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Abstract of Dissertation 

 

The Glucagon Receptor Functions as a Tumor Suppressor  
in Hepatocellular Carcinoma 

 

 Glucagon is an essential hormonal regulator of metabolic processes. Produced 

by pancreatic islet α cells, glucagon temporarily increases blood glucose levels during 

fasting by stimulating hepatocytes to undergo glycogenolysis and gluconeogenesis, 

thereby releasing individual glucose molecules from glycogen stores or non-

carbohydrate sources. Abnormally high circulating levels of plasma glucagon in patients 

are associated with a number of adverse effects including hyperglycemia, decreased 

amino acid production, and Type I or Type II diabetes. Interestingly, decreased 

expression of glucagon receptor (GR) protein has been observed in several malignant 

cancers, most notably hepatocellular carcinoma (HCC). In this study, a potential role for 

the GR in cancer progression was investigated to identify alternative therapeutic targets 

following its loss. More specifically, the hypothesis was tested that the GR can act as a 

tumor suppressor by maintaining strict transcriptional suppression of cationic channel 

genes linked to oncogenesis, and activation of anionic channel genes linked to tumor 

suppression. Consequently, GR loss and the corresponding derepression of cationic 

channel gene expression acts as an ‘enabler’ of HCC. A rapid decrease in GR protein 

expression was observed in primary patient samples beginning as early as inflammation 

and cirrhosis, with almost complete protein loss by advanced stages of HCC. Cell lines 

devoid of HCC expression were highly metastatic in vivo and caused significant tumor 

growth; however, stable reintroduction of the GR inhibited metastasis and tumor 

formation. GR signaling acted through a PKA-mediated mechanism to inhibit c-Raf 

activation and subsequent activation of the oncogenic mitogen-activated protein kinase 

(MAPK) pathway. GR loss resulted in a reduced inhibitory check on ERK1/2 and led to 
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the up-regulation of cationic channel mRNA. These channels have been shown to 

contribute to behaviors required for metastasis, including epithelial-mesenchyme 

transition, growth factor secretion, and invasion. Conversely, mRNA expression of 

anionic channel genes was significantly reduced following GR loss. The voltage-gated 

sodium channel (VGSC) Nav1.5 and the γ-amminobutyric acid type A (GABAA) receptor 

in particular were functionally active, demonstrating robust ion conductance in response 

to agonist stimulation. Pharmacological inhibition of Nav1.5 or GABAA receptor activation 

significantly inhibited HCC invasion. Moreover, transcriptional regulation of Na v1.5 was 

modulated by ERK1/2 and dependent on MAPK activation, whereas GABAA subunit β3 

gene expression was regulated by both the GR and PKA. Lastly, in vivo HCC metastasis 

was significantly reduced following treatment with ion channel modulators that 

selectively inhibit VGSCs or activate GABAA receptors, and the neuroactive steroid 

allopregnanolone significantly prolonged survival compared to control-treated animals. 

These findings demonstrate for the first time that the GR acts as a tumor suppressor that 

is lost in HCC, and that repurposing ion channel modulators in its absence may serve as 

an effective and novel cancer treatment.  
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A. Introduction 

 Cancer is a leading cause of death worldwide, with over 100 million cases 

diagnosed each year in the United States alone [American Cancer Society, 

www.cancer.org]. Though many risk factors for developing cancer exist and may be 

influenced by age, ethnicity, exposure, or lifestyle, a critical underlying aim of research 

studies seeks to identify unique or alternative treatment targets that may be utilized to 

improve survival and patient quality of life. Several of these targets include oncogenes or 

other proteins that are known to facilitate cancer progression and metastasis, such as 

growth factor receptors, tyrosine kinases, transcription factors, or regulatory GTPases 

(Kroemer 1997, Shayesteh, Lu et al. 1999, Croce and Segal-Eiras 2002, Ciampi, Knauf 

et al. 2005). Many of these targets have mutations or increased expression in 

proliferating cells that lead to alterations in their original function (Vivanco and Sawyers 

2002, Dong, Phelps et al. 2003, Ciampi, Knauf et al. 2005, Greulich, Chen et al. 2005) .  

 Of particular interest is hepatocellular carcinoma (HCC), an aggressive subtype 

of liver cancer that yields systemic metastases and limited treatment options. It has been 

observed in early disease states leading to HCC, such as hyperglycemia and liver 

steatosis, that glucagon receptor (GR) protein levels are reduced compared to healthy 

liver (Mirel, Morris et al. 1978, Pezzino, Vigneri et al. 1979, Charbonneau, Unson et al. 

2007). As the precise mechanism of GR loss is unknown, it is prudent to investigate the 

role of the GR in cancer progression to elucidate potential downstream effectors. 

Glucagon signaling through the GR leads to cyclic AMP (cAMP) and protein kinase A 

(PKA) activation, which modulate a number of proteins necessary for gene transcription 

including c-fos and hepatic nuclear factors (Jelinek, Lok et al. 1993). It is possible that 

GR loss results in the transcriptional derepression of oncogenes, such as those 

regulating survival and proliferation, while at the same time inhibiting expression of 

tumor suppressor genes.  
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 One promising new area of cancer research has been the observation of 

aberrant transcriptional regulation of ion channels in cancer progression. These 

molecules not only play a significant role in cell excitability, but also in proliferation, 

volume regulation, intracellular communication, excretion, enzyme production, and ion 

transport (Burt, Duenas et al. 1983, Katyal, Oliver et al. 2000, Baffy, Zhang et al. 2002, 

Kunzelmann 2005, Kunzelmann, Sun et al. 2005). Several cationic channels, in 

particular voltage-gated sodium channels (VGSC), nicotinic acetylcholine receptors 

(nAChRs), and transient receptor potential vanilloid (TRPV) channels are 

transcriptionally overexpressed in a number of cancers [(Mariot, Vanoverberghe et al. 

2002, Minna, Kurie et al. 2003, Lam, Hainsworth et al. 2007, Brackenbury, Djamgoz et 

al. 2008, House, Vaske et al. 2010, Li, Bode et al. 2011). Intriguingly, the activation of 

these receptors has been shown to promote behaviors associated with the cancer 

phenotype. Activating VGSCs in colon cancer cells leads to increased invasion, lateral 

motility, and endocytosis (House, Vaske et al. 2010, Brackenbury 2012). Furthermore, 

activation of these channels promotes MAPK pathway activity mediated through protein 

kinase A (PKA) and Rap1 (House, Vaske et al. 2010). nAChRs in lung and pancreatic 

cancers can be activated by carcinogenic nitrosamines similar to nicotine (Kim 2007), 

while TRPV channels facilitate neovascularization (Fiorio Pla, Avanzato et al. 2012). 

Altogether such studies suggest a functional role for cationic channels in cancer, where 

inhibiting activation may represent a potential therapeutic approach. However, a precise 

mechanism of cationic channel signaling and, more importantly, transcriptional 

regulation of channel gene expression, remains unclear. Moreover, though a role for 

cationic channels in promoting cancer aggression has been posited, the role of chloride-

conducting anionic channels – if any – remains to be elucidated. Though a functional 

role for ion channels has not been cited in HCC, it remains plausible that many of the 
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characteristics associated with ion channels and cancer progression manifest in HCC as 

well.   

 

B. Hepatocellular Carcinoma 

 HCC is the fourth-leading cause of cancer-related deaths in both men and 

women, accounting for approximately 4-5% of total cancer cases [American Cancer 

Society Surveillance Research, 2012]. Because approximately 60% of patients have 

metastases to bone, brain, lung, adrenal glands, and kidneys by the time a diagnosis 

has been made, few treatment options are available for patients with advanced HCC 

(Katyal, Oliver et al. 2000). Surgical resection, standard chemotherapies, and radiation 

are commonly prescribed for patients with early HCC, yet survival time from diagnosis 

often averages less than 6 months due to a lack of specialized therapies. Because of the 

heterogeneous nature of dysplastic cells, and the possibility that patients with 

intermediate stage HCC are unsuitable candidates for resection, the 3-year survival rate 

for patients with invasive tumors may range anywhere from 20-80% (McGlynn and 

London 2011, Baffy 2012, Baffy, Brunt et al. 2012). Patients with end-stage disease 

however, characterized by severe tumor-related disability and potentially bacterial 

infection, reflect a 6-month survival rate of only 5% (Greten, Papendorf et al. 2005).  

HCC uncommonly forms in healthy patients, and the majority of cases arise in 

patients with underlying liver disease or cirrhosis (Thorgeirsson and Grisham 2002, 

Fattovich, Stroffolini et al. 2004, Farazi and DePinho 2006). A number of risk factors 

have been associated with direct or indirect HCC development and include viral hepatitis 

(B or C) infection, hyperglycemia, diabetes, and alcoholism (Tsukuma, Hiyama et al. 

1993, Moriya, Matsukura et al. 1996, Hassan, Hwang et al. 2002, Levrero 2006). 

Worldwide, hepatitis C infection alone accounts for 25% of all HCC cases (McGlynn and 

London 2011, Baffy 2012). In Western countries, approximately 80% of HCC cases 
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appear in patients with cirrhosis; vaccinations against hepatitis B have lessened this risk 

factor, yet the mortality rate of HCC due to chronic hepatitis C infection continues to rise 

(El-Serag 2002).  

An HCC diagnosis is classified pathologically according to distinct growth 

patterns, with tumors described as nodular (a single large mass or multiple masses) or 

infiltrative (has disseminated to portal or hepatic veins) (Kanai, Hirohashi et al. 1987). 

Well-differentiated tumors resemble normal hepatocytes, rigidly arranged and supported 

by a Type III collagen network (Pons, Varela et al. 2005). Poorly differentiated tumors 

are characterized by a lack of rigid architecture, central necrosis, and contain 

pleomorphic or anaplastic cells (Pons, Varela et al. 2005). A number of clinical staging 

systems are currently employed worldwide to evaluate HCC progression, though the 

lack of a universal staging system results in complex classifications. One of the more 

commonly used systems is the Barcelona-Clinic Liver Cancer (BCLC) staging system, 

which suggests a treatment schedule based on relative progression. Stage 0 HCC is 

characterized as very early stage with well-differentiated tumors < 2 cm. Stages A, B, 

and C, corresponding to early, intermediate, and advance stage HCC, respectively, may 

either form tumors or metastasize through the portal vein. Stage D, or end-stage, HCC is 

considered terminal (Llovet, Bru et al. 1999).  

   

C. Glucagon Receptor in Cancer  

 The actions of the glucagon receptor on the liver have been well characterized in 

healthy tissue (Jelinek, Lok et al. 1993, Ikegami, Cypess et al. 2001, Jiang, Cypess et al. 

2001, Sinclair, Yusta et al. 2008, Berglund, Lee-Young et al. 2009). Glucagon is 

produced by pancreatic α cells, with its transcription modulated by cyclic AMP (cAMP), 

and secretion tightly regulated by blood glucose levels. This secretion is dependent on 

the activation of voltage-gated Na+ and Ca2+ channels in the pancreas. These channels 
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remain activated and promote glucagon secretion with the help of ATP-sensitive K+ 

channels (KATP) while glucose levels are low. As glucose levels rise, cytosolic ATP levels 

block KATP channels, which subsequently inhibit Na+ and Ca2+ action potentials and 

inhibit glucagon release. The resulting effects of glucagon production and release are 

systemic and may include increases in bile acid synthesis, food intake, lipolysis, or 

glucose production (Habegger, Heppner et al. 2010). Key enzymes that are activated 

through these processes include glucose-6-phosphatase, fructose-1,6-bisphosphatase, 

and phosphoenolpyruvate carboxykinase (Quesada, Tuduri et al. 2008).  

 Glucagon binds exclusively to the glucagon receptor (GR), a heterotrimeric G-

protein coupled receptor (GPCR) with seven transmembrane domains produced by the 

GCGR gene (Siu, He et al. 2013). Though GRs are expressed in several tissues 

including lung, adipose, and cardiac, they most abundantly populate hepatocytes and 

exert their main function on the liver. As a primary regulator of glucose metabolism, GR 

stimulation activates adenylyl cyclase, which in turn increases cAMP levels, leading to 

the activation of PKA. Like many other GPCRs, the GR may be capable of intrinsic 

activity and basal activation mediated by nucleoside-diphosphate kinase or adenylyl 

cyclases (Beale, Andreone et al. 1984, Lok, Kuijper et al. 1994, Engelhardt and Rochais 

2007). The downstream effectors activated by the GR encompass a broad signaling and 

transcriptional network that includes cAMP, cAMP response element-binding protein 

(CREB), hepatic nuclear factors (HNF), the glucocorticoid receptor, and MAPKs. 

Besides the regulation of lipid metabolism, glucagon signaling through the GR stabilizes 

plasma cholesterol levels, carbohydrate metabolism, and triglyceride production 

(Sorensen, Brand et al. 2006, Habegger, Heppner et al. 2010, Han, Akiyama et al. 

2013).  

 Interestingly, mice fed high-fat diets become glucagon resistant, displaying 

symptoms similar to liver steatosis and exhibiting reduced GR density at the plasma 
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membrane of hepatocytes (Charbonneau, Couturier et al. 2005). GR knockout mice 

(Gcgr-/-) also yield prolonged hyperglycemia compared with control animals, with 

increased pancreatic α cell hyperplasia and a reduction in adipose mass (Conarello, 

Jiang et al. 2007). Decreased glucagon binding has been observed in hepatomas 

compared to normal liver; correspondingly, reduced adenylyl cyclase activity has been 

cited in poorly differentiated hepatomas compared to well-differentiated tumors (Mirel, 

Morris et al. 1978, Pezzino, Vigneri et al. 1979, Charbonneau, Unson et al. 2007) . 

Increased plasma glucagon levels have been recorded in a number of advanced and 

malignant cancers including HCC, colorectal, squamous cell esophageal, and endocrine 

pancreatic (Burt, Duenas et al. 1983, Jackson, Raju et al. 1987, Paner, Thompson et al. 

2000). Such findings raise the possibility that either a loss of receptor density or a 

decrease in functional GR results during transformation and may contribute to the 

transformation process.  

 

D. Ion Channels in Cancer  

 Ion channels contribute to a variety of cellular processes, with early evidence 

citing their involvement in cell excitability and apoptosis (Lehen'kyi, Shapovalov et al. 

2011). Intracellular increases in Ca2+ release via growth factor and inositol trisphosphate 

signaling is responsible for activating intermediate early genes for cell cycle, stimulating 

tumor cell proliferation (Berridge 2005). The rearrangement of Ca2+ pumps, in addition to 

dysregulated Na+/Ca2+ exchange and Ca2+ release into the cytoplasm, promotes 

apoptotic resistance in transformed cells (Furuya, Lundmo et al. 1994, Orrenius, 

Zhivotovsky et al. 2003, Monteith, McAndrew et al. 2007). Furthermore, Ca2+ efflux from 

the endoplasmic reticulum in response to hypoxia activates the transcription factor NF-

κB, which in turn regulates anti-apoptotic genes and upregulates hypoxia inducible factor 

1 (Wouters and Koritzinsky 2008, Yang, Zhang et al. 2010).   
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 Cancer cells suppress mitochondrial metabolism to thrive in such hypoxic 

environments. Voltage-dependent anion channels (VDAC) on the outer mitochondrial 

membrane, which are constitutively active in aerobic cells to facilitate transfer of ATP, 

ADP, and respiratory substrates to and from the mitochondria, are closed by free tubulin 

in human hepatoma cell lines and promote survival. Silencing VDAC-1 in HeLa cervical 

cancer cells reduced proliferation and tumor formation (Koren, Raviv et al. 2010). 

Similarly, volume-activated chloride channels under isotonic conditions promote invasion 

and migration of both endometrial cancer and glioma cells, which exhibit both 

spontaneous and elicited Cl- currents at the mitochondrial membrane (Ransom, O'Neal 

et al. 2001, Parkerson and Sontheimer 2004).   

However, little is known about the role of ligand- and voltage-gated channels at 

the plasma membrane. Ligand-gated ion channels (LGIC), or ionotropic receptors, 

consist of a protein subunit tetramer or pentamer situated around a central pore. 

Activation is dependent upon the binding of a chemical messenger, thereby causing a 

conformational change that allows ions such as K+, Na+, Ca2+, or Cl- to flow down their 

electrochemical gradient (Ortells and Lunt 1995). LGICs are classified into three 

subfamilies: cys-loop receptors, ionotropic glutamate receptors, and ATP-gated 

channels. Cationic cys-loop receptors include vertebrate nAChRs and serotonin (5-HT3) 

receptors, and are characterized by a disulfide bond between two cysteine residues in 

the N-terminus extracellular domain that is necessary for agonist-mediated excitatory 

neurotransmission (Connolly and Wafford 2004, Sine and Engel 2006, Collingridge, 

Olsen et al. 2009). Anionic cys-loop receptors, such as the GABAA and glycine 

receptors, promote inhibitory neurotransmission upon stimulation through Cl - 

conductance and subsequent hyperpolarization of the cells. Ionotropic glutamate 

receptors, which include NMDA, AMPA, and kainite receptors, are tetrameric and bind 

glutamate to modulate synaptic plasticity in the central nervous system via K+, Na+, and 
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Ca2+ conductance (Asztely and Gustafsson 1996, Sine and Engel 2006, Collingridge, 

Olsen et al. 2009, Miller and Smart 2010). Although ionotropic glutamate receptors have 

been shown to enhance lymphocyte activation in the periphery, only aberrant activity of 

metabotropic glutamate receptors has been observed in cancer (Pollock, Cohen-Solal et 

al. 2003, Yoo, Jeon et al. 2004, Namkoong, Shin et al. 2007) . In contrast, voltage-gated 

ion channels (VGIC) are activated by changes in electrical potential surrounding the cell 

membrane. Due to their role in depolarization following a voltage change, VGIC 

activation has a rapid effect on both neuronal and muscular tissue, but is most prevalent 

in cells requiring neurite extension and neurotransmitter release. VGICs, which include 

K+, Na+, and Ca2+ channel subtypes, exist as multimeric transmembrane protein subunits 

in resting, active, or deactivated (or inactivated) functional states (Catterall 2002, Yu, 

Yarov-Yarovoy et al. 2005). The overexpression of voltage-gated Na+ and Ca2+ channels 

has been documented in several studies on breast, prostate, and pancreatic cancers. 

The SCN5A isoform of the VGSC in particular has been shown to be aberrantly 

expressed in both colon cancer cell lines and patient samples, with higher SCN5A 

expression correlating to increased invasiveness of the cell line (Mariot, Vanoverberghe 

et al. 2002, Fraser, Diss et al. 2005, Brackenbury and Isom 2008, Onkal and Djamgoz 

2009, House, Vaske et al. 2010). Although Na+ conductance mediated through 

hypertonicity-induced cation channels has been observed in HCC cell lines (Wehner, 

Lawonn et al. 2002), a role for VGSCs in HCC has not been documented. In addition, 

extensive studies have focused on nAChRs and their role in lung cancers, as these 

receptors can be activated by carcinogenic nitrosamines similar to nicotine (Schuller 

2007). However a precise mechanism in which these channels confer an oncogenic 

advantage to transformed cells remains unclear.  

