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Small cell lung cancer (SCLC) is an understudied tumor subset with aggressive 

neuroendocrine carcinoma features. Previous studies have determined that the basic 

helix-loop-helix (bHLH) transcription factor achaete-scute homolog 1 (ASCL1) is essential 

for the survival and progression of many pulmonary neuroendocrine (NE) cancer cells, which 

include both SCLC and some non-small cell lung cancer (NSCLC). To understand how 

ASCL1 initiates tumorigenesis in pulmonary neuroendocrine cancer and identify the 

transcriptional targets of ASCL1, whole-genome RNA-sequencing (RNA-seq) analysis 

combined with chromatin immunoprecipitation-sequencing (ChIP-seq) were performed with a 

series of lung cancer cell lines. We discovered the gene SCNN1A, which encodes the alpha 

subunit of the epithelial sodium channel (αENaC), is highly correlated with ASCL1 



 

 

expression in SCLC cells. We confirmed that SCNN1A is under the transcriptional control of 

ASCL1, indicating that SCNN1A represents a newly recognized ASCL1 target. The product 

of the SCNN1A gene ENaC can be pharmacologically inhibited by amiloride, a drug that has 

been used clinically for nearly 50 years. Amiloride-treated ASCL1-dependent tumor cells 

stopped cell growth in vitro. Analysis of downstream targets of ASCL1 broadens our 

understanding how ASCL1 functions, and further provides a step forward in the development 

of drug-targeted therapy for pulmonary neuroendocrine cancer. We also discovered that 

ASCL1 may negatively regulate the mitogen-activated protein kinase (MAPK)/extracellular 

signal-regulated kinase (ERK) pathway through a negative feedback mechanism.  Finally, 

we found that expression of ASCL1 in certain NSCLC could induce neuroendocrine features 

which are reminiscent of SCLC. 
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CHAPTER ONE 

INTRODUCTION 

 

Basic helix-loop-helix (bHLH) transcription factors are essential for neuronal cell 

commitment and differentiation from Drosophila to mammals [3].  They are known to play 

important roles in inducing cell type-specific gene expression to initiate neurogenesis and 

gliogenesis. These processes are characterized by a series of symmetric and asymmetric cell 

divisions that are required to produce the correct numbers and types of neurons and glia, 

leading to the subsequent development of a mature nervous system [4]. As a vertebrate 

homolog of the Drosophila proneural gene of the achaete-scute complex [5], ASCL1 (also 

known as Mash1 or Hash1) is expressed in neural progenitor cells [6]. As the main regulator 

of neurogenesis in the mammalian brain, gain- and loss-of function analyses of ASCL1 have 

shown it is both required and sufficient for neurogenesis [7]. 

To characterize ASCL1 in vivo, Guillemot et al. generated a null allele of this gene by 

homologous recombination in embryonic stem cells. Mice heterozygous for Ascl1 gene 

disruption had no apparent abnormalities and were fertile; however, Ascl1 null mice died at 

birth as a consequence of breathing and feeding problems. These problems resulted from 
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severely defective neuronal development and demonstrated an essential role of ASCL1 in 

regulating the development of neuronal progenitors into distinct neural lineages [8, 9]. 

Perhaps surprising due to its role in neuronal developmental regulation, ASCL1 has also been 

intensively studied in neuroendocrine (NE) cancers including glioma and small cell lung 

cancer (SCLC) [10, 11]. SCLC is an understudied tumor subset with aggressive 

neuroendocrine carcinoma features. Both in vitro and in vivo evidence confirmed that Ascl1 is 

a driver gene in a large percentage of SCLC. As a transcription factor, ASCL1 is unlikely to 

be suitable as a therapeutic target.  To explore mechanisms underlying the development of 

pulmonary neuroendocrine cancers driven by this bHLH protein and to pinpoint more 

conventionally druggable targets for treatment of Ascl1-driven SCLC, we took advantage of 

whole-genome RNA-sequencing (RNA-seq) analysis combined with 

chromatin-immunoprecipitation sequencing (ChIP-seq) using a series of human lung cancer 

cell lines. Analysis of these data provided us with likely downstream targets of ASCL1 that 

may be essential for tumor cell survival and metastasis, and broadened our understanding of 

how ASCL1 initiates tumorigenesis in SCLC. Most effort focused on one of these targets, 

SCNN1A, the previously described suppression of ERK activity in SCLC, and actions of 

ASCL1 in other tumor types.   
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CHAPTER TWO 

LITERATURE REVIEW 

 

Transcriptional regulation by ASCL1 

The mechanisms by which ASCL1 activates neurogenesis have been extensively studied. 

