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 Diabetes mellitus is a collection of metabolic diseases with chronic 

hyperglycemia as their common syndrome. Type 1 diabetes results from 

pancreatic insulin producing beta cell loss due to autoimmune attack and 

consequent insulin insufficiency, whereas type 2 diabetes occurs as a result of 

somatic cell insulin resistance under metabolic stress. Therapies include insulin 

supplementation for type 1 diabetics and diet control and augmented insulin 

release for type 2 diabetics. G-protein coupled receptors (GPCR) represent the 

largest non-antibiotic drug targets and several family members are expressed in 
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beta cells. Regulators of G-protein Signaling (RGS) proteins are feedback 

regulators of GPCRs. Their expression can be induced by GPCR or cross-talk 

signals to inhibit GPCR pathway, thereby indicating when and where GPCR 

signaling occurs. Our studies utilizing Rgs16::GFP transgenic mouse previously 

showed that Rgs16 was expressed in embryonic pancreatic progenitor cells, 

endocrine cells, and postnatal vessel and ductal associated cells (VDAC). 

Euglycemic adults lacked pancreatic Rgs16::GFP expression. We investigated 

diabetic mice to determine if Rgs16::GFP would reactivate during beta cell 

expansion in adulthood. The type 1 diabetic models of beta cell death were 

streptozotocin (STZ) treatment and PANIC-ATTAC mice. Type 2 diabetic 

models consisted of ob/ob mice and diet induced obesity. In each case, 

Rgs16::GFP expression initiated in islets and VDAC after at least 6 days of 

chronic hyperglycemia. STZ induced Rgs16::GFP expression was reduced after 

lowering blood glucose levels with systematic insulin administrations. 

Furthermore, hyperglycemia dependent Rgs16::GFP expression required 

metabolic transcription factor Carbohydrate Response Element Binding Protein 

(ChREBP), as pancreatic Rgs16::GFP was absent in STZ-treated ChREBP KO 

mice. We found that Rgs16::GFP is also expressed in Pancreatic Ductal 

Adenocarcinoma (PDAC) tumors and primary tissue culture cells. RNA-Seq 

analysis revealed that cultured PDAC cells express many genes in common with 

embryonic progenitors of ductal and endocrine cells and identified expression of 

63 GPCRs. In summary, our results suggest that Rgs16::GFP is stimulated by 

GPCR signals relayed from a “hyperglycemia sensor”. We propose that Rgs16 is 

a faithful pancreatic biomarker of diabetes and Rgs16::GFP PDAC culture and 

diabetic reporter mice are beneficial resources to identify ligands that stimulate 

beta cell expansion without promoting cancer. 
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INTRODUCTION 

 

Diabetes epidemic 

 

 Diabetes mellitus is a collection of debilitating metabolic diseases 

described by insufficient insulin action causing above normal basal glucose levels 

as the common syndrome of all patients (Bell and Polonsky, 2001; Guney and 

Gannon, 2009; Hotamisligil, 2006; Saltiel, 2001). Although the disease can 

manifest itself at different ages, show various degrees of severity and can occur in 

conjunction with other diseases, it is generally grouped under two categories: type 

1 and type 2 diabetes (Bell and Polonsky, 2001). In all vertebrates, the endocrine 

hormone insulin is produced and secreted by the pancreatic beta cells in the Islets 

of Langerhans (Lacy, 1957, 1961; Langerhans, 1869; Saltiel, 2001; Weir and 

Bonner-Weir, 1990). Insulin lowers blood glucose by stimulating glucose uptake 

by peripheral tissues, such as fat and skeletal muscle, and the cessation of glucose 

production in liver after a meal (Chang et al., 2004; Lacy, 1975; Matschinsky, 

2005; Matschinsky and Collins, 1997). Type 1 diabetes is caused by autoimmune 

attack and loss of insulin producing beta cells (Hotamisligil, 2006; Mathis et al., 

2001). Since patients with type 1 diabetes retain proper insulin responses in their 

somatic cells, they supplement insulin externally to restore blood glucose to 

normal levels (Bluestone et al., 2010). Type 2 diabetes, on the other hand, 

develops over many years in humans. Type 2 is caused by insufficient insulin 

production that can not overcome resistance to insulin action in somatic cells of 

the peripheral tissues (Polonsky et al., 1996; Wellen and Hotamisligil, 2005). 

Somatic cells contain transmembrane receptors for the hormone insulin, which 

upon binding by insulin lead to activation of glucose transporters at the cell 

surface (Saltiel, 2001). Glucose is taken up by these transporters into the cell, thus 

lowering its levels in the circulating blood (Saltiel, 2001). However once glucose 
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uptake can no longer be accomplished at sufficient levels, it leads to elevated 

basal glucose concentration in the blood – the hallmark of diabetes. 

The incidence of diabetes mellitus has greatly increased in developed 

countries in the last decades, primarily due to the increase in obesity and 

associated type 2 diabetes (Cowie et al., 2009; Stein and Colditz, 2004; Zimmet et 

al., 2001). Diabetes can be regarded as an increasing public health challenge that 

threatens to affect more people in the future (Saltiel, 2001; Wild et al., 2004; 

Zimmet et al., 2001). Metabolism has been widely studied by countless 

researchers for a long time and discoveries in understanding disease progression, 

molecular components, and energy balance together with new technologies have 

greatly advanced diagnosis, prognosis, and treatment strategies (Sonksen et al., 

1978; Walford et al., 1978). Treatments for type 2 diabetes primarily target 

improving diet, increasing steady exercise, insulin therapy and augmenting insulin 

sensitivity and production (Ahren and Schmitz, 2004; Guney and Gannon, 2009; 

Moller, 2001; Saltiel, 2001). The primary treatment for type 1 diabetes is daily 

insulin injection but active areas of research include beta cell replacement by 

transplantation of islets, transdifferentiation of other cell types into insulin 

secreting cells, differentiated embryonic stem (ES) cells or induced pluripotent 

stem (iPS) cells combined with immune suppression (Bertuzzi et al., 2006; 

Borowiak, 2010; Couzin-Frankel, 2011; Hughes et al., 1992; Jonasson and 

Hoversten, 1978; Lacy, 1995; Lacy et al., 1980; Nason et al., 1988; Noguchi, 

2007, 2010; Sumi, 2011; Tateishi et al., 2008; Yechoor and Chan, 2010).  

Technical advancements in glucose meters have shortened measuring 

blood glucose levels to seconds and new coping strategies provide relief and 

nearly normal life standards for patients (Kuo et al., 2011; Sonksen et al., 1978; 

Walford et al., 1978). Nevertheless, diabetes still imposes hardships like insulin 

injections, dietary constraints, fatigue and potentially lethal excursions into 

hypoglycemia (Bluestone et al., 2010). Diabetes remains as a debilitating disease 
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without a certain cure, limiting patients‟ life, leading to organ malfunction, 

blindness, stroke, heart failure, and eventually to death. 

This dissertation aims to contribute to pancreatic islet biology and diabetes 

research by introducing a novel method of identifying endogenous signals that 

stimulate beta cell regeneration and expansion. The reporter we use is a Regulator 

of G protein Signaling gene (Rgs16). The onset and progression of Rgs16 

transcription makes it unique among pancreatic markers (Villasenor et al., 2010). 

In this dissertation, we characterize the expression of Rgs16 under diabetic 

conditions in several mouse models of diabetes and metabolic syndrome. We 

correlate the induction and continued expression of Rgs16 with blood glucose 

levels over time to uncover a connection with “hyperglycemia sensor” (Arees and 

Mayer, 1967; Leloup et al., 1998; Matschinsky, 2005; Thorens, 2001). We 

propose this sensor sends signals to the pancreas after it becomes apparent that 

insulin action is no longer sufficient to manage blood glucose levels (Delaere et 

al., 2010; Thorens, 2001). Target cells that express Rgs16 are islet beta cells and 

vessel/ductal associated cells (VDAC) in pancreas (Villasenor et al., 2010). 

VDAC expression was particularly fortuitous, as it led us to find Rgs16 

expression in early pancreatic ductal adenocarcinoma (PDAC), the forth leading 

cause of cancer deaths in the USA (Aguirre et al., 2003; Ettinghausen et al., 1995; 

Hruban et al., 2001; Zimmerman et al., 1981). We develop a culture system using 

PDAC cells that complements our in vivo settings to test and design new and 

better drugs for the treatment of diabetes mellitus (Sipos et al., 2003). 

 

Glucose homeostasis  

 

Glucose is one of the most commonly used energy sources since the 

beginning of life on earth (Benzo, 1983). The utilization of this six-carbon sugar 

has a highly conserved evolutionary origin and its initial set of energy giving 
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reactions, glycolysis, involves identical steps taking place in the cytoplasm of 

prokaryotes and eukaryotes in both aerobic and anaerobic conditions (Meyerhof, 

1927). Energy yielding reactions of this early glucose breakdown to pyruvate 

produce the first energy carrying compound, ATP, and electron carrier, NADH 

(Lohmann, 1929). The subsequent tricarboxylic acid cycle is also highly 

conserved in organisms and generates further NADH and metabolite 

intermediates that feed both catabolic and anabolic reactions in fatty acid or 

amino acid metabolism (Saraste, 1999). Under aerobic conditions in eukaryotes, 

reduced co-enzyme NADH created in the previous steps culminates in the bulk of 

ATP synthesis coupled to electron transport in mitochondria (Saraste, 1999). 

Overall, these steps of glucose breakdown and utilization produce molecular 

energy and metabolic precursors essential to sustain cellular reactions and much 

of prokaryotic and eukaryotic life (Alberts et al., 2007). 

During the course of evolution, regulation of glucose metabolism inside 

the organism has become complex. Vertebrates evolved special features in several 

organs to tightly control glucose availability (Gerich, 1993). In mouse, the model 

organism we used throughout our work in this dissertation, organs important for 

the regulation of available glucose levels are indicated in Figure 1 (Cook, 1965). 

As carbohydrates are processed in the digestive tract and finally absorbed by the 

intestine, glucose is directed to liver by the portal vein. In the liver, UDP-Glucose 

monomers are converted to glycogen by the enzyme glycogen-synthase for short-

term storage (Bollen et al., 1998; Nuttall et al., 1988; Unger, 1971). Excess 

glucose is a precursor for fatty acids, which are converted to triglycerides and 

stored in the adipose tissue for long-term availability (Alberts et al, 2007). 

Meanwhile, glucose is released to the blood stream and becomes available to 

somatic cells, such as skeletal muscle, as well as the brain and red blood cells 

(Saltiel, 2001). As glucose levels rise in the blood, pancreatic beta cells take up 
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glucose and convert it to ATP (Chen et al., 1990). The increased ATP : ADP ratio 

causes Ca
2+

 levels inside islets to rise (Saltiel, 2001). Intracellular Ca
2+

 then 

stimulates the previously synthesized insulin vesicles to fuse with cell membrane 

and release insulin (Frankel et al., 1981; Hellman, 1975; Lacy, 1972; Siegel et al., 

1980). As beta cells continue to utilize glucose for ATP production, they maintain 

secretion of recently created insulin at a steady state (Cherrington et al., 2002; 

Kanatsuka et al., 1987). Insulin release is also stimulated by intestinal hormones 

GLP1 and GIP (Kreymann et al., 1987; Miyawaki et al., 1999; Mojsov et al., 

1986; Nauck et al., 2004; Polak et al., 1971; Sutherland and De Duve, 1948; 

Takeda et al., 1987; Taminato et al., 1977). Insulin dictates glucose uptake by 

somatic cells, while it also suppresses the release of its antagonistic pancreatic 

hormone, glucagon (Quesada et al., 2008; Saltiel, 2001). When glucose levels 

decline during the later post-prandial period, glucagon secreted from the alpha 

cells of the islets raises blood glucose levels by stimulating glycogenolysis which 

eventually yields individual glucose molecules that can enter the blood stream
1
 

(Cherrington, 1999; Foster, 1984; Gromada et al., 2007; Quesada et al., 2008; 

Weir and Bonner-Weir, 1990). As glycogen becomes depleted,
 
glucagon then 

triggers gluconeogenesis from non-carbohydrate precursors in the liver (Quesada 

et al., 2008). Glucagon controls glycolysis and lipolysis rates which, in turn, are 

important for gluconeogenesis (Foster, 1984; Unger, 1985). All these reactions 

                                                 

Figure 1: Glucose homeostasis  
Gray structures depict organs of metabolism. Rgs16::GFP expression under 

various conditions is indicated as green color. Abbreviations are Br: Brain, Ad: 

Adipose tissue, St: Stomach, Pa: Pancreas, Li: Liver, Sp: Spleen, In: Intestine 

(small and large), SM: Skeletal Muscle, Ins: Insulin, Gluc: Glucagon. Tissues that 

are not relevant to glucose homeostasis are white. The tissues we observed with 

Rgs16::GFP expression are olfactory bulb (Br), hypothalamus (Br), islets (Pa), 

hepatocytes (Li), intestinal cells (In), and splenic cells (Sp). Endocrine hormones 

insulin and glucagon are secreted from pancreas, whereas Glp1 is secreted from 

intestine. Organ shapes, sizes, and locations are arbitrary (Cherrington, 1999; 

Cook, 1965; Villasenor et al., 2010; unpublished observations).  
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result in elevation and restoration of blood glucose levels (Cherrington, 1999; 

Unger, 1985). Insulin and glucagon represent the two opposite players of glucose 

utilization inside the body and balance each other‟s action in healthy energy 

homeostasis (Gromada et al., 2007; Klover and Mooney, 2004; Unger, 1978, 

1985). 

 

Diabetic mouse models 

 

Glucose homeostasis is disrupted when insulin levels are no longer 

sufficient to stimulate glucose uptake. Hyperglycemia can result either from 

depletion of beta cells which are the sole source of insulin production or due to 

intracellular defects in insulin signaling in the somatic cells (Bell and Polonsky, 

2001; Guney and Gannon, 2009; Vranic, 1992). These type 1 and type 2 diabetic 

conditions, respectively, are characterized by above normal physiological blood 

glucose concentration and require insulin treatment and dietary control. 

Since the discovery of insulin and its function nearly a century ago, 

scientific research has focused on components and management of energy balance 

(Banting and Best, 1922). Insulin treatment became available by initially isolating 

its homolog from porcine and later by artificially producing insulin analogues 

using recombinant DNA technology (Chance et al., 1968). In recent years, several 

drugs have been designed and approved for patients with diabetes. Drugs that 

enhance insulin secretion have captured an important part of pharmaceutical 

endeavors (Ahren, 2009; Ahren and Hughes, 2005; Ahren and Schmitz, 2004; 

Saltiel, 2001). For initial testing of drug effects in vivo, scientists have relied on 

diabetic model organisms mimicking the human condition to study this disease.  

During our studies characterizing Rgs16 gene expression, we also utilized 

diabetic mouse models (Figure 2) (Gannon, 2001). To mimic type 1 diabetes, we 

used two mouse models of beta cell apoptosis that result in insufficient insulin 
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production. We used the glucose mimetic streptozotocin (STZ) treatment of mice 

for the fastest way of causing hyperglycemia (Figure 2A) (Brosky and 

Logothetopoulos, 1969; Ganda et al., 1976; Like and Rossini, 1976; Schnedl et 

al., 1994; Vavra et al., 1959). STZ enters pancreatic beta cells via GLUT2 

transporters and causes DNA damage and presentation of auto-antigens, both of 

which trigger apoptosis (Huang and Taylor, 1981; Mansford and Opie, 1968; 

McEvoy et al., 1984; Paik et al., 1980; Rerup, 1970; Rossini et al., 1977; Schnedl 

et al., 1994). We also utilized another mouse model of beta cell apoptosis which 

differs from STZ treatment by its ability to recover normal glycemia. The 

“Pancreatic islet beta-cell apoptosis through targeted activation of caspase8” 

(PANIC-ATTAC) mouse model, created by Philipp Scherer and his colleagues, is 

a transgenic model in which an FKBP-fused Caspase8 gene was inserted into the 

genome (Figure 2B)
 
(Pajvani et al., 2005; Wang et al., 2008). Islet specific 

expression is achieved by the rat insulin promoter (RIP) lying upstream of the 

fusion gene and restricting its expression to beta cells. CASPASE8 monomers are 

inactive and therefore naïve animals are non-diabetic. Injection of an agent
2
 

(dimerizer) that causes pairing of 2 FKBP domains brings about dimerization of 

CASPASE8 monomers (Trujillo et al., 2005). Active CASPASE8 dimers initiate 

                                                 

Figure 2: Diabetic mouse models 
Diabetic mouse models we have utilized in our studies are outlined. Red color 

highlights the part that causes diabetes and affects pancreatic beta cells. Skull 

mark indicates beta cell death. For Type 1 diabetes, STZ and dimerizer are 

injected intraperitoneally. Abbreviations are B: Brain, P: Pancreas, SM: Skeletal 

Muscle, Ins
Sen

: Insulin sensitive, Ins
Res

: Insulin resistant. F.CAS8: FKBP-

CASPASE8 fusion protein. Dimerizing F.-CAS8 proteins are actually inside 

pancreatic beta cells but drawn outside due to space limitations. Small blue circles 

represent insulin in the blood, whereas check mark and stop symbols indicate 

status of intracellular insulin response. Organ shapes, sizes, and locations are 

arbitrary (Campfield et al., 1996; Ganda et al., 1976; Hamann and Matthaei, 1996; 

Pajvani et al., 2005; Schnedl et al., 1994; Tsunoda et al., 1998; Wang et al., 2008). 
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the apoptotic pathway inside beta cells, causing depletion of beta cells and 

subsequent insulin insufficiency (Trujillo et al., 2005; Wang et al., 2008). 

To study type 2 diabetes, we incorporated leptin-deficient mice in our 

studies (Figure 2C) (Spiegelman and Flier, 2001; Zhang et al., 1994). Leptin is a 

hormone released by adipose tissue that suppresses hunger responses in the brain 

(Friedman, 2000; Friedman and Halaas, 1998). Obese, hyperphagic mice were 

discovered with a naturally occurring recessive point mutation in the leptin gene 

(Campfield et al., 1996; Hamann and Matthaei, 1996; Zhang et al., 1994). Leptin-

deficient ob/ob animals have lack of appetite control and succumb to overeating 

(Friedman and Halaas, 1998). This eating-dependent obesity brings about 

constant burden on blood glucose levels and takes its toll on insulin signaling 

(Friedman, 2009; Shimabukuro et al., 1997). Animals become insulin resistant 

and hyperglycemic in couple of weeks after weaning. The severity of both insulin 

resistance and hyperglycemia increases over time (Friedman and Halaas, 1998). 

In addition to leptin deficiency-dependent obesity, we also used high fat diet to 

drive obesity in mice (Figure 2D)
 
(Ikemoto et al., 1996; Tsunoda et al., 1998).

 

Comparing different mouse models helped us understand the dynamics and causes 

of gene expression changes in terms of disease progression.  

 

GPCR signaling 

 

Cell signaling primarily relies on external ligands that bind to 

transmembrane receptors at the cell surface to initiate intracellular cascades of 

second messengers (Rosenbaum et al., 2009). Receptors have been grouped into 

families according to their conservation of structure and function. Seven-pass 

transmembrane domain receptors that convey extracellular ligand binding to 

activation of intracellular heterotrimeric G-proteins have been termed G-protein 

coupled receptors (GPCR) and constitute the largest family of all receptors 
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(Casey and Gilman, 1988; Freissmuth et al., 1989). G-proteins are a conserved 

family of intracellular proteins defined by their binding to GDP and GTP . The 

heterotrimeric G-protein is composed of a Gα subunit bound to GDP and 

associated Gβγ subunit in its inactive state (Figure 3A) (Gilman, 1984, 1987). 

GPCRs are guanine nucleotide exchange factors (GEFs) for the G-protein (Casey 

and Gilman, 1988). Ligand binding mediates a conformational change of the 

GPCR which allows GDP to dissociate from the Gα subunit (Dessauer et al., 

1996; Kleuss et al., 1994). The high GTP : GDP ratio (about 10:1) inside the cell 

then maintains GTP binding over GDP to Gα, upon which Gα and Gβγ separate 

(Dessauer et al., 1996). Both Gβγ and Gα can then individually interact with 

effector proteins that amplify second messenger production inside the cell (Figure 

3B)
 
(Hepler and Gilman, 1992). G-protein interaction with effectors ceases once 

the intrinsic GTPase activity of Gα cleaves the γ-phosphate group from GTP, 

turning it into GDP (Kleuss et al., 1994). GDP-bound Gα re-associates with Gβγ 

subunit and returns into its original inactive state (Mixon et al., 1995). The slow 

GTPase activity of Gα ensures that dissociated G-protein interacts with effectors 

long enough to transmit the signal while enabling its recycling (Kleuss et al., 

1994). Continued ligand occupation of GPCR re-initiates the G-protein turn-over 

and maintains a long-lasting signaling relay.
 3

  

 There are about ~800 GPCRs in human genome compared to ~1600 

GPCRs in rodents if all olfactory receptors and rodent specific vomeronasal organ 

receptors are included (Dryer and Berghard, 1999; Fredriksson et al., 2003; 

                                                 

Figure 3: Conventional GPCR signaling  

Simplified diagram of conventional GPCR signaling is shown in the on and off 

state on Panel A and B, respectively. Abbreviations are L: ligand, Ef.: effector, 

2nd: 2nd messenger, α, β, γ: heterotrimeric G-protein subunits. Dashed red arrow 

indicates feedback induction of Rgs gene. Gray striped arrows indicate 

downstream effects, whereas red striped arrow means conversion of the signaling 

on Panel B back to that of Panel A (Sierra et al., 2000). 
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Gaillard et al., 2004; Vanti et al., 2003; Vassilatis et al., 2003). GPCRs have 

assumed critical roles in organisms ranging from cell migration to visual 

sensation and hormonal responses (Cotton and Claing, 2009; Ferguson and Caron, 

1998; Maeda et al., 2003; Rosenbaum et al., 2009; Wheatley et al., 2003). GPCRs 

represent the largest segment of non-antibiotic drug targets as of now and the lack 

of information in many of orphan members could point out the room for 

expansion of this segment (Xiao et al., 2008). Studies in pancreatic islets have 

shown the expression of several GPCRs important for insulin secretion and cell 

differentiation (Ahren, 2009; Pennington, 1987; Regard et al., 2007). Nonetheless, 

much remains to be learned about their exact signaling function in beta cell 

physiology and expansion. 