While the majority of evidence implicates cationic channels as promoters of 

cancer development, little is known about the role of ligand-gated anionic channels. It is 
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possible that intracellular cations dysregulate cAMP or MAPK activity to promote 

oncogenesis, while anionic channel activation may play a compensatory role to inhibit 

cancer progression.   

 

E. Voltage-gated Na+ Channels 

 VGSCs are comprised of 1 large α subunit and 2 smaller β subunits (Catterall 

1995, Savio-Galimberti, Gollob et al. 2012). The α subunit contains 4 homologous 

domains (D1-D4), each composed of 6 helical transmembrane segments (S1-S6). 

Although this α subunit alone can form a functional channel, the domains generally 

associate with one or two auxiliary β immunoglobulin cell adhesion molecules (β 

subunits) that modulate cell-cell communication and channel kinetics (Catterall, Goldin et 

al. 2005). The fourth transmembrane segment (S4) of each domain contains highly 

conserved arginine repeats and serves as the voltage sensor. It is believed that  this 

sensor moves outward during depolarization to initiate closure of the inactivation gate, 

which is located intracellularly between D3 and D4 (Stuhmer, Ruppersberg et al. 1989, 

Yang and Horn 1995). The outer pore of the channels is formed between the S5 and S6 

segments of each domain (Figure 1). This pore is selective for Na+ due to several 

reasons: it is composed of negatively charged amino acid residues, which excludes 

negatively charged ions; glutamic acid residues lining the pore attract only smaller ions; 

and the pore is < 0.5 nm wide, prohibiting larger cations such as K+ and Ca2+ to pass 

through (Catterall 1995).  

 When excitable cells are at the resting membrane potential (~-70 to -90 mV 

depending on the cell type), VGSCs are configured in the resting state. If the resting 

membrane potential reaches the action potential threshold (typically above -55 mV), the 

charged S4 residues simultaneously move outward and rotate to open the pore , allowing 

Na+ to enter the cell. As the resting membrane potential becomes more positive and 
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exceeds the action potential threshold due to the Na+ influx, the channels activate, and 

within milliseconds, inactivate (Guy and Seetharamulu 1986, Yang and Horn 1995). The 

loop between D3 and D4 acts as a hinge and binds to the intracellular pore, effectively 

inactivating the channel and preventing further ion flow. Three hydrophobic residues 

located on the loop are protein kinase C (PKC)-dependent phosphorylation sites that 

shift to cover the mouth of the pore (Numann, Catterall et al. 1991, West, Numann et al. 

1991). When the membrane voltage returns towards the resting potential and the cell 

hyperpolarizes, the inactivation gate reopens and the activation gate closes.  

 Ten members of the sodium channel family have been documented in 

eukaryotes, with each isoform containing a unique amino acid sequence that confers 

differences in kinetic and expression profiles (Catterall 2000, Goldin 2001). Nav1.1-1.3 

and Nav1.6 are abundantly expressed in the CNS, whereas Nav1.4 and Nav1.5 are 

primarily expressed in skeletal and cardiac muscle. Nav1.7-1.9 have been isolated from 

the peripheral nervous system (PNS), especially from lower spinal cord, Schwann cells, 

neuroendocrine cells, and small sensory neurons. The atypical Na x isoform is present in 

astrocytes, heart, skeletal muscle, and uterus, but expression has not yet been 

documented in the liver. Though all isoforms demonstrate fast inactivation, they differ 

slightly in their resting membrane potential and persistent current.  

 A number of genetic or alternative splice variants have been cited in the SCN 

genes, particularly in SCN5A, that are associated with disease. Many of these variants 

are single nucleotide polymorphisms (SNPs) or mutations that affect the pore function 

(Wang, Shen et al. 1995, Meisler and Kearney 2005, Olson, Michels et al. 2005) . 

Channelopathies that result from these SNPs or mutations have been observed in Long-

QT syndrome and Brugada syndrome (Hwang, Chen et al. 2005, Keller, Barrane et al. 

2005, Watanabe, Koopmann et al. 2008). Additionally, a neonatal splicing variant of 

SCN5A promotes both in vitro breast cancer invasion and lymph node metastasis, while 
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alternative splicing in SCN8A in fetal brains produces a nonfunctional channel that may 

lead to juvenile lethality (Fraser, Diss et al. 2005, Brackenbury, Chioni et al. 2007, Onkal 

and Djamgoz 2009, Plummer, Galt 1998). There has been speculation that neuronal 

development parallels cancer metastasis, as overexpression of both the fetal form of 

SCN5A and other SCN genes has been documented in colon, breast, lung, cervical, and 

prostate cancers as well as neuroblastoma and mesothelioma (Benson, Wang et al. 

2003, Brackenbury, Djamgoz et al. 2008). SCN5A expression has not been observed in 

liver (Rogart, Cribbs et al. 1989, Trimmer, Cooperman et al. 1990, George, Knittle et al. 

1992, Goldin 1999), and it is therefore unknown whether the protein plays a functional 

role in HCC development.   
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Figure 1. Schematic representation of the VGSC.  
Auxiliary β subunits associate with four α domains, each of which is comprised of 6 
transmembrane protein subunits. The S4 subunit on each domain functions as a voltage 
sensor. An inactivation region comprised of four amino acid residues (isoleucine, 
phenylalanine, methionine, and threonine) is located on the transmembrane linker 
between Domains III and IV. Image adapted from Salvio-Galemberti et al (2012).  
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F. GABAA Receptors  

 The ligand-gated, ionotropic GABAA receptor is a pentameric transmembrane 

complex situated around a central pore (Connolly and Wafford 2004). In humans, 6 α 

subunits (GABRA1-A6), 3 β subunits (GABRB1-B3), and 3 γ subunits (GABRG1-G3) 

frequently arrange in the combination α2β2γ (Figure 2). The less common δ (GABRD), ε 

(GABRE), π (GABRP), and θ (GABRQ) subunits may also form functional 

heteropentamers with α and β subunits (Olsen and Tobin 1990, Angelotti and 

Macdonald 1993, Saxena and Macdonald 1994, Neelands, Fisher et al. 1999, Neelands 

and Macdonald 1999). There are also three ρ subunits (GABRR1-R3) that do not 

associate with the classical GABAA receptor, but instead combine to form functional 

homopentamers (ρ15, ρ25, ρ35) or heteropentamers (for example, ρ1xρ2yρ3z where Σ 

(x,y,z) = 5). These ρ subunits were once termed the GABAC receptor and are 

predominantly found in the retina, though it has since been found that the GABAC 

receptor is in fact a splice variant of the GABAA receptor family (Takehara, Hosokawa et 

al. 2007, Charych, Liu et al. 2009). As a member of the Cys-loop family of receptors, 

GABAA subunits contain 4 transmembrane helices (known as the ‘transmembrane 

domain’) and an N-terminal ligand binding domain (Zhang, Xue et al. 2008). It is believed 

that electrostatic interactions between residues in the transmembrane 2-3 linker region 

of the subunit are responsible for channel gating (Kash, Jenkins et al. 2003). More 

importantly, each unique subunit combination yields channels with distinct 

pharmacological and biophysical properties.   

 Of particular interest are functional GABAA homomers which can be formed by β 

subunits (Wooltorton, Moss et al. 1997, Chen and Olsen 2007). Though the expression 

of these homomers has been reported in vitro, it is unclear whether significant 

expression also exists in vivo. Human β1 homomers can be activated by GABA, which is 

unusual because the canonical GABA binding site is located at the α1 – β2 interface 
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(Chen, Xue et al. 2011). By contrast, murine and rat β1 homomers appear unresponsive 

to GABA (Krishek, Moss et al. 1996). β2 homomers are not expressed at the plasma 

membrane, suggesting they play little to no role in surface chloride conductance (Gorrie, 

Vallis et al. 1997). β3 homomers appear to respond to both GABA and barbiturate 

binding; interestingly, β3 homomers also activate in response to high concentrations of 

general and steroid anesthetics (Davies, Kirkness et al. 1997). Furthermore, β3 

homomeric channels have a more positive resting membrane potential compared to 

heteromeric GABAA receptors, indicating that they are capable of spontaneous gating in 

the absence of ligand binding (Wooltorton, McDonald et al. 1997). Such characteristics 

make β3 homomers interesting as both an experimental and pharmacological target.  

 Within the central nervous system the GABAA receptor mediates rapid 

neurotransmission through hyperpolarization. Receptor activation opens the central 

pore; following a conformational change within the membrane, chloride ions flow down 

their concentration gradient to stabilize the resting membrane potential (Olsen and Tobin 

1990). This effect is generally inhibitory, making it more difficult for excitatory 

neurotransmitters such as glutamate or acetylcholine to depolarize the neuron. Defects 

in GABAA receptor function, in particular a lysine mutation between the 2-3 linker, have 

been associated with rare forms of epilepsy (Wallace, Marini et al. 2001). It has also 

been shown that loss of the δ subunit results in significant behavioral alterations that 

include decreased response to neurosteroids and increased alcohol abuse (Mihalek, 

Bowers et al. 2001). Although GABAA receptors are present in many tissues including 

lung, liver, kidney, heart, ovary, and pancreas, little is known about its role in cancer and 

whether defects in receptor function are to blame. Evidence suggests that during 

neurodevelopment, which shares many parallels with cancer metastasis (Ma, Zhang et 

al. 2010), GABA can act as a trophic factor to promote cell survival or proliferation and is 

capable of excitatory neurotransmission (Ong and Kerr 1990, Owens and Kriegstein 
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2002, Caruncho, Dopeso-Reyes et al. 2004). Interestingly, GABRP overexpression 

observed in pancreatic ductal adenocarcinoma and contributes to increased MAPK 

pathway activation (Takehara, Hosokawa et al. 2007). However, GABAA receptors in the 

liver have been found to respond to the GABA agonist bicuculline, thereby inhibiting 

expression of α-fetoprotein mRNA and subsequent cell proliferation. Furthermore, these 

receptors demonstrate reduced levels of β3 receptor expression; restoration of the 

receptor has been shown to inhibit HCC tumor growth (Chen, Bao et al. 2012). It 

remains unclear whether GABAA receptors found in peripheral tissues respond to 

pharmacological treatments in the same manner as receptors in the CNS.  (Ong and 

Kerr 1990, Akinci and Schofield 1999).  
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Figure 2. Schematic representation of the GABAA receptor.  
The pentameric receptor is composed of four transmembrane domains within each 
subunit. Heteromeric receptors commonly arrange in the form α2β2γ, though the γ 
subunit is variable and may be replaced by a δ, ε, or θ subunit. Pharmacological 
activation by GABAA agonists is dependent on subunit composition. Benzodiazepines 
potentiate GABA binding and require presence of the γ subunit. Neuroactive steroids 
directly bind to α subunits or allosterically modulate channel opening. Both general 
anesthetics such as propofol and neuroactive steroids effectively activate β3 homomers.  

 
 
 
 
 

 

 

 

 

 

G. Ion Channel – Induced Signaling 
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 It has been demonstrated that VGSCs facilitate an invasive cancer phenotype by 

acting as upstream signal transducers of MAPK activation and gene transcription 

(House, Vaske et al. 2010). Previous studies in neurons, neuroendocrine cells, and 

colon cancer cells have shown that depolarization leads to MAPK activation via a Ca 2+-

dependent mechanism (Rosen, Ginty et al. 1994, Schuller, Plummer et al. 2003, Dhillon, 

Hagan et al. 2007, House, Vaske et al. 2010). This Ca2+ dependence is required for 

calmodulin and PKA/PKC activation, which subsequently stimulates the small GTPase 

Ras and Raf-1, and finally the MAPKs ERK1/2. It is also known that activating mutations 

in this signaling cascade, which include the epidermal growth factor receptor (EGFR), 

contribute to uncontrolled cell growth by promoting the transcription of genes that 

contribute to migration and proliferation (Dhillon, Hagan et al. 2007). Taken together, it is 

possible in the context of HCC that ERK1/2-phosphorylated transcription factors (TF) 

have cis-acting binding sites on cationic channel genes, thereby offering a positive 

feedback link between ion channel signaling and gene transcription following GR loss. 

Additionally TRPV channels have been found to be overexpressed in prostate cancer 

and contribute to tumor neovascularization. TRPV4 functionally associates with integrins 

on the plasma membrane to promote Ca2+ entry, which subsequently leads to 

cytoskeletal rearrangements necessary for cell migration (Howe 2011).  

 Little is known about anionic channel signaling and its role in cancer. It has been 

hypothesized that volume-dependent anionic channel closure can suppress 

mitochondrial function, leading to aerobic glycolysis, ischemia, and stimulated cell 

proliferation (Lemasters and Holmuhamedov 2006). However, it is unclear whether 

ligand-gated anionic channels at the plasma membrane influence oncogenic signal 

transduction pathways implicated in cancer.   

 

H. Drug Repurposing  
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 There is a critical need to identify novel targets for cancer treatment, due to the 

limited number of specialized therapies available and high cost of development. Current 

treatment options are generally limited to chemotherapies, radiation, surgery, ablation, or 

palliative care. However, the damaging systemic effects of chemotherapy and radiation 

call for alternative, more selective treatments. Drug repurposing, or the application of 

known drugs to novel situations, has come into light in recent years as a potential means 

of therapeutic discovery. Not only are these pharmaceuticals already in production, but 

their dosage and toxicity levels have been well characterized. These established drugs, 

which may be used as anti-cancer agents, may enter into clinical trials earlier than new 

agents and therefore cut down on production cost and time to shelf.  A number of 

computational approaches are ongoing that seek to identify molecular targets, 

mutations, or small molecules that are common among diseases, so that they might be 

selectively targeted by available drug treatments (Boguski, Mandl et al. 2009, Gupta, 

Sung et al. 2013). Several small molecule inhibitors (SMI) are currently being designed 

to target oncogenic signaling pathways dysregulated across a number of cancers, such 

as the MAPK, PI3K, or WNT pathways (Zhang, Yang et al. 2009, Fedorov, Muller et al. 

2010). Sorafenib, a SMI of the tyrosine kinase receptors VEGFR and PDGFR, as well as 

Raf kinases, has already been approved for advanced hepatocellular carcinoma, renal 

cell carcinoma, and iodine-resistant thyroid cancer (Wilhelm, Carter et al. 2006, 

Escudier, Eisen et al. 2007, Llovet, Ricci et al. 2008). Sorafenib is an example of one 

agent whose efficacy may be tested in other solid cancers, such as breast cancer, 

whose progression may be dependent on VEGF signaling. Similarly, imipramine, a 

tricyclic antidepressant that has potent effects on neurotransmitters in the CNS, has also 

been found to decrease intracellular Ca2+ levels to induce cell death in lung cancer 

(Jahchan, Dudley et al. 2013). Though roles for ligand- or voltage-gated ion channels in 

cancer are incompletely understood, especially in the context of HCC, a large number of 
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commercially available pharmaceuticals exist that selectively inhibit or potentiate VGSCs 

and GABAA receptors, respectively (Table 1). These drugs may effectively act not only 

in their traditional roles but can also be used to inhibit cancer development and 

progression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Clinically available pharmaceuticals targeting VGSCs and GABAA receptors 
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Drug Trade Name Use Mechanism 

Disopyramide Norpace Antiarrhythmic VGSC inhibitor 

Flecainide Tambocor Antiarrhythmic VGSC inhibitor 

Mexiletine Mexitil Antiarrhythmic VGSC inhibitor 

Procainamide Pronestyl Antiarrhythmic VGSC inhibitor 

Propafenone Rythmol Antiarrhythmic VGSC inhibitor 

Quinidine Quinidine Antiarrhythmic VGSC inhibitor 

Phenytoin Dilantin Antiepileptic VGSC inhibitor 

Lidocaine Xylocaine Anesthetic/ Antiarrhythmic VGSC inhibitor 

Acamprosate Campral Alcohol Dependence GABAA activator 

Progabide Gabrene Anticonvulsant GABAA activator 

Clonazepam Rivatril Anticonvulsant/ Anxiolytic GABAA activator 

Diazepam Valium Anticonvulsant/ Anxiolytic GABAA activator 

Lorazepam Ativan Anticonvulsant/ Anxiolytic GABAA activator 

Phenobarbital Luminal Anticonvulsant/ Barbituate GABAA activator 

Tiagabine Gabitril Anticonvulsant/ Panic Disorder GABAA activator 

Allopregnanolone THP Neuroactive Steroid GABAA activator 

GABA GABA Dietary Supplement GABAA activator 

Picamilon Pycamilon Dietary Supplement GABAA activator 

Propofol Diprivan Anesthetic  GABAA activator 

 
Subset of clinically available pharmaceuticals prescribed as VGSC blockers or GABAA 
activators.  
 

 

I. Statement of Problem 
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 The status and function of the GR in HCC is unclear; it is possible that loss of the 

receptor leads to a cancer phenotype. In this dissertation the hypothesis examined is 

that the GR operates as a tumor suppressor that is lost in advanced HCC and that this 

loss is associated with gene expression changes in ion channels that can be targeted for 

treatment. Specifically, pharmaceuticals that are traditionally utilized as ion channel 

modulators in the CNS can be employed to target channels in HCC to inhibit cancer 

progression.  

The following sub-aims were addressed in this study: 

1. The GR functions as a tumor suppressor and has a distinct mechanism of action 

in HCC.  

2. GR loss results in differential expression of ion channels that have functional 

significance in HCC. 

3. GR signaling directly impacts ion channel gene expression. 

4. Ion channel modulators can be repurposed to treat HCC following GR loss.  

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 
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Materials & Methods 

Outline 
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B. Retrovirus Transfection & Derivation of Stable Hep3B-EV Clones  
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A. Cell Culture  
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 Human liver cancer cells Hep3B (ATCC Catalogue No. HB-8064), HepG2 (ATCC 

Catalogue No. HB-8065), and Huh7 (Nakabayashi, Taketa et al. 1982) were previously 

acquired in our laboratory and had been passaged fewer than 15 times upon receipt 

(Nguyen 2011, Analysis of the Role of Glucagon in Hepatocellular Carcinoma Cell 

Growth, Invasion, and Migration and the Regulation of Glucagon Receptor Signaling,  

Doctoral Dissertation). Prior to our acquisition cells were purchased directly from the 

American Type Culture Collection (ATCC, Manassas, VA). Cells were maintained in 100 

mm2 culture dishes in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

10% fetal bovine serum (FBS), 2 mM L-glutamine and 2 mM penicillin-streptomycin 

(Gibco, Grand Island, NY) at 37oC and 5% CO2. This medium is referred to hereafter as 

‘normal medium’. Platinum-A packaging cells (Cell Biolabs, San Diego, CA) were 

maintained in DMEM supplemented with MEM non-essential amino acids (CellGro, 

Manassas, VA), 10% FBS, 2 mM penicillin-streptomycin, 1 μg/mL puromycin (Sigma 

Aldrich, St. Louis, MO), and 10 μg/mL blasticidin (Calbiochem, Gibbstown, NJ). Wild-

type Hep3B cells stably overexpressing the GR (herein denoted Hep3B-GR) and a 

green fluorescence protein (GFP) tag designed previously in our laboratory were 

maintained in normal medium supplemented with 1 μg/mL puromycin as a selection 

marker. Wild-type Hep3B cells stably expressing an empty vector (herein denoted 

Hep3B-EV) and GFP were maintained in normal medium only. The cells were passaged 

at a dilution of 1:4 every 3-4 days. Cell detachment was facilitated with trypsin (2 mL per 

100 mm2 dish). For long-term storage at -80oC, cells were frozen in DMEM 

supplemented with 20% FBS and 10% dimethyl sulfoxide (DMSO) (Sigma Aldrich). To 

thaw, cells were removed from long-term storage and immediately submerged in a 37oC 

water bath before being resuspended in warm medium. All cells lines used in 

experiments were ≤ 25 passages.  

