepted that tumor cells hijack such robustness 

to gain growth and survival advantage during the development of cancer (Amit et al., 2007; 

Iadevaia, Nakhleh, Azencott, & Ram, 2014; Kitano, 2004). Consistently, GIV mRNA levels and 

DNA copy numbers are invariably higher across multiple cancers when compared to their 

respective normal tissue of origin [summarized in (Getz et al., 2019). Because GIV has been 

found to regulate several sinister properties of tumor cells across a variety of cancers (multiple 

studies, reviewed in (Ghosh, 2015)), it is possible that the high-GIV driven robustness maintains 

cAMP at low constant levels despite increasing input signals as a tumor evolves when targeted 

by biologics or chemotherapy agents. Such a phenomenon could be a part of a higher order 

organizing principle in most aggressive cancers, and therefore, justify GIV as a potential target 

for network-based anti-cancer therapy. 

 

Second, the findings from network modeling impacts biomarker development. Multiple 

biomarker studies in bona fide EGFR-driven cancers (lung cancer (Sigismund et al., 2018), 

colon cancer (Lo Nigro et al., 2016), and GBMs (Westphal et al., 2017)) that are currently 

treated with anti-EGFR agents have tried to harness the ability to measure EGFR protein or 

mRNA as predictive or prognostic biomarkers to tell us which patients will do better or worse. 

However, none have panned out. Our model predicted that changing levels of EGFR may be 

overshadowed in high-GIV states that can robustly suppress cellular cAMP. This prediction from 

our model, and the decades-old body of experiments showing that the impact of such tonic 

cAMP suppressive state on tumors is expected to be an increase in aggressive traits (Table) 

prompted us to hypothesize that levels of expression of EGFR may provide meaningful 

information about tumor aggressiveness only if it is evaluated in tumors with low GIV. Our 

findings on patients validated these predictions using one of the most important readouts of 

cancer aggressiveness, i.e., patient survival-- i.e., high vs low EGFR levels correlated with poor 
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vs good outcomes only when tumors had low GIV. By contrast, EGFR levels were irrelevant 

when tumors had high GIV. Moreover, consistent with the mathematical model which showed 

that high-GIV/high-EGFR states were accompanied by a robust inhibition of cAMP despite high 

levels of stimuli, Kaplan–Meier curves for a high GIV/high EGFR signature carried the worst 

prognosis compared to all other patients combined. Thus, high levels of EGFR signaling does 

not, by itself, fuel aggressive traits or carry a poor prognosis, but does so when GIV levels are 

concurrently elevated. In addition for tumors with low GIV, the high EGFR signaling state may 

be beneficial for maintaining high cAMP levels and therefore, critical for dampening several 

aggressive tumor traits (Table). Because cAMP levels in tumor cells and GIV levels have been 

previously implicated in anti-apoptotic signaling (McEwan et al., 2007) and the development of 

chemoresistance (Waugh, 2012), it is possible that the GIV-EGFR crosstalk we modeled 

recently also determines how well patients may respond to anti-EGFR therapies and who may 

be at highest risk for developing drug resistance. Whether such is the case, remains to be 

evaluated. 

 

Third, the network model may also guide the development of anti-cancer therapeutics. 

For example, in the context of PDEs, it has been demonstrated that overexpression of PDE 

isoforms in various cancers leads to impaired cAMP and/or cGMP generation (Bender & Beavo, 

2006). PDE inhibitors in tumour models in vitro and in vivo have been shown to induce 

apoptosis and cell cycle arrest in a broad spectrum of tumour cells (Savai et al., 2010). Despite 

the vast amount of preclinical evidence, there have been conflicting reports on its efficacy in the 

clinic (Barone et al., 2017). Our finding that low PDE levels in the setting of high GIV carries a 

poor prognosis predicts that the benefits of PDE inhibitors may be limited to patients who have 

low GIV expression in their tumors. Similarly, in the context of anti-EGFR therapies, researchers 

have come to realize that anti-EGFR therapeutics may unpredictably lead to two flavors of 

outcome that are attributed to kinase-independent functions of EGFR [reviewed in (Thomas & 

Weihua, 2019)] on the one hand, they may achieve the desirable therapeutic benefits, but on 

the other hand, their use may trigger the acquisition of resistance during treatment or may 

cause more harm in tumors that are innately resistant. Our model predicts that those with low 

GIV/high EGFR [high cAMP state] are likely to respond well to anti-EGFR therapy inducing 
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tumor cell apoptosis, whereas those with high GIV/high EGFR [low cAMP state] may be at 

highest risk for developing drug resistance. Whether such predictions hold true, and whether 

these insights may impact patient outcomes remains to be seen.  

 

Fourth, the network model helps extrapolate findings to other disease states beyond 

cancers that are fueled by aberrant cAMP signaling, where GIV levels are also concomitantly 

altered. Because our network model revealed how the ‘tunability’ of the “valve” impacts tonic 

levels of cellular cAMP over long time spans reaching steady-state kinetics, and valve-like 

GEMs are indeed found to be persistently dysregulated (either up- or downregulated) in diverse 

chronic disease states beyond cancers (cataloged in Table), it is possible that GIV levels may 

need to be maintained only within a narrow range in the healthy state [middle; Figure 3]. 