GPCR signaling is regulated at multiple steps. Ligand stability and 

availability controls inception and duration of signals, whereas intracellular 

regulators can modify GPCR and G-protein to alter their activity (Dessauer et al., 

1996). Starting from unicellular eukaryotes, GPCRs have co-evolved with 

Regulator of G-protein Signaling (Rgs) genes, which are shown to negatively 

adjust GPCR signaling (Dohlman et al., 1995; Luo et al., 2001; Wilkie and Kinch, 

2005). RGSs are GTPase activating proteins (GAPs) that bind and stabilize the 

transition state of the Gα subunit during GTP-hydrolysis (Berman et al., 1996; 

Hunt et al., 1996; Watson et al., 1996). By favoring a catalytic intermediate state 

of Gα, RGSs accelerate phosphate group cleavage and consequently the GDP-

bound state of Gα up to 2000-fold (Berman et al., 1996; Natochin et al., 1998; 

Ross and Wilkie, 2000; Tesmer et al., 1997). This RGS-mediated facilitation of 

Gα inactivation prevents G-protein-effector interactions, thus inhibiting GPCR 

signaling. Therefore, extracellular ligands initiate the “on” state of GPCR 

signaling by inducing GPCRs to act as Guanine-nucleotide exchange factor 

(GEF), while RGS proteins accelerate transition to the “off” state by acting as 

GAP (Ross and Wilkie, 2000). 
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R4 class RGS proteins 

 

 All RGS proteins are defined by the RGS domain, a paired helical bundle 

of approximately 120 amino acids that conveys GAP activity (De Vries et al., 

1995; Koelle and Horvitz, 1996; Popov et al., 1997; Tesmer et al., 1997). There 

are four main families of Gα-subunits termed Gαi, Gαs, Gαq, and Gα12. RGS 

proteins are GAPs for Gαi and/or Gαq proteins (Berman et al., 1996). A distantly 

related family of RGS Homology (RH) proteins, termed rgRGS, is Gα12-GAP 

(Chen et al., 2001). No Gαs-GAPs have been identified (Popov et al., 1997; 

Wilkie and Kinch, 2005). Rgs genes have been assigned to different classes based 

on amino acid sequence similarity within the RGS and flanking domains, gene 

structure, and cellular function (Sierra et al., 2002; Sierra et al., 2000; Wilkie and 

Kinch, 2005). Mammals express 4 classes of RGS GAPs, termed Rz, R4, R7 and 

R12 (Ross and Wilkie, 2000). These classes differ with respect to specificity in 

their interactions with Gα subunits, GPCRs and/or scaffolding proteins (Bansal et 

al., 2007; Hepler, 1999; Hollinger and Hepler, 2002; McCoy and Hepler, 2009; 

Sierra et al., 2000). R4 class proteins, such as Rgs16 and Rgs8, typically have a 

short N-terminal amphipathic helix that anchors the protein to the inner leaflet of 

the plasma membrane and an RGS domain (Bansal et al., 2007; Bernstein et al., 

2000; Chen et al., 1999; Heximer et al., 2001; Ross and Wilkie, 2000; Saitoh et 

al., 2001; Srinivasa et al., 1998; Zeng et al., 1998).  

 The ten R4 class Rgs genes are thought to have derived via gene 

duplications and are found in three clusters on chromosome 1 of humans and 

mice, with the exception of Rgs3 (Figure 4) (Sierra et al., 2002). Although R4 

class proteins have some differences in substrate specificity and receptor 

interactions, functional differences within the R4 class can be also conveyed by 

tissue distribution and temporal expression determined by cell type specific 
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physiology (Gold et al., 1997; Mittmann et al., 2001; Neitzel and Hepler, 2006; Ni 

et al., 1999; Nomoto et al., 1997; Seki et al., 1998; Wang et al., 1998; Xu et al., 

1999b; Yowe et al., 2001; Zeng et al., 1998). The two RGS genes of primary 

interest in this thesis, Rgs16 and Rgs8, are most closely related to each other 

among all R4 class proteins. Rgs16 and Rgs8 are tandemly duplicated in a head to 

tail order separated by ~43 kb (Sierra et al., 2002). Although they exhibit some 

differences in their expression, such as Rgs16 in suprachiasmatic nuclei (SCN) 

and Rgs8 in Purkinje cells of the cerebellum, they are co-expressed during 

pancreas development and isletogenesis, in diabetes and in liver of fasting mice 

(Doi et al., 2011; Gold et al., 1997; Gong et al., 2003; Grafstein-Dunn et al., 2001; 

Huang et al., 2006; Itoh et al., 2001; Villasenor et al., 2010). Because of their 

overlapping expression pattern and similar biochemical functions, Rgs16 and 

Rgs8 are thought to be functionally redundant in pancreas and liver (Huang et al., 

2006; Villasenor et al., 2010). Identifying their unique and shared functions 

requires analysis of single and double knockout mice. In this thesis, we are 

primarily concerned with their utility as markers of GPCR signaling activity in 

pancreas.
 4

 

 

                                                 

Figure 4: R4 class RGS proteins in mice 

Chromosomal locations of R4 class Rgs genes are shown in Panel A. Arrow 

directions indicate transcription direction on the forward strand. Dashed 

borderline indicates annotation in progress. Green colored arrows represent the 

Rgs8 and Rgs16 genes with GFP insertion in our reporter mice which were used 

for expressional analysis. Distances between Rgs gene clusters on chromosome1 

are indicated in megabase (Mb) above. Arrow sizes and distances in-between are 

arbitrary. R4 class RGS protein lengths and domains are compared in Panel B. 

Proteins are aligned from N towards C terminus left to right. Pink boxes indicate 

the relative position of the conserved RGS domain for the labeled proteins. 

Dashed line indicates annotation in progress. Blue “PDZ” box shows PDZ 

domain. Blue “a” box shows N-terminal amphipathic helix of certain proteins. 

Scale bar is 100 amino acids long (Ross and Wilkie, 2000; Sierra et al., 2002). 
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Rgs8::GFP and Rgs16::GFP reporter mice 

 

Rgs gene transcription can be induced by the GPCR signaling that RGS 

proteins feedback inhibit (Burchett et al., 1999; Burchett et al., 1998; Chakir et 

al., 2011; Eszlinger et al., 2004; Grant et al., 2000; Hendriks-Balk et al., 2009; 

Klinger et al., 2008; Miles et al., 2000; Nakagawa et al., 2001; Park et al., 2002; 

Romero et al., 2006; Singh et al., 2007; Stuebe et al., 2008; Taymans et al., 2003; 

Zhang et al., 2011b; Zou et al., 2006). Their expression can be also enhanced by 

non-GPCR ligands in cross-talk mechanisms (Beadling et al., 1999; Fong et al., 

2000; Giorelli et al., 2002; Gunaje et al., 2011; Iwai et al., 2007; Iwaki et al., 

2011; Ni et al., 1999; Panetta et al., 1999; Pepperl et al., 1998; Perrier et al., 2004; 

Reif and Cyster, 2000; Riekenberg et al., 2009; Takata et al., 2008; Takesono et 

al., 1999; Xie et al., 2010; Yang et al., 2007). As R4 class Rgs mRNAs and 

proteins have short half-lives, induced and ongoing transcription and consequent 

mRNA accumulation indicate active GPCR signaling (Burchett et al., 1998; 

Garnier et al., 2003; Gold et al., 2003; Huang et al., 2006; Ingi et al., 1998; 

Kardestuncer et al., 1998; Krumins et al., 2004; Miles et al., 2000; Pepperl et al., 

1998; Siderovski et al., 1994). Rgs gene expression can be therefore utilized as 

reporter for when and where GPCR signaling occurs (Villasenor et al., 2010). 

In order to follow Rgs gene expression, mice with an eGFP reporter 

transgene were constructed within the GENSAT project (Chalfie et al., 1994; 

Davenport and Nicol 1955; Gong et al., 2003; Heim et al., 1995; Prasher et al., 

1992; Shimomura et al., 1962; Tsien, 1998). The transgene consisted of eGFP 

gene insertion in the 5‟ mRNA leader sequence just upstream of the translation 

start site of Rgs8 and Rgs16 (Yang et al., 1997). The resulting transgene was 

recombined within a Bacterial Artificial Chromosome (BAC) and then integrated 

into the mouse genome (Gong et al., 2003). Thus, eGFP gene expression would 

be induced from the endogenous Rgs gene promoter in tissues where the relevant 
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endogenous Rgs gene expresses (Chalfie et al., 1994; Gong et al., 2003; Heintz, 

2001); unpublished observations).  

Both genes were expressed in the pancreatic bud starting from e8.5 to e9 

(Villasenor et al., 2010).  The expression in pancreatic progenitor cells, which 

give rise to all cell lineages of the adult pancreas, continued throughout the 

secondary transition of pancreas development, and during late embryogenesis 

became restricted to cells of endocrine lineage with about 2% of the GFP+ cells 

remaining in the ductal epithelium (Lammert et al., 2003; Villasenor et al., 2010). 

Rg8::GFP and Rg16::GFP expression diminished in islets within the first two 

postnatal weeks, but persisted in cells that are lined along the pancreatic vessels 

and ducts (Villasenor et al., 2010). The expression in these vessel and ductal 

associated cells (VDAC) also disappeared by the end of forth postnatal week. 

Healthy young adults were devoid of Rgs8::GFP or Rgs16::GFP expression in 

pancreas (Villasenor et al., 2010).  

The pancreatic progenitor cell expression of Rgs8::GFP and Rgs16::GFP 

suggested that there were important GPCR signals active during pancreas 

development that have not been identified previously. Cessation of Rgs8 and 

Rgs16 gene expression in adult pancreas suggested that elevated expression of 

these genes may not be required for daily insulin release. However, extreme 

metabolic demand that promotes islet expansion could also re-activate these Rgs 

genes (Ackermann and Gannon, 2007). We therefore embarked on a study 

characterizing their gene expression in adult diabetic pancreas using mouse 

models of diabetes. We focused on Rg16::GFP expression as it was the most 

pronounced of the two redundantly expressed genes. 

 

 



MATERIALS AND METHODS 

 

Mouse maintenance and diet 

 

All animals were maintained on a 12hr light and 12hr dark daily cycle at 

constant room temperature with lights turned on at 6 am (Zeitgeber Time 0, ZT0) 

and off at 6 pm (ZT12). All mice were maintained according to the rules and 

standards of UT Southwestern Institutional Animal Care and Use Committee. 

Unless otherwise noted, all mice were fed normal chow ad libidum and had access 

to distilled water. Adult mouse numbers per cage ranged between one and five. 

To supplement the diet with simple carbohydrates, mice were provided 5% 

sucrose-water along with normal chow for 2 weeks. For induction of 

hypoglycemia, animals were restricted fed for 1hour per day at the beginning of 

the dark phase for 6 days. For diet induced diabetes experiments, normal chow 

was replaced with either 40% kcal fat and 41% kcal carbohydrate (Teklad, 

#95217) or 42% kcal fat and 43% kcal carbohydrate,  (Teklad, #88137) or 60% 

kcal fat and 20% kcal carbohydrate (Research Diets, #D12492i, irradiated) diets. 

Mice were fed with these high fat diets for 10 - 16 weeks.  Mouse body weights as 

well as initial and final amounts of food were measured weekly with a scale 

within 0.1g accuracy. 

 

Rgs16::GFP reporter mouse and diabetic models 

 

 Rgs16::GFP BAC transgenic mice (ICR, outbred) were obtained from M. 

E. Hatten (Gong et al., 2003). For analysis in leptin-deficient type 2 diabetic 

model, Rgs16::GFP mice were crossed with ob/ob mice (C57BL6 background, 

Jackson Laboratory) (Hamann and Matthaei, 1996). For beta cell ablation type 1 

diabetic model, Rgs16::GFP mice were crossed to PANIC-ATTAC mouse model 
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obtained from P. Scherer (Pajvani et al., 2005; Wang et al., 2008). Adult normal 

glycemic PANIC-ATTAC mice were injected for 5 consecutive days with 

dimerizer. Glucose levels were measured weekly. Mice were sacrificed starting 1 

week after the treatment. For short time points, we followed glucose and GFP 

expression up to 7 weeks. For middle time points, mice were sacrificed 4 months 

after dimerizer injection, whereas long time point mice were sacrificed 8 to 11 

months post-injection. To determine ChREBP‟s involvement during type 1 

diabetes, Rgs16::GFP mice were crossed to ChREBP
-/-

 (129/B6) mice obtained 

from K. Uyeda (Iizuka et al., 2004). This cross caused a reduction in the 

brightness of Rgs16::GFP as we compared in the STZ model using original 

Rgs16::GFP and ChREBP crossed mice. It was still sufficient to make a 

comparison based on ChREBP genotype. For pancreas cancer studies, 

Rgs16::GFP mice were crossed to Kras
flox-G12D

; Ink4a
flox/flox

; Ptf1a::CRE mice 

obtained from R. Brekken (Aguirre et al., 2003; Chin et al., 1998; Farr et al., 

1988). 

 

Mouse genotyping 

 

Mouse genotypes were determined with PCR of DNA extracted from 

digested mouse tails using high salt procedure (Emanuel, 1960). Less than 1cm 

long mouse tails were digested in a lysis buffer consisting of 50mM Tris-HCL at 

pH = 8.0, 1mM EDTA, 0.4M NaCl, 1% SDS and 0.4mg/ml Proteinase K for 2 

days at 55°C. DNA was precipitated from saturated NaCl added tail digests with 

100% Et-OH followed by 70% Et-OH wash. Genomic DNA pellet was dissolved 

in 100µl water overnight before PCR. PCR mix was prepared using HotStarTaq 

polymerase kit (Qiagen). All PCRs were conducted using Programmable Thermal 

Controller (MJ Research). All PCR programs started with 13min 93°C DNA 

denaturation and Taq polymerase activation period. Each PCR cycle contained 
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30sec denaturation step at 93°C and 72°C elongation step, whereas annealing 

(An) temperature and both annealing and elongation (El) durations were set 

according to different primer sets. After the appropriate cycles were done, PCRs 

were completed with an extra 2min 72°C elongation followed by cool down to 

20°C. All primer oligonucleotides (IDT DNA) came as powder and stored at 

25mM stock concentration in water. dNTP mix was also dissolved in water at 

10mM concentration. Gα11 genotyping was sometimes used for DNA 

verification. KO-Rgs16 primers were used to verify the genotype of donor mice 

during Rgs8-Rgs16 dKO creation. 

The final PCR tube contained: 2µl 10x buffer, 4µl 5x Q-solution, 0.4µl of 

dNTP, forward, and reverse primer each, and 0.1µl Taq polymerase all dissolved 

in water with 20µl total volume. Primer sequences (5‟ to 3‟) and PCR conditions 

along with the number of cycles and expected product lengths are listed below:  

Rgs16::GFP: 

Rgs16 5‟ forward: CACGACGTGCTGTCCTGCGTC  

eGFP reverse: GTAGCGGCTGAAGCACTGCAC 

Conditions: An: 61°C for 45sec, El: 50sec, 35x, product: ~300bp 

Rgs8::GFP: 

Rgs8 5‟ forward: GTAAATCCCTGCACCCAGCAG 

eGFP reverse: GTAGCGGCTGAAGCACTGCAC 

Conditions: An: 55.5°C for 1min, El: 1min 15sec, 35x, product: ~400bp 

Rgs16 KO: 

KO-Rgs16 forward: AGCACTTGCTGTAGAGGACATAGG 

Rgs16 3‟ reverse1: AGATCAGCAGCCTCTGTTCCACAT 

Conditions: An: 60C for 30sec, El: 45sec, 35x, product: ~400bp 

Rgs16 WT: 

WT-Rgs16 forward: ACAGCTCTGGTGATTCTGTGGGAT 

Rgs16 3‟ reverse2: TAGGGCTTGCAGGCATTCACTACT 
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Conditions: An: 62C for 25sec, El: 30sec, 35x, product: ~250bp 

ob/ob: 

ob forward: TGACCTGGAGAATCTCT  

Leptin reverse: GGAAGCCAAGGTTTCTT 

Conditions: An: 51°C for 1min 20sec, El: 1min 30sec, 43x, product: 266bp 

Leptin WT: 

WT-leptin forward: TGACCTGGAGAATCTCC 

Leptin reverse: GGAAGCCAAGGTTTCTT 

Conditions: An: 53°C for 1min 10sec, El: 1min 10 sec, 43x, product: 266bp 

ChREBP KO: 

KO-ChREBP forward: TGATGCCGCCGTGTTCC 

ChREBP reverse: GCGTTGAGCTCCTCTATTTCATCCC  

Conditions: An: 56°C for 1min 25sec, El: 3min, 35x, product: ~1200bp 

ChREBP WT: 

WT-ChREBP forward: ACTGAGTGTCCACCTGTCTCCC 

ChREBP reverse: GCGTTGAGCTCCTCTATTTCATCCC 

Conditions: same as KO-ChREBP, product: ~500bp 

Gα11 WT: 

Gα11 forward: GACACTGCCATCTGTACAAGG 

Gα11 reverse: GAGATTGACAGACGAGTTCTG 

Conditions: An: 55°C for 30sec, El: 1min 15sec, 34x, product: 410bp 

PANIC-ATTAC: 

Caspase8 forward: GAAAGTGCCCAAACT TCACAG  

Caspase8 reverse: CTTGTCATCCTTGTTGCTTACT 

Conditions: An: 58C for 30sec, El: 1min, 35x, product: 621bp (done by Zhao 

Wang) 

PCR outcome was verified by running samples in 1% agarose gel 

dissolved in TBE for 30min and comparing band sizes to 1kb+ ladder (Qiagen). 
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Aside from PCR, Rgs16::GFP copy number of heterozygous intercrosses was 

either assessed by olfactory bulb expression intensity of newborns from P0 to P3 

or via brain quantification of the sacrificed ChREBP KO, WT or heterozygous 

animals. Also, genotypes of all Rgs16::GFP mice were verified by invariant 

intestinal GFP expression prior to assaying pancreas.  

 

Blood glucose and insulin measurements 

 

Non-diabetic Rgs16::GFP mice had normal blood glucose levels between 

100-200 mg/dL. Therefore, we classified any value above that upper limit as 

hyperglycemic, rated as mild (200-300 mg/dL), moderate (300-450 mg/dL), 

severe (>450 mg/dL). Glucose values were measured from ~5µl tail blood using 

glucose strips in a glucometer (Ascentia Elite and Bayer Contour) with a read-out 

range of 20-600 mg/dL. Reads above upper threshold were recorded as 600 

mg/dL. For insulin measurements, blood was collected and incubated at 4°C 

overnight. Next day, samples were centrifuged at 14000rpm for 10min at 4°C and 

supernatants were collected as serum. Insulin values from blood serum were 

measured using an ELISA kit by I. W.-Asterholm. 

 

STZ treatments in mice 

 

STZ in powder form (Sigma-Aldrich) was dissolved in 0.1M NaCit solution at pH 

= 4.5 in separate tubes before each injection with a 1mg/200µl concentration. 

Total amount of STZ to be injected into mice was calculated individually for each 

mouse by normalizing it to per kg body weight. STZ amounts and number of 

consecutive treatment days for dose-response experiments were the following: 

40mg/kg x 1 day, 40mg/kg x 5 days, 65mg/kg x 3 days, 90mg/kg x 2 days, 

175mg/kg x 1 day. Negative control NaCit only injections were done with 
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volumes corresponding to 175mg/kg x 1 day and 65mg/kg x 3 days. Mice were 

sacrificed 8 days after the STZ administration period, except for single low STZ 

dosage and other NaCit controls which were sacrificed at day 14. For Rgs16::GFP 

time course of STZ treatment (65mg/kg x 3 days), mice were sacrificed at days 2, 

4, 6, 8, 10, 12, 15, and 20 post-STZ. Negative controls received 3 consecutive 

days of NaCit treatment with similar volumes as the STZ experimental group. 

STZ protocol (65mg/kg x 3 days) was also applied to male and female 

Rgs16::GFP mice with ChREBP
-/-

, ChREBP
+/-

, and ChREBP
+/+

 genotypes. All 

Rgs16::GFP females were sacrificed at day 15, whereas hyperglycemia of 5 non-

GFP ChREBP KO females was followed for 3 months post-STZ. Male mice with 

different ChREBP backgrounds were sacrificed at day 15 and 27. Two ChREBP
-/-

 

male mice were sacrificed day 55 post-STZ. 