Functional mechanisms of ASCL1 action at a genome-wide level in the developing embryo or 

in the adult brain are difficult to study because mammalian neurogenesis is not a 

synchronized process and may contain cell populations from distinctly staged neuronal 

lineages. Instead, cultures of neural stem (NS) cell lines derived from embryonic stem cells 

and embryonic neural precursors were used as models [12]. Taking advantage of a neural 

stem cell (NS5 cell line) model driven by an inducible version of ASCL1, Raposo et al. 

performed combined expression profiling with genome-wide mapping of ASCL1 binding 

sites (ChIP-seq) and DNase I hypersensitivity sites (DNase-seq) to search for ASCL1 binding 

sequences [13]. They found most ASCL1 binding sites fall into regions that are highly 

co-enriched for active enhancer markers H3K4me1 and H3K27ac, and this implies that 

ASCL1 preferentially binds to regions that are already occupied with active enhancers during 

differentiation. bHLH proteins bind the nucleotide sequence CANNTG. Among the 

nucleotides centered under the ASCL1 binding peaks, a strong preference was observed for 
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the hexamer sequence CAGCTG (See Figure 2-1), which is consistent with the previously 

defined E-box sequence associated with direct binding of ASCL1 to DNA in model systems 

[6, 14]. 

Despite the involvement of ASCL1 in a wide range of biological processes, Raposo et al. 

found that ASCL1 target genes are significantly enriched in two categories in neuronal 

differentiation programs [13-15]. The first group consists of transcription factor genes, which 

fits the role of ASCL1 as a key developmental regulator, likely at the top of transcription 

factor cascades. Mechanistically, the activation of some transcription factors may also define 

feedback mechanisms to fine tune ASCL1 activity and suppress its expression once the 

program has advanced [16]. The second group of ASCL1 targets are cytoskeleton regulators, 

which include genes responsible for many cellular functions, ranging from signal transduction 

to cell shape change and locomotion, and processes required for the neurogenic differentiation 

program [6]. 

A recent study by Imayoshi et al. [17], in which they utilized time-lapse imaging, reported 

that the bHLH transcription factors involved in neuronal development, including Ascl1, Hes1, 

and Olig2, are expressed in an oscillatory manner in neural progenitor cells (NPCs). In 

contrast, during neuronal differentiation, these same bHLH transcription factors accumulated 

after cell division and continued to be up-regulated in many cells. The authors interpreted 

these observations as indicating that oscillatory expression of these bHLH factors associates 

with the multipotent state, whereas the steady expression of a single factor defines the 
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differentiated state. Imayoshi et al. took advantage of the optogenetic gene expression system 

from Neurospora crassa to demonstrate the functional importance of oscillatory and constant 

expression patterns directly. The Neurospora crassa photoreceptor Vivid was fused with a 

Gal4 DNA binding domain and a p65 activation domain [18]. Using this fusion protein, the 

oscillatory expression of bHLH transcription factors could be generated by repeated exposure 

to blue light. In the usual course of events, ASCL1 promotes cell cycle progression in NPCs 

leading to their cell cycle exit and neuronal differentiation [6]. On the other hand, 

light-induced oscillatory expression of Ascl1 increased proliferation in the Ascl1-null NS cell 

population, and importantly, these NS cells did not differentiate into neurons even after 3 

days, suggesting that ASCL1 oscillation enhanced NPC proliferation. In contrast, 

light-induced sustained expression of ASCL1 at a level comparable to the oscillatory peak 

enhanced neuronal differentiation of the Ascl1-null NS cells. These data support the notion 

that manipulation of ASCL1 expression can determine the choice between proliferation and 

differentiation depending on whether ASCL1 expression oscillates or is constant. 
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(A) Crystal structure of heterodimer of a bHLH factor NeuroD1 (shown in green) with E47 

(shown in yellow), which belongs to a class I basic helix-loop-helix (bHLH) factor [1, 2]. Basic 

domains (shown in dark green and sand yellow) bind DNA. (B) Sequence and structure 

alignment of class II bHLH factors, highlighted with color. The red indicates residues with 

chemical type similarity among class II bHLH, and blue shows the highly conserved residues 

across multiple species. (C) ASCL1 regulates oligodendrocyte development at multiple steps. At 

early stages, ASCL1 promotes specification of oligodendrocyte progenitors (OLPs) from 

multipotent progenitors (MP). Figures are from Jane E Johnson.  