B. Retrovirus Transfection & Derivation of Stable Hep3B-EV Clones  
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 Wild-type Hep3B cells stably overexpressing the GR (Hep3B-GR) had been 

previously designed in our lab (Nguyen 2011, Analysis of the Role of Glucagon in 

Hepatocellular Carcinoma Cell Growth, Invasion, and Migration and the Regulation of 

Glucagon Receptor Signaling, Doctoral Dissertation). To develop a control cell line 

stably expressing an empty vector (Hep3B-EV), Platinum-A packaging cells were grown 

for approximately 10 days to 70-80% confluence, and then seeded on 60 mm plates 

(2x106 cells per dish). The next day cells were gently transfected with 3 μg pMXs-IRES-

GFP retroviral vector (Cell Biolabs) + 9 μL Fugene HD transfection reagent (Roche, San 

Francisco, CA). Each plate also contained 3 mL of Platinum-A medium. Plates were 

incubated in the hood for 15 min before being returned to the incubator.  

 The following day (Day 2), media on the packaging cells was changed to 3 mL 

normal medium containing no penicillin-streptomycin or L-glutamine. Wild-type Hep3B 

cells were seeded on 60 mm plates and allowed to grow overnight to approximately 50 -

60% confluence at 37OC.  

 48 hrs (Day 3) and 72 hrs (Day 4) after transfection the supernatant was 

harvested from the Platinum-A packaging cell plates and replaced with 3 mL medium. 

The supernatant was removed with a pipette and filtered with a 0.45 μm filter to remove 

debris. Polybrene (hexadimethrine bromide) (Sigma) was added directly to the virus 

supernatant to a final concentration of 4 μg/mL. Medium was then removed from wild-

type Hep3B cells that were plated on Day 2, and the virus supernatant plus polybrene 

mixture was added to one dish of Hep3B target cells.  

 

C. Selection & Cloning of Hep3B-EV Cell Colonies  

 Hep3B target cells were grown for 2-3 days in normal medium and sorted by 

fluorescence-activated cell sorting (FACS). Cells were trypsinized, resuspended in 

regular medium, and centrifuged at room temperature at low speed to reduce cell 



26 
 

damage. The supernatant was slowly aspirated and cells were resuspended in 

phosphate-buffered saline (PBS) containing 2% FBS to wash. This wash buffer was 

filtered once with a 0.22 μm filter. Following a repeat centrifuge, the supernatant was 

again aspirated and cells were gently resuspended in wash buffer. FACS sorting was 

conducted by the George Washington University Flow Cytometry Core by Teresa 

Hawley. Approximately 1x106 cells were collected from FACS to be re-plated.  

 Cells were selected for strong average GFP fluorescence, seeded at 

approximately 1 cell per well in 96-well plates containing normal medium, and allowed to 

grow for several weeks. Individual GFP-expressing colonies were isolated and expanded 

as a clonal population. All Hep3B-EV clones were tested by Western blot to confirm 

absence of GR protein.   

 

D. RNA Isolation & Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

 Total RNA was extracted from 1x106 cells using Trizol (Life Technologies, 

Carlsbad, CA). Cells were trypsinized, centrifuged, and pellets were resuspended in 1 

mL Trizol with a 20-gauge needle. After incubation at room temperature for 5 min, 200 

μL chloroform was added and the suspension was vortexed vigorously. The suspension 

was centrifuged for 15 min at 13,000 RPM at 4oC. RNA was precipitated from the 

aqueous phase by incubation with 500 μL isopropanol overnight at -80oC. Crude RNA 

was purified using an RNeasy Mini Kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions. RNA integrity was measured by agarose gel 

electrophoresis, and RNA concentration was determined using a NanoDrop 

spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). The purified RNA 

was considered acceptable if the 260/280 absorbance ratio fell between 1.5-1.8 

(arbitrary units). Unused RNA was stored at -80oC.  
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 Primers for quantitative real-time PCR (qRT-PCR) were designed in using 

NCBI/Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/, website reference 

used as of January 2014). Primer pairs were selected for a length of 15-21 base pairs, a 

G/C content of 20% – 70%, melting temperature range of 58oC – 60oC, minimum 

repeating patterns, and a maximum of 1 – 2 G/Cs in the last 5 nuceotides at the 3’ ends. 

Primers were selected for human specificity by the National Center for Biotechnology 

Information (NCBI) basic local alignment search tool (BLAST).  

 Reverse transcription of total purified RNA was conducted to form a cDNA 

template using the TaqMan Universal PCR Master Mix kit (Applied Biosystems, 

Carlsbad, CA) according to the manufacturer’s instructions.  Gene expression was 

measured on the ABI Prism 7300 Sequence Detection System (Applied Biosystems) 

using PerfeCta SYBR Green FastMix ROX (Quanta Biosciences, Gaithersburg, MD) with 

the following thermal cycling parameters: 

Incubation  50oC  2 min  

Activation  95oC  10 min  

40 cycles of: 

Denaturation  95oC  15 s  

Annealing  60oC  1 min 

Specificity was verified by melting curve analysis. Housekeeping genes 

eukaryotic translation initiation factor 1A, X-linked (E1FAX, Genbank Accession number 

NM_001412) and pyrophosphatase (inorganic) 1 (PPA1, Genbank Accession number 

NM_021129) were used for normalization. Relative quantitation of gene expression was 

analyzed using the Comparative Ct Method (Schmittgen and Livak 2008). Primer 

sequences are provided in Table 2.  

 

 



28 
 

Table 2. Quantitative RT-PCR Sequences 

Gene Name 
Gene 

Symbol 
RefSeq Forward Primer Rev erse Primer Use 

Cyclic AMP-Dependent 

Transcription Factor 
ATF1 NM_005171 AGTCCCAGGAGACCAGCACAGC AGAACACTTCCCCCGCAACAC ChIP 

FBJ Murine Osteosarcoma 

Viral Oncogene Homolog 
FOS NM_005252 GGTCGGTGAAGGAACTCGGCTT TCCCCCACCTTGGTCAGAGGG ChIP 

Jun Proto-Oncogene JUN NM_002228 CCCAGGAGACCAGCACAGCAC GAACACTTCCCCCGCAACACAGT ChIP 

ETS Domain-Containing 

Protein Elk-1 
ELK1 NM_001114123 TGTCAGTGTGTCAGTGGATGTGTGT CGCTGCCATAGGCATACCTGC ChIP 

Hepatocyte Nuclear Factor 

1 Homeobox A 
HNFA1 

NM_000545 

 
CAAAGTCATACTTGGTGAGAACC GCCAGCATGTATCTGTTTTATGTGA ChIP 

Jun Proto-Oncogene JUN NM_002228 GCCTATGGCAGCGTGTGTCT GGACGCGGACAGGCTCACATT ChIP 

V-Myc Myelocytomatosis 
Viral Oncogene Homolog 

MYC NM_002467 GCGGCTGTCTGTGGCTGTGA TGGGTTCGGCCTGGGGCTT ChIP 

Retinoic Acid Receptor 

Alpha 
RARA NM_000964 AGGTCACACAACAAAGAGGCA CCTTCCCTGCATAATGACCGT ChIP 

Cholinergic Receptor, 

Nicotinic, Alpha 2  
CHRNA2 NM_000742 AGACTGGACAGCCCCAGGA TAGGAGACACCCCGTCGAGCA qRT-PCR 

Cholinergic Receptor, 

Nicotinic, Alpha 3 
CHRNA3 NM_000743 CCGTCTTCGTGCTCAACGTGC ACTCTGCGCGGCTGAAGCAA qRT-PCR 

Cholinergic Receptor, 

Nicotinic, Alpha 4 
CHRNA4 NM_000744 CACGCACACCATGCCCACCT CGCCGGCAATTGTCCTTGACC qRT-PCR 

Cholinergic Receptor, 

Nicotinic, Alpha 5 
CHRNA5 NM_000745 TGGCGCCTTTGGTCCGCAA TCGAGCGCAGCTTCCAATGTG qRT-PCR 

Cholinergic Receptor, 

Nicotinic, Alpha 6 
CHRNA6 NM_001199279 GCTGACCAGCAAGGGGCAGG TCCTCAGTTGCACAGCCCACA qRT-PCR 

Cholinergic Receptor, 

Nicotinic, Alpha 7 
CHRNA7 NM_000746 CGCTCCTGCACGTGTCCCT ACGTCCATGATCTGCAGGAGGC qRT-PCR 

Cholinergic Receptor, 
Nicotinic, Beta 2 

CHRNB2 NM_000748 CTCCAGCCGGTGTAGGCGAG TGAGCACAGCCGGAGGAGG qRT-PCR 

Cholinergic Receptor, 

Nicotinic, Beta 3 
CHRNB3 NM_000749 ACGAACCCCGAATGCGTTGTCT TGGCCACATGTGAGCTCAAGCC qRT-PCR 

Cholinergic Receptor, 

Nicotinic, Beta 4 
CHRNB4 NM_000750 CGCGCCTTCCCTGGTCCT GCTGTGAGGAGCTGGTGGCTG qRT-PCR 

Eukaryotic Translation 

Initiation Factor 1A, X-

Linked 

E1FAX NM_001412 GTACTGGAGAGGGGAGAGCA TGAAGCTGAGACAAGCAGGA qRT-PCR 

ETS Domain-Containing 

Protein Elk-1 
ELK1 NM_001114123 CCACGTGAGCTGTAGGGAAA GGGTACCTGTGTGTAGCGTG qRT-PCR 

Gamma-Aminobutyric Acid 

A Receptor, Alpha 1 
GABRA1 NM_000806 TCCGAGAATGATGGAGCTCGAGG TGCTGGGTTCCTGGACGAAGA qRT-PCR 

Gamma-Aminobutyric Acid 

A Receptor, Beta 2 
GABRB2 NM_000813 AGTGGCAGACCAGCTCTGGGT GTGCCATCAGGATGCAGGCGA qRT-PCR 

Gamma-Aminobutyric Acid 

A Receptor, Beta 3 
GABRB3 NM_000814 CTGCGCCCAGAGTGTGAACGAT CGAAGTCGGGTCTTAGGCGAATG qRT-PCR 

Gamma-Aminobutyric Acid 
A Receptor, Gamma 2 

GABRG2 NM_000816 TCCGCCCAAGATCAGCAACCA GGCACAGTCCTTGCCGTCCA qRT-PCR 

Gamma-Aminobutyric Acid 

A Receptor, Beta 3 
GABRD NM_000815  GTCCGCTGGCCAGTTCCCAC TGCCTAGAGACACCCTGGCGG qRT-PCR 
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Gamma-Aminobutyric Acid 
A Receptor, Delta 

GABRE NM_004961 TGCTTCTGCGCTCTGTTGGAG ATGTTGGCGGGCACAGGCTC qRT-PCR 

Gamma-Aminobutyric Acid 

A Receptor, Pi 
GABRP NM_014211 AATGGCACGGTCCTGTATGCC TGAGCAAGCCGCAGGTGTTCC qRT-PCR 

Gamma-Aminobutyric Acid 

A Receptor, Theta 
GABRQ NM_018558 TCCGCAACCGTGTCGAAGCC AGCCTGCTTCTTGCACACCCT qRT-PCR 

Glycine Receptor, Alpha 1 GLRA1 NM_000171 GCTGCTCCGATTCAGGAGGAGC GCGCCCTTGACTGAGATGCCA qRT-PCR 

Glycine Receptor, Alpha 2 GLRA2 NM_001118885 AGGAGTTCCTGCGCCTCCGA GCAGGTGTGGCCTTGACAGCT qRT-PCR 

5-Hydroxytryptamine 

Receptor 3A 
HTR3A NM_000869 CTGCCATCGGCACTCCTCTCA CCCAGGGCAGAGGCAAGAGAC qRT-PCR 

5-Hydroxytryptamine 

Receptor 3B 
HTR3B NM_006028 TGGACCTGGGGAGCTTCTACCT GTGCCCAATCAGAGGGGTGCT qRT-PCR 

5-Hydroxytryptamine 

Receptor 3C 
HTR3C NM_130770 GTGCAGTTCAGCCACGCGA GAGTCCGGCTGGCCCAAGA qRT-PCR 

5-Hydroxytryptamine 

Receptor 3D 
HTR3D NM_001145143 TGGCTCCACTCCCTGCTGCT CCGCTGGGCCCTTGTCCATT qRT-PCR 

5-Hydroxytryptamine 

Receptor 3E 
HTR3E NM_001256613 GACAAGGGCCCAGCGGGAA GAGGAGGCCATGAAGAGCAGGT qRT-PCR 

Pyrophosphatase 

(inorganic) 1 
PPA1 NM_021129 GGCTGTTGTGGTGACAATGA TGACTTTCCAGTCGGTTTCC qRT-PCR 

Retinoic Acid Receptor 

Alpha 
RARA NM_000964 GAATCCTGAATCGAGCTGAGAGG AGTTCTGTGAGCTGGCACTTTT qRT-PCR 

Sodium Channel, Voltage-

Gated, Type V, Alpha 

Subunit 

SCN5A NM_000335 CATCCTCACCAACTGCGTGT CCTAGTTTTTCTGATACA qRT-PCR 

Sodium Channel, Voltage-
Gated, Type VII, Alpha 

Subunit 

SCN7A NM_002976 TCCTCCACCATGTGAATGCC CTGGTGAAGCCAACATTTCCA qRT-PCR 

 
Gene names, symbols, accession numbers and forward and reverse primer sequences 
for primers used in RT-PCR reactions. Human specificity for each sequence was verified 
using the NCBI BLAST tool.  
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E. Chromatin Immunoprecipitation Assays 

 For chromatin immunoprecipitation (ChIP) assays to measure transcription factor 

binding to the promoter region of ion channel genes, 1x106 Hep3B-EV or Hep3B-GR 

cells were plated in 60 mm culture dishes and allowed to adhere overnight. Chromatin 

was cross-linked with 1% formaldehyde for 10 min at 37oC. Following cross-linking, 

media was removed and cells were washed twice with ice-cold PBS with added protease 

inhibitors (Roche). Cells were scraped from the dish and centrifuged for 4 min a t 2000 

RPM and 4oC. Pellets were resuspended in 200 μL SDS Lysis Buffer with protease 

inhibitors (Millipore, Billerica, MA) and incubated on ice for 10 min. Lysates were then 

sonicated on ice to shear DNA to an average length between 200 – 1000 base pairs. 

Fragment lengths were confirmed by running an agarose electrophoresis gel.  

 Samples were diluted 10-fold in ChIP Dilution Buffer with protease inhibitors 

(Millipore) and pre-cleared with 75 μL Salmon Sperm DNA/Protein A Agarose Slurry 

(Millipore) for 30 min at 4oC with agitation. Cell debris was then pelleted out by brief 

centrifugation. Primary antibodies for the transcription factor of interest were incubated 

with the pre-cleared supernatant overnight at 4oC with agitation. The following day, 60 

μL Salmon Sperm DNA/Protein A Agarose Slurry (Millipore) was added for 1 hr to collect 

the antibody/histone complex. Unbound chromatin in the supernatant was then removed 

by gentle centrifugation (1000 RPM for 1 min). The beads were washed for 5 minutes 

with rotation, pelleted (1000 RPM for 1 min), and the wash buffer discarded for the 

following steps: 

1. Low salt immune complex wash buffer: 2 washes at 4oC plus protease inhibitors  

2. High salt immune complex wash buffer: 2 washes at 4oC plus protease inhibitors 

3. LiCl immune complex wash buffer: 1 wash at 4oC 

4. TE buffer: 2 washes at room temperature 
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SDS lysis, dilution, low salt, high salt, LiCl immune complex, and TE buffers were 

purchased from Millipore as part of a Chromatin Immunoprecipitation Assay Kit 

(Catalogue Number 17-295). Protease inhibitor cocktail tablets containing pancreas 

extract, thermolysin, chymotrypsin, trypsin, and papain were purchased from Roche and 

dissolved directly in the wash buffers (Catalogue Number 04693132001). 

To elute the bound transcription factors, beads were resuspended in 40 μL TE 

buffer. The samples were heated at 65oC for 6-8 hrs to remove cross-links, and then 

heated at 95oC for 20 min to denature proteins.  

Prior to diluting the sonicated cell supernatant 10-fold in ChIP Dilution Buffer with 

protease inhibitors (Millipore), 20 μL of sonicated sample was removed to be used as 

‘input’ control, to which 100 μL of TE/1% SDS buffer was added. These input samples 

were heated at 65oC for 6-8 hrs to remove cross-links, and then 50 μg ProteinaseK 

(Qiagen) was added for an additional 2 hrs at 37oC for digestion. Equal parts 

input/ProteinaseK and Phenol:Chloroform:Isoamyl Alcohol (PCI) (Life Technologies) 

were combined, incubated at room temperature for 5 min, and centrifuged at 13000 

RPM for 5 min at 4oC. The organic layer was mixed 1:1 with chloroform, incubated at 

room temperature for 5 min, and centrifuged at 13000 RPM for 5 min at 4 oC. Again the 

organic layer was removed, and mixed 1:10 with NaOAc and 1:2.5 with 100% ethanol. 

Input samples were incubated at -20oC overnight, centrifuged at 13000 RPM for 20 min 

at 4oC, washed with 70% ethanol, and resuspended in 100 μL TE buffer.  