 

Mouse glucose and insulin injections 

 

All glucose and insulin injections to mice were done intraperitoneally 

(i.p.) after dilution in PBS (Gibco). We tested the effects of both short-acting 

normal human insulin Humulin-R and the longer acting insulin protamine 

suspension Humulin-N on Rgs16::GFP. We injected mice with Humulin-R (2 

IU/kg) twice daily starting from the very onset of hyperglycemia at day 2 post-

STZ. We focused on day 15 comparison of STZ only and STZ + insulin groups, 

because that was the time interval when we observed a dramatic increase in GFP 

expression. Blood glucose levels of all the insulin-injected mice were measured at 

t = 0 min and t = 30 min at both noon (ZT6) and light-dark transition (ZT12) time 

points to confirm the strength and duration of insulin administration. Also, we re-

adjusted the initial insulin concentration (2 IU/kg/inj) in resistant mice up to 4.5x 

of the starting value (9 IU/kg/inj), as we dynamically followed and responded to 

resistant hyperglycemia in each mouse to achieve continuous daily transient 
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normalizations. In separate tests, animals were given Humulin-N (2 IU/kg) twice 

daily for 3 days starting at day 12, for 6 days starting at day 5, and with 5 IU/kg 

dosage for 6 days starting at day 10 post-STZ, respectively. Glucose injection of 

mice either alone or with exendin-4 was done with 2g glucose/kg mouse body 

weight injection of 1.39M glucose dissolved in PBS. Glucose tolerance test 

(GTT) protocol also utilized the same amount of glucose injection, followed by 

blood glucose assessment at certain time points up to 10hr post-administration, 

except one set of Rgs8-Rgs16 dKO mice on high fat diet was subject to GTT with 

1g glucose/kg mouse body weight. 

 

Caerulein treatments in mice 

 

Mice went through repetitive 5 caerulein (Sigma-Aldrich) administrations 

with 1hr intervals to induce pancreatic inflammation (Gukovsky et al., 1998; San 

Roman et al., 1990; Willemer et al., 1992). Each caerulein injection dosage was 

set as 50µg/kg mouse body weight dissolved in 100µl PBS. Mice were sacrificed 

at days 1, 2, 3, and 6 post-injection and their pancreata were dissected out and 

visualized under fluorescent microscope. 

 

Pancreas visualization 

 

We sacrificed Rgs16::GFP animals at various stages and pictured their 

pancreatic GFP expression using fluorescence microscopy (Zeiss). Animals were 

euthanized with CO2 followed by cervical dislocation. Internal organs from 

stomach to distal colon were removed, washed twice in ice-cold PBS, and placed 

in trays with PBS on ice. Pancreata were dissected using fine tip forceps in ice-

cold PBS under the microscope with ~10x total magnification. GFP expression 

was captured using a single-channel camera (Hamamatsu) in 1344 x 1024 
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resolution with 1 second exposure under 48x objective magnification using 1 x 1 

binning and analog gain = 10, analog offset = 2 settings. The number of pictures 

taken varied based on pancreas size, ranging from 1 for postnatal pups to 5 fields 

for adults (a representative survey of ~15% of the entire pancreas). For 

comparison of postnatal Rgs16::GFP expression with different ChREBP 

genotypes, P0-P6 pups were sacrificed. Their postnatal pancreata were visualized 

under 96x magnification. All quantification images were saved in gray-scale 16-

bit tiff image format without compression. Selected images were than pseudo-

colored, undergone brightness adjustments, and converted to jpeg file format for 

visual presentations. Pictures for visual representation were also taken under 48x 

objective using a triple-channel color camera (Olympus) in 1360 x 1024 

resolution and ISO 200 setting with exposures ranging between 1/6 to 1/1.5 

seconds. 

 

Image quantification 

 

16-bit gray-scale native images were quantified using ImageJ software 

(Girish and Vijayalakshmi, 2004). Background intensity was subtracted from each 

image using a rolling ball algorithm with the ball radius set to 50 pixels. 

Afterwards, a variable and tight threshold was set so that all parts of the image 

except islet and VDAC fall below the threshold. Intensities of all particles with 

size ≥ 5 pixels were then summed to obtain the total light intensity per image. 

Averaging all image intensities from the same pancreas yielded an average GFP 

intensity for that pancreas, and averages of all the pancreatic values within the 

same group were used for comparison. For consistency of quantification, 

Rgs16::GFP copy number variation among Rgs16::GFP
o/+

 and Rgs16::GFP
o/o

 

mice with different ChREBP genotypes was normalized by doubling the GFP 

intensity value of Rgs16::GFP
o/+ 

animals after confirming that  copy number 



 27 

 

differences of Rgs16::GFP BAC directly corresponded to a 2-fold difference in 

values as shown in the brain GFP quantification (Figure 12, insert). 

Longitudinally cut brain hemispheres were pictured under 48x magnification and 

with 0.1 second exposure. Brain Rgs16::GFP was quantified without background 

subtraction or threshold setting within a circle with 512 pixel radius selected at 

the center of each image. P0-P6 pancreas quantification of 96x images varied 

greatly because it was based on single image values and orientation of GFP+ cells 

within pancreas obscured accuracy of intensity comparison with this zoom level. 

 

PDAC isolation and SCID/NOD-SCID animal treatments 

 

Rgs16::GFP expressing PDAC primary tumor line was obtained from the 

late stage pancreatic tumor of a male Rgs16::GFP; Kras
flox-G12D

; Ink4a
flox/flox

; 

Ptf1a::CRE mouse. The large tumor was isolated from the animal and digested 

into single cells (L. Rivera). Cells were subcloned to enrich Rgs16::GFP 

expressing population (L. Rivera) and the resulting GFP+ subclone, called 

B12303, was propagated as the primary tumor cell line in culture. Primary PDAC 

cells had a doubling time of about 24hr in high glucose (25mM) media with 5% 

FBS. Rgs16::GFP expression was found be more pronounced at 50% FBS. 

Neither proliferation capacity nor adhesion strength of GFP+ and gfpNEG 

populations seemed to differ in PDAC culture. 

One million PDAC culture cells were transplanted orthotopically into the 

pancreata of immunocompromised SCID recipient mice (R. Brekken) (Bosma et 

al., 1983). Large tumors formed within two weeks. The tumor was isolated, 

frozen, sectioned, stained for GFP and endothelial cell markers, and visualized (L. 

Rivera, data not shown). 

We also used NOD-SCID mice to test blood serum derived enrichment of 

Rgs16::GFP in vivo (Bosma et al., 1983; Kikutani and Makino, 1992; Shultz et 
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al., 1995). PDAC culture cells with < 5% GFP+ population were resuspended at a 

concentration of 100,000 cells / 100µl in ice-cold PBS. Each animal was injected 

with 200,000 cells subcutaneously. About 3 weeks later, when the tumors on the 

side of the body started to reach about 1 cm
3
 volume, animals were sacrificed and 

their isolated solid tumor was visualized under inverted fluorescent microscope. 

 

Tissue culture PDAC maintenance 

 

PDAC cells were grown in 10% FBS containing 25mM glucose DMEM 

(Gibco) with 20mM Hepes (Gibco) and 1x penicillin/streptomycin (Gibco) at 

37°C and 5% CO2. Cells were passaged by washing twice with PBS and 

detaching with 0.05% trypsin-EDTA (Gibco) treatment for 5 minutes. Upon 

quenching with 10% FBS growth media and centrifugation at 500 rpm for 5 

minutes followed by aspiration of media, cells were resuspended in growth media 

at appropriate volume and distributed to overnight rat tail collagen1-treated 

(Gibco) plates at dilutions between 1:2 and 1:10. Cells retained a doubling time of 

24 hours. 

 

FACS and RNA-Seq of PDAC 

 

PDAC cells grown on forty 10cm plates were treated with 40% FBS 

overnight to induce Rgs16::GFP expression (V. Pashkov). Afterwards, cells were 

split into 2 groups based on GFP expression using fluorescence-activated cell 

sorting (FACS) (UT Southwestern flow cytometry core facility). Total RNA from 

FAC sorted GFP+ and gfpNEG populations was isolated and prepared for RNA-

Seq analysis (V. Pashkov). The results from UT Southwestern RNA-Seq core 

facility were normalized according to ERange method by C. Shen who calculated 

the gene expression levels of cumulatively 33111 entries including known genes, 
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predicted genes, pseudo genes, loci, and expressed sequence tags according to 

their reads per kilobase of exon model per million mapped reads (rpkm) 

(Mortazavi et al., 2008; Nagalakshmi et al., 2008; Wang et al., 2009). The cut-off 

value for deciding expression was set at rpkm ≥ 1 and any gene with a lower 

value was assumed as non-expressed in that pool. Consequently, 12546 genes 

were regarded as expressed in either of these PDAC populations. To see if a gene 

was preferentially expressed in either population, genes that had a more than 1.5-

fold increase or decrease in one population over another were sorted out by taking 

the RNA quantitative rpkm ratio of GFP+/gfpNEG and gfpNEG/GFP+ separately. 

 

GPCR search in PDAC RNA-Seq data 

 

In order to obtain GPCR profiling of PDAC, a comprehensive list of all 

mouse genomic DNA sequences with similarity to GPCRs was compiled via 

BLAST search by Lisa Kinch. This list with over 1600 GPCRs was searched for 

gene expression from the RNA-Seq ERange data via their main and alternative 

symbols individually (Kroeze et al., 2003). Like before, rpkm value of 1 was set 

as a threshold and any gene that was below that in both GFP+ and gfpNEG 

populations was regarded as non-expresser. In addition, Etsuko Moriyama 

identified GPCRs expressed in PDAC by searching for exact sequence matches 

between short cDNA sequence reads and mouse GPCR libraries compiled from 

NCBI, Ensembl, and UCSC gene databases. Any gene missing in the first GPCR 

list was then additionally searched. Occasionally, a gene either could not be found 

or had absolute zero in the ERange list, but had high total RNA fragment counts 

according to Etsuko Moriyama‟s assessment. Such genes with high RNA counts 

were graphed separately and regarded as likely expressers. GPCRs without 

comprehensive ligand data were regarded as orphans. 
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GPCR search in pancreatic islet database 

 

Alan Attie‟s database of pancreatic islet microarray in lean and ob/ob mice 

with C57BL6 and BTBR backgrounds was used to look for the relative expression 

of GPCRs in islets (Keller et al., 2008). ob/ob mice in the BTBR background was 

shown to get obesity derived type 2 diabetes, whereas ob/ob mice were not 

hyperglycemic in C57BL6 background at 10 weeks of age. The difference 

between these 2 backgrounds was claimed to lie in their beta cell expansion 

capacity, with BTBR mice being defective in comparison to C57BL6 mice, which 

expanded beta cells normally (Keller et al., 2008). We compiled a list of 124 

GPCRs which included 63 GPCRs expressed in PDAC and GPCRs shown to be 

present in islets along with their family members (Ahren, 2009; Regard et al., 

2007; Regard et al., 2008). With the help of M. Keller from the Alan Attie 

laboratory, we compared their expression in the lean and obese mice at 4 and 10 

weeks of age. Differences in expression between lean and ob/ob mice in either 

background were summarized in a heat map we received from M. Keller on a 

logarithmic scale calculated upon normalization of the values based on all the 

samples from the same strain. The majority of GPCRs had constant expression 

level in all groups (data not shown).  

 

ISX treatment of PDAC 

 

N-Cyclopropyl-5-(thiophen-2-yl)isoxazole-3-carboxamide (shortened as 

ISX) was obtained from J. Schneider (Schneider et al., 2008). ISX concentrations 

spanning several orders of magnitude were obtained by 3-fold dilutions of starting 

100µM master mix. DMSO as the solvent of ISX served as negative control. Total 

cell number and GFP+ cells among them were counted with cell counter under 

microscope. Representative pictures were taken with 20x objective, whereas cells 
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were counted with 40x objective for convenience. Multiple distinct fields were 

counted and averaged. 

 

Mouse ISX injections 

 

To test ISX under diabetic conditions in vivo, adult Rgs16::GFP mice were 

treated with STZ (65mg/kg x 3 days) and then i.p. injected with ISX dissolved in 

its carbohydrate based carrier cyclodextrin daily from day 5 until day 12 post-

STZ. As diabetes control, NaCit-treated animals were also injected with ISX in 

the same time interval, whereas cyclodextrin only injections for 6 days served as 

control for the carrier. For day 15 post-STZ time points, ISX and cyclodextrin 

injections were done the same way, except they started at day 8 and day 10, 

respectively. Putative effects of ISX on VDAC were tested in Rgs16::GFP pups. 

P15 animals were i.p. injected ISX daily for 10 days and sacrificed afterwards for 

pancreas visualization. 

 

HDAC inhibitor treatment of PDAC 

 

We obtained LDR 6020 cancer cell line transfected stably with a CMV-

GFP construct from E. Martinez (Johnson et al., 2008). The CMV promoter in 

these cells was repressed by nucleosomes and DNA hypermethylation (Johnson et 

al., 2008). Consequently, LDR 6020 cells did not express this GFP reporter under 

regular culture conditions. It was shown that HDAC inhibitors were able to 

abolish this repression causing enhanced GFP expression in a dosage dependent 

manner (Johnson et al., 2008). This cell line became our positive control for the 

functionality of several inhibitors of HDAC we tested simultaneously in primary 

PDAC. Trichostatin A (400nM), romidepsin (depsipeptide) (25ng/ml), and ISX 

(50µM) were dissolved in DMSO, whereas butyrate (10mM) was dissolved in 
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water. DMSO served as control for basal GFP level, whereas ISX was the positive 

control to compare GFP+ cell fraction and GFP brightness inside cells. Cells were 

visualized under 20x objective. 

 

Mouse exendin-4 injections 

 

Exendin-4 was dissolved in PBS at 25mM concentration. Exendin-4 daily 

dosage was set as 0.05nmol per mouse or ~5ug/kg mouse body weight. The 

experimental set-up involved i.p. injection of exendin-4 to mice twice daily at 

noon (ZT6) and light-dark transition (ZT12) for 3 or 6 days. Glucose and exendin-

4 co-injected group was compared to glucose only controls to test the acute 

hyperglycemia coupled GFP induction potential of exendin-4. Day 1 and day 6 

glucose levels and day 3 insulin levels at t = 0 and t  = 1hr were compared to 

determine if exendin-4 stimulated insulin secretion. PBS only injections served as 

negative control. 

 

 



RESULTS 

 

PART 1: Chronic hyperglycemia is the primary condition driving 

Rgs16::GFP in islets of type 2 diabetic models 

 

Summary: Beta cells of the pancreatic Islets of Langerhans are long lived cells 

with low proliferation rates in normal glycemic young adults. The absence of 

Rgs16::GFP in islets of normal glycemic young adults was striking, given the 

intense expression of Rgs16::GFP in proliferating beta cells during pancreas 

development and maturation. In order to determine if Rgs16 could be reactivated 

in islet beta cells under metabolic stress, we utilized models of type 2 diabetes 

induced by leptin deficiency or diet-induced obesity. Our findings indicate 

Rgs16::GFP is expressed in pancreatic islets in response to chronic hyperglycemia 

of type 2 diabetes. 

 

1.1: Chronic hyperglycemia drives Rgs16::GFP expression in islet beta cells 

of obese ob/ob mice 

 

 We used the leptin deficient ob/ob mouse model to look for pancreatic 

expression of Rgs16::GFP. Both males and females showed elevated blood 

glucose levels during the second and third months of age, but increasing insulin 

production from expanded islets lowered blood glucose levels until massive beta 

cell failure in mice about 20-24 weeks of age (Figure 5A). We followed GFP 

expression in animals sacrificed at various ages between 5 to 24 weeks of age. 

Extreme and persistent hyperglycemia in ob/ob mice stimulated the onset and 

progression of Rgs16::GFP expression in pancreas, especially in mice with serum 

insulin levels above 35 ng/ml (Figure 5B, C). As previously reported, wild type 

(WT) and most ob/+ animals were normal glycemic and did not express 
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Figure 5: ob/ob mice express pancreatic Rgs16::GFP during chronic hyperglycemia proportional 

to age and hyperinsulinemia.

A B C

D
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Rgs16::GFP in islets (Figure 5C). We were surprised to find that 5 week old 

ob/ob mice, which had been hyperglycemic for two weeks, did not express 

Rgs16::GFP in islets. GFP was not readily apparent in islets until mice were both 

hyperglycemic and hyperinsulinemic at about 9-12 weeks of age. Throughout the 

pancreas, early expression seemed to be constrained to a few cells in a few islets, 

but would spread to more cells and more islets at later stages (Figure 5C).  

Elevated blood insulin levels were suggesting past or ongoing beta cell expansion 

to meet the demands of peripheral insulin resistance and resultant hyperglycemia 

(Ackermann and Gannon, 2007). We plotted all the parameters correlating with 

GFP expression and noticed that increasing age, glucose, and insulin levels 

positively correlated with higher Rgs16::GFP expressing islet beta cells (Figure 

5D). Image quantification indicated the highest GFP was in mice over 20wk of 

age, with at least 300 mg/dL glucose and 35 ng/ml insulin.
 5
 

Based on these results, we tentatively concluded that Rgs16::GFP 

expression in islets was affected by multiple parameters. Although Rgs16::GFP 

expression in ob/ob mice was proportional to insulin level (Figure 5B), it was not 

or only weakly expressed in younger mice with very high levels of insulin 

between 13-33ng/ml (Figure 5C). Therefore, it seemed unlikely that Rgs16 

responded to Gαq-coupled signals that enhance insulin secretion (Sassmann et al., 

                                                 

Figure 5: ob/ob mice express pancreatic Rgs16::GFP during chronic 

hyperglycemia proportional to age and hyperinsulinemia 

Panel A shows blood glucose curve of Rgs16::GFP; ob/ob male and female mice. 

Error bars are SD. Panel B compares single image GFP quantification of ob/ob 

mice with their serum insulin levels. Rgs16::GFP; ob/+ animals are control for 

ob/ob group and non-GFP ob/ob animals are control for GFP expression. Error 

bars are SD. Panel C outlines representative GFP expression of mice and their 

corresponding age, blood glucose and blood insulin level in that order. Genders 

are indicated at the sides of the panel. Red arrows and arrow heads point to large 

and small islets, respectively. Correlation between GFP, glucose and insulin 

levels is graphed on Panel D with color spectrum indicating age in weeks 

(Villasenor et al., 2010). 
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2010; Xu et al., 1999b). Beta cell expansion is assumed to occur in response to 

chronic hyperglycemia (Sachdeva and Stoffers, 2009). To further investigate 

GPCR-regulated insulin release and beta cell expansion as potential causes of 

Rgs16::GFP expression, we tested wild type mice rendered insulin resistant by 

diet-induced obesity next. We later compared the outcome to type 1 diabetes 

mouse models, which are hyperglycemic because of massive beta cell death and 

subsequent failure to produce insulin, to type 2 diabetes. 

 

1.2: Naturally obese mice fed normal chow can express Rgs16::GFP in islets 

 

To determine if naturally occurring type 2 diabetic mice with WT leptin 

gene would express Rgs16::GFP in the pancreas, we assayed older obese mice 

(age ≥ 4.5mo) in our colony with normal or elevated glucose levels. These 

Rgs16::GFP mice had great variation in body weight and a subset was 

hyperinsulinemic and/or hyperglycemic (Figure 6A). We identified naturally 

obese mice (> 40g). Blood glucose and insulin levels were measured for 1-2 

months before sacrifice. 19 of 26 mice we assayed had little or no GFP expression 

(< 0.2 x10
6
), as seen, for example, in the mice labeled as „v‟ to „z‟ (Figure 6). 

Some of these mice had been hyperinsulinemic two months prior but had normal 

insulin levels on the sacrifice day (Figure 6C, „w‟ and „y‟). 7 mice labeled „a‟ to 

„g‟ in the order of decreasing intensity expressed GFP in many islets. Their blood 

glucose levels were usually normal within the observation period among these 

mice, but 5 of them were mildly hyperglycemic at some point during their life 

span (Figure 6B).  

Quantified GFP expression of these overweight mice was compared to 

their sacrifice day glucose, insulin, body weight, and age (Figure 6D, E, F, G). Of 

seven GFP expressing mice, two (a-b) had among the highest Rgs16::GFP 

expression we have ever observed (> 1.5 x 10
7
), two (c-d) had obvious GFP+  
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Figure 6: Naturally occurring fat mice on normal chow can express pancreatic Rgs16::GFP.
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islets throughout the pancreas (~1.5 x 10
6
), whereas the last three (e-g) had only 

moderate expression (< 0.5 x 10
6
). The sacrifice day blood glucose levels of „a‟, 

„c‟, „e‟, and „g‟ were elevated. The GFP values were not always proportional to 

blood glucose concentration (Figure 6D). Insulin levels were also high in mice 

„a‟, „c‟, „e‟, and „g‟ corroborating the observation in ob/ob mice that Rgs16::GFP 

was most likely to be expressed in older mice when glucose and insulin levels 

were elevated (Figure 6E). Age and body weight values were not good predictors 

of expression intensity (Figure 6F, G). Mice with highest GFP tended to be 

around 4-6 months old, with expression being weaker in older mice that might 

have recovered normal glycemia after beta cell expansion.
 6

 

Interestingly, we found that naturally fat mice can express as much 

Rgs16::GFP in islets as leptin-deficient ob/ob mice. Clearly, the Rgs16::GFP 

expression in ob/ob was not due to leptin deficiency but hyperglycemia. We saw 

that unmanipulated naturally fat mice that normalize their blood glucose levels 

might abolish their islet expression as with mouse „y‟. Furthermore, two GFP+ 

mice („d‟ and „f‟) had normal insulin levels at sacrifice day, indicating that insulin 

levels might fluctuate or that GFP expression was not solely responsive to 

                                                 

Figure 6: Naturally occurring fat mice on normal chow can express 

pancreatic Rgs16::GFP 
Panel A shows the distribution of body weight and blood glucose levels of 

Rgs16::GFP transgenic adult mice from our colony with various ages (n = 382) 

maintained with normal chow ad libidum. Dotted gray lines mark the postulated 

interval of normal glucose concentration. 26 mice (Body weight > 40g) that were 

picked from that pool are colored. 7 mice with the highest GFP levels are colored 

green and denoted from „a‟ to „g‟ in the decreasing order of GFP intensity, 

whereas 5 GFP non-expressing mice are colored pink and denoted from „v‟ to „z‟ 

likewise. Panel B shows the glucose level course of 6 highest GFP expressing 

(except b at 4.8mo) and 5 GFP non-expressing mice over a 1 to 3 month time 

period. Panel C shows insulin level course of the same over the same time period. 