 

Figure 2- 1 Structure and of properties neural bHLH proteins including ASCL1 and 

proposed actions of ASCL1 in oligodendrocyte development. 
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ASCL1 in NE-lung cancer 

Lung cancer is the leading cause of cancer deaths in the United States. There are two major 

types of lung cancer, about 85% to 90% of lung cancers are non-small cell lung cancer 

(NSCLC), and the remaining 10% to 15% are small cell lung cancer (SCLC). Gene 

expression profiles of lung tumors suggest that some NSCLC are associated with NE features 

[19]. NE lung tumors make up ∼20%–25% of all invasive lung cancers. The most common 

NE lung tumor is SCLC. SCLC is strongly associated with cigarette smoking, usually heavy 

smoking [20, 21]. Both ASCL1 and NeuroD1 have been shown to contribute to the 

upregulation of nicotinic acetylcholine receptor (nAChR), which serves as cognate receptor 

for tobacco carcinogens nicotine and enhances nicotine-induced migration and invasion 

[22-24]. Additionally, large-cell neuroendocrine carcinoma (LCNEC), also referred to as 

NE-NSCLC, represents ∼3% of lung cancers. NE-lung tumors are categorized as 

neuroendocrine tumors of the lung with certain morphologic, immunohistochemical and 

clinical characteristics [25-27]. For instance, some paraneoplastic syndromes such as 

inappropriate secretion of antidiuretic hormone (SIADH) [28], ectopic Cushing's syndrome 

[29, 30], and the Lambert-Eaton Myasthenic Syndrome (LEMS) [31, 32] are associated with 

SCLC, however, the precise molecular characteristics of neuroendocrine tumors remain 

poorly understood. Both LCNEC and SCLC are high-grade neuroendocrine carcinomas [19, 

33]. Continued molecular and functional characterization of these aggressive tumors will shed 

light on the tumorigenesis mechanisms and lead to development of drug targeted therapies. 
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One of the most highly expressed genes in NE lung cancers is the proneural basic 

elix-loop-helix (bHLH) transcription factor ASCL1 [6, 34]. ASCL1 was first identified as a 

key regulator of neuronal development required for both neuronal and oligodendrocyte 

lineages [3, 15, 35]. In the context of the developing mouse lung, disruption of the ASCL1 

gene specifically prevents the formation of pulmonary neuroendocrine cells [36], identified 

due to loss of a panel of NE markers including pro-gastrin-releasing peptide (Pro-GRP), 

synaptophysin, neuron-specific enolase (NSE) and chromogranin [36]. Transgenic mice with 

combined overexpression of ASCL1 and SV40 large T antigen developed massively 

aggressive NE lung tumors. This was among early suggestions that ASCL1 can synergize 

with other pathways to promote lung carcinogenesis [37, 38]. The most common genetic 

alterations in SCLC are the loss of Tp53 and Rb1 [39]. Thus, Meuwissen et al. first developed 

a SCLC mouse model, in which they used the Cre-loxP system to obtain deletions of Rb1 and 

Trp53 genes restricted to the lung [40]. The somatic inactivation of both Rb1 and Trp53 

alleles caused the development of aggressive lung tumors which highly resembled human 

SCLC based on pathology. 