To quantify ChIP binding, samples were run on an agarose electrophoresis gel 

and normalized to the input signal. All unused samples were stored at -20oC. Antibodies 

used for ChIP analysis are provided in Table 3.  
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Table 3. Antibodies Used for ChIP Analysis  

Gene Name Gene Symbol Host Species 

Jun proto-oncogene c-Jun Rabbit 

Myc proto-oncogene protein c-Myc Rabbit 

ETS domain-containing protein Elk-1 Elk-1 Rabbit 

Hepatocyte nuclear factor 1-alpha HNF-1α Goat 

Retinoic acid receptor alpha RARα Rabbit 

cAMP response element binding protein CREB Rabbit 

cAMP-dependent transcription factor ATF-1 ATF-1 Rabbit 

Proto-oncogene c-Fos c-Fos Rabbit 

 

Overview of antibodies used for ChIP binding assays. All antibodies were purchased 
from Abcam or Santa Cruz (HNF-1α only).  
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F. Protein Extraction & Western Blot Analysis 

 Cells were grown to approximately 75% confluence and washed with warmed 

PBS. Radio-Immunoprecipitation Buffer (RIPA) (Santa Cruz Biotechnology, CA) with 

added protease inhibitors was added directly to the culture dish. The cell lysates were 

scraped off the plate and centrifuged at 10000 RPM for 5 min at 4oC before protein 

concentration was measured using the Nano Orange Protein Quantitation Kit (Life 

Technologies) according to the manufacturer’s instructions. Fifty to 100 μg of protein 

was diluted in 2x Laemmli Sample Buffer (Bio-Rad, Hercules, CA) containing β-

mercaptoethanol and denatured for 10 min at 95oC. The amount of protein loaded was 

dependent on the proteins to be detected – for example, Ser338 expression in Hep3B-

GR cells was weak, and thus 100 µg protein was diluted in Sample Buffer. By contrast, 

phospho-ERK1/2 protein was robustly expressed in Hep3B-GR cells and thus 50 µg 

protein was diluted in Sample Buffer. Equal total protein was added to pre-cast 4-20% 

gels (Bio-Rad) and separated at 140 V for 45-60 min by 1% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Transfer to polyvinylidene fluoride 

(PVDF) membrane was conducted in 1X Tris-Glycine buffer (Bio-Rad) at 100 V for 60 

min.  

 For phospho proteins Rap1, c-Raf-Ser259, and c-Raf-Ser338, membranes were 

blocked for 1 hr at room temperature in 1% nonfat milk. For all other proteins 

membranes were blocked for 1 hr at room temperature in 1% bovine serum albumin 

(BSA). Primary antibodies diluted in 1% BSA were incubated with the membranes 

overnight at 4oC with constant agitation. Membranes were washed for 3 x 10 min in 1X 

Tris-Buffered Saline containing 0.05% Tween-20 (TBST) before incubation with HRP-

conjugated secondary antibody diluted in 1% nonfat milk for 1 hr at room temperature. 

After 3 x 20 min washes membranes were incubated with chemiluminescence substrate 

(Perkin Elmer, Waltham, MA) and exposed for up to 400 s using the ChemiDoc XRS 
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System (Bio-Rad). Bands were quantified using ImageJ (http://rsbweb.nih.gov/ij/) and 

normalized to β-actin or α-tubulin control proteins. Primary and secondary antibodies 

used for Western blots are provided in Table 4.  
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Table 4. Antibodies Used for Western Blot Analysis  

Gene Name 
Antibody 

Abbreviation 
Host Company 

Secondary 

Antibody 

Actin ACTB Mouse Abcam Anti-Mouse IgG 

Tubulin alpha-4A chain TUBA4A Rabbit Abcam Anti-Rabbit IgG 

Glucagon receptor GCGR Rabbit Abcam Anti-Rabbit IgG 

RAF proto oncogene serine/threonine-

protein kinase 
RAF1 (Phospho-Ser259) Rabbit Cell Signaling Anti-Rabbit IgG 

RAF proto oncogene serine/threonine-

protein kinase 
RAF1 (Phospho-Ser338) Rabbit Cell Signaling  Anti-Rabbit IgG 

DNA-binding protein RAP1 RAP1A/RAP1B Rabbit Cell Signaling Anti-Rabbit IgG 

cAMP-dependent protein kinase  PKA (Phospho) Rabbit Mill ipore Anti-Rabbit IgG 

Mitogen-activated protein kinase ERK1/2 (Phospho) Rabbit Santa Cruz Anti-Rabbit IgG 

Mitogen-activated protein kinase ERK1/2 Rabbit Santa Cruz Anti-Rabbit IgG 

Sodium channel protein type 5 subunit 

alpha 
SCN5A Rabbit Abcam Anti-Rabbit IgG 

Gamma-aminobutyric acid receptor 
subunit beta 3 

GABRB3 Goat  Santa Cruz  Anti-Goat IgG 

 

Antibodies used for western blot analysis of Hep3B-EV and Hep3B-GR cells. Antibodies 
were used at a dilution rate of 1:500-1:1000 and detected using secondary antibodies 
(dilution rate of 1:50,000) that were H+L HRP-conjugated.  
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G. Rap1-GTP Pull-down Assay 

 Bacteria were streaked onto agar culture plates containing 100 µg/mL ampicillin; 

plates were incubated at 37oC overnight and individual colonies were grown in 10 mL of 

Luria broth (LB) containing 100 µg/mL ampicillin. The next day, 25 mL LB broth 

containing ampicillin was added to the preculture and incubated at 37 oC for 4 hr. 

Isopropyl-beta-D-thiogalactopyranoside (IPTG, 500 µL IPTG/ 250 mL LB broth) was 

added to the mixture to promote fusion protein expression. Cultures were centrifuged, 

and cells were lysed and sonicated before incubation overnight at 4oC with glutathione-

sepharose beads. Following incubation, protein lysates were washed with ice-cold PBS 

and resuspended in 250 µL PBS. Slurries were stored at 4oC until use.  

 Hep3B-GR cells were grown in 10 cm plates to 50% confluence and serum-

starved for 24 hr prior to glucagon and/or EGF treatments. Cells were washed with ice-

cold PBS and lysed with lysis buffer containing protease inhibitors (20 mM HEPES pH 

7.5, 1% Triton X-100, 100 mM NaCl, 20 mM MgCl2, EGTA, β-glycerol phosphate, 1 mM 

PMSF, 10 µg/mL aprotinin and leupeptin, 1 mM Na3VO4, 1 mM dithiothreitol (DTT), and 

water). Lysates were centrifuged for 10 min at 13,000 rpm and 4oC. For pull-down 

lysates, 450 µL lysates were incubated with 20 µL Glutathione S-Transferase (GST)-

RalGDS beads at 4oC for 30 min (with rotation). Pull down lysates were then centrifuged, 

rinsed with lysis buffer, and resuspended in 50 µL 2X Laemmli sample buffer and stored 

at 4oC. For total cell lysates, 50 µL lysates were placed in 50 µL 2X Laemmli sample 

buffer and stored at 4oC. Both pull down and total cell lysates were analyzed by SDS-

PAGE followed by immunoblotting using a Rap1A/Rap1B antibody.  

 

H. Immunocytochemistry 

 Cells were plated at low density (20-30% confluency) on UV-sterilized glass 

coverslips and allowed to adhere overnight. The cells were fixed in 500 μL ice-cold 
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methanol for 20 min and then washed for 2 x 5 min with ice-cold PBS. Cells were 

blocked for 30 min in 1% BSA before incubating with 50 μL primary antibody diluted in 

1% BSA for 1 hr at room temperature. Coverslips were rinsed for 3 x 5 min with PBS, 

then incubated with 50 μL Alexa Fluor-conjugated secondary antibody (Life 

Technologies) diluted in 1% BSA for 1 hr at room temperature. The final dilution for 

secondary antibody was 1:200 in 1% BSA. The secondary antibody incubation was 

conducted in the dark. Coverslips were then washed for 3 x 5 min with PBS and 

mounted on microscope slides with ProLong Gold Antifade Reagent + DAPI (Life 

Technologies). Primary and secondary antibodies used for immunocytochemistry are 

provided in Table 5.  

 

I. Immunohistochemistry 

 Human liver and hepatocellular carcinoma tissue microarrays (Biomax, Rockville, 

MD) were baked for 20 min at 65oC to remove paraffin, and the following washes were 

performed in a slide rack: xylene (2 x 3 min), xylene 1:1 with 100% ethanol (3 min), 

100% ethanol (2 x 3 min), 95% ethanol (3 min), 70% ethanol (3 min), 50% ethanol (3 

min), cold tap water. Antigen retrieval was conducted by placing the sections in sodium 

citrate buffer and boiling them in a steam bath for 20 min. Sections were then processed 

using DakoCytomation Envision+ System – HRP 3,3’ Diaminobenzidine (DAB) kit 

according to the manufacturer’s instructions. Anti-GCGR primary antibody was 

incubated for 4 hr on the sections followed by 1 hr incubation with goat-α-rabbit (H+L) 

HRP-conjugated secondary antibody at room temperature. Quantification of DAB 

staining was conducted using ImageJ as previously described (Brey, Lalani et al. 2003).  

 Additional human liver and hepatocellular carcinoma tissue microarrays, as well 

as paraffin-embedded mouse livers and spleens from animal studies (embedding and 

sectioning of mouse tissue conducted by Histoserv Inc., Germantown, MD), were 
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similarly deparaffinated and antigen retrieval was conducted. Sections were incubated in 

1% BSA in PBS for 30 min. Primary antibodies were diluted in 1% BSA and incubated 

on the sections for 1 hr at room temperature. Following 3 x 5 min washes in  PBS, 

sections were incubated in Alexa Fluor-conjugated secondary antibodies (Life 

Technologies) diluted in 1% BSA. Sections were then washed for 3 x 5 min in PBS 

before mounting on a microscope slide with ProLong Gold Antifade Reagent + DAPI. 

Primary and secondary antibodies used for immunohistochemistry are provided in Table 

5. 
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Table 5. Antibodies Used for Immunocytochemistry and Immunohistochemistry 

Gene Name  
Antibody 

Abbreviation 
Host Company 

Secondary 

Antibody 

Glucagon receptor GCGR Rabbit Abcam 
Anti-Rabbit IgG 
Alexa Fluor 488 

Neuronal actylcholine receptor subunit beta-2 CHRNB2 Rat Abcam Alexa Fluor 594 

5-hydroxytryptamine receptor 3A HTR3A Goat Abcam Alexa Fluor 660 

Sodium channel protein type 5 subunit alpha SCN5A Goat Santa Cruz Alexa Fluor 660 

Gamma-aminobutyric acid receptor subunit beta 3 GABRB3 Mouse Santa Cruz Alexa Fluor 546 

Gamma-aminobutyric acid receptor subunit beta 2 GABRB2 Goat Santa Cruz Alexa Fluor 660 

Glycine receptor subunit alpha 1 GLRA1 Rabbit Chemicon Alexa Fluor 488 

 

List of antibodies used for immunocytochemistry (Alexa Fluor-conjugated secondary 
antibodies) and/or immunohistochemistry (HRP- or Alexa Fluor-conjugated secondary 
antibodies). All primary antibodies were used at a dilution of 1:500-1:1000, while 
secondary antibodies were used at a dilution of 1:200.  
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J. Animal Studies  

 Male J/Nu mice, 6 weeks of age, were purchased from Jackson Laboratories 

(Catalogue No. 002019), housed in room 665F at The George Washington University 

and used in accordance with the Institutional Animal Care and Use Committee. All 

experiments were conducted under protocol A229. For all metastasis studies, mice were 

injected in the subsplenic capsule with 1x107 Hep3B-EV or Hep3B-GR cells. Prior to 

injection mice were anesthetized with isofluorane using the EZ Anesthesia machine 

provided by the Animal Research Facility at The George Washington University. The site 

of injection was cleansed 3 times with povidone-iodine swabs (PDI, VWR, Radnor, PA), 

and a 1-2 cm incision was made using scissors on the left flank above the spleen. A 1-2 

cm incision was also cut through the muscle layer to expose the spleen. All surgical 

instruments were autoclaved prior to use. Following trypsinization, cells were centrifuged 

to remove supernatant and resuspended in 100 μL PBS. From the time cells were 

trypsinized to the time of injection averaged less than 40 min, to avoid the possibility of 

cell lysis in PBS. Cells were injected into the capsule using a 25-gauge needle and a 1 

mL syringe. The muscle layer was then sutured with Ethicon Monocryl Absorbable 

Sutures (reverse cutting 19 mm 3/8 circle needle, size 3.0) (Somerville, NJ). Due to the 

location of the wound and the likelihood that the mice would chew through external 

sutures, the skin was instead stapled to secure the site. The staples were not removed 

during the course of the study. Mice were given a 2 mg/kg intraperitoneal (IP) injection of 

buprenorphine for pain management prior to recovering from anesthesia. Mice were also 

checked each hour for 4 hrs following surgery to ensure proper recovery.  

 Three series of experiments were conducted: metastasis of Hep3B-EV vs. 

Hep3B-GR cells; metastasis of Hep3B-EV cells with saline, flecainide, pregnenolone, or 

allopregnanolone treatments; and survival of mice injected with Hep3B-EV cells and 

treated with saline or allopregnanolone. For Hep3B-EV vs. Hep3B-GR metastasis, 
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following tumor cell injections mice were monitored daily for the first week to ensure  

proper recovery. After the first week mice were monitored every other day until day 30, 

and then monitored every day until day 35 when they were sacrificed.  

For mice injected with Hep3B-EV cells and given control or drug treatments, mice 

were monitored daily for the first week to ensure proper recovery. After the first week 

they were monitored every other day, at which time they were also given a 200 μL IP 

injection of normal saline (0.9% w/v), 20 mg/kg flecainide, 30 mg/kg pregnenolone, or 30 

mg/kg allopregnanolone. Injections were conducted using a 27-gauge needle. Drug 

treatments were administered every other day until the termination of the study. Animals 

were humanely euthanized at day 35 by Nembutal (100 mg/kg IP) overdose and cervical 

dislocation.  

For survival studies, mice were given a 200 μL IP injection of either normal saline 

(0.9% w/v) or 30 mg/kg allopregnanolone beginning one week post-tumor cell injection 

with death as an endpoint (see health assessment criteria below). Drug treatments were 

administered every other day until the termination of the study.  Animals that survived 

until day 60 were humanely euthanized by Nembutal overdose and cervical dislocation.   

 Health and quality of life was assessed using a Body Conditioning Scoring (BCS) 

system. Mice categorized as BCS 3-4 were considered to have optimal body condition 

with continuous spinal column, and vertebrae/pelvis were not prominent. When palpated, 

mice did not react. Normal activity level, motion, and weight gain was observed. Mice 

categorized as BCS1-2 were considered underconditioned and moribund. Skeletal 

structure was significantly prominent and abdomen was swollen or enlarged due to 

tumor growth. Recoil when touched was common; lethargy, lack of mobility, and a 

hunched posture were also common. More than a 10% loss of body weight was 

sometimes observed, though in some cases obvious tumor growth occurred and overall 

body weight did not change. Mice with a BCS score of 1 or 2 were euthanized 
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prematurely and humanely by Nembutal overdose and cervical dislocation. For all 

experiments livers and spleens were immediately extracted post-mortem and formalin-

fixed.   

 

 

K. Invasion Assays  

 Matrigel invasion chambers (BD Biosciences, San Jose, CA) were hydrated in 

DMEM for 2 hrs at 37oC. The top well of the chamber was incubated with 200 μL DMEM, 

while the bottom of the chamber contained 750 μL DMEM.  This media was removed 

after hydration. Cells (1x105) were seeded in the top well in 200 μL DMEM containing 

0.1% FBS with or without pharmacological agents. The bottom of the chamber contained 

750 μL DMEM with 10%-20% FBS as a chemoattractant, with or without 

pharmacological agents. Cells were allowed to invade for 48 hrs at 37oC. After 48 hrs, 

the inserts were removed and stained in Diff-Quik Stain (IMEB, Inc., San Marcos, CA) 

according to the manufacturer’s instructions. The inserts were incubated in each stain 

(fixative, cytoplasmic, and nuclear) for at least 2 min. Total number of invading cells was 

counted under a light microscope.  

 

L. siRNA 

 Cells were plated in 60 mm culture dishes and allowed to grow to 30-50% 

confluency in the appropriate medium. Immediately prior to transfection, the medium 

was replaced with one containing no antibiotics. Transfection was conducted using 

Dharmacon On-Target Plus short interfering RNA (siRNA) sequences targeting the 

genes of interest. SiRNAs were used at a final concentration of 1% v/v and 100 nM, and 

combined with Dharmafect 4 transfection reagent. This mixture was allowed to sit for 20 

min at room temperature before infecting the target cells. Cells were maintained in the 
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transfected complex for 48 hrs prior to being used for western blot, qRT-PCR, or 

Matrigel invasion assays. One or 2 siRNAs were used for each gene to reduce the 

change of off-target effects and to increase knockdown efficiency. Control siRNA was a 

customized nonsense scrambled GFP sequence. Knockdown efficiency was measured 

by qRT-PCR and averaged 50-80%. SiRNA sequences are provided in Table 6.  
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Table 6. SiRNA Sequences Used for Targeted Gene Knockdown  

Gene Name 
Gene 

Symbol 
RefSeq  

siRNA 

Name 
siRNA (+) Sequence siRNA (-) Sequence 

Sodium Channel, Voltage-
Gated, Type V, Alpha 
Subunit 

SCN5A NM_198056 siSCN5A GAACGGCACCTCTGATGTG CACATCAGAGGTGCCGTTC 

Gamma-Aminobutyric Acid 
Receptor Subunit Beta-3 
 

GABRB3 
NM_000814 
 

siGABRB3 GAGCATGCCTCGAGAAGGG CCCTTCTCGAGGCATGCTC 

ETS Domain-Containing 
Protein Elk-1 
 

ELK1 
NM_001114123 
 

siElk1 CGGAAGAGCTTAATGTGGA TCCACATTAAGCTCTTCCG 

Retinoic Acid Receptor Alpha 
 

RARA NM_000964 siRARA GAACAACGTGTCTCTCTGG CCAGAGAGACACGTTGTTC 

Scrambled Nonsense 
Sequence (negative control) 
 

- - siNS TACAACCTTTAACAGTATCTC GAGATACTGTTAAAGGTTGTA 

 

Forward (plus) and reverse (minus/guide) sequences for genes knocked down by 
siRNA. Sequences were purchased from and provided by Dharmacon.  
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M. Pharmacological Agents 

 Lidocaine, flecainide, veratridine, GABA, diazepam, propofol, pregnenolone, 

picrotoxin, allopregnanolone, EGF, and glucagon were purchased from Sigma Aldrich.  

Lidocaine, diazepam, propofol, picrotoxin, allopregnanolone, and EGF were 

resuspended in 100% ethanol to yield stock concentrations of 1 mM. Flecainide and 

pregnenolone were resuspended in normal saline to yield stock concentrations of 1 mM. 

Veratridine was resuspended in DMSO to yield a stock concentration of 1 mM. The final 

concentration of DMSO or ethanol in the culture medium was ≤ 0.01%. GABA and 

glucagon were resuspended in sterile ddH2O to yield stock concentrations of 1 mM and 

10 μM, respectively.  All stock solutions were diluted in the appropriate media for 

treatments in a fume hood, with control cultures receiving an equivalent concentration of 

ethanol, saline, DMSO, or ddH2O.   

 

N. Promoter Analysis 

 Predicted transcription factor binding sites on the SCN5A or GABRB3 promoter 

were identified using the Alggen-PROMO virtual laboratory (Messeguer, Escudero et al. 