Panel D, E, F, and G show glucose, insulin, body weight, and age of the 

quantified mice at their sacrifice day, respectively. Panel H compares a pancreatic 

picture of mouse „a‟ to that of „z‟. Scale bar is 1mm. 
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enhanced insulin secretion or circulating blood insulin. Hyperinsulinemia seemed 

to merely increase the chances of GFP expression. This was consistent with the 

hypothesis that Rgs16::GFP was expressed during beta cell expansion phase, 

rather than in islets of mice that had recovered normal glycemia but might remain 

hyperinsulinemic. These results showed Rgs16::GFP expression can occur in 

pancreas of naturally obese mice. Therefore, expression in ob/ob mice we 

previously observed was a robust and relatively uniform model of hyperphagy 

induced obesity, mimicking the condition of naturally obese mice with WT leptin 

gene.  

 

1.3: High fat diet promotes Rgs16::GFP in islets of mildly hyperglycemic 

mice 

 

Progression towards type 2 diabetes is exacerbated by chronic conditions 

of high insulin demand, as occurs in obesity and metabolic syndromes. After 

seeing Rgs16::GFP expressed in beta cells of expanding islets in ob/ob mice and 

in a fraction of older and heavier mice in our colony, we chose to determine if 

pancreatic Rgs16::GFP could be induced by maintaining mice on high fat diet 

(Ikemoto et al., 1996; Tsunoda et al., 1998). We set up recently weaned 

Rgs16::GFP mice either with 60% fat (60% HF), where 60% of all calories are 

derived from fat, or with 40% fat, 40% carbohydrate chow (40% HF). Mice 

continued to receive normal chow (NC) served as control. We monitored the body 

weight, blood glucose, blood insulin, and food consumption weekly over the 

course of 16 weeks (Figure 7A, D, E, F). We also gave elder adult mice either 

40% HF or 60% HF (Figure 7A, B, C). Although we noticed minor spikes of 

blood glucose levels at isolated days within the younger groups, only couple of 

60% HF mice became consistently but mildly hyperglycemic. Weight gain in the 
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Figure 7: 10 weeks of 60% fat diet increases the incidence of diabetes and induces Rgs16::GFP in 

mildly hyperglycemic mice.
A

F

E

G

B

C

D

Diet Groups #Total #GFP+ GFP Intensity* Time   Age*   BW*   [Ins]*   [Glu]*

(x10
3
) HFD (wk)   (mo)   (g)   (ng/ml)   (mg/dL)

60% HF 11 3 (27%) 993 ± 617 16 6 ± 0 60 ± 3 29 ± 2 267 ± 38

60% HF 8 1 (13%) 210 16 5 55 TBD 188

40% HFHC 16 2 (13%) 561 ± 369 10 5 ± 0 54 ± 0 16 ± 14 171 ± 42

40% HFHC 11 0 (0%) 2 ± 2 16 5 ± 0 49 ± 3 6 ± 2 163 ± 19

NC, Fat mice 26 7 (27%) 11468 ± 22524 8 ± 3 53 ± 6 23 ± 19 173 ± 43

NC, Lean mice** 28 0 (0%) 18 ± 25 5 ± 2 41 ± 4 7 ± 6 140 ± 27
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16wk 60% HF and 40% HF groups was slightly higher than NC group. 40% HF 

mice ate less than the NC controls suggesting a similar total calorie intake
7
 

between the two groups (Figure 7F). Rgs16::GFP was not induced in either the 

40% HF or NC younger mice consistent with similarities in terms of blood 

glucose and body weight among these two cohorts, and in most of the mice in our 

colony (Figure 7G). Only one mouse showed consecutive mild hyperglycemia 

from 60% HF group and had noticeable GFP expression. With 10 week long 40% 

HF and 60% HF groups that started this diet in adulthood, we observed some 

mice that had become hyperinsulinemic and mildly hyperglycemic towards the 

end of their 10wk diet period (Figure 7A, C, D). Two of 16 and three of 11 mice 

from the 40% HF and 60% HF groups, respectively, showed clear GFP expression 

and these expressers had the longest periods of mild hyperglycemia (Figure 7G). 

Weight gain and percentage of GFP expressing mice was greatest in the 10wk 

60% HF elder group. As seen with GFP+ naturally obese mice, these results 

                                                 

Figure 7: 10 weeks of 60% fat diet increases the incidence of diabetes and 

induces Rgs16::GFP in mildly hyperglycemic mice 

Panel A compares glucose course of different diet groups. Ages of mice at their 

day of sacrifice are shown in parentheses. Dotted gray lines mark the postulated 

interval of normal glucose concentration. Body weight course of Rgs16::GFP 

mice maintained on normal chow (NC), 60% fat & 20% carbohydrate (60% HF) 

chow, or 40% fat & 40% carbohydrate (40% HFHC) chow are indicated on 

Panels B and E with their corresponding controls of same age. 40% HFHC and 

60% HF groups are age matched with their corresponding controls in the graphs. 

Panel C shows the starting and end blood insulin levels of 60% HF, 40% HFHC, 

and NC groups. Panel D shows the insulin level change of some younger mice 

from 40% HFHC (n = 3) and NC (n = 4) groups from 12th to 16th week. Panel F 

shows food consumption of younger 40% HFHC group and NC controls. All error 

bars are SD. The table on Panel G summarizes the incidence of GFP expression 

based on diet (yellow highlighted groups) and compares it with naturally lean or 

heavy mice from our colony from Figure 2. Values are shown with standard 

deviations where applicable. TBD: To be done. * indicates data for only GFP+ 

mice from that group. ** insulin values of normal chow lean group are coming 

from 16 mice out of 28. 
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confirmed that Rgs16::GFP expression could be induced by increased caloric 

intake but did not require leptin deficiency, as seen in ob/ob mice. Diet did not 

influence GFP levels if body weight was maintained at normal levels. 60% HF 

caused the greatest weight gain and was the most efficient diet for inducing 

Rgs16::GFP expression. Presumably, obesity promoted insulin resistance, which 

stimulated compensatory beta cell expansion and Rgs16::GFP expression. 

 

1.4: Glucose supplements are insufficient to induce pancreatic Rgs16::GFP 

 

Because Rgs16::GFP expression in islets of type 2 diabetic mice appeared 

to be responsive to blood glucose and insulin levels, we wanted to determine 

whether dietary saccharides could induce Rgs16::GFP in islets. We provided 

Rgs16::GFP mice either 5% sucrose-water or water ad libidum for 2 weeks. All 

mice remained euglycemic and maintained normal body weight during that period 

(Figure 8A, B). Both groups were fed normal chow ad libidum. At the end of 2 

weeks, neither 5% sucrose-water nor control mice were expressing Rgs16::GFP 

(data not shown).  

We also tested if twice daily injections of glucose (2g/kg) for six days 

would be sufficient to induce Rgs16::GFP in islets (Figure 8C). Blood glucose 

levels were elevated 1 hour after each glucose injection but returned to normal 

prior to the next glucose injection either that afternoon or the next morning (data 

not shown). None of the mice expressed GFP in islets after six days of this 

injection protocol. 

The lack of induction of Rgs16::GFP as a result of systematic acute 

hyperglycemia in ad libidum fed mice suggested that neither transient increases in 

blood glucose level nor the resultant insulin secretions were sufficient to cause 

pancreatic GFP expression. This left us to believe that severe chronic 

hyperglycemia was the primary inducer of Rgs16::GFP in islets. 
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Figure 8: Sucrose-water and glucose injections are insufficient to induce pancreatic Rgs16::GFP in 

normal glycemic mice.
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1.5: Starvation induced hypoglycemia does not stimulate pancreatic 

Rgs16::GFP 

8
 

According to results so far, chronic hyperglycemia induced Rgs16::GFP in 

beta cells of islets. Because Rgs16::GFP was expressed in beta cells during 

embryonic and postnatal development, induction in hyperglycemic adults could 

be viewed as reactivation of a developmental program (Villasenor et al., 2010). 

The first endocrine expression of Rgs16::GFP during the secondary transition of 

embryonic pancreas development at e12.5 occurred in glucagon expressing cells 

(Villasenor et al., 2010). Therefore, we tested if stimulation of glucagon-releasing 

alpha cells could stimulate Rgs16::GFP in islets. We induced chronic 

hypoglycemia by a strenuous restricted feeding protocol that had previously been 

shown to promote ghrelin dependent stimulation of hepatic gluconeogenesis 

during starvation (Zhao et al., 2010). 

Animal feeding was restricted to 1 hour per day for 6 days. These mice 

rapidly lost weight and became hypoglycemic (Figure 9A, B). The mice adapted 

to this type of starvation by increasing their food intake during the 1hr feeding 

period over the course of 6 days (Figure 9C). Rgs16::GFP expression was not 

detected in pancreata after 6 days (Figure 9D, E). This negative outcome 

suggested that islet GFP expression was the result of signals relayed during 

                                                 

Figure 8: Sucrose-water and glucose injections are insufficient to induce 

pancreatic Rgs16::GFP in normal glycemic mice 

Panel A and B compare 5% sucrose containing water given Rgs16::GFP mouse (n 

= 5) body weight and blood glucose levels to those given water only (n = 6) over 

15 days, respectively. Both groups were given normal chow ad libidum. Panel C 

compares the basal glucose level and 0-1hr glucose time course of PBS (2 ≤ n ≤ 

11) or glucose (4 ≤ n ≤ 10) i.p. injected mice over 6 days. Error bars are SD. 

Example pictures of mouse pancreas after 6 days of daily PBS or glucose 

injections are shown in Panel D. Scale bar is 1mm. 
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Figure 9: Restricted feeding dependent hypoglycemia does not induce pancreatic Rgs16::GFP
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chronic hyperglycemia and not just as consequence of imbalance in glucose levels 

or stimulation of glucagon release from alpha cells, as occurs in response to 

starvation. Nonetheless, longer term experiments will be necessary to determine if 

alpha cell expansion induces Rgs16::GFP in pancreatic islets.
 9

  

 

1.6: Caerulein mediated pancreatic inflammation does not induce 

Rgs16::GFP 

 

Rgs16 expression was previously implicated with lymphocyte migration 

and homing in splenic germinal centers in an NF-κB dependent way (Hsu et al., 

2008; Li et al., 2001; Xie et al., 2010). Diabetic conditions have been known to be 

closely tied to immune responses, such as the infiltration of T cells associated 

with islet loss causing type 1 diabetes (Beattie et al., 1980; Bluestone et al., 2010). 

We therefore asked if initiating an immune response in the acinar pancreas could 

induce Rgs16::GFP expression. Caerulein is a cholecystokinin mimetic and an 

inflammatory agent causing excess pancreatic juice secretion from acinar cells 

(Anastasi et al., 1967, 1968; De Caro et al., 1968; Gukovsky et al., 1998; Lampel 

and Kern, 1977; Niederau et al., 1985; Niederau and Grendell, 1999; San Roman 

et al., 1990). This initiates an immune response accompanied by swelling and 

edema formation (Lampel and Kern, 1977; Niederau et al., 1985). 

                                                 

Figure 9: Restricted feeding dependent hypoglycemia does not induce 

pancreatic Rgs16::GFP 
Panel A shows the average blood glucose level of fasting mice before and after a 

1hr normal chow restricted feeding for 6 days. Panel B depicts the body weight 

shift of fasting mice before and after diet. The average food consumption 

normalized per mouse per day during restricted feeding is shown in Panel C. 

Pancreas GFP quantification of restricted fed (RF) mice is compared to mice ad 

libidum fed with normal chow (NC). Mice injected with STZ at day 6 and day 15 

serve as positive GFP control, whereas NaCit mice at day 15 serves as negative 

GFP control in Panel D. Example pictures of a pancreas at the end of restriction 

feeding period are shown in Panel E. Scale bar is 1mm. 
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Figure 10: Caerulein mediated pancreatic inflammation does not induce Rgs16::GFP
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 We treated mice with caerulein to induce pancreatitis. None of these mice 

noticeably expressed pancreatic Rgs16::GFP at any time point (Figure 10). This 

suggested that a general inflammatory response was not sufficient to induce 

pancreatic Rgs16::GFP expression. Furthermore apoptosis of acinar cells did not 

seem to induce GFP expression (Dittmer et al., 2008; Sasson et al., 2003). 

Henceforth, we focused our efforts on characterizing Rgs16::GFP under glucose 

stress and testing other diabetic models of chronic hyperglycemia.  

 

10
 

                                                 

Figure 10: Caerulein mediated pancreatic inflammation does not induce 

Rgs16::GFP 

Example pictures of pancreatic Rgs16::GFP expression of normal glycemic mice 

treated with caerulein (50ug/kg BW x 5 times) compared at days 1, 2, 3, and 6 

post-injection are shown in Panel A. Scale bar is 1mm. GFP levels are compared 

in Panel B. Day 6 and 15 STZ-treated and day 15 NaCit given animals are 

included as positive and negative control of expression, respectively. 



PART 2: Chronic hyperglycemia is the primary condition driving 

Rgs16::GFP in islets of type 1 diabetic models 

 

Summary: Rgs16::GFP was expressed in islets of type 2 diabetic mice, including 

ob/ob, naturally obese, or diet induced obese wild-type mice. We proposed Rgs16 

was induced in response to beta cell expansion rather than signals regulating 

insulin release. If true, Rgs16::GFP could be initiated by any chronic 

hyperglycemia, including type 1 diabetes due to pancreatic beta cell depletion 

(Bluestone et al., 2010). Furthermore, inducible beta cell depletion would allow 

us to control the onset of beta cell expansion and conduct a short-term time course 

for Rgs16::GFP induction. We found that Rgs16::GFP is expressed in pancreatic 

islets during type 1 diabetes. Its intensity and onset is determined by the severity 

and duration of hyperglycemia. GFP expression is reduced following insulin 

injections that transiently restore normal glycemia and is extinguished in mice 

that recover normal glycemia after beta cell expansion. 

 

2.1: Rgs16::GFP in islet beta cells of PANIC-ATTAC male mice gradually 

increases with duration of hyperglycemia 

 

 Initially, we utilized PANIC-ATTAC as a type1 diabetic model (Wang et 

al., 2008). Apoptosis in these otherwise normal glycemic mice could be triggered 

anytime by a drug administration that causes the FKBP-Caspase8 monomers 

inside the cell to form dimers and become active (Pajvani et al., 2005; Wang et 

al., 2008). Specific expression in beta cells was dictated by the rat insulin 

promoter, thus limiting the apoptotic signal to islets (Wang et al., 2008). As seen 

in Figure 11A, male mice became hyperglycemic after 5 consecutive days of 

dimerizer treatment. By contrast, most female mice remained normal glycemic. 

The female mice are presumably protected against apoptosis due to their higher 
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Figure 11: Inducible PANIC-ATTAC mice express pancreatic Rgs16::GFP in a rate proportional to 

the onset of hyperglycemia in male mice.
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estrogen level (Le May et al., 2006; Liu et al., 2009). In the 7 week long period 

following induction of diabetes, male mice maintained their high glucose levels. 

Although the degree of beta cell apoptosis in males might be variable as seen with 

the large spectrum of day 5 glucose levels, all males became severely 

hyperglycemic within ten days. 

The GFP levels of the PANIC-ATTAC mice were usually proportional to 

the duration of hyperglycemia, as observed previously in type 2 diabetic mice 

(Figure 11C). GFP expressing cells could barely be detected within the first week 

of hyperglycemia but spread to more islets and accumulated in more cells within 

islets, during following weeks. GFP intensity reflected the severity of 

hyperglycemia at day 5 post-dimerizer (Figure 11B). However, insulin levels 

were uniformly low and apparently had little or no relevance. If all parameters 

were considered, the highest GFP expressers corresponded to the mice with the 

highest glucose levels and with the longest duration of hyperglycemia (Figure 

11D). 
11

 

As we clearly observed that Rgs16::GFP was induced even with low 

insulin levels, we became more convinced that chronic hyperglycemia was the 

determining factor of islet GFP expression. We observed at least one 

                                                 

Figure 11: Inducible PANIC-ATTAC mice express pancreatic Rgs16::GFP in 

a rate proportional to the onset of hyperglycemia in male mice 

Panel A shows glucose curve of Rgs16::GFP; PANIC-ATTAC male and female 

mice injected with dimerizer for 5 days. a, b, d, e, f, g are male and c and h are 

female mice. The glucose course of c is depicted with dashed black bar. Error bars 

are SD. Correlation of pancreatic GFP expression to the severity of day 5 

hyperglycemia with linear regression curve is shown on Panel B. Filled circles are 

males and open circles are females. Outlier males are indicated with diamonds. 

Islet (red arrow for big, red arrow head for small islet) and VDAC (white arrow) 

expression of different mice are indicated on Panel C. Individual labels are 

matching to those from other panels. Scale bar is 100um. Comparison of single-

image GFP quantification, glucose and insulin at sacrifice day is shown in Panel 

D. The number of days after 1st dimerizer injection is indicated in the color 

spectrum (Villasenor et al., 2010). 
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hyperglycemic GFP+ female, corroborating previous observations in ob/ob mice 

that islet Rgs16::GFP expression during diabetes was not gender specific. Aside 

from the reported protection against apoptosis, the initiation of beta cell expansion 

was likely to be the same in females and males (Ackermann et al., 2009; Le May 

et al., 2006). Because of close associations between the intensity of 

hyperglycemia and Rgs16::GFP in the pancreas, we postulated that a 

“hyperglycemic sensor” could be stimulating GPCR signals for pancreatic beta 

cell expansion and induction of Rgs16 transcription. 

 

2.2: Recovery of normal glycemia in PANIC-ATTAC mice extinguishes 

Rgs16::GFP in islets 

 

Upon confirmation of Rgs16::GFP expression in PANIC-ATTAC mice, 

the hypothesis remained that Rgs16::GFP was marking beta cells that responded 

to GPCR signals released during both type 1 and type 2 diabetes. It also suggested 

that insulin levels might not play a direct role in pancreatic GFP induction but 

instead respond to concomitant chronic hyperglycemia. If Rgs16::GFP induction 

was tied to glucose levels, then it would be interesting to know what would 

happen to GFP levels if mice were to recover from diabetes and restore 

euglycemia. With this question in mind, we looked for the outcome of recovery in 

PANIC-ATTAC mice (Wang et al., 2008). 

Although all PANIC-ATTAC male mice became hyperglycemic within 20 

days of dimerizer injection, persistence of hyperglycemia was variable. About 4 

months after the initial beta cell ablation, six mice were either normal glycemic or 

slightly hyperglycemic (Figure 12A). By contrast, two mice continued to have 

severe hyperglycemia from 8 to 11 months after the initial beta cell ablation, 

whereas four of their littermates were normal glycemic. As the images from 
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Figure 12: Rgs16::GFP diminishes in recovered PANIC-ATTAC but not in hyperglycemic mice 4 -

11 months after beta cell ablation.
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Figure 12B show, both hyperglycemic mice at 11 months, and one mouse at 4 

months with slightly elevated hyperglycemia, had Rgs16::GFP expression. All 

euglycemic mice from either time point had little to no expression as reflected in 

the quantifications in Figure 12E. One normal glycemic mouse at 11 months had 

an isolated islet expression within a field of expanded lobe. This remnant 

expression suggested that Rgs16::GFP had persisted in all animals until they 

recovered from hyperglycemia. Body weights were similar in all groups making 

an underlying type 2 diabetic induction unlikely (Figure 12C). Furthermore,
 12

 

insulin levels did not correlate with the GFP level, as a hyperinsulinemic mouse at 

11 months did not have GFP expression and the other mice all had similar insulin 

levels (Figure 12D). It appears that as glucose levels normalized, the signal to 

expand islets was extinguished explaining diminished GFP expression.  