Because GIV is expressed at very high levels in the brain and reproductive organs (testes and 

ovary) and only in low levels in epithelial cells (Enomoto et al., 2005; Le-Niculescu et al., 2005), 

it is likely that the optimal physiologic range of expression varies between cell types. What is 

clear is that in each disease state, the level of GIV expression and its predicted impact on 

cellular cAMP (based on our model) is consistent with the observed impact of cAMP in disease 

pathogenesis [see Table]. It is noteworthy that each of these disease states have multiple 

different classes of receptors (“sources”) and, in some cases also PDEs (“sinks”) implicated in 

pathogenesis, further supporting the previously drawn conclusion that GIV-GEM may be 

operating as a tunable valve es at the knot of the bow-tie shaped network, controlling 

robustness within the circuit; persistent “open” or  “closed”-states of the valve may contribute to 

disease pathogenesis perhaps via its ability to control cellular concentrations of second 

messengers such as cAMP [Figure 3].   

 

Conclusions and Perspective 
 

Cellular levels of cAMP impact a wide range of signals in diverse pathways, and a cell’s 

ability to maintain these levels within a physiologic range is critical for health. Too much or too 

little cAMP is often encountered in disease states. Although diverse “sources” (receptors) and 

“sinks” within the cAMP network may be contributing to these diseases, it is possible that a 

This article is protected by copyright. All rights reserved.



12 

tunable “valve” such as GEMs that is stuck persistently in either “open” or “closed” state may be 

a common (i.e., an  invariant) contributor or driver in the disease network. Because GIV and 

GEMs like GIV have been implicated in multiple disease states, GEMs constitute a hitherto 

untapped class of targets that could be exploited for reinstating physiologic cAMP signaling in 

multiple diseases.  
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Figure 1: An emerging paradigm for modulation of cellular cAMP by growth factors. (A) 
Schematic summarizing the role of cyclic AMP (cAMP) in diverse biological processes. In 
cancers (top right), cAMP is largely protective as it inhibits proliferation, invasion, 
chemoresistance, and promotes apoptosis and differentiation of tumor cells. Similarly, in the 
context of organ fibrosis, cAMP is a potent anti-fibrotic agent because it inhibits proliferation and 
migration and triggers apoptosis and return to quiescence for myofibroblasts, the major cell type 
implicated in fibrogenic disorders. Red lines indicate suppression and green lines indicate 
promotion. Citations for each process can be found under the process images (K. C. Agarwal & 
Parks Jr, 1983; Bartels et al., 1982; Caprioli & Sears, 1983; Cho-Chung, 1990; Evans, 1986; 
Insel et al., 2012; Kramer et al., 1987; Kreutner et al., 1985; Raker et al., 2016; Serezani et al., 
2008; Silva et al., 1998; Vitale et al., 2009; Wachtel & Löschmann, 1986) 
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Figure 2: Schematic summarizing the unique impacts of GIV-GEM on the EGFR→ cAMP 
pathway, as revealed by systems biology. Top: Within the ‘bow-tie’ microarchitecture of 
layered signal flow in any circuit, incoming signals from RTKs like EGFR [signal input; left] are 
integrated by core proteins like GIV [center] that activate second messengers like cAMP, which 
subsequently impacts multiple target proteins such as kinases, phosphatases, and transcription 
factors [output signals; right]. Prior systems biology work had concluded that cellular 
concentrations of cAMP is a key determinant of robustness at the core of information (signal) 
flow (Doyle & Csete, 2011; Friedlander et al., 2015; Kirschner & Gerhart, 1998). While cAMP 
production is tuned up or down by variable levels of GIV and its compartmentalized action on 
Gai/Gas and ACs within the RTK-cAMP pathway, cAMP degradation by PDEs serves as a 
dominant sink [drainpipe]. Bottom: Within the hourglass microarchitecture for vertical flow of 
‘control’, up/down-regulation of GIV-GEM in cells serves as a tunable control valve, allowing 
cells to control cAMP production in cells responding to growth factors. When GIV-GEM 
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expression is low [as seen in the normal epithelium], increasing input signals can trigger some 
of the highest levels of cellular cAMP, thereby conferring sensitivity (left). Increasing GIV-GEM 
expression throttles the cAMP response [middle], such that, when GIV-GEM is expressed highly 
[as seen across all cancers, cAMP levels remain low, regardless of the amount of input signals, 
thereby conferring robustness [right]. 
 