Recent studies have demonstrated that ASCL1 is essential for the survival of many SCLC [41] 

and NE-NSCLC [34]. ASCL1 depletion was associated with a dramatic downregulation of 

neuron-specific enolase (NSE) and many other NE signatures [42], which is one of the most 

distinctive features of SCLC. Furthermore, the NE signature including ASCL1 serves as an 

important adverse prognostic indicator for lung cancer treatment [37, 43], and various 
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neuroendocrine hormones can be measured in the circulation of patients, in tumor tissue as 

well as in the circulating tumor cells (CTCs) of SCLC patients [39]. Routinely assessed 

neuroendocrine peptides included CD56, CgA, synaptophysin, NSE and proGRP [44]. For 

many years typical chemotherapy for SCLC would combine a cisplatin or related drug with 

etoposide. Among patients who were tested for NE markers prior to treatment and who 

received both lobectomy and the standard platinum-based double chemotherapy, the overall 

survival statistics indicated that those who were negative for NE markers tended to have a 

better prognosis than those who expressed NE markers [45]. 

 

MAPK/ERK pathway and lung cancer 

Mitogen-activated protein kinase (MAPK) pathways are among the most important 

intracellular signaling cascades conserved from yeast to mammals [46]. In multicellular 

organisms, receptor tyrosine kinases stimulate ERK1/2 by activating the small GTPase Ras. 

The GTP-bound form of Ras binds to and assists in activating members of the Raf family of 

protein kinases which are then able to activate MEK1/2, the dual specificity MAPK kinases 

that activate ERK1/2. This versatile pathway has been repeatedly linked to human 

carcinogenesis [47]. The pathway contains several proteins that are frequently mutated in 

many cancers, such as in NSCLC, including tyrosine kinase receptors, e.g., the EGF receptor 

[48, 49], K- and N-Ras [47, 50], B-Raf, and less frequently, MEK and ERK themselves [51]. 

Activation of ERK has been reported in numerous tumors and frequently in NSCLC [52, 53] 
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and hyperactivation of ERK is associated with most of the mutations in components upstream 

in the pathway. All of these findings have contributed to the rationale of developing inhibitors 

of the RAF/MEK/ERK growth factor-activated MAPK pathway. Several are now entering 

clinical trials and many are already FDA approved. 

In contrast to what is known about NSCLC, Ras and EGF receptor mutations have not been 

reported in SCLC, suggesting that in SCLC activation of Ras and growth factor-associated 

signal transduction pathways cause biological consequences distinct from those that occur in 

cancers lacking neuroendocrine characteristics [54]. Ravi et al. tried to activate this pathway 

in SCLC by overexpressing an inducible fusion protein composed of oncogenic human Raf-1 

and estrogen receptor hormone binding domain. As a result, ERK1/2 activation induced by 

Raf caused a significant loss of the ability of the SCLC to grow in soft agar and, more 

generally, suppression of cell growth. In addition, they observed a dramatic induction of the 

cyclin-dependent kinase (cdk) inhibitor p27kip1 accompanying Raf activation in these SCLCs. 

Their findings suggested that activation of RAF/MEK/ERK pathway causes growth inhibition 

and cell cycle arrest in SCLC which may provide a therapeutic strategy for SCLC and other 

NE cancers [55]. However, the detailed mechanism remains elusive. Previous research in a 

neuroblastoma cell line demonstrated that treating cells with phorbol 12-myristate 13-acetate 

(PMA) resulted in rapid degradation of Ascl1 mRNA [56]. Depending on concentration used, 

PMA is a protein kinase C activator [57] that enhances ERK pathway activity. It was 

commonly used as a tumor-promoting agent (although it has recently been shown that protein 
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kinase C may act as a tumor suppressor [58]). Augustyn et al. also showed that PMA 

treatment of the NE-NSCLC line HCC1833 resulted in a decrease of ASCL1, both mRNA 

and protein levels, and an induction of cell death. In contrast, the immortalized human 

bronchial epithelial cell line HBEC3KT is completely insensitive to PMA treatment [34]. 

These studies also demonstrated that targeting ASCL1 is a logical route to therapy for 

NE-NSCLC. Interestingly, they also showed that ASCL1 knockdown resulted in an 

upregulation of ERK phosphorylation (Augustyn et al. in preparation), which may hint at the 

existence of a potential negative feedback loop. ERK activation represses ASCL1 expression 

and in turn ASCL1 represses ERK pathway activation. All of these data suggest an apparently 

paradoxical role of the ERK pathway to suppress tumor progression in NE-lung cancer. 

However, in certain NE cells, the ERK pathway is wired to regulate nonproliferative events. 