                                                 

Figure 12: Rgs16::GFP diminishes in recovered PANIC-ATTAC but not in 

hyperglycemic mice 4 - 11 months after beta cell ablation 
Blood glucose levels of PANIC-ATTAC mice after dimerizer treatment are 

shown in days after treatment in the short time point segment on the left and in 

months in the middle and long time points located on the center and right parts of 

Panel A, respectively. Ages range between 12-13 months for the mice at 4 months 

post-dimerizer time point (groups C and D) and 16-19 months for those at 11 

months post-dimerizer (groups A and B). Example mice are indicated with (a, a‟) 

for hyperglycemic, with (b, b‟) and (c, c‟) for euglycemic 11 months and 4 

months post-dimerizer mice, and (d, d‟) for the control mice respectively. Mice in 

groups A, B, and C are indicated with their individual glucose values, except 

group C mice have the average of 3 days at 4 months time point. Group D mice 

are non-PANIC negative control injected with dimerizer and their values are 

shown as mean with SD error bars. Corresponding 48x colored pancreas pictures 

of (a, a‟), (b, b‟), (c, c‟), and (d, d‟) are shown in Panel B with sacrifice day blood 

glucose (mg/dL) levels top right. Scale bar is 1mm. Panels C and D compare the 

sacrifice day body weight and insulin levels of mice to their GFP expression. 2 

mice that remained hyperglycemic in the long time course post-treatment are 

indicated in red color, whereas 4 normal glycemic counterparts are black. 6 

normal glycemic middle time course mice are brown. Panel E compares the GFP 

quantification of hyperglycemic, normal glycemic, and control groups. Error bars 

in SD. Student‟s t test (unpaired, two-tailed) shows significance in-between. p < 

0.05 (α), p < 0.01 (β), p < 0.0001 (δ). 
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These observations showed us that the expression of Rgs16::GFP was 

dynamic and closely tied to blood glucose levels. Consequently, if mice achieved 

euglycemia, Rgs16::GFP would no longer be induced, indicating the completion 

of beta cell expansion and cessation of expansion specific GPCR signals. 

Furthermore, abolishment of GFP as early as 4 months after inception of 

hyperglycemia showed that putative drugs to promote beta cell expansion could 

be tested in this model within this time frame. In addition, the persistence of 

Rgs16::GFP 11 months after beta cell death showed that the GPCR signals of beta 

cell expansion are continuously released as long as diabetes is untreated. As a 

result of all these correlations, we propose that Rgs16::GFP is a marker of beta 

cell expansion in both type 1 and type 2 diabetes. 

 

2.3: STZ treatment induces pancreatic Rgs16::GFP expression coordinated 

with the onset and degree of hyperglycemia 

 

Streptozotocin (STZ) treatment is a classical method for inducing rapid 

beta cell death (Ganda et al., 1976; Like et al., 1978; Like and Rossini, 1976). 

STZ has been used with different dosages to accommodate the degree of desired 

beta cell death either with or without hyperglycemia following its administration 

(Bonnevie-Nielsen et al., 1981; Leiter, 1982; Like and Rossini, 1976; McEvoy et 

al., 1984; Paik et al., 1980). Although recovery in the STZ model was limited to 

its treatment right after birth in rodents, the ease of the administration without 

requiring a separate transgenic mouse line like PANIC-ATTAC and the rapid 

apoptotic response has made it the most commonly used type 1 diabetic model 

(Liang et al., 2011; Thyssen et al., 2006; Wang et al., 1994). 

We asked if STZ dependent type 1 diabetes could also induce Rgs16::GFP 

(Figure 13). We tested several dosages of STZ because high doses were lethal, 

caused fatty liver and chronic immune attack, whereas very low doses did not 
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Figure 13: STZ treatment induces rapid hyperglycemia followed by initiation of Rgs16::GFP 

expression in a dosage dependent manner
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cause hyperglycemia. We measured daily glucose levels in all groups. Except for 

mice given a single low dosage STZ and the negative control groups, all mice 

eventually became hyperglycemic (Figure 13A - F2). As the panels in Figure 13 

show, only two dosages were effective in inducing GFP. A single high dose STZ 

injection gave the highest GFP expression over a wide range, but mice were 

sickly, had fatty livers and undigested food in distend stomachs. 3 of them died 

before day 8. By contrast, mice treated with a moderate STZ protocol 

(65mg/kg/day for 3 days) were hyperglycemic but otherwise appeared healthy, 

and GFP expression in islets was the second highest among treatment groups. 

None of the NaCit controls and the single low dosage mice at day 14 expressed 

GFP, indicating that neither NaCit nor a low STZ dosage affected pancreas. 
13

 

Even though all groups, except the single low dosage, had similar total 

injected STZ, the amount per day seemed to be the determining factor in how 

mice would tolerate STZ, how fast beta cell apoptosis would lead to 

hyperglycemia, and eventually how fast it would bring about Rgs16::GFP 

expression. We concluded that 3 days of STZ injection was the most effective and 

reliable dosage to induce Rgs16::GFP within 8 days in the pancreas without 

                                                 

Figure 13: STZ treatment induces rapid hyperglycemia followed by initiation 

of Rgs16::GFP expression in a dosage dependent manner 
Adult Rgs16::GFP mice separated into groups for different STZ treatments are 

shown. Picture-blood glucose sets A, B, C, D show 175mg/kg/day for 1 day, 

90mg/kg/day for 2 days, 65mg/kg/day for 3 days, and 40mg/kg/day for 5 days 

treatment groups at day 8 post-STZ, whereas set E with 40mg/kg/day for 1 day 

treatment is sacrificed at day 14. NaCit as negative control (175mg/kg/day for 1 

day) is shown in the picture set F1 and F2 with day 8 and day 14 pancreas, 

respectively. Red arrows point GFP+ islets. Scale bar is 1mm. Columns in Panel 

G show average pancreatic GFP quantification for each group. Student‟s t test 

(unpaired, two-tailed) shows significance of the 65mg/kg/day x 3 days dosage 

(blue bar) compared to control, 90mg/kg/day for 2 days, and 40mg/kg/day for 5 

days STZ groups. p < 0.05 (α), p < 0.01 (β). Error bars in all panels are SD. 
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accompanied side effects. We used this dosage henceforth for characterizing 

pancreatic Rgs16::GFP time course. 

 

2.4: Rgs16::GFP expressing islets are progressively recruited with persistent 

hyperglycemia in STZ-treated mice 

 

Mice were treated with STZ to follow the time course of hyperglycemia 

and pancreatic Rgs16::GFP in this type 1 diabetic model. As seen in Figure 14, 

basal glucose levels tended to go up starting from the third STZ day of injection. 

Mice invariably started to become hyperglycemic on the first day after the 

injection period and became more severely so throughout the 20 day post-

treatment period (Figure 14).  

When we looked at pancreata at various time points, there was no GFP 

expression at day 2 and day 4. Rgs16::GFP began to emerge by 6 days post-STZ 

and progressed at comparable levels up to day 12. Interestingly, expression 

showed a spike by day 15 suggesting an enhancement of the inducing signal 

between days 12 and 15. Expression remained relatively constant at day 20. 

Reports tying Rgs16 to apoptosis made us consider the possibility of 

whether beta cell ablation mechanism or signals could be implicated with 

Rgs16::GFP expression (Dittmer et al., 2008; Sasson et al., 2003; Sasson et al., 

2004). Similar to our previously described observations with caerulein treatments 

and PANIC-ATTAC mice, early mildly hyperglycemic time points after STZ 

derived islet apoptosis did not induce Rgs16::GFP inside pancreas. The complete 

lack of expression convinced us that there was not a diminishment of an acute 

post-apoptotic GFP induction. Therefore, we concluded Rgs16::GFP expression 

was not related to apoptotic mechanisms or post-apoptotic responses in diabetic 

pancreas. 
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Figure 14: Chronic hyperglycemia induces pancreatic Rgs16::GFP over time in the STZ model.
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The delayed onset of Rgs16::GFP expression following initial 

hyperglycemia and later progression into more islets and cells mimicked the 

course we previously observed in both type 1 and type 2 diabetic models. As seen 

before, acute hyperglycemia did not have an effect on pancreatic Rgs16::GFP 

induction. Instead, several days of chronic hyperglycemia was required to see the 

earliest expression. Considering PANIC-ATTAC and STZ models together, we 

conclude that Rgs16::GFP would first be expressed within a week of severe 

chronic hyperglycemia during type 1 diabetes. Consequently, STZ treatment was 

a much quicker method of inducing pancreatic GFP expression than type 2 

models and an easier and more uniform method of causing beta cell ablation than 

PANIC-ATTAC model.
 
However, STZ could not be used as a recovery model 

like PANIC-ATTAC as STZ exerts broader detrimental effects that interfere with 

beta cell expansion in vivo (Barber et al., 2003; Bestetti and Rossi, 1980; Marks et 

al., 1993; Nishio et al., 2006; Oliver et al., 1989). Therefore, STZ would be 

utilized for short-term experiments to test enhancement of early signals, while 

PANIC-ATTAC was a more suitable model for long-term study of beta cell 

expansion and recovery. Day 15 was a suitable time point for testing inhibitory 

conditions of pancreatic Rgs16 expression via means of counteracting
14

 

hyperglycemia. We also concluded that drugs that might enhance beta cell 

replication and Rgs16::GFP expression could be screened within 12 days of STZ 

                                                 

Figure 14: Chronic hyperglycemia induces pancreatic Rgs16::GFP over time 

in the STZ model 

Untreated, NaCit and day 15 and 20 post-STZ pancreas samples are shown in 

Panel A. Red arrows indicate GFP+ islets. Scale bar is 1mm. The daily glucose 

curve (scaled to left axis) and pancreatic GFP levels at basal and days 2, 4, 6, 8, 

10, 12, 15, and 20 (scaled to the right axis) of male Rgs16::GFP mice treated with 

STZ are shown in the composite graph of Panel B. Untreated Rgs16::GFP mice 

have normal basal levels (circle) and NaCit-injected animals (gray dots) are 

negative control for STZ. Error bars are SD. Statistical significances between day 

15 GFP and other groups are calculated via Student‟s t test (unpaired, two-tailed). 

p < 0.05 (α), p < 0.01 (β), p < 0.001 (γ), p < 0.0001 (δ). 
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administration in Rgs16::GFP reporter mice. The STZ protocol (65mg/kg x 3 

days) thereby provided us not just confirmation of Rgs16::GFP induction during 

type 1 diabetes but also an in vivo assay to test stimulatory and inhibitory 

conditions and compounds of beta cell expansion signals. 

 

2.5: Insulin injections interrupt the persistent chronic hyperglycemia and 

thereby islet expression of Rgs16::GFP in STZ-treated mice 

 

The STZ model of type 1 diabetes was most efficient for inducing 

Rgs16::GFP following hyperglycemia. Thus, we used the STZ model to test 

signals that might be established during hyperglycemic demand on the pancreas. 

If mice normalized blood glucose levels over time as in PANIC-ATTAC, 

inducing signals and thereby GFP expression would also diminish. We wanted to 

see the direct consequence of reducing hyperglycemic demand on GFP 

expression. In order to test that, we decided to inject insulin to STZ-treated 

hyperglycemic mice.  

When we monitored blood glucose levels before and after insulin 

injections, we noticed that glucose levels normalized for only about 4 hours a day 

(data not shown). On average, resting blood glucose levels in the insulin-treated 

STZ mice were significantly lower than STZ only counterparts at day 15 as seen 

in the pancreas pictures on Figure 15A and GFP quantification on Figure 15B. 

Mice with the highest amount of insulin injections and most consistent 

normalizations of blood glucose had the lowest GFP levels. We concluded that 

relieving mice from ongoing hyperglycemia, even very briefly each day, could 

repress pancreatic Rgs16::GFP expression. 

We also tested intermediate-acting Humulin-N, insulin-protamine 

suspension, starting at later days of post-STZ treatment to exert a longer duration 

of normalized blood glucose levels. In these trials, pancreatic GFP level was only 
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Figure 15: Daily insulin injections lower blood glucose levels transiently and are sufficient to 

suppress Rgs16::GFP in STZ given mice.
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significantly reduced if normalization of blood glucose levels were successful at t 

= 30min (Figure 15C, D).
 15

 

Our insulin administrations to STZ given mice together showed that the 

early signal to induce Rgs16::GFP in the pancreas can be interrupted by 

transiently lowering blood glucose levels. This gave a more definite answer to the 

question whether glucose and insulin together were affecting a signal that turns on 

Rgs16::GFP. When insulin administration was insufficient to lower glucose, it did 

not lower GFP. On the other hand, we achieved significant reductions of 

pancreatic GFP if we could consistently normalize glucose levels after insulin 

injections. Taken together, insulin injections had only inhibitory effects on 

pancreatic Rgs16::GFP. However, rather than acting as a ligand to inhibit 

Rgs16::GFP, it exerted its effect by lowering blood glucose levels via cellular 

glucose uptake. 

Based on the positive correlation between pancreatic Rgs16::GFP and 

glucose levels in the STZ model, as well as previous results in other diabetic 

                                                 

Figure 15: Daily insulin injections lower blood glucose levels transiently and 

are sufficient to suppress Rgs16::GFP in STZ given mice 

Insulin-injected mouse pancreas is compared to STZ only pancreas in Panel A. 

Red arrows indicate GFP+ islets. Scale bar is 1mm. The glucose curve (scaled to 

left axis) and day 15 pancreatic GFP levels (scaled to the right axis) of male 

Rgs16::GFP mice treated with STZ are shown in Panel B. Basal glucose levels 

(red dots with “i”) of insulin group animals and their levels 30min after insulin 

injection (black dots with “i”) are indicated separately. Untreated Rgs16::GFP 

mice have normal basal levels (circle) and NaCit-injected animals (gray dots) are 

negative control for STZ. Error bars are SD. Statistical significance between day 

15 GFP and insulin-injected (Humulin-R) day 15 group (INS) is calculated via 

Student‟s t test (unpaired, two-tailed). Panel C compares STZ to STZ+INS group 

of mice at day 10 and day 15. Insulin injection start days are shown below the 

graph. All insulin types are Humulin-N except mice from Panel B. p < 0.05 (α), p 

< 0.001 (γ). Day 15 STZ mice treated with insulin are graphed according to t = 

30min insulin levels in Panel D. Red dots are mice from the INS group of Panel 

B. Bright reds are injected from day 12 and faint reds are injected from day 10 

twice daily with Humulin-N.  
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models, we propose that Rgs16 is under control of signals that are created or 

enhanced based on the duration and severity of hyperglycemia. This idea suggests 

there is a “hyperglycemia sensor” that can detect and distinguish normal 

oscillations in circulating glucose levels from sustained hyperglycemia (Delaere 

et al., 2010; Thorens, 2001). This detector then initiates or impacts signals 

involving beta cell expansion under metabolic demand. Rgs16::GFP would then 

be induced within this beta cell proliferative state to feedback regulate associated 

GPCR signaling inside islets. Although it is possible that “the hyperglycemia 

sensor” could be directly regulating beta cell expansion, it is also possible that 

distinct but coordinated signals stimulate beta cell proliferation and induction of 

Rgs16 (Matschinsky, 2005; Thorens, 2008). Nevertheless, either possibility still 

points out that Rgs16 is downstream of signals from the “hyperglycemia sensor” 

(Thorens, 2008). Given that we have detected Rgs16::GFP in islets of normal 

glycemic mice under metabolic stress, such as early type 2 diabetes induced by 

HF diet, it is possible that the read-out from the hyperglycemia sensor is 

integrated with sensors for insulin or other metabolic hormones and/or nutrients. 

Although the location of the sensor is not known, work by others suggests arcuate 

nuclei of hypothalamus (Arees and Mayer, 1967; Leloup et al., 1998; Ngarmukos 

et al., 2001; Nishio et al., 2006; Thorens, 2001). The heterogeneous distribution of 

Rgs16::GFP expressing islets and GFP+ cells within the islets is consistent with 

signals coming from the peripheral nerve terminals inducing beta cell expansion 

(Leloup et al., 1998). In any case, all these possibilities require elaborate testing in 

the future. 



PART 3: ChREBP is required for Rgs16::GFP in islets of STZ-treated 

hyperglycemic mice 

 

Summary: Analysis of Rgs16 KO and inducible transgenic mice with liver-

specific Rgs16 expression showed Rgs16 inhibits hepatic fatty acid oxidation 

during fasting (Pashkov et al., 2011). Rgs16 transcription was glucose-dependent 

and downstream of the transcription factor Carbohydrate Response Element 

Binding Protein (ChREBP) (Pashkov et al., 2011). ChREBP was first discovered 

as the glucose-dependent factor driving lipogenic gene transcription in liver after 

feeding (Ishii et al., 2004; Kabashima et al., 2003; Kawaguchi et al., 2002; 

Kawaguchi et al., 2001; Ma et al., 2006; Ma et al., 2005; Yamashita et al., 2001). 

Although direct binding to Rgs16 promoter was not detected, ChREBP was 

required for maximal Rgs16 transcription in liver and in cultured hepatocytes, 

revealing an unexpected function of this transcription factor during a long fast 

(Davies et al., 2008; Pashkov et al., 2011). Recently, ChREBP was found to 

regulate gene transcription in a glucose dependent manner in isolated pancreatic 

beta cells or beta cell lines as well (Boergesen et al., 2011; Cha-Molstad et al., 

2009; da Silva Xavier et al., 2006; da Silva Xavier et al., 2010; Gao et al., 2010; 

Noordeen et al., 2010). We investigated type1 diabetic ChREBP KO mice and 

found that they lacked Rgs16::GFP induction during chronic hyperglycemia after 

STZ-treatment. We propose ChREBP is either required in beta cells or for the 

development and/or function of a “hyperglycemia sensor” that transmits signals to 

the pancreas and induces Rgs16 expression. 

 

3.1: Rgs16::GFP expression is absent in STZ-treated ChREBP KO mice 

 

 Under normal conditions, Rgs16::GFP animals with ChREBP KO or WT 

genotype were normal glycemic with no differences in body weight as expected, 

 65



 66 

 

as previously reported (Iizuka et al., 2004). ChREBP KO animals were reported 

to have mild defects in their glucose stimulated insulin secretion (GSIS) and 

therefore we confirmed their Rgs16::GFP expression status before STZ 

administration. As seen in Figure 12, there was no GFP expression in normal 

glycemic ChREBP KO animals without manipulation. A distinction between 

genotypes was seen in the first 6 days after STZ injection, where KO animals 

became hyperglycemic faster than heterozygous and WT controls. This tendency 

could be caused by their compromised GSIS or increased sensitivity to apoptosis. 

After 6 days, and for as long as 27 days post-STZ, hyperglycemia was 

indistinguishable in ChREBP KO, heterozygous, and WT mice. 

Despite prolonged hyperglycemia, Rgs16::GFP was not expressed in 

ChREBP KO mouse pancreas at day 15 post-STZ. By contrast, WT pancreas had 

Rgs16::GFP expression as expected (Figure 16). Interestingly, expression in 

ChREBP heterozygous mice was about half the intensity of their WT siblings. 

Initially, we considered that ChREBP activity could be copy number dependent. 

We also investigated pancreata at a later time point to understand if Rgs16::GFP 

was completely abolished or had a long delay in the initiation of expression. Since 

GFP persisted at least to day 20 post-STZ in the ICR background mice, we 

assayed ChREBP KO mice at day 27 post-STZ. All animals continued to be 

severely hyperglycemic. WT animals expressed pancreatic GFP at the same high 

level, whereas ChREBP KO mice still did not express GFP. Surprisingly, GFP 

levels in heterozygous ChREBP mice were on average much lower at day 27 

compared to WT. Absence of GFP expression in several heterozygous animals 

suggested expression could not be maintained with single ChREBP gene copy. 

These results showed that Rgs16::GFP induction required ChREBP.  

This is the first report that ChREBP contributes to early phase beta cell 

expansion GPCR signal feedback response. Since we experimented with whole-

body KO animals, it was not apparent whether ChREBP expression in pancreas or 
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Figure 16: Rgs16::GFP expression in STZ model is absent in ChREBP KO mice
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elsewhere was crucial for Rgs16::GFP induction. It was also not conclusive if loss 

of ChREBP was affecting beta cell specific diabetic response or if it was involved 

at some regulatory stage of hyperglycemic signals. The latter idea raised the 

possibility of an association between ChREBP and signals mediated by the 

“hyperglycemia sensor”. On one hand, ChREBP might be important for initiating 

signals from the sensor, on the other hand it could be critical for the 

transcriptional response to those signals in beta cells. Answers to these questions 

will require tissue specific inducible ChREBP KO animal models, where we 

could compare STZ driven Rgs16::GFP responses.
 16

  

 

3.2: ChREBP is not required for Rgs16::GFP in beta cells during neonatal 

isletogenesis 

 

The lack of Rgs16::GFP expression in the absence of ChREBP in vivo 

raised the question if pancreatic Rgs16::GFP expression was absent during 

embryogenesis and postnatal isletogenesis in ChREBP KO animals. We knew that 

Rgs16::GFP; ChREBP
+/+

 animals continued to express GFP until the end of 

weaning. This possibility of ChREBP affecting pancreas developmental 

                                                 

Figure 16: Rgs16::GFP expression in STZ model is absent in ChREBP KO 

mice 

Pancreatic sample pictures of male Rgs16::GFP mice with ChREBP WT and KO 

backgrounds at day 15 and 27 post-STZ are shown in Panel A. Red arrows 

indicate GFP+ islets. Scale bar is 1mm. The daily glucose curve (scaled to left 

axis) and pancreatic GFP levels at days 15, 27, and 55 (scaled to the right axis) of 

male Rgs16::GFP mice treated with STZ in ChREBP
+/+

 (3 ≤ n ≤ 10), ChREBP
+/- 

(5 ≤ n ≤ 10) and ChREBP
-/-

 (4 ≤ n ≤ 15) backgrounds are shown in the composite 

graph in Panel B. Untreated ChREBP
-/-

 mice (n = 12) serve as basal GFP control. 