2002, Farre, Roset et al. 2003). Factors were selected from a list defined in the 

TRANSFAC database. The first 5000 bases upstream of the transcription start site of 

cationic or anionic channels were input, and the binding motifs for transcription factors 

regulated by ERK1/2 or PKA were screened. Although a number of binding sequences 

were identified, the transcription factors Elk-1, c-Jun, and c-Myc were found to be 

overrepresented across all cationic channel genes differentially expressed between 

Hep3B-EV and Hep3B-GR cells, while RARα and HNF-1α were overrepresented across 

all anionic channel genes differentially expressed between Hep3B-EV and Hep3B-GR 

cells.   
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O. Confocal Microscopy 

 Fluorescent images were taken using the Zeiss LSM 710 upright confocal 

system, with either a Plan-Apochromat 20x or 63x (1.4 differential interference contrast,  

oil immersion) objective. A linear unmixing protocol was developed with the help of 

Anastas Popratiloff for paraffin-embedded tissue sections, which emit a considerable 

amount of autofluorescence that interferes with the emission spectra of the fluorophores 

being detected. For these overlapping spectra, a unique absorption and emission 

‘fingerprint’ spectrum was generated and assigned to each fluorophore. When excited, 

regardless of spectral overlap with other fluorophores or autofluorescing regions, the 

emissions spectrum yields a distinct signal that represents the true intensity of the 

fluorophore. For quantification, the relative intensity of this fluorophore was normalized 

to the unmixed autofluorescence spectrum for that tissue section.  

 

P. Fluorescence Resonance Electron Transfer (FRET) Assay  

 Hep3B-EV cells were plated in a flat-bottom, black-wall, 96-well plate (50,000-

120,000 cells per well) (Corning, Corning, NY) and allowed to adhere overnight at 37 oC.  

 Low-chloride buffer used in measurements of GABAA receptor activity (herein 

denoted VSP-1-L, 160 mM sodium D-gluconate, 4.5 mM potassium D-gluconate, 2 mM 

CaCl2, 1 mM MgCl2, 10 mM D-glucose, 10 mM HEPES, pH 7.4) and high-chloride buffer 

used in measurements of sodium channel activity (herein denoted VSP-1-H, 160 mM 

NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, 10 mM HEPES, pH 

7.4) were prepared and stored at 4oC. Loading buffers containing the FRET donor (CC2-

DMPE coumarin phospholipid) or FRET acceptor (DiSBAC2(3) oxonol) were prepared 

fresh for each independent experiment. CC2-DMPE loading buffer was prepared by 

combining 10 μL of 5 mM CC2-DMPE, 10 μL of 100 mg/mL Pluronic F-127 (Invitrogen), 
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and 10 mL VSP-1-H or VSP-1-L. DiSBAC2(3) loading buffer was prepared by combining 

8.3 μL of 12 mM DiSBAC2(3) and 10 mL VSP-1-H or VSP-1-L.  

 Cells were washed with 200 μL PBS, and then incubated in the dark for 45 min 

with 100 μL of CC2-DMPE loading buffer. After incubation, cells were rinsed twice with 

100 μL VSP-1-H or VSP-1-L buffer. Cells were then incubated in the dark for 45 min with 

100 μL DiSBAC2(3) loading buffer with or without the inhibitors flecainide or picrotoxin 

(100 µM final concentration). The plate was then placed in a Varioskan Flash Plate 

Reader (Thermo Scientific, Waltham, MA) and illuminated at 400 nm. Fluorescence 

emissions in the polarized state were recorded for 5 s at 460 nm and 580 nm. After this 

baseline reading, 100 μL of 100 μM veratridine (for cells treated with VSP-1-H) or 100 

μM GABA (for cells treated with VSP-1-L), or 100 μL H2O control was added, and 

emissions of both dyes were recorded in the depolarized state for an additional 30 s.  

 For each emission wavelength, background fluorescence was subtracted from 

control wells without cells in the same 96-well plate. The change in FRET ratio was 

calculated according to the following equation: 

 

  
  

    
    
    
    

  

Where A and I represent the reading after or before the addition of veratridine or GABA 

at the wavelengths of the FRET donor (460 nm) and FRET acceptor (580 nm).  

 

P. Statistical Analysis  

 Statistical analyses were conducted using Student’s t-test when two groups were 

compared or analysis of variance (ANOVA) where three or more groups were compared. 

Dunnett or Tukey post-hoc tests compared back to control or examined all pairwise 

comparisons, respectively. A p value < 0.05 was considered statistically significant.  
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Chapter 3 
 

Results Part I: Role of the GR as a tumor suppressor in HCC and the mechanism of GR-
mediated suppression  

 
Outline 
 
A. Expression of GR in primary patient samples and HCC cell lines 
 
B. Effect of GR reintroduction on in vitro HCC invasion 
 
C. Effect of GR reintroduction on in vivo HCC metastasis  
 
D. Mechanism of GR-mediated tumor suppression 
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A. Expression of GR in primary patient samples and HCC cell lines 
 

GR protein expression was characterized in specimens from patients with 

varying severity of liver disease. There was a progressive loss of GR protein expression 

beginning as early as inflammation and continuing through staged HCC (Figure 3A). 

This step-wise reduction revealed almost complete loss of GR protein in Stage II 

(regional) and III (metastatic) tumor specimens relative to normal liver tissue (Figure 

3B). Examining single representative primary patient samples of only Stage II HCC, 

there was subtype-specific GR loss that was restricted to metastatic adenocarcinomas 

and clinical HCC (Figure 4A-B, top panels).  Cholangiomas, which are malignant 

growths in the bile ducts and account for less than 1% of all cancers, and clear cell type 

HCC, which is characterized by cytoplasmic accumulation of glycogen and lipids, 

displayed moderately reduced levels of GR compared to normal liver samples (Figure 

4A-B, bottom panels) (Khan, Thomas et al. 2005). In agreement with the HCC patient 

specimens, western blot analysis confirmed that multiple HCC cell lines (Hep3B, HepG2 

and Huh7) do not express GR protein [Nguyen 2011, Analysis of the Role of Glucagon in 

Hepatocellular Carcinoma Cell Growth, Invasion, and Migration and the Regulation of 

Glucagon Receptor Signaling, Doctoral Dissertation, and K.C. and N.H.L., unpublished 

findings].  

 Due to the considerable decline in GR expression in patient specimens, and in 

order to better understand the possible implications of GR expression loss in HCC, 

clonal lines of Hep3B cells were derived that stably expressed either GR tagged with 

green fluorescent protein (Hep3B-GR, Figure 5B) or an empty vector-tagged GFP 

(Hep3B-EV) (Figure 5A). Cells were FACS-sorted to isolate only GFP-expressing 

clones. The Hep3B cell line was selected due to its tumorigenicity in nude mice and 

response to EGF. HepG2 cells are not tumorigenic, limiting the ability to evaluate the 

potential of the GR to inhibit metastasis. Huh7 cells, though tumorigenic, do not respond 
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to EGF and thus could be used to elucidate a potential mechanism of GR-mediated 

tumor suppression. (Ma, Chan et al. 2007). No differences in cell morphology were 

observed among the Hep3B clonal lines grown in culture (data not shown). Receptor 

binding assays previously conducted in the laboratory confirmed the robust expression 

of GR in multiple Hep3B-GR clonal lines, while this expression was absent in Hep3B-EV 

cells [Nguyen 2011, Analysis of the Role of Glucagon in Hepatocellular Carcinoma Cell 

Growth, Invasion, and Migration and the Regulation of Glucagon Receptor Signaling,  

Doctoral Dissertation]. Both immunocytochemistry and western blot analysis 

corroborated receptor binding results (Figures 5-6). 
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Figure 3. GR expression is progressively lost in liver disease states.  
(A) Immunohistochemistry of primary patient samples revealed GR loss beginning in 
early stages of neoplasia and progressing to advanced HCC. (B) Quantification of GR-
positive pixels (brown staining) revealed marked reduction in GR protein expression in 
successive grades or stages of HCC development. Images shown are representative 
tumor samples extracted from separate individuals; the relative GR intensity was 
compared to cancer-adjacent normal tissue. Binary data are presented as GR-positive 
pixels divided by the total number of pixels (mean ± SEM for N individual samples 
indicated, * p < 0.05 compared to normal using an ANOVA with Dunnett’s post-hoc test).  
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Figure 4. GR loss is predominantly in metastatic adenocarcinomas and HCC.  
Single representative images of Stage II HCCs revealed that metastatic 
adenocarcinomas and clinical HCC have greater GR loss compared to cholangiomas or 
clear cell type HCCs of the same stage. Quantification of GR-positive pixels (brown 
staining) revealed reduction in GR protein expression in Stage II HCC that is 
predominantly apparent in metastatic adenocarcinoma and clinical HCC. Images are 
representative tumor samples only from 4 patients, with relative GR intensity compared 
to cancer-adjacent normal tissue. Binary data are graphically presented as GR-positive 
pixels divided by the total number of pixels for n =1 individuals.  
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Figure 5. GR protein is lost in Hep3B HCC cells.  
Wild-type Hep3B cells transfected with a GFP-fluorescing empty vector (top panels) 
showed minimal GR expression at the plasma membrane. Wild-type Hep3B cells stably 
overexpressing both the GR and GFP (bottom panels) revealed robust protein 
expression. FACS sorting of transfected colonies was conducted to select for cells highly 
expressing empty vector, GR, and GFP.  
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Figure 6. Western blot reveals GR loss in Hep3B-EV cells.  
(A) Western blot confirmed increased GR expression in Hep3B-GR clones compared to 
Hep3B-EV clones. (B) Quantification of GR protein level was normalized to β-actin. Data 
are presented as mean ± SEM for n = 3 individual experiments, with * p < 0.05 using 
Student’s t-test.  
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B. Effect of GR reintroduction on HCC in vitro invasion 

 The baseline invasive potential of Hep3B-EV and Hep3B-GR cells was analyzed 

to evaluate the in vitro tumor-suppressive capabilities of the GR. There was a significant 

reduction in the invading capacity of Hep3B-GR cells (Figure 7), implying that basal 

receptor activity and circulating glucagon was sufficient to inhibit metastatic potential.  

Epidermal growth factor (EGF) activation of the EGF receptor in Hep3B-GR cells 

increased invasion over two-fold compared to vehicle-treated control cells (Figure 8). 

However, 48 hr glucagon treatment was highly efficacious in reversing EGF-stimulated 

invasion through matrigel (Figure 8). Taken together, these findings support the notion 

that GR expression in Hep3B cells minimizes invasion by antagonizing EGF-stimulated 

invasion both with and without agonist stimulation. 
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Figure 7. GR reintroduction reduces HCC invasion.  
Hep3B-GR cells were significantly less invasive compared to Hep3B-EV cells, 
suggesting that GR reintroduction has tumor-suppressive capabilities in HCC. Data are 
presented as mean ± SEM for n = 4 individual experiments, with * p < 0.05 using 
Student’s t-test.  
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Figure 8. Stimulation of the GR rescues an invasive phenotype.  
Hep3B-GR cells stimulated with EGF were significantly more invasive compared to 
vehicle-treated control cells. However, pretreatment with a high concentration of 
glucagon reduceed invasion nearly back to baseline levels, indicating that glucagon 
counteracts the stimulatory effects of EGF. Data are presented as mean ± SEM for n = 
3-4 individual experiments, with * p < 0.05 compared to control using an ANOVA with 
Dunnett’s post-hoc test.  
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C. Effect of GR reintroduction on in vivo HCC metastasis 

To assess whether GR can inhibit metastasis in vivo, Hep3B-EV or Hep3B-GR 

cells (1x107 cells per spleen) were injected into the subsplenic capsule of athymic nude 

mice. Drainage through the hepatic portal vein offers direct passage to the liver, making 

it a primary site for metastasis in this animal model (Morikawa, Walker et al. 1988, 

Miyoshi, Noda et al. 1999, Kasuya, Kuruppu et al. 2005, Yang, Chen et al. 2009). Mice 

injected with Hep3B-GR cells developed ~6-fold fewer liver metastases compared to 

their Hep3B-EV counterparts, as evidenced by the diminished GFP intensity (thus fewer 

metastasized cells) in the liver (Figure 9A, right panels, and 9B). In contrast, the GFP-

tumor burden did not significantly differ in the spleens of Hep3B-GR- versus Hep3B-EV-

injected animals (Figure 9A, left panels, and 9B). A lack of tumor growth, or ‘tumor 

load’ in the spleen can be explained by the fact that Hep3B cells are hepatocyte-derived; 

therefore, although a small number of cells remained in the spleen throughout the 

course of the study, the majority of cells metastasized to the liver (as in the case of 

Hep3B-EV injected animals) or could not survive in the spleen microenvironment (as in 

the case of Hep3B-GR injected animals). Likewise, the final liver weights, but not spleen 

weights, were significantly higher in Hep3B-EV- versus Hep3B-GR-injected animals 

(Figure 10 B-C). The higher liver weights were attributed to increased tumor load. No 

significant change in body weight was seen between the two groups throughout the 

study (Figure 10A); however, the overall body condition of Hep3B-EV injected mice was 

considerably worse due to the side effects of tumor growth than Hep3B-GR injected 

mice (images not shown). Hematoxylin and eosin (H&E) staining of representative livers 

revealed considerable tumor infiltration in the parenchyma and within the veins of 

Hep3B-EV- but not Hep3B-GR-injected mice (Figure 11, right panels). In the spleen, 

clusters of Hep3B-EV and Hep3B-GR cells were observed, albeit the tissue architecture 

was largely maintained and unadulterated (arrows, Figure 11, left panels).  
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Figure 9. GR reintroduction suppresses in vivo HCC metastasis.  
(A) Nude mice injected with GFP-tagged Hep3B-GR cells in the subsplenic capsule 
formed fewer liver metastases than control mice injected with Hep3B-EV cells. 
Endogenous circulating glucagon in both the spleen and liver appear to be sufficient to 
activate the receptor to inhibit metastasis. Note the absence of fat and erythrocyte 
buildup in the veins of Hep3B-GR-injected mice. DAPI nuclear stain is shown in blue; 
GFP-expressing cells tagged with Alexa 594 antibody appear red. Tissue 
autofluorescence separated through linear unmixing appears white.  Shown are 
micrographs from representative animals (B) Quantification of relative GFP intensity in 
the spleen suggests an equal tumor load between Hep3B-EV and Hep3B-GR mice. 
However, GFP intensity in the liver of Hep3B-GR mice revealed significantly fewer 
metastasized cells compared to Hep3B-EV mice. The decreased weight may be 
attributed to a lower tumor load. Images are representative of 8-9 animals per group. 
Column data are presented as mean ± SEM, with * p < 0.05 using Student’s t-test.   
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Figure 10. GR reintroduction reduces liver weights due to decreased tumor 
growth.  
(A) Body weights of nude mice injected with either Hep3B-EV or Hep3B-GR cells did not 
significantly differ throughout the duration of the study. (B) Spleen weights at the 
termination of the study were comparable between groups, confirming no significant 
difference in cancer cell growth at the injection site. (C) Hep3B-GR mice had lower liver 
weights than Hep3B-EV mice. The decreased weight may be attributed to a lower tumor 
load. Images are representative of 8-9 mice per group. Column data are presented as 
mean ± SEM, with * p < 0.05 using Student’s t-test.   
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Figure 11. Morphological changes confirmed increased metastasis with GR 
absence. 
Hematoxylin and eosin staining from representative animals revealed distorted tissue 
architecture and multinucleated cancer cells in the livers of Hep3B-EV mice. The veins 
of Hep3B-GR mice remained free of fat and erythrocyte buildup, and the hepatocytes 
retained a rigid plate arrangement. Clusters of tumor balls were ubiquitously present in 
the spleens of both Hep3B-EV and Hep3B-GR mice. Images are representative of 8-9 
mice per group.    
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D. Mechanism of GR-mediated tumor suppression  

To elucidate the nature of the GR signaling pathway responsible for suppressing 

tumorigenic behavior in Hep3B cells, the ability of glucagon (1 and 100 nM) to inhibit the 

oncogenic MAPK pathway was investigated. Studies previously confirmed that glucagon 

was able to counteract the invasive effects of EGF-stimulated Hep3B-GR cells; 

therefore, I hypothesized that the downstream effects of the GR coincided with growth 

factor receptor signaling. A number of components of the MAPK pathway, including 

RAS, RAF, MEK, and ERK, are susceptible to mutations that lead to constitutive 

activation of the pathway and subsequent transcription of genes that regulate cell cycle 

progression (Dhillon, Hagan et al. 2007, Pritchard and Hayward 2013). EGF alone 

robustly increased ERK1/2 phosphorylation and this response was partially reversed by 

glucagon (Figure 12A-B). Both low and high concentrations of glucagon alone also 

inhibited ERK1/2 phosphorylation compared to vehicle-treated Hep3B-GR controls. In 

addition, it has been shown that the EGF-mediated increase in phospho-ERK1/2 levels 

is opposed by forskolin stimulation of adenylyl cyclase [K.C. and N.H.L., unpublished 

findings] indicating that GR opposition of increased ERK1/2 phosphorylation likely 

occurs through a cAMP-dependent mechanism.  

 I next examined the phosphorylation (i.e. activation) status of c-Raf, a signaling 

kinase directly upstream of ERK1/2. Interestingly, though b-Raf kinase is most 

commonly associated with carcinogenesis, with its gene mutated in approximately 20% 

of cancers, c-Raf kinase has been shown to be up-regulated in 50% of HCC cases, with 

significantly higher expression in HCC compared to cirrhosis (Hwang, Choi et al. 2004). 

C-Raf contains several phosphorylation sites that modulate its activation, one which acts 

as an ‘inhibitory’ site to restrict activity and several which act as ‘excitatory’ sites to 

promote activity. Increased phosphorylation of the inhibitory site Ser259 of c-Raf was 

observed following 100 nM glucagon treatment (Figure 13A-B). EGF stimulation alone 
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had no significant effect on the phosphorylation status of Ser259. Likewise, 100 nM 

glucagon treatment also significantly increased Ser259 phosphorylation in the presence 

of EGF. In addition to this inhibitory site, there is an excitatory phosphorylation site on c-

Raf at Ser338 (Zang, Gong et al. 2008). Glucagon treatment alone had no effect on the 

phosphorylation of Ser338, whereas EGF stimulation significantly increased Ser338 

phosphorylation compared to vehicle-treated Hep3B-GR controls. Interestingly, the 

increased Ser338 phosphorylation following EGF stimulation could be reversed with 100 

nM glucagon pretreatment (Figure 14A-B). These data imply that the GR in HCC cells 

inhibits ERK1/2 activation, and this inhibition is mediated through the simultaneous 

phosphorylation of an inhibitory site and dephosphorylation of an excitatory site on c-

Raf. 

 Next, it was examined whether GR signaling inhibits c-Raf phosphorylation at 

Ser338 through a cAMP/PKA or a cAMP/PKA/Rap1-mediated mechanism. It has been 

shown that Rap1, which can be activated by PKA or through mutation, selectively 

inhibits c-Raf and activates b-Raf (Vossler, Yao et al. 1997). However, neither glucagon 

nor EGF treatment significantly affected Rap1 activity compared to vehicle-treated 

Hep3B-GR controls, suggesting that c-Raf inhibition is not modulated through Rap1 

(Figure 15A-B). Conversely, the potential of PKA to indirectly inhibit Ser338 

phosphorylation was explored. EGF in the presence of a nonsense siRNA led to ~2-fold 

stimulation of c-Raf phosphorylation at Ser338 in Hep3B-GR cells. This stimulatory 

event was completely reversed with 100 nM glucagon pretreatment (Figure 16A-B). 