In keeping with this idea, the inhibitory action of ERK pathway activity may influence in 

other types of neuroendocrine tumors [59].   

 

Lung cancer therapy 

There are four basic ways to treat lung cancer: surgery, radiation therapy, chemotherapy, and 

targeted therapy. Unlike NSCLC, in which surgery followed by adjuvant chemotherapy is the 

optimal treatment [60, 61], SCLC it is exceptionally sensitive to chemo-radiotherapy [62]. 

Recent developments in our understanding of cellular signaling and its dysregulation in 

NSCLC tumorigenesis have led to the progress of novel drug therapies [63]. For instance, 
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many EGFR superfamily members are reported to be overexpressed in NSCLC [61, 63], or 

acquire gain-of-function mutations including somatic activating mutations in the exons 

encoding the tyrosine kinase domain [64]. Therefore, they have become important targets for 

anti-lung cancer drug therapies. Two main classes of compounds specifically targeting EGFR 

include monoclonal antibodies and tyrosine kinase inhibitors (TKI), and both types are among 

drugs that have already been approved for treatment of lung cancer by the US Food and Drug 

Administration(FDA) 

(http://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm279174.htm). 

By contrast, SCLC accounts for about 15% of lung cancer incidence, but has not drawn equal 

attention comparable to its high risk of dissemination. As mentioned above, SCLC is 

extremely sensitive to chemotherapy (such as cisplatin and etoposide) and radiotherapy [65]. 

However, despite favorable initial responses, including 50% of limited-stage disease patients 

achieving a complete response with modern chemotherapy, relapse is frequently observed 

among most patients [66]. Furthermore, tumors that were originally sensitive to this treatment 

strategy inevitably become resistant to chemotherapy. Many approaches to bypass drug 

resistance have been evaluated including dose intensification, combining with other drugs, 

using different schedules including weekly administration, bone marrow protection using 

Granulocyte/Macrophage Colony Stimulating Factor (GM-CSF34), and also high dose 

therapy with reinfusion of pretreatment harvested bone marrow. But none have attained any 

significant survival benefit. 

http://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm279174.htm
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To date, there is no targeted drug available for SCLC. In my dissertation project, I have tried 

to identify ASCL1 downstream gene targets, and test the dependence of NE-lung tumors on 

these potential Ascl1-regulated genes to discover druggable targets in the ASCL1 repertoire, 

with the goal of shedding some light on targeted drug therapy development for clinical trials. 

 

Epithelial sodium channel (ENaC) 

Scnn1a encodes the α subunit of the epithelial sodium channel (ENaC), which is sodium 

permeable non-voltage-sensitive ion channel that is inhibited by the potassium-sparing 

diuretic amiloride. ENaC mediates the transport of luminal sodium ions across the apical 

membrane of epithelial cells. Functionally, ENaC controls the reabsorption of sodium in 

kidney, colon and lung, and it is regulated by hormones such as aldosterone and vasopressin, 

essential regulators of blood pressure [67, 68]. ENaC was first discovered in the rat colon 

when animals were challenged with a low salt diet. The whole channel consists of three 

homologous subunits: α, β, and γ [69, 70], in which α subunit is the transporting subunit with 

regulatory roles for the β and γ subunits (see Figure 2-2). These three subunits are structurally 

related and all range from 85 to 95 kD in size, if without modification [67] (see Figure 3-1). 

However, at the plasma membrane the composition of each ENaC channel is not necessarily 

fixed and subunit modifications have been identified [71]. In vitro expression of each subunit 

of ENaC in the Xenopus oocyte has revealed that assembly of a functional active ENaC is 

strictly dependent on αENaC, while neither the β nor γ subunits are able to generate 
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amiloride-sensitive sodium current [70]. Another study in the mouse also shows that in the 

absence of αENaC, the β, and γ subunits are not transported to the membrane [72], and no 

amiloride-sensitive sodium current can be measured, demonstrating that the ENaC α subunit 

plays a key role among all subunits mediating sodium movement[6]. 

 

Figure 2- 2: ENaC architecture: Structural features of the epithelial sodium channel. 

 

 

 

 

 

In the mouse, the whole body knockout of the α subunit of ENaC is postnatally lethal [72, 73]. 