Brain quantification showing the difference of GFP expression between 

Rgs16::GFP
o/o

 and Rgs16::GFP
o/+

 mice at day 15 STZ is displayed in Panel C. 

Error bars are SD. Statistical significances are calculated with Student‟s t test 

(unpaired, two-tailed). p < 0.05 (α), p < 0.01 (β), p < 0.001 (γ), p < 0.0001 (δ). 
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necessitated us to check early GFP expression in the developing pancreas of 

ChREBP KO pups. As seen in Figure 17A, GFP was equally expressed in 

ChREBP KO and WT pups. Intensity of expression, number and distribution of 

GFP+ islets looked indistinguishable between ChREBP KO and WT pups. 

 Postnatal Rgs16::GFP induction seemed to be independent of ChREBP 

and metabolism. Since these mice were normal glycemic, their beta cell 

expansion could be assumed to progress normally either with or without the 

ChREBP gene. As depicted in models of Figure 17, one explanatory idea could be 

that beta cell expansion was autonomous during postnatal development where 

Rgs16::GFP inducing signals were generated independently of the 

“hyperglycemia sensor”. Although we do not know how postnatal signals differ 

from those created during diabetes, they clearly did not require ChREBP. This 

suggestion contrasts the adult situation, where signals to induce Rgs16::GFP were 

ChREBP dependent. We hypothesized that the diabetic beta cell expansion 

stimulus to dormant pancreas might come from the brain (Figure 17B). ChREBP-

independent postnatal induction of Rgs16::GFP is consistent with the role of 

ChREBP as  a transcription factor of metabolism rather than the development. 

However, requirement of ChREBP for the development of the “hyperglycemia 

sensor” can not be ruled out.  

 

3.3: Pancreatic Rgs16::GFP is reduced in female mice that resist STZ driven 

hyperglycemia 

 

 Females resist beta cell driven apoptosis (Balhuizen et al., 2010; Kumar et 

al., 2011; Le May et al., 2006; Liu and Mauvais-Jarvis, 2009, 2010; Rossini et al., 

1978). We observed this phenomenon in dimerizer-injected female PANIC-

ATTAC mice where all but one continued to be normal glycemic. Rgs16::GFP 

expression in this outlier resembled that of a male mouse and therefore hinted that  
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Figure 17: Neonatal Rgs16::GFP expression in ChREBP KO mice is unaffected.
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the difference between male and female response to type 1 diabetes induction 

might merely lie in their estrogen dependent protection against apoptosis (Liu et 

al., 2009).
 17

 

 We hypothesized that Rgs16::GFP female mice would have less or no 

expression than males if STZ treatment could not exert its effect. When 

Rgs16::GFP females were treated with STZ, they continued to be normal 

glycemic during the early days post-STZ. The first increase in glucose level 

became visible at day 4 with one and at day 5 with another female. At day 15 

post-STZ, only 3 females had history with hyperglycemia with only 1 of them 

reaching high levels whereas the rest of the females never showed even slight 

hyperglycemia (Figure 18B). When we looked at the pancreata of all the female 

mice, we only saw a noticeable expression in one female that had the longest 

duration and highest value of hyperglycemia (Figure 18A).  

 This clear deviation of glucose curve and GFP values of female mice from 

males was expected according to the data about estrogen derived protection 

against apoptosis and consistent with our observations in PANIC-ATTAC 

(Villasenor et al., 2010). The variation among females could be attributed to 

variances between their estrogen levels at the time we started STZ treatment  

                                                 

Figure 17: Neonatal Rgs16::GFP expression in ChREBP KO mice is 

unaffected 

Panel A shows example 1-picture GFP quantification and pictures of post-natal 

ChREBP WT and KO animals. Panel B shows GFP quantification at day 15 and 

day 27 post-STZ (65mg/kg/day x 3 days) Rgs16::GFP animals with ChREBP WT 

and KO backgrounds. Ctrl mice are NaCit-injected day 15 ChREBP
+/+

; 

Rgs16::GFP mice. Also, 12 untreated ChREBP
-/-

; Rgs16::GFP mice serve as 

basal GFP control for STZ groups and are indicated as NA. Statistical 

significances are calculated with Student‟s t test (unpaired, two-tailed). p < 0.001 

(γ). Models suggesting the source of induction signal in postnatal mice and STZ 

model are shown above graphs and pictures in Panel A and B, respectively. 

Abbreviations are Br: Brain and Pa: Pancreas. Red arrows indicate GFP+ islets. 

Scale bar is 0.5mm for Panel A and 1mm for Panel B. 
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Figure 18: Pancreatic Rgs16::GFP is reduced in female mice that resist STZ driven hyperglycemia
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(Balhuizen et al., 2010; Liu and Mauvais-Jarvis, 2010). Nevertheless, the 

expression in the STZ administered hyperglycemic female confirmed that 

Rgs16::GFP induction was not gender specific but responded to blood glucose 

level. Based on this outcome, we postulated that females in the appropriate phase 

of the estrus cycle could serve as diabetic controls for testing drugs that enhance 

GFP expression.
 18

  

 

3.4: STZ induces chronic hyperglycemia but not pancreatic Rgs16::GFP in 

ChREBP KO female mice 

 

The intriguing resistance of females against hyperglycemia raised the 

possibility of the estrogen playing a role in the mechanism of ChREBP dependent 

“hyperglycemia sensor” (Ackermann et al., 2009; Liu and Mauvais-Jarvis, 2009). 

As seen with ChREBP KO male mice becoming hyperglycemic faster than WT 

counterparts, we speculated whether GSIS defects of ChREBP KO mice would 

counteract the protection of females (Iizuka et al., 2004). In that case, it would be 

interesting to see if estrogen in hyperglycemic females would induce Rgs16::GFP 

under diabetic conditions in ChREBP KO background (Balhuizen et al., 2010). 

 We administered STZ to Rgs16::GFP female mice with ChREBP KO and 

heterozygous backgrounds (Figure 19). After about a week, some heterozygous 

                                                 

Figure 18: Pancreatic Rgs16::GFP is reduced in female mice that resist STZ 

driven hyperglycemia 

Representative images of day 15 male and female pancreata from mice with 

different strains treated with STZ (65mg/kg x 3 days) are shown in Panel A. Red 

arrows indicate GFP+ islets. Symbols at right hand corner indicate gender. Scale 

bar is 1mm. The glucose curve (scaled to left axis) and day 15 pancreatic GFP 

levels (scaled to the right axis) of male ICR strain Rgs16::GFP mice and mixed 

background male and female Rgs16::GFP mice treated with STZ are shown in 

Panel B. Error bars are SD. Statistical significances of GFP values between mixed 

background males vs. females or ICR males are calculated with Student‟s t test 

(unpaired, two-tailed). p < 0.05 (α).  
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Figure 19: Rgs16::GFP is not turned on in ChREBP KO hyperglycemic females

B

C

d15

STZ: ChR-/-

d15

STZ: ChR+/-

d15

STZ: ChR+/+

d15

STZ: ChR+/+
A



 75 

 

females showed mild hyperglycemia like their WT counterparts (Figure 19B). On 

the other hand, ChREBP KO females immediately became mildly hyperglycemic 

and their glucose level progressed above WT or heterozygous females. After two 

weeks, most ChREBP KO female mice reached moderate to high glucose levels. 

 Despite chronic hyperglycemia at day 15 post-STZ, ChREBP KO female 

pancreata did not express Rgs16::GFP (Figure 19A), as we observed in males. 

ChREBP heterozygous female mice with occasional mild hyperglycemia did not 

express Rgs16::GFP either. When we followed the glucose levels of ChREBP KO 

female mice for 3 months, we noticed that mice with mild hyperglycemia could 

normalize their glucose levels, whereas those with more severe initial 

hyperglycemia could not (Figure 19C). ChREBP, while preventing Rgs16::GFP 

induction, might not be an obstacle against regeneration from pre-existing beta 

cells. Rather, recovery seemed to be dependent on the degree of initial beta cell 

apoptosis (Le May et al., 2006).
 19

  

 ChREBP‟s involvement in Rgs16::GFP induction did not seem to make a 

difference between genders. As in males, ChREBP KO females were all non-

expressers, suggesting that “hyperglycemia sensor” dependent GPCR signals 

might be operated the same way in both genders. 

                                                 

Figure 19: Rgs16::GFP is not turned on in ChREBP KO hyperglycemic 

females 

Representative images of day 15 female pancreata with different ChREBP 

backgrounds are shown in Panel A. Red arrows indicate GFP+ islets. Symbols at 

right hand corner indicate gender. Scale bar is 1mm. The glucose curve (scaled to 

left axis) and day 15 pancreatic GFP levels (scaled to the right axis) of female 

Rgs16::GFP mice treated with STZ in ChREBP
+/+

 (n = 7), ChREBP
+/-

 (n = 5) and 

ChREBP
-/-

 (n = 8 for glucose, n = 3 for GFP) background are shown in Panel B. 

Statistical significances of GFP values between ChR KO and heterozygous males 

vs. females are calculated with Student‟s t test (unpaired, two-tailed). p < 0.05 (α). 

Faded glucose curves belong to the male Rgs16::GFP mice different ChREBP 

genotypes. Error bars are SD. 5 non-GFP ChREBP
-/-

 female individual glucose 

curves until their sac on day 93 are shown on Panel C. 



PART 4: Analysis of Rgs16 in pancreatic ductal adenocarcinoma and testing 

receptor/ligand candidates 

 

Summary: Rgs16::GFP in islets is a promising reporter for identifying new 

therapeutics of diabetes. Our studies revealed that Rgs16::GFP was expressed not 

only in islet beta cells but also in vessel and ductal associated cells (VDAC) early 

in response to hyperglycemia. VDAC are intriguing because islet progenitor cells 

have been postulated to reside in pancreatic ducts (Bonner-Weir et al., 2008; 

Bonner-Weir et al., 2004; Bonner-Weir and Weir, 2005; Hua et al., 2006; Kritzik 

et al., 1999; Magenheim et al., 2011; Sarvetnick and Gu, 1992; Teitelman and 

Lee, 1987). During postnatal isletogenesis, Rgs16::GFP expression in VDAC 

continued until P27, at least two weeks beyond the period of islet expression 

(Villasenor et al., 2010). Interestingly, this ductal-associated expression of 

Rgs16::GFP persisted and dramatically expanded in a mouse model of pancreatic 

ductal adenocarcinoma (PDAC) (Aguirre et al., 2003; Hruban et al., 2001). We 

initiated Rgs16::GFP expressing primary pancreatic ductal adenocarcinoma cell 

line to develop screens for GPCR ligands that induce Rgs16. We identified 

GPCRs in these cells that will guide our future ligand screens. 

 

4.1: Rgs16::GFP starts to express postnatally from the onset of PDAC 

formation in vivo 

 

 PDAC has been an important source for ductal cell lines. Our collaborator, 

R. Brekken, pointed out that the origin of PDAC appeared strikingly similar to 

VDAC during postnatal development and early hyperglycemia. A mouse model 

of PDAC had been created to study the disease progression and treatment 

(Aguirre et al., 2003; Malumbres and Pellicer, 1998). Activating mutations in 

Kras occur in approximately 90% of human PDAC and are thought to drive cell 
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proliferation signals (Fischer et al., 2001; Gocke et al., 1997; Moore et al., 2001; 

Pellise et al., 2003; Smit et al., 1988; Stacey, 1988). A missense mutation 

(Kras
G12D

) could cause insensitivity of Kras to GAP regulation, conferring it 

constitutive activity (Farr et al., 1988; Stevens et al., 1988). Researchers obtained 

mice carrying this allele that were prone to cancer in their tissues (Tuveson and 

Hingorani, 2005). Using this feature, mouse line with Kras mutation and 

accompanied pancreas specific tumor suppressor deletion was created by crossing 

Kras
G12D/+

 mice with pancreas lineage specific p48::Cre driven Ink
-/-

 transgenic 

mouse (Aguirre et al., 2003). The resulting Kras
G12D/+

; p48::Cre; Ink
-/-

 mice were 

later shown to get early pancreatic intraepithelial neoplasms (PanIN) which would 

give rise to invasive PDAC in young adult mice (Aguirre et al., 2003; Klein et al., 

2002; Kloppel and Luttges, 2004; Takaori et al., 2004). 

 We postulated that if Rgs16::GFP was present in VDAC during postnatal 

and diabetic islet expansion, it could also be active in ductal cells during PDAC 

formation. To test the possibility of Rgs16 being involved in ductal cancer, we 

decided to utilize our reporter mouse in the PDAC model and crossed 

Rgs16::GFP
o/o 

mice with Kras
+/-

; p48::Cre; Ink
-/-

 to create Rgs16::GFP
o/+

; 

Kras
+/-

; p48::Cre; Ink
+/-

 mouse line. By back-crossing the F1 generation, we were 

able to obtain Ink
-/-

 mice that completely lacked the tumor suppressor in the 

pancreas. We followed these fast tumor forming mice from their postnatal 3
rd

 

week because that was the time when the earliest PanINs would start to form. 

Pups were sacrificed at P18, P20, and P22. GFP+ VDAC were present throughout 

the ductal network of the pancreas, in much greater numbers than typical of 

normal Rgs16::GFP transgenic pups. VDAC were also clustered near early tumor 

nodules that also expressed GFP+ (Figure 20A). The GFP+ tumors were larger in 

older mice as clearly reflected in quantifications (Figure 20B). These observations 

were quite striking because we observed bright GFP+ ducts that included GFP+ 
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Figure 20: Rgs16::GFP is expressed in nascent PDAC lesions at P18 - P22
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nodules. This bloom of expression was undeniably pronounced at this stage of 

development where Rgs16::GFP in VDAC was normally declining.
 20

 

The finding that Rgs16::GFP was expressed in PDAC opened several 

areas of investigation. One interesting possibility was that PDAC in our mouse 

model initiated from VDAC that did not become quiescent. Furthermore, if 

Rgs16::GFP was activated in VDAC during the early response to chronic 

hyperglycemia, one idea could be these cells would give rise to pancreatic ductal 

adenocarcinoma in people or animals predisposed to cancer. Our results were in 

line with a recent observation of Rgs16 gene expression changes in late stage 

pancreas cancer with lymph node metastasis (Kim et al., 2010). Therefore, we 

thought about culturing PDAC cells and using them to screen for GPCR ligands 

that might regulate Rgs16::GFP expression in culture and might have a chance at 

conveying biological effects in beta cell expansion or pancreatic ductal 

adenocarcinoma. 

   

4.2: Isolated Rgs16::GFP PDAC primary culture cells express GFP in a 

serum dependent manner but extinguish over time 

 

We set out to determine if PDAC cells could be used to search for factors 

that cause Rgs16::GFP expression and gain insight about the GPCR signaling that 

Rgs16 regulates. Screening primary cancer cells would have great advantages 

over islets, which are meticulous to isolate and require special expertise 

(Bonnevie-Nielsen et al., 1983; Gaber and Fraga, 2004; Gordon et al., 1982; Gray 

et al., 1984; Hahn, 1978; Parr et al., 1980; Rabinovitch et al., 1979). PDAC had 

                                                 

Figure 20: Rgs16::GFP is expressed in nascent PDAC lesions at P18 - P22 

Pancreatic image samples of Rgs16::GFP; Kras
+/o

; p48
+/o

; Ink
L/L

 tumor forming 

mice are shown in Panel A. Scale bar is 0.8mm. ImageJ quantification of tumor 

bearing and control postnatal mice are compared in Panel B. Adult WT Kras 

(A.Ctrl) mice are negative control for GFP+ tumors. Error bars are SD. 
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the advantage of being plentiful, easy to isolate, and maintain in cell culture as a 

cancer cell line (Lieber et al., 1975; Lohr et al., 1994; Parsa and Marsh, 1976; Rao 

et al., 1980).  

PDAC were isolated from a male Rgs16::GFP
o/+

; Kras
-/+

; p48::Cre; Ink
-/-

 

mouse (L. Rivera). Isolated tumor culture was selected for Rgs16::GFP 

expressing cells via subcloning by Lee Rivera. As can be seen in Figure 21A, 

PDAC subclone still had a significant portion of non-GFP expressing cells. Early 

passages seemed to retain a high proportion of GFP+/gfpNEG cells, but as 

passage number increased, we noticed a clear depletion of GFP+ population 

(Figure 21B). The shape, size, and proliferation pattern of both populations 

seemed similar and did not suggest a difference in cell type origin. We found that 

Rgs16::GFP expression was dependent on the concentration of the serum in the 

media (Figure 21C). When grown in 50% FBS for 24hr, the culture was enriched 

in GFP+ cells. The average brightness of GFP+ cells appeared higher and the 

cells retained their increased GFP expression after passage. Also, PDAC cells 

subcutaneously injected to NOD-SCID animals kept their original proportion of 

Rgs16::GFP expressing population, indicating in vivo blood serum does not 

further induce GFP than tissue culture conditions (Figure 21D) (Shultz et al., 

1995). 

Rgs16::GFP induction could arise due to GPCR agonists in serum 

stimulating its transcription. Interestingly, serum type did not seem to make any 

difference, as the same percentage of FBS or rat serum yielded the same 

percentage of GFP+ cells when culture for 1 day (data not shown). Even though 

GFP percentage was an issue and we could not answer the cause of reduction of 

GFP+ cells, the fact that cells did not switch off Rgs16::GFP completely and 

could still be induced by culturing in elevated FBS meant that they retained their 

GFP induction capacity on culture. Therefore PDAC cells could be used for 

screening of ligands that would induce Rgs16::GFP expression.  
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Figure 21: Isolated Rgs16::GFP PDAC primary culture cells express GFP in a serum dependent 

manner but extinguish over time.
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4.3: RNA-Seq analysis of Rgs16::GFP sorted PDAC culture shows gene 

expression of ductal lineage markers 

21
 

We characterized PDAC culture cells to determine their potential for 

identifying GPCRs and ligands relevant to pancreatic biology and disease. Even 

though PDAC were thought to originate from ducts, the PDAC cells we isolated 

were from a late stage of tumor, at which point the tumor mass could contain 

multiple cell types, including various hematopoietic cells and fibroblasts (Aguirre 

et al., 2003; Bachem et al., 2005; Lohr et al., 1996; Wagner et al., 1998). To 

assess their progenitor cell capacity, PDAC culture cells were transplanted into 

the pancreas of NOD-SCID immunocompromised mice (Bosma et al., 1983). 

Rgs16::GFP was specifically expressed in duct-like structures throughout the 

transplanted tumor, but not in the stroma, indicating the primary PDAC cells in 

culture could be predominantly comprised of duct-like progenitor cells (L. Rivera, 

data not shown). This suggested that PDAC cells either preserved their ductal 

gene program and formed ducts once they returned to their original environment 

or signals in pancreas reactivated ductal differentiation in PDAC cells. The best 

way to know what kind of genes would be active in PDAC culture was to make 

genome-wide gene expression analysis. We wanted to determine if there was a 

                                                 

Figure 21: Isolated Rgs16::GFP PDAC primary culture cells express GFP in 

a serum dependent manner but extinguish over time 

Panel A shows PDAC at ~70% confluency incubated at 5% FBS containing 

DMEM. Panel B compares the percentage of GFP+ cells of a PDAC sub-clone 

(3D11-4-F4) obtained by selection for GFP+ cells grown at 5% FBS containing 

DMEM. Cells on the right column are 2 passages later than those on the left. 

Bright-field and green channel exposures are 0.3s and 3.0s respectively. Panel C 

shows PDAC at 100% confluence incubated at 50% FBS containing DMEM 

under 10x and 20x objective, respectively. Bright-field, fluorescent green channel 

and composite pictures are ordered from top to bottom. Panel D shows pictures of 

GFP+ tumor cells obtained 3 weeks after they were injected into NOD-SCID 

recipients subcutaneously. Scale bar is 0.2mm in all panels. 



 83 

 

significant difference between Rgs16::GFP expressing and non-expressing cells in 

culture. PDAC cells were sorted into GFP+ and gfpNEG populations and their 

isolated total RNA was used for sequencing (V. Pashkov, C. Shen, G. Swift, 

UTSW flow cytometry and RNA-Seq core facilities) (Wang et al., 2009). 

 The RNA-Seq data showed that both GFP+ and gfpNEG populations had 

considerable similarities in gene expression (data not shown). The GFP+ 

population expressed 214 genes that were > 1.5-fold higher than in the other 

population, whereas 587 genes were > 1.5-fold higher in the gfpNEG population. 

No signaling pathways or metabolic functions clearly discriminated between these 

cell populations. The highest preferential expression of endogenous genes in 

GFP+ cells was over 9-fold, whereas several genes were over 50-fold increased in 

the gfpNEG population. Endogenous Rgs16 was about 2.4 fold up-regulated in 

the GFP+ group, whereas its value in gfpNEG population was below 1 rpkm. By 

contrast, Rgs16::GFP gene expression was about 35-fold higher in the GFP+ 

population over gfpNEG according to qPCR analysis (V. Pashkov, data not 

shown). This difference in fold expression is probably due to the short half-life of 

endogenous Rgs16 mRNA relative to GFP. Because Rgs16::GFP in the GFP+ 

pool responded to 40% FBS in the media, these differences in gene expression 

might be attributable to factors in the serum. 