However, the glucagon-mediated reversal was abolished upon knockdown of the 

catalytic domains of PKA (Figure 16A-B). Taken altogether, the data support a scenario 

where GR activation inhibits c-Raf-MAPK signaling through PKA. 
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Figure 12. GR stimulation reduces ERK1/2 activation.  
(A) Western blot confirmed decreased phospho-ERK1/2 protein levels in Hep3B-GR 
cells following glucagon treatment. Glucagon (gluc) pretreatment reversed EGF-induced 
phospho-ERK1/2 protein levels. A representative blot is shown. (B) Quantification of 
phospho-ERK1/2 protein level normalized to total ERK1/2 protein. Data are presented as 
mean ± SEM for n = 3-6 individual experiments, with * p < 0.05 using an ANOVA with 
Dunnett’s post-hoc test. All treatment groups are compared back to control. Note that 
EGF (10 nM) is significantly different from Gluc 1/EGF and Gluc 2/EGF with Tukey’s 
post-hoc test (* p < 0.05).  
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Figure 13. GR activation prevents c-Raf activation at an inhibitory site.  
(A) Western blot confirmed increased phosphorylation of the c-Raf inhibitory site Ser259 
in Hep3B-GR cells following glucagon (Gluc) stimulation. Shown is a representative blot. 
(B) Quantification of phospho-c-Raf (Ser259) protein level normalized to β-Actin. Data 
are presented as mean ± SEM SEM for n = 6 independent experiments, with * p < 0.05 
using an ANOVA with Dunnett’s post-hoc test. 
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Figure 13. GR activation inhibits phosphorylation of a c-Raf excitatory site.  
(A) Western blot confirmed decreased phosphorylation of the c-Raf excitatory site 
Ser338 in Hep3B-GR cells following glucagon (Gluc) pretreatment. Shown is a 
representative blot. (B) Quantification of the phospho-Raf1 (Ser338) protein level is 
normalized to β-actin. Data are presented as mean ± SEM for n = 8 individual 
experiments, with * p < 0.05 using an ANOVA with Dunnett’s post-hoc test. All treatment 
groups are compared back to control. Note that EGF (10 nM) is significantly different 
from Gluc 2/EGF with Tukey’s post-hoc (* p < 0.05).  
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Figure 14. GR inhibition of MAPK does not occur through a Rap1-mediated 
mechanism.  
(A) Western blot following Rap1 pull down assays revealed no significant decrease in 
Rap1 activation with EGF, glucagon, or combination treatment in Hep3B-GR cells. (B) 
Quantification of activated Rap1 protein level normalized to total GTP-Rap1. Data are 
presented as mean ± SEM for n = 3 individual experiments, though p > 0.05 using an 
ANOVA with Dunnett’s post-hoc test.  
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Figure 15. The effects of GR tumor suppression may occur through a PKA-
mediated mechanism.  
(A) Western blot confirmed increased phosphorylation of the c-Raf excitatory site Ser338 
in Hep3B-GR cells following EGF stimulation, and reversal of phosphorylation by 
glucagon pretreatment. Glucagon treatment was unable to counteract the stimulatory 
effect of EGF following siRNA-mediated PKA knockdown. Shown is a representative 
blot. siNS, siRNA nonsense control. siPKA, siRNA targeting PKA α and β catalytic 
subunits. (B) Quantification of phospho-Raf (Ser338) protein level normalized to β-actin. 
Data are presented as mean ± SEM for n = 7 individual experiments, with * p < 0.05 
using an ANOVA with Dunnett’s post-hoc test. 
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Chapter 4 

Results Part II: GR loss affects signaling pathways that may contribute to HCC 
progression 

 

Outline 

A. Ion channel mRNA expression in HCC cell lines  

B. Protein expression of Nav1.5 and GABRB3 in HCC cells and patient samples 

C. Invasive response of HCC cells with pharmacological ion channel modulation 

D. FRET analysis of HCC cells following pharmacological ion channel modulation 
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A. Ion channel mRNA expression in HCC cell lines  

 A role for ion channels has recently come into light as an exciting and novel area 

of cancer research. Most notably, cationic channels have been shown to facilitate 

progression of the cancer phenotype by activating oncogenic signaling pathways 

(Kunzelmann 2005, Di Resta and Becchetti 2010). VGSCs in particular are among those 

cationic channels known to induce ERK activation and the subsequent transcription of 

genes that promote cancer (Brackenbury, Djamgoz et al. 2008, House, Vaske et al. 

2010, Brackenbury 2012, Campbell, Main et al. 2013). In addition, a microarray analysis 

previously conducted in our lab using colon cancer cell lines revealed several 

differentially expressed GABAA receptor subunits [R.W. and N.H.L., unpublished data]. 

As a role for anionic channels in cancer remains unclear, we explored the possibility that 

both cationic and anionic channels are expressed in HCC and functionally influence its 

progression. .A quantitative real-time PCR screen of various ligand- and voltage-gated 

cationic and anionic channels, including VGSCs and GABAA receptor subunits 

expressed in the microarray data, revealed significant differences in expression. There 

was an overall trend for up-regulated cationic (5/16 significant, Figure 17A) and down-

regulated anionic channel subunits (4/10 significant, Figure 17B) in Hep3B-EV versus 

Hep3B-GR cells. Furthermore, stimulation with glucagon in Hep3B-GR yielded 

additional, albeit moderate, changes in ion channel gene expression. Nicotinic 

acetylcholine receptor subunit mRNA expression in Hep3B-GR cells with glucagon 

treatment was reduced compared to untreated Hep3B-GR cells (Figure 18A). There 

was significantly increased expression in several 5-HT3 serotonin receptor subunits, 

though not in HTR3A, which is required for homo- or heterodimerization and channel 

function (Dubin, Huvar et al. 1999).  Conversely, anionic channel expression moderately 

increased in treated cells (Figure 18B), signifying a correlation between GR signaling 

and gene expression. The direct correlation between GR status and anionic channel 
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mRNA implies that their activation may have similar tumor-suppressive effects. 

Subsequent attention focused on the up-regulated SCN5A gene encoding the VGSC 

Nav1.5, previously cited for its accessory role in colon-cancer (House, Vaske et al. 

2010), and the down-regulated GABRB3 gene encoding the GABAA receptor β3 subunit, 

which facilitates spontaneous gating of the ligand-gated anionic channel (Wooltorton, 

Moss et al. 1997). To date, GABRB3 expression has not been associated with HCC.  
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Figure 16. GR loss results in differential expression of ion channel genes.  
(A) qRT-PCR revealed differential expression of cationic channel mRNA in Hep3B-EV 
and Hep3B-GR cells. Presence of the GR reduced expression of cationic channels; 
many have been shown to promote cancer. (B) Anionic channel mRNA was more highly 
expressed in Hep3B-GR cells compared to Hep3B-EV cells. GABRP mRNA was 
undetectable in Hep3B-GR cells. Data are presented as mean ± SEM for n = 3-8 
individual experiments, with * p < 0.05 using Student’s t-test. 
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Figure 17. GR stimulation causes moderate changes in ion channel gene 
expression.  
(A) qRT-PCR revealed an overall decrease in mRNA expression of nicotinic 
acetylcholine receptor subunits, but moderate increase in several 5-HT3 serotonin 
receptor subunits and SCN5A, in glucagon-treated Hep3B-GR cells compared to 
untreated Hep3B-GR cells. (B) Several anionic channel genes showed further up-
regulation of mRNA expression following glucagon treatment, most notably glycine 
receptor subunits and GABRB3. Data are presented as mean ± SEM for n = 3-8 
individual experiments, with * p < 0.05 using Student’s t-test. The overall change in 
mRNA expression level between baseline and stimulated conditions was not significantly 
different (dashed lines). 

  

 

B. Protein expression of Nav1.5 and GABRB3 in HCC cells and patient samples 
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 Western blot analysis confirmed increased Nav1.5 but decreased GABRB3 

protein expression in Hep3B-EV compared to Hep3B-GR cells (Figure 19). The 

antibodies used were specific to the Nav1.5 isoform or GABRB3, and membranes were 

simultaneously incubated with β-actin antibody for normalization. To determine whether 

the proteins were localized at the plasma membrane, immunocytochemistry was 

performed using the same antibodies. Punctate expression indicative of channel clusters 

was observed at the plasma membranes of both cell lines (Figure 20). Additional 

cationic and anionic channels that were differentially expressed in qRT-PCR data were 

also included to emphasize that this finding is not limited to SCN5A and GABRB3. 

Similar to the results obtained through western blot analysis, there was increased 

Nav1.5 but reduced GABRB3 protein qualitatively observed in Hep3B-EV cells 

compared to Hep3B-GR cells; overall, cationic channels showed reduced expression in 

Hep3B-GR cells compared to Hep3B-EV cells while anionic channels showed higher 

expression. Interestingly, a moderate amount of SCN5A perinuclear localization was 

also observed. This finding is not unexpected; it has been shown that cell-surface 

localization is disrupted in the absence of the α subunit, leading to agglomerate 

formation in the perinuclear region (Baroudi, Pouliot et al. 2001). No nuclear localization 

of GABRB3 protein was observed. Similarly, little to no cytoplasmic expression of 

Nav1.5 or GABRB3 was observed, suggesting minimal membrane recycling or trafficking 

was occurring at the time of analysis.  

 The expression of these two channels was also examined in primary patient 

samples. There was a moderate increase in SCN5A expression in cancer adjacent 

tissue, which is classified as normal liver tissue located approximately 1.5 cm away from 

the tumor site. This expression level increased significantly nearly 4-fold in 

hepatocellular carcinoma compared to normal liver controls (Figure 21A-B). GABRB3 

intensity in cancer adjacent tissue and hepatocellular carcinoma was moderately 
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reduced, albeit not significant, compared to normal liver controls (Figure 21A,C). These 

findings correlate to the relative mRNA and protein expression levels observed in HCC 

cell lines.  
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Figure 18. Western blot of Nav1.5 and GABRB3 in Hep3B-EV cell lines.  
(A) Protein levels of Nav1.5 and GABRB3 in Hep3B-EV and Hep3B-GR clones 
corresponded to relative mRNA levels. Shown is a representative blot. (B) Quantification 
of Nav1.5 protein revealed increased cationic channel expression following GR loss. (C) 
Quantification of GABRB3 protein revealed decreased anionic channel expression 
following GR loss. Data are presented as mean ± SEM for n = 3 independent 
experiments, with * p < 0.05 using Student’s t-test.   
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Figure 19. Ion channels are differentially expressed following GR loss.  
Protein levels of a subset of cationic and anionic channels were fluorescently labeled at 
the plasma membrane in Hep3B-EV and Hep3B-GR cells. Shown are representative 
images. Relative qualitative expression corresponded to mRNA expression. In particular, 
SCN5A was more highly expressed following GR loss, whereas GABRB3 had low 
expression. Cationic channel proteins tagged with Alexa 488 appear green, while anionic 
channel proteins tagged with Alexa 594 antibody appear red.  
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Figure 20. Nav1.5 and GABRB3 are expressed in patient samples.  
(A) Tissue microarrays of HCC patient samples revealed Nav1.5 and GABRB3 protein. 
DAPI nuclear stain is shown in blue; Nav1.5 tagged with Alexa 594 antibody appear red; 
GABRB3 tagged with Alexa 488 antibody appear green. Tissue autofluorescence 
separated through linear unmixing appears white. Shown are representative images. (B) 
Quantification of Nav1.5 protein shown in (A). (C) Quantification of GABRB3 protein 
shown in (A). Data are presented as mean ± SEM, with * p < 0.05 compared to normal 
tissue using an ANOVA with Dunnett’s post-hoc test.  
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C. Invasive response of HCC cells with pharmacological ion channel modulation 
 
 Due to the strong plasma membrane protein expression observed, matrigel 

invasion assays were conducted to explore the possibility that these channels have 

functional significance. It has been shown that cationic channels, in particular voltage-

gated sodium channels, can promote the cancer phenotype upon activation (Mariot, 

Vanoverberghe et al. 2002, House, Vaske et al. 2010). Therefore, Hep3B-EV cells were 

stimulated with the voltage-gated sodium channel activator veratridine. As anticipated, a 

2-fold increase in invasion was observed compared to vehicle-treated control cells 

(Figure 22A).  

 A number of recent studies have focused on the repurposing of pharmaceutical 

agents to target disease. A broad variety of ion channel modulators are currently FDA-

approved and commonly prescribed for conditions such as cardiac arrhythmias, used as 

local anesthetics, or employed as antidepressants (Gupta, Sung et al. 2013, Jahchan, 

Dudley et al. 2013). Although the efficacy of many of these agents to combat cancer has 

not yet been tested, it is plausible that they also exert effects on the ion channels 

expressed on cancer cells. To test this hypothesis, Hep3B-EV cells were treated with the 

sodium channel antagonists flecainide and lidocaine. Flecainide, which has the trade 

name Tambocor, is a class 1c antiarrhythmic commonly used to treat atrial fibrillation 

(Aliot, Capucci et al. 2011). By intracellularly blocking fast sodium channels, flecainide 

reduces the Vmax and prolongs the action potential (Ramos and O'Leary M 2004). 

Lidocaine, used topically to relieve itching or intravenously as an anesthetic, is also a 

class 1b antiarrhythmic drug (Bean, Cohen et al. 1983). Lidocaine blocks sodium 

channels in the open or inactive states to reduce the length of the action potential. 

Flecainide significantly inhibited invasion by approximately 40% compared to vehicle -

treated control cells (Figure 22B). Lidocaine moderately reduced invasion but was not 

significant compared to control cells (Figure 22C). Because Hep3B-EV cells are more 
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responsive to the class 1a drug, it suggests that a fraction of sodium channels in HCC 

are present in the activated state. It has been shown that although both flecainide and 

lidocaine block channels in the inactivated state, flecainide preferentially blocks activated 

sodium channels, whereas lidocaine preferentially blocks the inactivated state (Ramos 

and O’Leary 2004; Nuss, Tomaselli et al., 1995).   

  A number of pharmacological agents also activate GABAA receptors in both the 

CNS and PNS. Many of these agents are prescribed as antiepileptics, anxiolytics, or 

sedatives, and allosterically modulate channel opening or bind to the receptor directly 

(Chebib and Johnston 1999). One of the most popular of these agents is GABA, which 

binds in the channel pore to activate the channel and allow chloride influx (Chen, Xue et 

al. 2011). Another class of psychoactive sedatives, benzodiazepines, facilitate 

GABAergic transmission and are commonly prescribed to treat anxiety. Diazepam, 

prescribed under the trade name Valium, has nonselective binding sites on the α 

subunits (Costa and Guidotti 1979). Neuroactive steroids, by contrast, potentiate GABA 

actions or directly gate the receptor, especially those containing δ subunits (Bianchi and 

Macdonald 2003, Shu, Eisenman et al. 2004).  

 There was a 50-60% decrease in invasion in Hep3B-GR cells treated with GABA, 

pregnenolone, or allopregnanolone (Figure 23A-C). Although there was a slight loss of 

invasion in Hep3B-GR cells treated with diazepam, the difference was not significant 

compared to vehicle-treated control cells (Figure 23D). Although hepatocytes are 

capable of GABA uptake and metabolism (Minuk, Bear et al. 1987), it is unknown 

whether they also release endogenous GABA. Therefore it may be unlikely that 

diazepam binding alone in Hep3B cells facilitates channel opening.  
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Figure 21. Pharmacological modulation of Nav1.5 impacts HCC invasion.  
(A) Hep3B-EV cells treated with the sodium channel activator veratridine were 
significantly more invasive compared to vehicle-treated control cells. (B) Flecainide 
inhibited Hep3B-EV invasion by nearly 40% compared to controls whereas lidocaine (C), 
which binds to open or inactivated channels, only inhibited invasion slightly. Data are 
presented as mean ± SEM for n = 3-4 individual experiments, with * p < 0.05 using 
Student’s t-test.  
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Figure 22. Pharmacological modulation of GABRB3 impacts HCC invasion.  
Hep3B-EV cells treated with the neuroactive steroids pregnenolone (A) and its metabolic 
derivative allopregnanolone (B) were significantly less invasive compared to vehicle-
treated control cells. (C) Direct activation of the GABAA receptor with GABA reduced 
invasion by over 50%. (D) Hep3B-EV cells treated with diazepam did not exhibit a loss of 
invasion, suggesting that endogenous GABA is not being produced by HCC cells. 
Benzodiazepines potentiate GABA binding to the receptor. Data are presented as mean 
± SEM for n = 3-4 individual experiments, with * p < 0.05 using Student’s t-test.  
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D. FRET analysis of HCC cells following pharmacological ion channel modulation  

SiRNA-mediated knockdown of SCN5A in the absence of VGSC inhibitors led to 

a 40% reduction of invasion, validating this channel as a key promoter of HCC invasion 

(Figure 24). In contrast, knockdown of GABRB3 increased the invasive capacity of 

Hep3B-EV cells by 1.5-fold (Figure 24). To assess the electrophysiological properties of 

Nav1.5 and the GABAA receptor in HCC, a high-throughput protocol was utilized to 

measure ion conductance via Fluorescence Resonance Energy Transfer (FRET) 

technology, which quantified approximately 100,000 cells in a single assay (Adkins, Pillai 

et al. 2001, Felix, Williams et al. 2004). The FRET donor molecule is an exterior 

membrane-bound phospholipid, while the FRET acceptor molecule is a mobile 

hydrophobic oxonol that moves in response to changes in membrane potential. In the 

resting state both probes associate on the exterior of the cell membrane and have an 

emissions ratio of approximately 1.0. During this resting state, when the donor probe is 

excited at 400 nm, which is the excitation wavelength of coumarin hybridized with the 

phospholipid, the oxonol probe emits a red fluorescence at 580 nm. Upon depolarization, 

as the membrane voltage becomes more positive, the oxonol probe separates from the 

FRET donor molecule and translocates to the interior face of the plasma membrane. 

This results in fluorescence signal emitted only by the FRET donor molecule, which 

occurs at 460 nm.  Therefore, an increased FRET ratio, which is defined as the emission 

ratio between the FRET donor and FRET acceptor molecules, represents increased ion 

conductance.  The FRET ratio of control-treated Hep3B-EV cells was approximately 1.0; 

signifying cells were in the resting state. Upon veratridine stimulation however, the FRET 

ratio significantly increased nearly 2-fold (Figure 25A). Preincubation with the VGSC 

antagonist flecainide abolished the increase in FRET ratio and diminished ion 

conductance. An increased FRET ratio was also observed in Hep3B-EV cells stimulated 

with the GABAA activator GABA, compared to control-treated cells (Figure 25B), 
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suggesting an increased proportion of cells with activated channels. Preincubation with 

the GABAA antagonist picrotoxin diminished the FRET response to GABA stimulation.  