The αENaC(-/-) mice abolished electrogenic sodium transport in airway epithelia. The null 

animals also developed respiratory problems and died within 40 hrs after birth from failure to 

ENaC comprises α, β, and γ subunits, the stoichiometry of these subunits still to be verified. 

ENaC may exist as a heterotrimer with a single α, β, and γ subunit. Each subunit has two 

membrane-spanning domains (M1 and M2) amino- and carboxy-termini of all polypeptides 

are located in the cytosol. Modified from Acta Pharmacologica Sinica, Yan Sun et al., and 

Zhi-ren Zhang, Role of the epithelial sodium channel in salt sensitive hypertension, Copyright 

2011, with permission from Nature Publishing Group. 
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clear liquid from their lungs. However, αENaC heterozygous (+/-) knockout mice, containing 

a single allele to encode α subunit of the channel, appear to have a phenotype comparable to 

that of wild-type (+/+) mice [73, 74]. This probably occurs through a compensation 

mechanism involving activation of the renin-angiotensin system, and this is based on the 

observation that heterozygous mutant mice (+/-) also display increased aldosterone 

production, which further leads to up-regulation of angiotensin II subtype 1 (AT1) receptors 

[74]. 

ENaC activity also functions to modulate liquid clearance in airway surface epithelial cells. 

ENaC mutations that cause altered channel activity may lead to significant physiologic 

outcomes, such as Liddle syndrome [75] (caused by mutations that delete or disrupt a 

C-terminal PY motif in β, or γ ENaC thereby increasing surface expression), type I 

pseudohypoaldosteronism (PHA-I) [76] (caused by mutations in all three genes encoding 

ENaC), cystic fibrosis (CF) [77, 78] (caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene, and these mutations lead to decreased 

epithelial cAMP dependent Cl
–
 secretion and increased airway Na

+
 absorption via ENaC). 

Mice with airway-specific overexpression of ENaC also incur severe lung disease with 

features reminiscent of cystic fibrosis, and high-altitude pulmonary edema [73]. 

ENaC is widely studied as a potential therapeutic target in the lung of CF patients [79]. 

Amiloride was originally designed as an orally effective potassium sparing diuretic. For CF 

patients, amiloride could be administered as an aerosol, which induced a transient block of 
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ENaC, and associated with an increase in airway surface liquid (ASL) volume as well as a 

short-acting enhancement of mucus clearance (MC). In previous clinical trials, however, the 

classical ENaC blocker amiloride administered as aerosol inhalation therapy failed to show 

obvious therapeutic benefits in established CF patients [80]. The relatively short half-life (6 to 

9 hours) and limited potency of amiloride may explain the lack of therapeutic effects [81]. 

However, it is possible that the therapeutic effect of amiloride may be related to the disease 

stages and amiloride could serve as a preventive rather than therapeutic drug, so, to test 

amiloride on structurally normal lungs before CF disease development may help to clarify. To 

test this hypothesis, Zhou et al. generated β ENaC overexpressing mice, whose pulmonary 

phenotype shows increased ENaC-mediated airway Na
+
 absorption and airway surface liquid 

volume depletion, mimics the in vivo pathogenesis hallmarks of CF lung disease [82]. In their 

studies, the ENaC inhibitor amiloride significantly attenuated CF associated symptoms in the 

mice, such as spontaneous pulmonary mortality, epithelial necrosis and pulmonary 

inflammation. By contrast, consistent with previous clinical trials, amiloride had no effect on 

CF symptoms when treatment was given after the onset of lung disease in β 

ENaC-overexpressing mice [82]. This study implies that preventive inhibition of increased 

airway Na
+
 absorption could serve as an effective therapy for CF-like lung disease in vivo, 

suggesting amiloride inhalation as a preventive therapy for CF patients. 

Nevertheless, efforts have been made to design and synthesize a blocker that could more 

efficiently inhibit ENaC, that is more selective, and that can maintain mucociliary clearance 
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better than amiloride. Hirsh et al. modified the pyrazinoylguanidine structure of amiloride, 

identifying the Parion compound 552-02 ENaC blocker as a potential lead for CF lung disease 

and with satisfying attributes mentioned above [81]. Currently, the ENaC blocker Parion 

compound is in phase 2 clinical study for CF treatment. This long description is included to 

suggest that details of compound delivery and target site may have a strong influence on the 

successful use of ENaC inhibitors. 