 

 
 
 
 
Figure 3: Schematic summarizing the diverse pathologic states that feature either too 
little or too much GIV. Because of its ability to serve as a tunable valve for cellular cAMP 
concentrations, too high or too low levels of expression of GIV may robustly regulate the tonic 
levels of cAMP in cells. Low GIV-states are associated with high cAMP (top), high GIV-states 
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are associated with low cAMP (bottom). Text boxes on the right list pathophysiologic conditions 
associated with deregulated GIV and cAMP states (see also Table).  
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Table: GIV, cAMP levels and disease states 
Disease state Tissue Levels of GIV-

GEM/GEM activity, 
and implicated in 
disease 

Derangement 
of cAMP 
(predicted) 

Derangement of cAMP pathway (experimentally 
confirmed and implicated in disease 
pathogenesis) 

Cancers [EMT, 
invasion and 
metastasis, 
stemness] 

Tumor cells 
and stroma 

Elevated levels of 
mRNA and protein; 
GEM function ON 
[multiple studies, 
summarized in 
(Ghosh, 2015)]  

Suppressed 
than normal 

Suppressed (pharmacologic elevation inhibits motility, 
invasion) (Follin-Arbelet et al., 2011; Gooding & 
Schiemann, 2016; Murata et al., 2000; Ou et al., 2014; 
Perez et al., 2016; Zimmerman et al., 2015) 

Cancers 
(emergence of 
resistance) 

Tumor cells Elevated levels of 
mRNA and protein; 
GEM function ON 
(Midde et al., 2018; 
Yu et al., 2017; 
Zhang, Li, Han, Yin, 
& Lin, 2014) 

Suppressed 
than normal 

Suppressed (pharmacologic elevation overcomes 
resistance, increase apoptosis) (McEwan et al., 2007; 
Wang et al., 2016) 

Nephrotic 
syndrome 

Podocytes GIV is elevated and 
activation of its GEF 
function is required 
for podocyte recovery 
(Wang et al., 2015) 

  Nephritic glomeruli generated less cyclic AMP than 
normal glomeruli (11 and 26 pmol) (Nagamatsu et al. 
2006). Attenuated generation of cyclic AMP in 
response to ligands is connected to the augmented 
accumulation of fibronectin in nephritic glomeruli 
(Nagamatsu, Nishiyama, Goto, Nagao, & Suzuki, 
2003) 

Liver fibrosis Hepatic 
stellate cells, 
Kupffer cells 

Elevated levels of 
mRNA and protein; 
GEM function ON 
(Lopez-Sanchez et 
al., 2014) 

Suppressed 
than normal 

Augmentation of forskolin-induced increase in 
intracellular cyclic AMP level (inhibitory effect on HSC 
activation (Shimizu et al., 1999)).  
 
Quiescent HSCs have high levels of cAMP-PKA-
phospho-CREB signaling, which decreases upon HSC 
activation; activation of PKA restores phospho-CREB 
levels and inhibits proliferation of activated HSCs 
(Houglum, Lee, & Chojkier, 1997; Kawada, Kuroki, 
Kobayashi, Inoue, & Kaneda, 1996). 
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Type II DM, 
Insulin 
resistance 

Muscle 
(skeletal) 

Decreased levels of 
GIV (Hartung et al., 
2013; Ma et al., 
2015) 

Elevated than 
normal 

High levels of cAMP induces insulin resistance (Chai & 
Fong, 2015; Erion et al., 2009; Kida, Nyomba, 
Bogardus, & Mott, 1991, p. 1; D. Kirsch, Kemmler, & 
Häring, 1983; D. M. Kirsch, Bachmann, & Häring, 
1984; Tanti, Grémeaux, Rochet, Obberghen, & 
Marchand-Brustel, 1987); (Ramirez et al., 2015).  
 
Insulin triggers PDE activity for cAMP degradation. 
(Makino et al., 1985). PDE3B is activated by Akt 
downstream of insulin (Kitamura et al., 1999). Levels 
of PDE3B are reduced in DM, and restored by TZDs 
(Tang et al., 1999).  

Alzheimer’s 
disease 

 Neurons Decreased levels of 
GIV protein (Liu et 
al., 2015) 

Increased 
(predicted) 

Increased (Martínez et al., 1999) 

Autism Cultured 
peripheral 
blood 
lymphocytes 

Gain of copy number 
for GIV (van Daalen 
et al., 2011). 

Suppressed 
cAMP 
(predicted) 

Low cyclic AMP confirmed in programmed neuronal 
stem cells. Compensatory high cAMP in CSF and 
peripheral blood. Addition of cAMP restored defective 
signaling within the cAMP pathway.  

Acute 
myocardial 
infarction and 
other vascular 
endothelial injury 

Cardiac and 
smooth 
muscle cells 

Elevated levels of 
mRNA and protein 
(Hayano et al., 2015; 
Ito et al., 2013; 
Miyachi, Takahashi, 
& Komori, 2015) 

Suppressed 
cAMP 
(predicted) 

Suppressed in acute MI in humans: Reviewed in: 
(Leineweber Kirsten, Böhm Michael, & Heusch Gerd, 
2006). Suppression of cAMP after vessel injury is 
required for neointima repair 
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