To assess the electrophysiological properties of individual cells, Hep3B-EV cells 

were recorded using the whole cell voltage clamp approach. Voltage-gated Na+ currents 

were examined by stepwise depolarizations from a holding potential of -80 mV to +60 

mV. GABAA receptor-mediated Cl- currents were explored by examining changes in 

membrane resistance and -80 mV before and after the application of the agonist GABA 

and the antagonist picrotoxin (data not shown). Whole cell patch clamp techniques to 

measure sodium and GABAA receptor-mediated chloride ion channel activity were 

inefficient, with only 1/50 cells demonstrating measurable Na+ currents and no cells 

demonstrating measurable Cl- currents. This finding of a restricted population of HCC 

cells with measurable ion currents is consistent with the proportionally low number of 

cells capable of invading matrigel (approximately 100 per 100,000 plated). Previous 

studies in colon, prostate and breast cancer cell lines have demonstrated a higher 

proportion of cells with measureable Na+ currents (for example, approximately 70% of 

MCF-7 breast cancer cells and 30% of NCI-H69 small cell lung cancer cells exhibit 

inward Na+ currents), suggesting that the invasiveness of cancer cells may be related in 

part to the expression level of functional VGSCs (Pancrazio, Viglione et al. 1989, Fraser, 

Diss et al. 2005).  
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Figure 23. Targeted knockdown of SCN5A and GABRB3 affect HCC invasion.  
SiRNA-mediated knockdown of SCN5A or GABRB3 in Hep3B-EV cells significantly 
reduced or increased invasion, respectively, compared to scrambled siRNA-treated 
controls. siNS, nonsense siRNA. siSCN5A, siRNA to SCN5A. siGABRB3, siRNA to GA 
BRB3. Data are presented as mean ± SEM for n = 3 individual experiments, with * p < 
0.05 compared to siNS using an ANOVA with Dunnett’s post-hoc test.  
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Figure 24. Na+ and Cl- conductance is observed in HCC cells.  
(A) Normalized FRET ratio of Hep3B-EV cells stimulated with veratridine. The 2-fold 
ratio increase signifies depolarization and thus higher Na+ conductance compared to 
vehicle-treated control cells. Preincubation with the VGSC inhibitor flecainide abolished 
ion conductance and thus cell depolarization. (B) Normalized FRET ratio of Hep3B-GR 
cells incubated in low-chloride buffer and treated with GABA. A nearly 2.5-fold higher 
ratio indicates depolarization has occurred following Cl - exit from the cell. Preincubation 
with the GABAA antagonist picrotoxin reduced ion conductance. Data are presented as 
mean ± SEM for n = 7-8 individual experiments, where n = 1 represents a population of 
100,000 cells, with * p < 0.05 using an ANOVA with Dunnett’s post-hoc test.  
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Chapter 5 

Results Part III: GR signaling leads to differential expression of ion channels in HCC 
 

Outline 

A. Identification of transcription factor binding sites overrepresented on ion channel gene 

promoter sequences  

B. Validation of transcription factor binding through ChIP analysis 

C. Effects of transcription factor knockdown on ion channel expression and function  
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A. Identification of transcription factor binding sites overrepresented on ion 
channel gene promoter sequences  
 
 The differential expression of cationic and anionic channels in HCC following GR 

loss, as well as their functional role in HCC progression, suggests a mechanistic link 

between the GR and ion channel gene expression. Specifically, cationic channel mRNA 

is upregulated following receptor loss, whereas anionic channel mRNA is 

downregulated. Moreover, it was found that a direct link exists between the GR and 

MAPK pathway activity that may also be correlated to ion channel expression. To 

explore the possibility that the GR and MAPK pathways are activated in response to ion 

channel activity, the promoter regions or SCN5A and GABRB3 were examined to 

identify putative binding sites of transcription factors regulated by ERK1/2, cAMP, or 

PKA. PROMO software was utilized to evaluate sequences for transcription factor 

binding sites (http://alggen.lsi.upc.es/cgi-

bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3). This online program constructs 

binding site weight matrices for the gene of interest using transcr iption factor binding 

sites defined by the TRANSFAC database. The putative sites are considered matches 

when they align to the core sequence within a preset matrix dissimilarity rate. The first 

5000 bases upstream of the SCN5A transcription start were screened for binding motifs 

for c-Jun, c-Myc, and Elk-1, all of which are directly phosphorylated by Erk1/2. 

Meanwhile, the first 5000 bases upstream of the GABRB3 transcription start were 

screened for binding motifs for HNF1-alpha, RAR-alpha, c-Fos, CREB, and ATF-1. All of 

these transcription factors were found to have multiple predicted binding sites with a 

dissimilarity rate of less than 10% (Figure 26).  
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Figure 25. Schematic representation of TF binding sites.  
Representation of binding sites for TFs activated by ERK on SCN5A (A) and by PKA on 
GABRB3 (B). Because multiple predicted binding sites within 5 kb from the start of 
transcription, the sites that were selected were chosen due to their low dissimilarity index 
and close proximity to the transcription start. Binding sites that were validated by ChIP-
PCR are highlighted in yellow. The termination of the nucleotide sequence represents 
the 5’ untranslated region.   
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B. Validation of transcription factor binding using ChIP-PCR  

Chromatin immunoprecipitation (ChIP) assays confirmed 5-8-fold higher binding 

of all three transcription factors to SCN5A promoter DNA of Hep3B-EV cells compared 

to Hep3B-GR cells (Figure 27A-B). These data validate that the transcription factors 

phosphorylated by ERK1/2 bind to the PROMO-predicted sites.   

 Binding sites for retinoic acid receptor alpha (RARα) and hepatic nuclear factor 1 

alpha (HNF1α) were overrepresented in the GABRB3 gene promoter. Phosphorylation of 

RARα by PKA at Ser369 promotes its DNA-binding capabilities (Gaillard, Bruck et al. 

2006), and PKA positively regulates HNF1α activity (Gautier-Stein, Zitoun et al. 2006). 

ChIP assays confirmed reduced RARα and HNF-1 binding to GABRB3 promoter DNA in 

Hep3B-EV cells compared to Hep3B-GR cells (Figure 28A-B). By contrast, transcription 

factors activated through cAMP and CREB – namely c-Fos, CREB, and ATF-1, had 

moderate to significantly increased binding in Hep3B-EV cells compared to Hep3B-GR 

cells (Figure 29A-B). Altogether the data demonstrate that the expression of cationic 

channel genes can be regulated by the oncogenic MAPK pathway that promotes cancer; 

in contrast, expression of anionic channel genes can be regulated by the tumor-

suppressive GR/cAMP/PKA signaling pathway.  
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Figure 26. GR absence transcriptionally upregulates SCN5A.  
(A) Transcription factors phosphorylated by ERKs exhibited weak binding to the SCN5A 
promoter in Hep3B-GR cells compared to Hep3B-EV cells. (B) Quantification of ChIP 
binding normalized to the input signal for transcription factors with predicted binding sites 
on the SCN5A promoter. Data are presented as mean ± SEM for n = 5-6 individual 
experiments, with * p < 0.05 using Student’s t-test. 
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Figure 27. GR absence transcriptionally downregulates GABRB3.  
(A) Transcription factors activated by PKA exhibited stronger binding to the GABRB3 
promoter in Hep3B-GR cells compared to Hep3B-EV cells. (B) Quantification of ChIP 
binding normalized to the input signal for transcription factors with predicted binding sites 
on the GABRB3 promoter. Data are presented as mean ± SEM for n = 5-8 individual 
experiments, with * p < 0.05 using Student’s t-test. 
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Figure 28. Transcription factors activated by cAMP upregulate GABRB3.  
(A) Transcription factors activated by cAMP conferred weak binding to the GABRB3 
promoter yet upregulate its expression in Hep3B-GR cells. (B) Quantification of ChIP 
binding normalized to the input signal suggests that the tumor-suppressive capabilities of 
anionic channels are not mediated through cAMP. Data are presented as mean ± SEM 
for n = 4 individual experiments, with * p < 0.05 using Student’s t-test. 
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C. Effects of transcription factor knockdown on ion channel expression and 
function 
 

In agreement with the ChIP binding assays, siRNA-mediated knockdown of Elk-1 

in Hep3B-EV cells resulted in > 2.5-fold decrease in SCN5A mRNA expression 

compared to nonsense siRNA treatments (Figure 30A). Furthermore, Elk-1 knockdown 

reduced Hep3B-EV invasion by nearly 60% (Figure 30B), suggesting that GR absence 

promotes ERK1/2-Elk-1-SCN5A activity leading to HCC progression. 

SiRNA-mediated knockdown of RARα in Hep3B-GR cells reduced GABRB3 

mRNA levels more than 3-fold compared to nonsense siRNA treatments (Figure 31A), 

suggesting a critical role for the GR in promoting GABAA activity. Likewise, invasion 

following siRNA-mediated knockdown of RARα was significantly increased compared to 

nonsense siRNA treated Hep3B-GR cells (Figure 31B). These data indicate that loss of 

GR could transcriptionally up-regulate cationic channels via derepression of ERK1/2, 

and down-regulate anionic channels via repression of cAMP/PKA.  
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Figure 29. Elk-1 transcriptionally upregulates SCN5A in cells lacking GR.  
(A) siRNA-mediated knockdown of Elk-1 (siElk-1) significantly reduced SCN5A mRNA 
expression in Hep3B-EV cells. siNS, nonsense siRNA. (B) siRNA-mediated knockdown 
of Elk-1 also significantly inhibited the invasive capacity of Hep3B-EV cells due to 
reduced SCN5A activity. siData are presented as mean ± SEM for n = 3 individual 
experiments, with * p < 0.05 using Student’s t-test. 
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Figure 30. RARα is required for GABRB3 upregulation.  
(A) SiRNA-mediated knockdown of RARα (siRARα) significantly reduced GABRB3 
mRNA expression in Hep3B-GR cells. siNS, nonsense siRNA. (B) Though glucagon 
stimulation normally reduces Hep3B-GR cell invasion, siRNA-mediated knockdown of 
RARα significantly impaired the ability of glucagon to suppress invasion due to the 
repression of GABRB3 expression.  Data are presented as mean ± SEM for n = 3 
individual experiments, with * p < 0.05 compared to siNS using Student’s t-test (A) or an 
ANOVA with Dunnett’s post-hoc test.  
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Chapter 6 

Results Part IV: Use of repurposed drugs to treat HCC following GR loss 

Outline: 

A. Effect of VGSC and GABAA modulators on HCC in vivo metastasis  

B. Efficacy of the GABAA modulator allopregnanolone in prolonging survival  
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A. Effect of VGSC and GABAA modulators on HCC in vivo metastasis 

Given the efficacy of ion channel modulators flecainide, allopregnanolone, and 

pregnenolone in inhibiting HCC invasion, their effects were also evaluated using an in 

vivo model of metastasis. Hep3B-EV cells (1x107) were again injected into the 

subsplenic capsule of nude mice, and the animals were given either saline control or 

drug treatment injections every other day for 5 weeks.  

The number of GFP-fluorescing Hep3B-EV cells that metastasized to the liver 

after 5 weeks of treatment in flecainide- or allopregnanolone-treated mice was 

significantly less compared to livers of control mice (Figure 32A, right panels, and 

Figure 32B). No significant difference was seen in the number of Hep3B-EV cells in the 

spleens among treatment groups (Figure 32A, left panels, and Figure 32B). While there 

were no significant changes among overall body weights (Figure 33A and Figure 34A), 

or spleen weights (Figure 33B and Figure 34B), flecainide and allopregnanolone-

treated mice revealed significantly reduced liver weights compared to controls (Figure 

33C and Figure 34C).  

H&E staining was completed on several liver and spleen sections to further 

assess tumor morphology. Clusters of tumor cells were observed within the spleens of 

mice given either ion channel-targeting agent or saline vehicle, and abnormal tissue 

architecture began to form within both the red and white pulps (Figure 35, spleen 

panels). The liver tissue architecture in vascular regions of mice given flecainide  or 

allopregnanolone show considerably less disruption, cancer infiltration, and erythrocyte 

buildup compared to controls (Figure 35, liver panels). The results confirm that either 

the inhibition of Na+ channels or the activation of Cl- channels through pharmacological 

treatments can significantly inhibit tumor spread in vivo. 

Pregnenolone, though also a GABAA activator, does not have a direct binding 

site to the receptor like its metabolite allopregnanolone. Although pregnenolone is 
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primarily metabolized to allopregnanolone, it can also be converted to the GABAA 

inhibitor pregnenolone sulfate (Marx, Bradford et al. 2011, Sripada, Marx et al. 2013). 

While in vitro pregnenolone significantly reduced Hep3B-EV invasion, the number of 

Hep3B-EV cells metastasizing to the liver of pregnenolone-treated mice were 

moderately reduced albeit not significant compared to controls (Figure 36A, right 

panels, and Figure 36C). No changes in spleen GFP intensity were observed among the 

saline- or pregnenolone-treated animals (Figure 36A, left panels, and Figure 36B). 

Pregnenolone-treated mice showed no differences in overall body or spleen weights 

compared to control (Figure 37A-B), although liver weights were moderately decreased 

compared to controls (Figure 37C).  
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Figure 31. Pharmacologically modulating ion channel activation inhibits in vivo 
metastasis following GR loss.  
(A) Flecainide-treated mice intrasplenically injected with Hep3B-EV cells developed 
fewer liver metastases than saline-treated controls. The GABAA agonist 
allopregnanolone inhibited liver metastases in Hep3B-EV mice compared to saline-
treated controls. The spleens of all three treatment groups show considerable GFP 
expression (shown in red) and thus HCC cells. Shown are micrographs from 
representative animals. (B) Relative GFP intensity in the spleens of saline-, flecainide-, 
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or allopregnanolone-treated mice was comparable. However relative GFP intensity is 
significantly decreased 3-4 fold in flecainide or allopregnanolone-treated mice compared 
to saline controls. DAPI nuclear stain is shown in blue; GFP-expressing Hep3B-EV cells 
tagged with Alexa 594 antibody appear red. Tissue autofluorescence separated through 
linear unmixing appears white. Data are presented as mean ± SEM for n = 9 animals per 
treatment group (5 representative animals shown), with * p < 0.05 using Student’s t-test.  
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Figure 32.  Flecainide inhibits HCC metastasis by blocking VGSCs.  
 (A) Body weights of nude mice injected with Hep3B-EV cells and treated with saline or 
flecainide did not significantly differ throughout the duration of the study. (B) Spleen 
weights did not significantly differ between treatment groups, suggesting an equal tumor 
burden. (C) The liver weights of flecainide-treated mice were significantly decreased 
compared to saline-treated controls. Data are presented as mean ± SEM for n = 9 
animals, with * p < 0.05 using Student’s t-test.  
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Figure 33. Allopregnanolone inhibits HCC metastasis by activating GABAA 
receptors.  
(A) Body weights of nude mice injected with Hep3B-EV cells and treated with saline or 
allopregnanolone did not significantly differ throughout the duration of the study. (B) 
Spleen weights did not significantly differ between treatment groups. (C) The live r 
weights of allopregnanolone-treated mice were significantly decreased compared to 
saline-treated controls. Data are presented as mean ± SEM for n = 9 animals, with * p < 
0.05 using Student’s t-test.  
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Figure 34. Liver architecture is maintained following drug treatments. 
Representative H&E stains of organ sections from saline-treated mice revealed 
significant HCC infiltration in the liver. By contrast, flecainide-, and allopregnanolone-
treated mice maintained normal liver architecture with clear veins and cell distribution. 
The spleens of all treatment groups showed considerable cancer formation. Data are 
representative of n = 9 animals (3 representative animals shown).   
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Figure 35. Pregnenolone moderately reduces HCC metastasis.  
(A) Nude mice injected with GFP-tagged Hep3B-EV cells and treated with saline showed 
significantly more metastasized cells to the liver compared to pregnenolone-treated 
mice. DAPI nuclear stain is shown in blue; GFP-expressing cells tagged with Alexa 594 
antibody appear red. Tissue autofluorescence separated through linear unmixing 
appears white. Images are representative of n = 9 animals. (B) Relative GFP intensity in 
the spleen was comparable between treatment groups. (C) Relative GFP intensity in the 
livers of pregnenolone-treated mice was moderately decreased compared to saline-
treated controls. Data are presented as mean ± SEM for n = 9 animals, with * p < 0.05 
using Student’s t-test.  
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Figure 36. Pregnenolone moderately reduces HCC metastasis.  
(A) Body weights did not significantly differ between saline- or pregnenolone-treated 
mice throughout the duration of the study. (B) Spleen weights were comparable between 
treatment groups. (C) Liver weights of pregnenolone-treated mice were moderately 
reduced compared to saline-treated controls. Data are presented as mean ± SEM for n = 
9 animals, with * p < 0.05 using Student’s t-test. 
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B. Efficacy of the GABAA modulator allopregnanolone in prolonging survival  

Given the ability of allopregnanolone to inhibit HCC metastases over 5 weeks, its 

efficacy in prolonging survival was also tested. An identical treatment paradigm to 

previous drug treatments were used; however, mice were treated until death to evaluate 

the impact of extended treatment. Saline-treated mice required euthanasia due to 

extensive metastases beginning on day 36 post-tumor cell injection, and by day 60 

survival rates had dropped to 50%. However, allopregnanolone-treated mice remained 

at nearly 80% survival by day 60, affirming that the GABAA agonist significantly 

increases survival by inhibiting tumor spread (Figure 38).  
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Figure 37. Allopregnanolone prolongs HCC survival.  
A Kaplan-Meier estimate revealed that allopregnanolone-treated mice formed fewer 
HCC metastases, and therefore had prolonged survival, compared to saline-treated 
controls. Data are statistically significant (p < 0.05) and represent n = 9 animals, 
determined using a Mantal-Cox test.  
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Chapter 7 
 
Discussion 
 
Outline 
 
A. The GR functions as a tumor suppressor that is lost in HCC 
 
B. Concluding remarks  
 
C. Future studies 
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A. The GR functions as a tumor suppressor that is lost in HCC 

 A correlation between the GR and HCC progression has not been previously 

posited. Although other studies have observed reduced or absent GR protein in disease 

states leading to HCC (Mirel, Morris et al. 1978, Pezzino, Vigneri et al. 1979, Ikegami, 

Cypess et al. 2001, Charbonneau, Melancon et al. 2005, Charbonneau, Unson et al. 

2007), this study is the first to identify the GR as a tumor suppressor that is required to 

inhibit HCC progression, and provides compelling evidence that its loss in both primary 

and metastatic tumors is associated with altered gene expression of cationic and anionic 

channels. Decreased levels of GR protein were observed in inflammation and cirrhosis, 

well-established precursors to HCC, which correlates to the increased plasma glucagon 

levels seen in a number of early studies (Marco, Diego et al. 1973, da Silva, Machado et 

al. 1984). Such evidence suggests that glucagon buildup in disease states acts as a 

preliminary marker of HCC development. Earlier studies of GR knockout mice reported 

increased α-islet cell hyperplasia and proliferation, especially localized near pancreatic 

ducts (Gelling, Du et al. 2003). These regions contain a large number of pluripotent cells 

that rapidly respond to growth factor stimulation. In conjunction with these findings, 

reduced GR expression was observed in human HCC samples, and reintroduction of GR 

into human HCC cells inhibited the invasive response to EGF stimulation. Additionally, 

reintroduction of the GR ameliorated an invasive phenotype, a finding that was 

recapitulated in vivo. More specifically, HCC metastasis was significantly inhibited upon 

reintroduction of the GR in Hep3B cells, which are naturally deficient in the protein. 