 

ENaC regulation 

Given the need for fast and dynamic changes in salt and water reabsorption and secretion, 

ENaC is regulated through a variety of extrinsic and intrinsic factors. ENaC regulation has 

been extensively studied in heterologous expression systems, and has revealed control by 

transcriptional, posttranslational modifications, assembly, membrane insertion, retrieval, 

recycling, degradation, as well as control of single-channel properties such as open 

probability [67]. 

ENaC can be regulated by hormones, mechanical and cytoskeletal activity, and proteolytic 

cleavage. ENaC is regulated by its trafficking and ubiquitination/deubiquitination via E3 

ligases such as Nedd4-2 [67]. The adrenal mineralocorticoid hormone aldosterone is the most 

important ENaC regulator [83-85]. In brief, aldosterone induces ENaC expression 

transcriptionally through the mineralocorticoid receptor and modulates intracellular signaling 
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pathways involving kinase cascades, such as that containing the serum and 

glucocorticoid-regulated kinase (SGK1) [86, 87], which is itself and aldosterone-induced 

gene, or inhibition of ERK [84, 88]. Together these pathways function within an ENaC 

regulatory complex that controls the channel numbers on the cell surface and, to a lesser 

extent, the open probability of the channel. Apart from the signaling pathways which regulate 

ENaC, specific small molecule ENaC activators with high potency also have been studied. 

Liu et al. reported that the compound S3969 leads to human ENaC activation as measured by 

amiloride-sensitive current in a dose-dependent manner [89]. 

 

Amiloride 

The synthesis of amiloride (3,5 diamino-6-chloro-N-(diaminomethylene) 

pyrazinecarboximide) and amiloride analogs were first described by Baer et al. in 1967 [90, 

91]. Amiloride was initially demonstrated to inhibit the Na
+
 channel present in urinary 

epithelia, and it has been used as an orally administered diuretic for more than four decades. 

The structure of amiloride and its derivative benzamil are shown in Figure 2-3. Amiloride is 

pyrazinoylguanidine which has a chloro group on the pyrazine ring 6-position, and amino 

groups on the 3- and 5-positions.  

Pharmacological blockers of ENaC such as amiloride or benzamil increase renal Na
+
 

excretion and decrease K
+ 

excretion, accouting for their K
+
 sparing property [83, 92]. Initial 
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work on amiloride showed that amiloride acts as a ENaC channel pore blocker by binding 

within the external pocket of the channel pore [83]. Specifically, a region of the extracellular 

loop of ENaC, 278–283, WYRFHY and highly conserved across many species and tissues, 

was discovered that plays a crucial role in amiloride interaction. Deletion or point mutation 

within this region leads to a loss of amiloride binding to the channel [93, 94]. Mechanistically, 

an increase of the dissociation rate of the drugs from the ENaC binding site, are present with 

these loss-of-function mutations, while with little changes in the association rate [95]. 

 

 

 

As an oral potassium-sparing diuretic, amiloride has also been reported to have anti-tumor 

and anti-metastasis functions in multiple studies in biochemical and cellular analyses and also 

in animal models. In vivo studies showing that amiloride possesses anti-tumor properties first 

appeared in 1983 by Sparks et al., who showed that amiloride inhibits xenograft growth of H6 

hepatoma and also DMA/J mammary adenocarcinoma in male A/J mice [96]. Tumor growth 

Amiloride is pyrazinoylguanidine bearing amino groups on the 3- and 5-positions and a 

chloro group on the 6-position of the pyrazine ring. Benzamil is a benzyl 

group-containing analog of amiloride. Like amiloride, it is a guanidinium 

group-containing pyrazine derivative. 

Figure 2- 3: Chemical structures of amiloride and its analog benzamil. 
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and cell proliferation were found significantly inhibited, and the effects correlated with 

decreased sodium content in tumor cells. Since then, many studies have demonstrated that in 

animals amiloride inhibits the formation or progression of mutagen-induced lesions, decreases 

the size of tumor xenografts, and suppresses tumor metastases (see Table 2-1) [97-107]. 