 We characterized PDAC cells for expression of genes specific to the three 

pancreatic lineages, ducts, acinar and endocrine cells (Figure 22). Six genes from 

each lineage were selected (recommended by R. MacDonald and G. Swift) 

(Agbunag and Bar-Sagi, 2004; Duval et al., 2000; Fukuda et al., 2006; Kim and 

MacDonald, 2002; Lynn et al., 2007; MacDonald et al., 1982; MacDonald et al., 

2010; Madsen et al., 1991; Miller et al., 2009; Murata et al., 1968; Rabanal et al., 

1992; von Burstin et al., 2010; Yasuda and Coons, 1966; Zhou et al., 1995). As a 

reference point, we compared expression of this panel of genes in PDAC cells to 

RNA-Seq data obtained from developing pancreas at e13.5 and e17.5 
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Figure 22: RNA-Seq analysis of Rgs16::GFP sorted PDAC culture shows gene expression of ductal 

lineage markers, but not that of acinar or endothelial.
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(G. Swift). In the embryonic pancreas, percentages of early ductal and endocrine 

cell were close to that of acinar during embryogenesis. On the other hand, 

pancreatic acinar cell percentage was known to continually increase during 

postnatal development, constituting majority of adult pancreas with more than 

~90% cell number (Weir and Bonner-Weir, 1990). 
22

 

As Figure 22 shows, PDAC and e13.5 and e17.5 pancreas were expressing 

ductal markers at comparable levels on a logarithmic scale. By contrast, PDAC 

cells did not express acinar and endocrine marker genes at significant levels. 

Moreover, even though the comparison was shown with GFP+ population, gene 

expression values in gfpNEG population were all similar; suggesting that 

Rgs16::GFP based segregation did not alter cell identity. As expected, 

housekeeping genes were similarly expressed in all samples. 

This RNA-Seq based gene expression comparison indicated that PDAC in 

tissue culture was reflecting embryonic pancreatic ductal progenitor cells. This 

characteristic was maintained independently of Rgs16::GFP expression, 

suggesting that GFP expression loss during passages of PDAC cells was not 

associated with population-wide changes in cell character. Because PDAC cells 

exhibited ductal identity in culture, they might be useful for identifying GPCR 

ligands that act on pancreatic ductal progenitor cells in diabetes and pancreatic 

cancer.   

 

                                                 

Figure 22: RNA-Seq analysis of Rgs16::GFP sorted PDAC culture shows 

gene expression of ductal lineage markers, but not that of acinar or 

endothelial 

RNA-Seq (ERange) data from GFP+ FACS pool of Rgs16::GFP PDAC cells is 

compared to embryonic (e13.5 and e17.5) whole pancreas RNA-Seq data from 

MacDonald laboratory. Important ductal, acinar and endocrine markers are 

compared for their gene expression. Colored dots underneath x-axis indicate first 

gene in the series. 3 housekeeper genes as expression control are shown at the 

furthest right. RPKM values are in logarithmic scale. 
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4.4: Identifying candidate GPCRs and ligands in PDAC based on RNA-Seq 

analysis 

 

Once we obtained gene expression profiling of PDAC and confirmed that 

they were mimicking pancreatic ductal cell expression, we wanted to know the 

entire mouse candidate GPCRs as potential targets of Rgs16 regulation (Alldinger 

et al., 2005). As shown in Figure 23, there were 55 GPCRs that were expressed in 

PDAC in a wide spectrum. Several of them were orphans. In addition to these 55, 

we found 8 GPCRs were likely to be significantly expressed according to BLAST 

fragment counts and they were depicted in the lower insert of Figure 23. Taking 

both graphs into account, there were at least 63 GPCRs that were expressed in 

PDAC populations. If fold difference of RNA was considered, receptors Gpr68 

(2.8-fold) and Lgr6 (1.6-fold) were preferentially expressed in GFP+ population, 

whereas Gpr120 (2.4-fold) was the sole GPCR gene that had gfpNEG favoring 

expression. When the functions of expressed GPCRs were investigated from 

published papers, we found that several of them were associated with cancer, stem 

cell, and other important signaling relevant to proliferation and examples were 

indicated individually.  

The GPCR profiling of PDAC cells identified potentially active GPCR 

pathways. Although most of the GPCRs we identified were equally expressed in 

the GFP+ and gfpNEG pool of cells, we identified three receptors which were 

differentially expressed in the two cell populations. Gpr68 and Lgr6 were orphan 

receptors and Gpr120 was shown to bind long chain fatty acids (Birchmeier, 

2011; Hirasawa et al., 2005; Hsu et al., 2000; Ludwig et al., 2003; Oh et al., 2010; 

Snippert et al., 2010; Suzuki et al., 2008; Tanaka et al., 2008a; Tanaka et al., 

2008b; Xu and Casey, 1996). These receptors were interesting to us because they 

might initiate signals that regulated Rgs16 levels. To prioritize the GPCRs in 

PDAC cells, we also conducted an expression analysis in pancreatic islets. We  
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Figure 23: Identifying candidate GPCRs and ligands in PDAC based on RNA-Seq analysis.
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compared the expression differences of 124 GPCRs in an islet database (Keller et 

al., 2008). Of these, Gpr120 had the highest reduction in islets of 10 week old 

ob/ob mice compared to lean controls. Conversely, Gpr68 was the most highly 

enriched GPCR, in parallel to the induction of Rgs16 (Figure 23, upper insert).
23

 

Coincidentally, Gpr68 and Gpr120 expression changes correlated directly 

and inversely with Rgs16 in both PDAC culture and expanding beta cells of ob/ob 

mice, respectively. Still, further investigation is required to prove whether these 

GPCRs are involved in the signaling that Rgs16 regulates.  

 

4.5: Gpr68 putative ligand induces Rgs16::GFP in PDAC in a dose 

dependent manner 

 

 The interesting tendency of Gpr68 to match the expression pattern of 

Rgs16 in diabetes and cancer stimulated us to give it priority in testing associated 

ligands in our PDAC model in tissue culture. Data from literature about Gpr68 

                                                 

Figure 23: Identifying candidate GPCRs and ligands in PDAC based on 

RNA-Seq analysis 

GPCR search of the RNA-Seq (ERange) results from Rgs16::GFP BAC 

containing PDAC cells separated into GFP+ (green bar) and gfpNEG (patterned 

bar) populations by FACS showed 55 candidate gene expression with RPKM > 1 

level for either or both group. Additional 8 GPCRs with sequenced fragment 

counts 70 or above in either population are also likely to be expressed and 

depicted in the lower insert. Stem cell, tumor or potentially relevant GPCRs are 

indicated exclusively. There are 42 orphan receptors (o). Genes are graphed 

according to increasing gfpNEG RPKM or fragment number value. GFP+ 

population specific enhanced expresser Gpr68 and gfpNEG population specific 

enhanced expresser Gpr120 are compared to Rgs16 and 2 other GPCRs (P2ry5 

and Gabbr1) as controls in the heat map based on diabetic mouse pancreatic islet 

expression according to Alan Attie Diabetes Database data on the upper insert. 

Mouse backgrounds C57BL66 and BTBR, mouse age, and lean or ob/ob genotype 

are shown on the upper part of insert. Heat map log scale is shown to the right of 

insert. Red color shows increase and blue color shows decrease in expression 

(Keller et al., 2008). 
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emphasized its “pH sensing” properties but lacked any structural depiction or 

ligand binding kinetics elucidating this proposal (Liu et al., 2010; Ludwig et al., 

2003; Tomura et al., 2005; Tomura et al., 2008; Xu and Casey, 1996; Yang et al., 

2006). Meanwhile, an isoxazole (ISX) derivate was identified to be a putative 

ligand of Gpr68 (Schneider et al., 2008); J. Schneider, personal communication) 

(Figure 24C). 

 We tested this ISX compound in our PDAC cells to determine its effect on 

Rgs16::GFP expression (Figure 24A). As it can be seen from cell counts in Figure 

24B, ISX concentrations below 3.7µM did not have an effect on Rgs16::GFP in 

PDAC. However, the highest concentrations starting from 11µM showed a dose-

dependent increase in the percentage of GFP+ cells within the population, 

reaching about ~75% of the total PDAC number on the plates (Figure 24B). On 

the other hand, the general brightness of GFP fluorescence remained similar to 

background expression of few GFP+ cells seen with lower concentrations and 

negative control. This would mean the highest ISX dosage of 100µM was 

enhancing GFP+ proportion of the PDAC population from about 0.1% to 75% 

without increasing cellular GFP transcription any further than that of an average 

GFP+ cell of native population. 

 Induction of PDAC Rgs16::GFP by ISX in a dosage dependent manner 

laid out a possibility of it being a small molecule which resembles to an 

endogenous ligand. It also pointed out that if ISX was indeed exerting its effect 

via binding to GPCRs, Gpr68 could be the receptor through which Rgs16 was 

induced in the pancreas. If ISX was a true GPCR ligand, it would be an important 

drug candidate to be used in identifying the role of Rgs16 in pancreatic cancer. 

Also, ties between PDAC and ductal cells in vivo could translate into a probable 

induction of Rgs16::GFP expression in VDAC by ISX. As ISX emerged as a 

positive hit of a large scale screening in stem cells, any possible induction of 

VDAC could also be beneficial to understanding their character. Furthermore, 
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Figure 24: Gpr68 putative ligand induces Rgs16::GFP in PDAC in a dose dependent manner.
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such exciting outcome would stretch to diabetes research due to the positive 

correlation between Gpr68 and Rgs16 expression in islets we saw in Attie 

database. No matter how ISX was able to induce Rgs16::GFP, these results 

showed that gfpNEG PDAC cells were not losing their capacity to induce GFP 

expression. It became also apparent that in addition to known or predicted 

endogenous agonists, small molecules deserved attention for testing drugs in 

PDAC and encouraged us to conduct comprehensive screens. 
24

 

 

4.6: HDAC inhibitors induce Rgs16::GFP in PDAC culture 

 

The ISX derivative we used was thought to be a Gpr68 ligand (J. 

Schneider, personal communication). On the other hand, related ISX compounds 

have been reported to inhibit histone deacetylases (HDAC) (Schneider et al., 

2008; Zhang et al., 2011a). There have been various publications about how 

chromatin packaging and its regulation played a role in gene transcription 

(Braunstein et al., 1993; Jones and Wolffe, 1999; McKinsey et al., 2000; Reuter et 

al., 1990; Shaffer et al., 1993; Steger et al., 1998; Zhang et al., 2002). In general, 

histone acetylation was shown to enhance gene transcription (Braunstein et al., 

1993). Acetylation was argued to eliminate positive charges of histone amino acid 

residues in close proximity to DNA, weakening bonds between histone subunits 

                                                 

Figure 24: Gpr68 putative ligand induces Rgs16::GFP in PDAC in a dose 

dependent manner 

Representative pictures of PDAC with increasing ISX concentrations visualized 

under 20x objective are shown in Panel A. Scale bar is 0.1mm. Total (white bar) 

and Rgs16::GFP expressing (green bar) cell counts of PDAC cells grown in 5% 

FBS DMEM (25mM Glucose) are shown in Panel B. Cells were counted under 

40x objective. 100µM starting ISX concentration was diluted in 1:3 ratio for 

decreasing dosages. Concentrations lower than x = 0.14µM is shown as fraction 

of x. Error bars are SD. The chemical structure of ISX compound tested is shown 

in Panel C. 
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and DNA (Bradbury, 1983; Turner and O'Neill, 1995). Consequently, acetylation 

manages to bring about dissociation of nucleosomes making target genes 

accessible to transcription factors and RNA Polymerase II (Hardy et al., 2002; 

Hirose, 1998). In this way, histone acetyl transferases (HAT) were regarded as 

transcriptional enhancers, whereas HDACs acted as repressors (Laherty et al., 

1997; Siddique et al., 1998; Utley et al., 1998). In recent years, research on gene 

transcription focused on finding drugs that would affect activity of these enzymes 

(Balasubramanyam et al., 2003; Dekker and Haisma, 2009). Compounds that can 

block activity or binding ability of HDACs were termed HDAC inhibitors and 

scientists had been investigating their function in cancers (Bertrand, 2010; Gui et 

al., 2004; Kuendgen et al., 2006; Lin et al., 1998; Nagy et al., 1997; Takimoto et 

al., 2005). While we were thinking that Rgs16 in islets, VDAC or PDAC was 

induced by external ligands, none of the transcription factors and auxiliary 

elements was known. We had established Rgs16::GFP PDAC tissue culture 

system as a way of testing compounds and conditions leading to GFP induction. 

ISX being the first such molecule causing GFP expression, we thought about 

expanding the repertoire of tested compounds by incorporating HDAC inhibitors 

to see if they could facilitate Rgs16 transcription. 

 HDAC inhibitors romidepsin, trichostatin A, and sodium butyrate were all 

able to induce Rgs16::GFP robustly under normal culture conditions (Figure 25) 

(Dangond and Gullans, 1998; Demary et al., 2001; Nakajima et al., 1998; 

Novogrodsky et al., 1983; Ueda et al., 1994; Yoshida and Beppu, 1988). The 

number and brightness of GFP+ PDAC cells were similar and in fact exceeded 

that of the positive control LDR 6020 cells upon addition of each of these 

compounds (Johnson et al., 2008). The only difference between ISX and these 

compounds was the morphology of PDAC. While HDAC inhibitors seemed to 

retain the cubical shape of PDAC, cells would enlarge in response to ISX. 

Although their classification and specificities were different, GFP induction with 
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Figure 25: HDAC and DMT inhibitors induce Rgs16::GFP in PDAC culture.
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all three of these HDAC inhibitors showed that the promoter region of 

Rgs16::GFP in PDAC was clearly subject to histone modifications. These results 

raised the possibility of whether ISX or other activating compounds would be 

affiliated with histone modifications. This effect of HDAC inhibitors made us 

question if ISX could be affecting histones rather than acting as a transmembrane 

receptor ligand. Although we did not test the effect of these HDAC inhibitors in 

vivo, this tissue culture outcome pointed out the various ways of gene induction 

and reminded us to investigate any inducing compound‟s mechanism of action 

separately. We will therefore test siRNA mediated knockdown of Gpr68 to 

determine to determine if ISX acts via this GPCR or modifies histone acetylation 

directly in PDAC cells.
 25

 

 

4.7: Gpr68 putative ligand does not induce Rgs16::GFP in normal glycemic 

mice, but enhances expression in STZ model 

 

Induction of Rgs16::GFP by ISX in tissue culture gave us a candidate 

small molecule that had potential to be an endogenous GPCR ligand mimetic. The 

molecular effects and the binding kinetics of this compound needed to be tested to 

confirm if it was acting via a GPCR pathway or not. On the other hand, we 

wanted to know if this compound can exert its effect during diabetes irrespective 

of how it stimulated Rgs16::GFP in tissue culture cells. A possible explanation for 

                                                 

Figure 25: HDAC and DMT inhibitors induce Rgs16::GFP in PDAC culture 

The GFP induction of Rgs16::GFP PDAC and LDR 6020 cells after ~24hr 

incubation with certain HDAC inhibitors and ISX is shown in representative 

pictures of Panels A and B, respectively. Both cell types were incubated with 

Romidepsin (25ng/mL, ~46nM), TSA (400nM), Butyrate (10mM) and ISX 

(50µM) dissolved in DMSO. DMSO (1µl/ml) and untreated wells serve as 

negative controls. The bright-field pictures of the cells on the upper row of each 

panel serve as comparison of cell number, morphology, and confluency. Scale bar 

is 0.1mm 
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Rgs16::GFP induction in islets and VDAC during diabetes and in ductal cells 

during cancer was that it responded to the same GPCR signals in all of these 

situations. Therefore, if a compound like ISX was able to induce Rgs16::GFP in 

PDAC, it had a possibility to also exert an effect in vivo. With this in mind, we 

incorporated ISX administration to our fastest and most repeated diabetic mouse 

model of STZ treatment.  

 As shown in Figure 26A and B, ISX injected pancreata showed increased 

GFP in STZ-treated mice at day 12. On the other hand, ISX itself did not induce 

any Rgs16::GFP in the pancreas of normal glycemic control mice. GFP 

quantification of day 12 pancreata lacked statistical significance due to low 

sample size and the experiment needs to be repeated with more mice. Waiting 

until day 15 post-STZ closed the gap between ISX injected and control groups, 

suggesting that GFP enhancement at day 12 might be a precocious advancement 

of beta cell expansion signals (Figure 26C). Neither ISX nor its carbohydrate 

based carrier seemed to have an effect on glucose levels in any situation. Both 

STZ and STZ + ISX groups had similar hyperglycemic course. Because STZ was 

not a regenerative model, any long-term effect of ISX on beta cell expansion 

needs to be tested in PANIC-ATTAC mice. 

 We also tested if ISX could enhance VDAC GFP expression in postnatal 

pups. We chose weanlings over adult because this was the postnatal development 

period when GFP expression in islets was fading in VDAC and totally absent in 

islets (Villasenor et al., 2010). Although we could detect GFP expression in some 

VDAC in these P24 pancreata, ISX did not seem to induce any noticeable VDAC 

expression (Figure 26D). As these results showed, ISX was not a compound that 

could induce Rgs16::GFP in islets or VDAC in vivo on its own. This might be an 

important observation if ISX promotes beta cell regeneration in PANIC-ATTAC 

mice but not pancreatic ductal adenocarcinoma in the PDAC mouse model. 
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Figure 26: Gpr68 putative ligand does not induce Rgs16::GFP in normal glycemic mice, but 

enhances expression in STZ model.
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4.8: Type 2 diabetic drug exendin-4 can induce mild pancreatic Rgs16::GFP 

expression in islets and VDAC
26

 

 

In the last decade, an important focus of type 2 diabetes research was 

dedicated to drugs that stimulate insulin secretion such as Glucagon-like peptide1 

(Glp1) or compounds that enhanced Glp1 mediated effects (Gutniak et al., 1992; 

Herman et al., 2006; Waget et al., 2011). Glp1 increases insulin secretion, inhibits 

glucagon release and food intake and slows gastric emptying (Kreymann et al., 

1987; Orskov, 1992; Turton et al., 1996; Wettergren et al., 1993). However, it has 

a very short half-life in blood and is rapidly degraded by Dipeptidylpeptidase-4 

(Dpp4) (Ahren and Hughes, 2005; Ahren et al., 2004; Ahren and Schmitz, 2004). 

Exendin-4 (Exenatide), a stable Glp1 homolog, was isolated from Gila monster‟s 

saliva and has been used as a type 2 diabetic drug for humans (Drucker, 1998; 

Eng et al., 1992; Fehmann et al., 1994; Goke et al., 1993; Raufman et al., 1982; 

Schepp et al., 1994). Exendin-4 was also shown to stimulate beta cell expansion 

(Arakawa et al., 2009; Song et al., 2008; Tourrel et al., 2001; Xu et al., 1999a). 

                                                 

Figure 26: Gpr68 putative ligand does not induce Rgs16::GFP in normal 

glycemic mice, but enhances expression in STZ model 

Representative images from day 12 pancreas of male Rgs16::GFP mice treated 

with STZ only, STZ-treated and injected with ISX starting from day 5, NaCit 

treated and injected with ISX starting from day 5, and cyclodextrin alone injected 

for 6 days are shown in Panel A. Red arrows indicate GFP+ islets. Scale bar is 

1mm. The glucose curve (scaled to left axis) and day 12 pancreatic GFP levels 

(scaled to the right axis) of different groups are shown in Panel B. NaCit animals 

(n = 4) injected with ISX are control for STZ group and cyclodextrin-injected 

mice are control for ISX. Even though cyclodextrin animals are not pre-treated 

with NaCit or STZ, their GFP quantification is shown with other groups. Error 

bars are SD. Panel C compares cyclodextrin- or ISX-injected STZ pre-treated 

mouse day 15 mouse pancreata to STZ only pancreas. Cyclodextrin was injected 

for 6 days and ISX for 8 days daily until sacrifice. Panel D compares sample 

pictures of P24 Rgs16::GFP animals injected daily for 10 days with ISX or 

cyclodextrin starting from P15. White arrows indicate VDAC. Scale bar is 1mm. 
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Diabetic mice treated with exendin-4 displayed increased recovery from diabetes 

along with larger islet size (Wang et al., 2008). We knew that Rgs16::GFP was 

not induced merely by insulin secretion as it was absent in normal glycemic mice 

after feeding or repeated glucose injections. Because exendin-4 was reported to 

stimulate beta cell expansion in mice, we decided to test if this drug was strong 

enough to induce GFP expression in mice with normal basal glucose level. 

 When we looked at pancreata 3 days after the daily injection, we noticed 

faint islet expression (Figure 27C) in the exendin-4 and glucose co-injected group. 

In addition, this was accompanied by occasional GFP+ VDAC. At day 6 of this 

procedure, we detected faint GFP+ islets and VDAC not only in the co-injected 

mice but also in the exendin-4 only group. This suggested that exendin-4 

mediated faint pancreatic GFP induction was not dependent on acute 

hyperglycemia. Even though glucose administrations might have shortened the 

initial emergence of this low expression, hyperglycemia was not required for any 

possible exendin-4 effect.  