Thus, it appears that GR pathway activation is responsible for rescue from a more 

cancerous phenotype. While metabolic deficiencies that stem from hyper-glucagon 

levels have already been established (Marco, Calle et al. 1973, Charlton and Nair 1998, 

Gelling, Du et al. 2003), this study is the first to focus on the contribution of GR loss to 
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HCC metastasis and the genetic alterations that result (see outline of GR signaling and 

proteins or pathways affected, Figure 38).  

Aberrant overexpression of some GPCRs, such as those activated by proteases 

or chemokine receptors, has recently come into focus as potential oncogenic pathway 

mediators usurped by cancer cells (Dorsam and Gutkind 2007). Many of the homeostatic 

cellular processes mediated by GPCRs such as survival, differentiation, autoimmunity 

and inflammation can also be stimulated by activating mutations in GPCRs during 

oncogenesis (Woehler and Ponimaskin 2009). Notably, the overexpression or activation 

of endothelin, bradykinin, or angiotensin receptors by their neuropeptide ligands has 

been observed to promote angiogenesis and metastasis during prostate cancer 

progression (Dorsam and Gutkind 2007). Recent genomic screenings of several GPCRs 

including the sphingosine-1-phosphate (S1P) and thyroid-stimulating hormone receptors 

(TSHR) have uncovered activating mutations that accumulate in cancers (Marinissen 

and Gutkind 2001, Pyne and Pyne 2010). Moreover, epigenetic changes, post-

translational modifications, and gene copy number changes in GPCRs have been 

observed in lung, brain, colon, kidney, and stomach cancers [O’Hayre 2013 Nature]. 

Surprisingly, mutations in genes encoding Gαs protein (the G-protein activated by GR), 

occur with relatively low frequency in liver tumors (1.6%) compared to tumors of the 

biliary tract (26%) and other frequently diagnosed cancers [O’Hayre 2013]. Viral GPCR 

genes such as the one transduced by the Kaposi sarcoma-associated herpesvirus 

(KSHV-GPCR) or BILF1, transduced by the Epstein-Barr virus, have been shown to 

stimulate oncogenic pathways like AKT-mTOR or NFκB and facilitate disease 

progression (Arvanitakis, Geras-Raaka et al. 1997, Sodhi, Montaner et al. 2004, 

Paulsen, Rosenkilde et al. 2005, Rosenkilde 2005). Hepatitis C virus, a well-known risk 

factor of HCC, directly activates oncogenic pathways such as the MAPK pathway 

through c-Raf in transformed hepatocytes and can be internalized with the help of PKA, 
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a downstream target of many GPCRs (Levrero 2006, Farquhar, Harris et al. 2008).  

Interestingly, this study found that GR expression strongly inhibits, rather than 

stimulates, oncogenesis and metastasis by providing an inhibitory check on proto-

oncogenes such as c-Raf and ERK1/2. Closely related to these findings, this study also 

provides a mechanistic explanation for the changes in ion channel expression in GR-

deficient HCC cells. The cAMP-dependent pathway plays an essential role in GR 

signaling, modulating signal transducing effectors and transcription factors necessary for 

regulating gene expression. Dysregulation of this pathway either by altered cAMP 

production, PKA activation, or GPCR activity may lead to hyper-proliferation and 

ultimately contribute to cancer development (Dorsam and Gutkind 2007). An increase in 

c-Raf activity was observed via increased phosphorylation of the excitatory Ser338 site 

and decreased phosphorylation of the inhibitory Ser259 site. Several phosphatases are 

activated by PKA that may contribute to the observed decreased Ser338 

phosphorylation. Hence, one possible scenario is that GR rescue leads to activation of a 

PKA-dependent phosphatase, such as PP2A (Ahn, McAvoy et al. 2007), which in turn 

dephosphorylates the excitatory Ser338 site of c-Raf. The phosphatase PP2A is a 

multimeric enzyme comprised of catalytic (such as PPP2CA), regulatory (such as 

PPP2R5D, also known as B56δ) and structural subunits (such as PPP2R1A) (Janssens, 

Goris et al. 2005). Phosphorylation at Ser566 on the B56δ regulatory subunit by PKA 

has been shown to increase the activity of PP2A in a number of peripheral tissues (Ahn, 

McAvoy et al. 2007). PP2A also directly inactivates oncogenes shown to be involved in 

HCC including ERK and Raf-1(Anderson, Maller et al. 1990, Dent, Jelinek et al. 1995, 

Silverstein, Barrow et al. 2002). Thus, the loss of c-Raf activity and associated decrease 

in invasion observed in GR-rescued cells may explain the tumor-suppressive capabilities 

of the GR.  
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Increased downstream ERK1/2 activities (via increased excitatory site 

phosphorylation) were also observed with the absence of GR and following knockdown 

of PKA. This absence was associated with a simultaneous increase in ChIP binding of c-

Jun, c-Myc, and Elk-1 (TFs known to be phosphorylated by ERK1/2 (Seth, Alvarez et al. 

1991, Gille, Kortenjann et al. 1995, Leppa, Saffrich et al. 1998) ) on the promoter region 

of the cationic channel SCN5A and decrease in ChIP binding of RARα and HNF-1 (TFs 

known to be phosphorylated by PKA (Sassone-Corsi 1995)) on the promoter of the 

anionic channel GABRB3. Indeed, qRT-PCR confirmed the generalized overexpression 

of cationic channels and simultaneous under-expression of anionic channels in HCC 

cells devoid of GR. The importance of these transcription factors and GR expression 

status to the invasive phenotype of HCC cells was confirmed by siRNA-mediated 

knockdown studies. It was also proposed that additional ligand- and voltage-gated ion 

channels likely play a role in HCC progression based on a computational analysis 

demonstrating a generalized over-representation of c-Jun, c-Myc, and Elk-1 binding sites 

on cationic channels (SCN5A, CHRNB2, HTR3A, HTR3B, HTR3C, and HTR3D) and 

RARα and HNF-1 sites on anionic channels (GLRA1, GLRA2, GABRB2 and GABRB3), 

as well as the robust response by VGSCs and GABAA receptors to repurposed 

pharmacological modulators. Given the significant influence of microenvironment on 

tumor growth and metastasis, future xenograft survival studies are warranted to assess 

the therapeutic potential of combined pharmaceutical modulators to cationic and anionic 

channels. By identifying an appropriate balance of ion channel modulators, it may be 

possible to optimally inhibit metastasis and promote survival.  

Long-term hyperglycemia is a common complication of diabetes and due to 

abnormal glucose homeostasis.  Patients are thus at risk of developing chronic 

nonalcoholic liver disease and HCC. The activation of cAMP-response element binding 

protein (CREB) transcription factor has been cited as a negative regulator of 
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glucotoxicity, and it is well known that PKA activation is an essential component of this 

regulation (Kurihara, Nakanishi et al. 2000). Due to the up-regulation of anionic channel 

gene expression seen in GR cells, it seemed possible that CREB is one of the factors 

responsible for increased transcription. However, ChIP assays revealed no increase in 

CREB binding to the GABRB3 promoter in Hep3B-GR cells compared to Hep3B-EV 

cells, and in fact showed a significant decrease in CREB and c-fos binding to the 

promoter. This may be explained by the fact that both CREB and c-fos can act as 

transcriptional repressors to reduce transcriptional activity (Lamph, Dwarki et al. 1990;  

Kataoka, Igarashi et al. 1995), and that these individual factors play a role as part of a 

larger transcriptional network. Altogether the results suggest that while CREB, c-fos, and 

ATF-1 activity is essential to maintaining proper liver function, it does not play a role in 

the regulation of GABRB3 gene expression in HCC.  

The differential expression of ion channels observed in HCC may represent a 

biological dichotomy in cancer, whereby cationic channels promote, while anionic 

channels inhibit, oncogenic behavior. An obvious question remains as to how this 

behavior is mediated. It has been established that the Na+/H+ exchanger (NHE1), driven 

by a sodium gradient in mammalian cells, is present in hepatocytes and functions 

primarily as a pH regulator (Van Dyke and Ives 1988). Nav1.5, which was found to be 

highly expressed following GR loss in HCC and which promotes HCC metastasis, 

regulates and colocalizes with NHE1 to promote extracellular matrix degradation 

(Brisson, Driffort et al. 2013).  Nav1.5 activity has been associated with activation of a 

gene network promoting invasive behavior in colon cancer cells (House, Vaske et al. 

2010) and enhancement of proteolytic activity of pH-dependent cathepsins leading to 

increased breast cancer cell invasion (Gillet, Roger et al. 2009). Nav1.6 activation leads 

to increased intracellular calcium release and invadopodia formation in melanoma cells 

(Carrithers, Chatterjee et al. 2009). Increased expression of Nav1.8 in prostate cancer 
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correlates with higher Gleason score and tumor grade, potentially resulting from p38 

MAPK activation and Nav1.8 nuclear translocation (Suy, Hansen et al. 2012). Blockade 

of these channels by agonists such as lidocaine and tetracaine (which block VGSCs and 

calcium release, respectively), promotes collapse of microtubule protrusions and inhibits 

metastatic potential in breast cancer cells (Yoon, Whipple et al. 2011). Ligand-gated 

cationic channels such as the nicotinic acetylcholine receptors (in particular those 

containing α subunits) and NMDA receptors have been demonstrated to increase 

invasive activity of colon, breast, prostate, lung, and pancreatic cancer cell lines in vitro, 

albeit by unknown mechanisms (Lombardi, Dianzani et al. 2001, Dasgupta, Rizwani et 

al. 2009, Singh, Pillai et al. 2011, Wu, Lee et al. 2011). Even less is known about the 

role, if any, of anionic channels in cancer progression (Chen, Bao et al. 2012). Here it 

was proposed that ligand-gated anionic channels may have a generalized role of 

inhibiting invasive activity of cancer cell lines based on this study. Additional unpublished 

findings (by K.C. and N.H.L.) have confirmed that neuroactive steroids activate GABAA 

receptors, and the dietary supplement glycine activates glycine receptors, to broadly 

inhibit metastatic potential in colon, breast, prostate, melanoma, and pancreatic cancer 

cell lines.   

Our current understanding of ion channels in cancer is limited, with relatively new 

studies confirming their contribution to EMT and invasion (Burt, Duenas et al. 1983, 

Kunzelmann 2005). Much of the research involving ion conductance emphasizes 

channels types commonly found outside of the CNS, making it intriguing to observe that 

GR signaling directly affects the gene expression of ligand- and voltage-gated channels. 

Even more interesting is that glucagon binding and subsequent GR signaling typically 

impacts ion transport processes, pH, and volume regulation and has little known 

association with neurotransmission. GABA neurotransmitter is present in the pancreas at 

comparable levels to the CNS and has been shown to activate heteromeric GABAA 
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receptors in α cells (Rorsman, Berggren et al. 1989); it has also been found that 

hyperammonia and subsequent hepatic encephalopathy, which arises in acute and 

chronic liver disease, increases GABA levels in plasma (Leke, Bak et al.). The 

considerable expression of GABRB3 protein seen in Hep3B cells suggests that 

circulating GABA could potentially activate GABAA receptors in disease states. Despite 

these advances, our understanding of ion channel modulators has its foundation in in 

vitro assays, electrophysiological recordings and/or in vivo xenograft models of 

metastasis. However, studies have been lacking on the potential of cationic and/or 

anionic channel modulators to increase overall survival. In terms of preclinical evidence, 

we demonstrate for the first time that allopregnanolone-mediated activation of GABAA 

receptors in HCC cell increases survival in our mouse xenograft model.  

Future studies are warranted to determine whether flecainide-mediate blockade 

of VGSCs in HCC cells likewise leads to increased survival. This seems highly possible 

given our metastatic xenograft model, and epidemiological studies that have linked 

increased survival of cancer patients to the perioperative or postoperative use of local 

anesthetics to block VGSCs (Exadaktylos, Buggy et al. 2006, Sessler, Ben-Eliyahu et al. 

2008). For example, patients receiving postoperative local anesthetics for analgesia 

following radical prostatectomy surgery exhibited a lower risk of recurrence compared to 

patients receiving opiates (Biki, Mascha et al. 2008). In an additional retrospective study 

by Scavonetto et al., neuraxial local analgesia in combination with general anesthesia 

significantly reduced systemic tumor progression and improved survival following radical 

prostatectomy (Scavonetto, Yeoh et al. 2013). Likewise, another retrospective study 

demonstrated an increase in metastasis-free survival in breast cancer patients receiving 

a local anesthetic (Exadaktylos, Buggy et al. 2006). For patients with localized colon 

cancer, survival was moderately improved with supplementation of a postoperative local 

anesthetic; however, supplementation had no effect among patients with metastatic 
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colon cancer (Christopherson, James et al. 2008). These retrospective studies provide 

compelling cases that either single or combined ion channel modulators could be utilized 

for cancer therapies.  

It remains unclear what factors are responsible for GR loss in hepatocytes. A 

number of studies have recently been undertaken to elucidate the role of viral hepatitis 

infection to liver disease and HCC development (Saito, Miyamura et al. 1990). Chronic 

hepatitis B or C (HCV) infection accounts for a significant portion of hepatic cirrhosis and 

HCC cases. Hepatitis B virus X antigen in particular has been found to bind to the tumor 

suppressor gene p53 and inhibit its transcriptional activity (Wang, Forrester et al. 1994). 

Interestingly, HCV infection has been shown to increase cAMP levels and PKA 

activation in Huh-7.5 hepatoma cells (Farquhar, Harris et al. 2008). However, HCV is 

also capable of phosphorylating ERKs and p38 MAPK in the same cell line; this 

activation is associated with increased interleukin secretion (Zhao, Zhang et al. 2006). 

As significantly reduced GR protein (and thus decreased PKA activation) but increased 

MAPK activity was seen in metastatic Hep3B cells, they may be susceptible to viral 

infection that would promote oncogenic transformation.  
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Figure 38. Hypothesized pathway interactions involved in GR and ion channel 
signaling. 
Arrows indicate activation, and tees indicate repression. Dashed arrows indicate 
translocation. For simplicity, only the proteins investigated in this study and direct 
interactions are shown.  
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B. Concluding Remarks  

 In this study it is suggested that the GR is a novel tumor suppressor gene that is 

progressively lost in liver disease, with nearly complete absence in advanced HCC. This 

study has reconstructed a broad signaling network encompassing the GR that correlates 

with HCC development, emphasizing the transcriptional changes that result in response 

to GR loss. Alterations in cationic and anionic channel expression led to increased 

metastases, yet drugs that inhibit VGSCs or promote GABAA activation reversed this 

invasive phenotype. These results demonstrate for the first time that neuroactive 

steroids may be repurposed to prolong HCC survival. 

 Using a hypothesis-driven approach, a purpose for the GR outside of its typical 

role as a metabolic regulator was explored by linking its expression and activity with 

ligand- and voltage-gated ion channels. The MAPK pathway is a well-established 

signaling pathway that is dysregulated in HCC and facilitates cancer progression. The 

effects of GR loss on proteins within this pathway was explored, and it was determined 

that the GR provides an inhibitory check on ERK1/2 activation that is mediated through 

PKA and c-Raf.  In addition, GR loss removed this inhibitory check, leading to the up-

regulation of cationic channel genes that promote an invasive phenotype and the down-

regulation of anionic channel genes that inhibit HCC. Furthermore, drugs traditionally 

used as ion channel modulators can be employed outside of their traditional roles to 

treat metastatic cancer, as evidenced by the decreased invasion and metastasis that 

resulted from inhibiting VGSCs and/or activating GABAA receptors. This study is the first 

to utilize the neuroactive steroid allopregnanolone, which binds directly to the GABAA 

receptor, to improve overall survival.  

  Collectively, the results provide insight into the multifaceted role of ion channel 

modulators for HCC and an introduction to their promising application as cancer 

therapeutics.  



121 
 

C. Future Studies  

 An essential question that remains unknown is how GR expression is lost in 

disease states. Despite the known contribution of hepatitis infection to HCC, it is unclear 

whether viral proteins directly induce oncogenesis. Viral microRNAs are able to hijack 

host cell RNA silencing machinery and modify transcripts, thereby promoting 

transformation (Pfeffer and Voinnet 2006). Interestingly, miR-122, a liver-specific 

microRNA, favors HCV replication, which may represent one possible mechanism of 

HCC development (Jopling, Yi et al. 2005). Targeted miR-122 knockdown has recently 

been uncovered as a potential treatment for HCV (Pfeffer and Baumert 2010). Screening 

the promoter region of the GR for predicted microRNA binding sites might uncover not 

only human, but also viral, microRNAs that downregulate GR gene expression in 

malignant HCC.  

 To more fully appreciate the effects of GR loss on ion channel gene expression, 

a greater number and pool of ligand- and voltage-gated ion channels may be screened 

for mRNA and protein expression in HCC cell lines and patient samples. Furthermore, 

the functional significance of these channels should be measured through 

electrophysiological recordings of Na+, K+, and/or Cl- currents or FRET analyses 

determining ion conductance. Though this study conducted a limited screen on cationic 

VGSCs, 5-HT3 receptor, and nACh receptor subunits, it is unknown whether ionotropic 

glutamate, voltage-gated K+, or voltage-dependent Ca++ channels also exist at the 

plasma membrane of HCC cells. Similarly, the composition of both voltage-gated and 

ligand-gated anionic channels (such as the GABAA and glycine receptors) at the plasma 

membrane remains unclear; a clear understanding of the predominant receptor subtypes 

would provide a superior building block for pharmacological drug repurposing and 

targeted cancer treatment.  
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 Finally, it would be prudent to investigate the effects of combination therapy on 

overall survival. Studies are underway to investigate whether the combination of 

flecainide, which significantly inhibits both HCC invasion and metastasis by blocking 

VGSCs, and allopregnanolone, which prolongs HCC survival by activating GABAA 

receptors, has an additive inhibitory effect to further promote survival. A number of other 

drug combinations may also prove beneficial, as recent evidence suggests local 

anesthetics that block VGSCs such as lidocaine also reduce cancer invasion and 

recurrence (Exadaktylos, Buggy et al. 2006, Sessler, Ben-Eliyahu et al. 2008). Because 

the relative doses and toxicity levels of clinically available pharmaceuticals have already 

been established, these drug treatments may be ideal to study as cancer therapeutics. 

 Overall, the work presented in this dissertation emphasizes the critical role of the 

GR as a tumor suppressor and suggests that studies examining the pharmacology of ion 

channels, downstream molecular targets of the GR, have valuable translational potent ial.  
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