As seen in Figure 27A, exendin-4 alone slightly lowered basal glucose 

levels of mice at day 1. In addition, glucose and exendin-4 co-injected mice had 

reduced hyperglycemia than their glucose-injected counterparts, confirming this 

drug‟s fast acting effects. At day 6, the effect of daily exendin-4 injections was 

more pronounced. It again kept basal levels low, but also had a dramatic effect on 

insulin secretion capacity in the glucose co-injected mice (Figure 27D). Mice co-

injected with glucose and exendin-4 had normalized blood glucose levels after 1 

hour. It appeared that pancreatic beta cells had adapted to experiencing daily 

acute hyperglycemia as the glucose only group 1hr post-injection level at day 6 

was also lower than that at day 1. Nevertheless, exendin-4 enhanced total insulin 

secretion capacity of the glucose co-injected group, as both exendin-4 alone and 

glucose co-injected groups had insulin levels similarly higher than those of 

glucose alone or PBS groups, confirming previously published data about its
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Figure 27: Type 2 diabetic drug exendin-4 can induce mild pancreatic Rgs16::GFP expression in 

islets and VDAC.
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short-term effects (Figure 27B) (Goke et al., 1993). Mild islet and VDAC 

expression on the other hand hinted to its beta cell expansion stimulating long-

lasting effects (Xu et al., 1999a). However, daily exendin-4 injections in STZ 

model did not result in any quantitative differences at day 15 (Figure 27E). 

Contrary to ISX, exendin-4 did not induce GFP expression in late passage PDAC 

either, presumably because the Glp1 receptor was not expressed in either GFP+ or 

gfpNEG populations of PDAC according to RNA-Seq (data not shown) (Thorens, 

1992). Nevertheless, these results suggested that exendin-4 with its long-lasting 

effects on islets could be used in combination with other compounds that 

stimulate GFP to identify novel drug combinations to promote beta cell expansion 

in diabetes.
 27

 

                                                 

Figure 27: Type 2 diabetic drug exendin-4 can induce mild pancreatic 

Rgs16::GFP expression in islets and VDAC 

Glucose levels of injection groups at day 1 and day 6 at basal and 1hr post-

injection are shown on Panels A and D. Comparison of basal glucose and insulin 

levels at day 3 is shown on Panel B. All error bars are SD. Day 3 and day 6 

pancreatic expression of Rgs16::GFP mice injected with either exendin-4 alone or 

together with glucose twice daily are shown on Panel C. Scale bar is 100µm. 

Dotted lines and arrow heads indicate islet margins and VDAC respectively. 

Pancreas of 10 days long daily exendin-4-injected mouse with or without STZ 

pre-treatment is compared to STZ-treated pancreas on Panel E. Red arrows 

indicate GFP+ islets. 



DISCUSSION AND FUTURE DIRECTIONS 

 

Using Rgs16 expression as a reporter gene of GPCR signaling in pancreas 

opens up new directions for diabetes and cancer research. The Rgs16::GFP 

reporter mouse shows us that this GPCR signaling indicator is expressed during 

beta cell expansion in embryogenesis, postnatal isletogenesis, pregnancy, and 

diabetes. Rgs16::GFP is also reactivated in PDAC in vivo and can be induced by 

transcriptional activators in culture. Such critical temporal coincidence of 

Rgs16::GFP expression and pancreatic transformations suggest the existence of 

GPCR(s) central to those events that are yet to be identified in islets and ductal 

cells.  

It is known that beta cells can replicate to increase their population and 

thereby their collective insulin production capacity (Ackermann and Gannon, 

2007; Sachdeva and Stoffers, 2009). On the other hand, theories about beta cell 

expansion include other sources, such as pancreatic ductal cells (Ackermann and 

Gannon, 2007; Bonner-Weir et al., 2004; Bonner-Weir and Weir, 2005). The idea 

about an unidentified pancreatic ductal progenitor type contributing to beta cell 

pool under metabolic demand was especially interesting for interpreting the return 

of VDAC to pancreas during diabetic conditions (Villasenor et al., 2010). We 

therefore think studies using the Rgs16::GFP PDAC line can shed light to 

understanding the nature of VDAC (Bonner-Weir et al., 2008). While several 

GPCRs are known to be important for insulin secretion and islet maintenance, 

none of them have been directly and clearly associated with beta cell expansion in 

response to chronic hyperglycemia, the common feature of both type 1 and type 2 

diabetes, as well as PDAC (Ahren, 2009; Sachdeva and Stoffers, 2009). Our 

PDAC analysis is therefore important in proposing such candidates. 

 While we pursued Rgs16::GFP gene expression in vivo as a GPCR 

reporter, we did not address Rgs16 function in pancreas. An initial motivation for 
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our studies in pancreas was the finding that Rgs16 negatively regulated fatty acid 

oxidation in liver during fasting (Pashkov et al., 2011). Rgs16 KO mice had 

elevated rates of FA oxidation whereas transgenic expression of Rgs16 in liver 

inhibited FA oxidation and lowered blood glucose during fasting (Pashkov et al., 

2011). Furthermore, Rgs16 transcription, mRNA and protein were rapidly 

induced in cultured hepatocytes by glucose and dependent on the glucose-

responsive transcription factor ChREBP (Pashkov et al., 2011). However, it is 

unknown if Rgs16 KO mice have any pancreas defect. They have normal 

glycemia in fed and fasted states, show usual GTT results, and responded to STZ 

in a normal time course of type 1 diabetic hyperglycemia (Pashkov et al., 2011); 

data not shown). A pancreatic phenotype in the Rgs16 KO mice could be 

suppressed by expression of functionally redundant Rgs genes, such as the 

tandemly duplicated gene, Rgs8. Rgs8 KO mice were also found to be fertile and 

healthy throughout adulthood without any metabolic abnormalities (Kuwata et al., 

2007). The lack of any obvious pancreatic defect in either of the Rgs8 and Rgs16 

single KO mouse indicates that these genes were not individually critical for 

pancreatic islet and duct maturation or function. This came as no surprise as 

temporal and spatial overlap of Rgs8::GFP and Rgs16::GFP reporter expression in 

islets during development and diabetes suggested that these Rgs genes might be 

regulating the same or parallel GPCR signaling. Redundancy of Rgs8 and Rgs16 

expression proposed homologous compensation as an explanation for the lack of 

any identifiable pancreatic phenotype directing endeavors to creating mice with 

dual gene deletion. The ~43kb distance and consequent low cross-over probability 

between these two genes prevented making the double KO (dKO) from crossing 

single Rgs8 and Rgs16 KO mouse. 

Rgs8-Rgs16 dKO mouse was made by deleting Rgs8 in the Rgs16 KO 

background. Johnson, Hammer, and Wilkie laboratories have collaborated to 

generate a conditional Rgs8 allele in homozygous Rgs16 KO ES cells. 
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Heterozygous Rgs8
+/flox

; Rgs16
+/-

 founder mice were obtained. Initial results 

showed that homozygous whole body dKO mice obtained by driving gene 

deletion with Meox2::Cre construct were viable and fertile. In our preliminary 

observations, we did not see a significant difference in islet number and 

distribution of P8 and P12 WT and dKO mice following dithiazone staining 

(DTZ) (data not shown). Weanlings and young adult mice (3 and 5 weeks of age) 

had normal insulin levels and exhibited a normal response to GTT (Figure 28C, F, 

I). To compare the onset and severity of type 2 diabetes, we initiated 60% HF diet 

and followed their body weight and blood glucose level. These experiments are 

still ongoing but neither heterozygous nor dKO mice have so far shown a clear 

deviation from their WT counterparts (Figure 28). 

 Based on the outcome from our preliminary tests, it can be argued that 

Rgs8 and Rg16 are not essential genes for pancreas development and function. 

Even though the GPCR pathways these genes act upon might be critical for beta 

cell expansion, regulation by Rgs8 and/or Rgs16 does not seem to be 

indispensible. Other R4 class Rgs genes that are known to be expressed during 

endocrine development and in beta cells include Rgs4 and Rgs2 (Iankova et al., 

2008; Ruiz de Azua et al., 2010; Serafimidis et al., 2011). Rgs4 may be 

particularly important to delete with Rgs8 and Rgs16, as it is expressed in Ngn3+ 

progenitor cells and subsequent endocrine cell differentiation (Serafimidis et al., 

2011). Rgs4 was reported to regulate beta cell aggregation during isletogenesis 

(Serafimidis et al., 2011). Perhaps Rgs2 and/or Rgs4 can compensate for the loss 

of both Rgs8 and Rgs16 under the conditions we have assayed (Iankova et al., 

2008; Ruiz de Azua et al., 2010). These genes are separated from each other by 

more than one megabase on chromosome one, so the triple and quadruple 

knockouts could be achieved by meiotic recombination (Figure 3A).    

ChREBP‟s involvement in Rgs16::GFP induction during diabetes raised 

the question of whether it directly regulated transcription at Rgs16 promoter. 
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Figure 28: Rgs8-Rgs16 dKO mice on 60% fat diet for 16 weeks
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Tissue culture transfection experiments done with 5‟ 2.6kb and 4.3kb Rgs16 

promoter luciferase constructs using various cell lines did not indicate an 

enhancement of transcription by ChREBP with or without its partner Mlx (Ma et 

al., 2006; Ma et al., 2005; Stoeckman et al., 2004); data not shown). Recent 

ChREBP ChIP-Seq data from the HepG2 liver cell line showed its binding within 

transcription start site of various glucose regulated genes, some of which
28

 

previously unknown (Jeong et al., 2011). However, the absence of any close 

peaks within any R4 Rgs genes suggests that it exerts its effect on Rgs16 via 

regulating other factors (Jeong et al., 2011). Emerging data about ChREBP‟s 

involvement in regulation of several gene expression in islets suggests it might 

induce Rgs16 transcription during beta cell expansion signals (Boergesen et al., 

2011; da Silva Xavier et al., 2006; da Silva Xavier et al., 2010). On the other 

hand, the requirement for many days of hyperglycemia prior to initial expression 

of Rgs16::GFP in islets and the heterogeneous distribution of Rgs16::GFP within 

islets and among beta cells belonging to the same islet indicate a possibility of 

ChREBP being involved in a sensor that relays signals to the pancreas. This 

model can be tested by crossing Rgs16::GFP transgenic mice to beta cell or 

neuronal-specific ChREBP KO mice. Also, it would be interesting to test 

Rgs16::GFP induction during recovery in PANIC-ATTAC with ChREBP KO 

                                                 

Figure 28: Rgs8-Rgs16 dKO mouse glucose, insulin, body weight 

measurements 

Mice with Rgs8
+/+

; Rgs16
+/+

, Rgs8
+/-

; Rgs16
+/-

, and Rgs8
-/-

; Rgs16
-/-

 genotypes 

are given 60% HF diet starting from approximately 3, 4, and 5 weeks of age. 

Panels A, D, H show weekly body weight measurements of these 3 different age 

groups. Panels B, E, I show the bi-weekly glucose measurements of these mice. 

GTT weeks are indicated below x-axis. Panels C shows the basal insulin values of 

3wk and 5wk old mice before starting with 60% HF diet. 4 additional dHet mice 

that contributed to insulin values were later discarded. GTT values (2g/kg 

glucose) of 5wk old group before starting 60% HF diet and 14 weeks afterwards 

are shown in Panel F and J, whereas GTT values (1g/kg glucose) of mice at 14th 

week of 60% HF diet started at 3wk of age is shown in Panel G. 
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background. If ChREBP is central for GPCR signal relay or response in the islets, 

then Rgs16::GFP expression could be lost in both type 1 and type 2 diabetes. 

Despite partial alleviation of obesity driven type 2 diabetes in ChREBP KO mice 

(Iizuka et al., 2006), it is important to see if Rgs16::GFP is still induced in ob/ob; 

ChREBP
-/-

 mice. 

As it appears that ChREBP does not directly bind to and regulate Rgs16 

transcription, Rgs16 promoter and 5‟ upstream region should be tested for sites 

that bind pancreatic transcription factors. Several bHLH transcription factor 

binding sites (E-box elements) occur in and around the Rgs16 gene (Figure 29) 

(Doi et al., 2011; Stuebe et al., 2008). Deletion promoter constructs including 

these elements need to be tested for any transcription factor binding in tissue 

culture using PDAC tumor cells or insulinoma lines such as Min6 and Ins1 

(Hohmeier and Newgard, 2004; Ishihara et al., 1993; Nakashima et al., 2009). 

The GPCR genes we identify from RNA-Seq analysis in PDAC are the 

primary candidates through which Rgs16 is feedback induced. Their known and 

predicted ligands need to be tested in the PDAC tumor culture. In addition, 

induction via small molecules like ISX encourages us to test other such 

compounds in a high throughput screen (HTS) (Schneider et al., 2008). We have 

already determined culture conditions to screen compounds in 384-well plates. 

Initial tests with ISX in PDAC cells grown in regular media were successful in 

inducing Rgs16::GFP and provide us a proof of principle for testing large 

compound libraries available in HTS facility. 

We have also determined in vivo assay conditions for testing GPCR 

ligands or small molecules that can emerge from HTS. Rapid hyperglycemia 

followed by gradual Rgs16::GFP expression in type 1 diabetic mouse models 

provides us valuable animal testing grounds. Short term drug effects can be 

pursued in STZ treatment protocol we have established in Rgs16::GFP mice, 

whereas Rgs16::GFP; PANIC-ATTAC is suitable for longer term outcome of 
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Figure 29: Rgs16 plasmid map to test putative promoter elements
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compounds that can facilitate pancreas regeneration and recovery from 

hyperglycemia.
 29

 

Our findings suggest there is a yet to be identified connection between a 

“hyperglycemia sensor” that would link chronic elevation in blood glucose 

concentration to activation of Rgs16::GFP expression in beta cells. Our 

hypothesis is that this “hyperglycemia sensor” controls the relay of beta cell 

expansion signals either directly or via other pathways. The mechanism of this 

sensor has great potential to create exciting angles for diabetes research. Analysis 

of islet Rgs16::GFP expression in diabetic pancreas thus lays out the basis of 

future studies aimed at understanding important GPCR pathways of islet biology. 

We hope that our work establishes the fundamental principles of pancreatic Rgs16 

expression and tissue culture testing conditions that will be utilized during 

scientific journey towards future discoveries of islet biology and diabetes. 

 

 

                                                 

Figure 29: Rgs16 plasmid map to test putative promoter elements 

Putative Rgs16 promoter elements based on consensus sequence match or 

literature are shown. Dashed elements are based on consensus sequence match 

and lack any supporting data. Numbers are according to the transcription start site, 

whereas thick angled arrow shows translation start site. The current long and short 

5‟ promoter constructs are indicated above the DNA strand with black angled 

arrows. The suggested primers to extend the long constructs are indicated below 

DNA strand with their 5‟ and 3‟ start sites for forward and reverse primers, 

respectively. The approximate 5‟ start site of the planned new construct is 

indicated with blue angled arrow above the strand. The current basic vector with 

the promoter inserts is shown as a circle with the 5‟ restriction endonuclease sites. 

Binding site abbreviations are PerE: Single perfect E-box, E: Single E-box or E-

box-like, D: D-box, CRE: cAMP Response Element, Pdx1: Pancreatic and 

duodenal homeobox1, and YY1: Yingyang1 (Doi et al., 2011; Stuebe et al., 

2008). 
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Ondine Cleaver and her former student Alethia Villasenor together with 

Thomas Wilkie characterized embryonic and postnatal expression of Rgs16::GFP 

in the transgenic mice. Insulin, glucagon, and pancreas progenitor marker staining 

on pancreatic sections was done by Alethia Villasenor. She also visualized part of 

Rgs16::GFP expression in ob/ob mice. We utilized Ondine Cleaver’s fluorescence 

microscope for visualizing all of the Rgs16::GFP mice we have gone though in 

our studies. Everybody in Cleaver laboratory was helpful. We thank Ondine 

Cleaver and Alethia Villasenor for their collaboration and support. We also thank 

everybody else from Cleaver laboratory for their assistance and discussion.  

Rolf Brekken and his former student Lee Rivera together with Thomas 

Wilkie identified Rgs16::GFP expression in the PDAC mouse model. Isolation of 

tumor, subcloning of Rgs16::GFP expressing cells, and preparation of PDAC 

tissue culture was accomplished by Lee Rivera. Transplantation of PDAC into 

recipient NOD-SCID animals, isolation of grown tumor, sectioning and 

visualization of duct-like structure were done by Lee Rivera as well. He also 

contributed to immunohistochemistry staining of pancreas slides taken from 

postnatal mice. Juliet Carbon genotyped PDAC mice. We used Rolf Brekken’s 
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fluorescent microscope to visualize PDAC in native culture and upon 

administration of several compounds we tested. Michael Dellinger also 

contributed to our cancer studies with genotyping and discussion. We thank Rolf 

Brekken, Lee Rivera, Juliet Carbon, Michael Dellinger, and other members of 

Brekken laboratory for their help. 

Zhao Wang formerly from Philipp Scherer laboratory together with 

Thomas Wilkie found out Rgs16::GFP expression in PANIC-ATTAC mice. 

PANIC-ATTAC mouse line was obtained from Scherer laboratory. Zhao 

genotyped PANIC-ATTAC mice and visualized antibody stained pancreatic slides 

after sectioning them. Ingrid Wernstedt-Asterholm from Scherer laboratory 

measured insulin levels of type 1 and type 2 diabetic mice as well as young Rgs8-

Rgs16 dKO mice. We thank Zhao Wang and Ingrid Wernstedt-Asterholm for 

their help in PANIC-ATTAC studies and insulin measurements. We thank Philipp 

Scherer for his discussion and scientific and financial support in our studies. 

PDAC RNA-Seq raw data analysis and calculation of gene expression 

values was done by Chengcheng Shen formerly from Raymond MacDonald 

laboratory. Galvin Swift from MacDonald laboratory helped with genomic list 

compilation. Embryonic and adult pancreatic RNA-Seq data belongs to Galwin 

Swift from MacDonald laboratory. Pancreatic lineage markers for comparison of 

RNA-Seq data were suggested by Raymond MacDonald and Galvin Swift. We 

thank Raymond MacDonald, Galvin Swift and Chengcheng Shen for their help in 

RNA-Seq studies. We thank Raymond Macdonald, Galvin Swift and the 

remainder of MacDonald laboratory members for their support in our discussions. 

Alex Artyukhin formerly from Steven Altschuler/Lani Wu laboratory 

showed us how to do pancreatic image quantification. He quantified GFP from 

PDAC culture experiments (data not shown) and thought us how to do Matlab 

graphical presentation. We thank Alex Artyukhin for his discussion and assistance 

in setting-up GFP quantification method. 
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Rgs8-Rgs16 dKO mentioned was created primarily by Jane Johnson and 

Robert Hammer laboratories. Thomas Wilkie and Jane Johnson initiated the joint 

task and supervised the project. Joshua Chang from Johnson laboratory made 

vector construct and verified its integrity with the help of Trisha Savage. Robert 

Hammer laboratory prepared embryonic stem cells and conducted homologous 

recombination. Lauren Dickel from Johnson laboratory performed genotyping of 

dKO mouse crosses. Jane Johnson provided guidance and support during all steps. 

We thank Jane Johnson, Robert Hammer, Joshua Chang, Trisha Savage, Lauren 

Dickel, and other Johnson and Hammer laboratory members for their 

contributions. 

ISX compound and information about via personal communication were 

obtained from Jay Schneider. We thank Jay Schneider and his laboratory for 

assistance. 

384-well plate assay of PDAC cells were set-up together with Mridula 

Vishwanath from UTSW HTS facility (data not shown). We thank Mridula 

Vishwanath and facility director Bruce Posner for their assistance. 

During these projects, Victor Pashkov formerly from Thomas Wilkie 

laboratory helped me with discussions, provided reagents, recipes, protocols and 

thought me bench-work and tissue culture techniques. Victor genotyped Rgs16 

and ChREBP KO mice, discovered Rgs16::GFP induction properties of ISX in 

PDAC culture, set-up ISX dose-response experiment and tested it in PDAC 

simultaneously. Victor also did qPCR analysis of Rgs16 and Gpr68 expression in 

PDAC and insulinoma cells (data not shown). He prepared PDAC cells before 

FACS, obtained total RNA from GFP+ and gfpNEG populations after sorting and 

has oversaw RNA-Seq data creation. Victor provided advice and guidance on 

many experiments and topics and became a reliable laboratory fellow while he 

was in Wilkie laboratory. We thank Victor Pashkov for all his work and support 

he gave all these years in the laboratory. 
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beyond have been possible by one person: Thomas Wilkie. Tom has planned, 

initiated, supervised, organized, and participated in all of the biological questions 

we asked and oversaw and guided in majority of experiments realized to date. 

Tom started Rgs16::GFP transgenic mouse crosses with ob/ob, PANIC-ATTAC, 

ChREBP KO, and PDAC mouse models and maintained them throughout the 

studies. He made connections with our past and current collaborators, gathered 

resources, set-up assays, stimulated endeavors, interpreted outcomes, proposed 

ideas, and laid out next steps. As the principal investigator of the laboratory and 

central research administrator of our diabetic and cancer studies involving 

pancreas, he moved our research forward. Tom directly helped me with mouse 

experiments and sacrificed all the animals for pancreatic studies by himself. He 

thought me several techniques, showed hands-on demonstrations of mouse 

handling, enhanced my expertise with laboratory tests, and gave a hand in most or 

all the pancreas dissections, visualizations, mouse injections. Tom guided and 

supervised me during preparation, execution, and analysis of experiments, oral 

and written presentations, joint tasks with collaborations, and ideas for projects. 

He supported me as a mentor, colleague, partner, friend and made me progress in 

my graduate studies. His contributions to my research training shaped most of the 

knowledge and experiences I gained to date. I am grateful to Tom for all the time 

he spent with me during our interactions and joint work on experiments. I will 

remember all the insight, inspiration, perspective, courage, support, and 

mentorship he gave me in his laboratory and hope to become a science person that 

he would be proud of. Tom, thank you for everything you have done for me. 
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