Amiloride and benzamil significantly inhibit glioma cell proliferation and viability through a 

sodium-dependent calcium influx facilitated by the sodium-calcium exchanger (NCX), and 

subsequently caspase-independent glioma cell death [108]. Apart from its inhibition of ENaC, 

additional effects of amiloride also arise through inhibition of two discrete targets: the 

sodium–hydrogen exchanger 1 (NHE1), and the urokinase-type plasminogen activator (uPA) 

[100, 109-112]. NHE1 is a primary cellular Na
+
/H

+ 
antiporter and usually serves to regulate 

intracellular pH (pHi). Upon activation, NHE1 activity reverses the transmembrane pH 

gradient in transformed and malignant cells lowering their extracellular pH (pHe) [113], 

which makes a favorable environment for extracellular matrix-degrading enzymes and 

pro-angiogenic factors [114]. uPA becomes activated when binding to its cognate receptor the 

uPAR. uPA then cleaves cell surface-associated plasminogen to produce the serine protease 

plasmin, which subsequently activates downstream extracellular proteases (e.g. matrix 

metalloproteases). Together these lead to controlled directional remodeling of the local 

extracellular environment, which plays a key role in cancer cell invasion and metastasis [115, 

116]. In short, the anti-tumor functions of amiloride could be mediated through several other 

targets rather than ENaC.  
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CHAPTER THREE 

ASCL1 IS A DRIVER GENE OF SCLC 

 

ASCL1 is required for NE-lung cancer both in vitro and in vivo 

Amiloride and it derivatives were tested in various rodent cancer models, including 

mutagen-induced cancer lesions and xenografts in mice. The drug was delivered through 

subcutaneous injections (s.c.) or orally in drinking water. Modified from International Journal 

of Cancer, Hayden Matthews et al., and Michael J. Kelso, Anti-tumour/metastasis effects of 

the potassium-sparing diuretic amiloride: An orally active anti-cancer drug waiting for its 

call-of-duty? Copyright 2011, with permission from UICC 

Table 2- 1: Summary of the anti-tumor and anti-metastasis effects of amiloride in rodent 

cancer models. 
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Aggressive NE lung cancers, including SCLC and NE-NSCLC, belong to an understudied 

tumor subset [19]. A series of in vitro studies in cell lines uncovered the essential role of 

ASCL1 for the growth and survival of NE-lung cancer. Depletion of ASCL1 in those 

ASCL1-expressing cells inhibited cell proliferation and initiated cell death [34, 41].  

A recent study from Johnson’s lab further verified the absolute in vivo requirement of ASCL1 

for SCLC tumorigenesis in a mouse model with characteristics of both SCLC and 

NE-NSCLC (See Figure 3-1). Several SCLC mouse models have been reported so far. Since 

the Rb and p53 tumor suppressor genes are mutated in more than 90% of human SCLC, 

conditional knockouts of Rb and p53 in mouse lung epithelial cells were tested. These two 

genes were disrupted using adeno-Cre (Ad-Cre) virus injected intra-tracheally, resulting in the 

formation of tumors that highly resemble human SCLC, based on histopathology, the 

induction of neuroendocrine markers, metastatic ability, etc. [40]. To accelerate tumor 

formation in the mouse model, Schaffer et al. further disrupted another gene, the Rb relative 

p130, by conditional knockout in the background of Rb and p53 mutant mice. In this triple 

knockout mouse, after inactivation of p130, proliferation of tumor cells significantly 

increased, accelerating the development of SCLC [117]. This triple knockout mutant mouse 

became an important pre-clinical SCLC mouse model. In this mouse model with conditional 

disruptions of p53, Rb, and p130 [117, 118], the further conditional knockout of Ascl1 

blocked the appearance of lung tumors as mentioned above. This further verified the role of 

Ascl1 as a driver gene for SCLC. Other preclinical SCLC models have largely employed 
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SCLC cell lines and xenografts, which are valuable for mechanistic studies and preclinical 

drug development. 

 

 

 

 

 

 

Mice with genotype p53f/f; Rbf/f; p130f/f; Rosa26 LSL-Luciferase (tcko) or wild type (WT), 

Ascl1f/f(cko) were infected intra-tracheally with Adenoviral-Cre at P40 and lungs were 

collected 22-27 months later. H&E staining of lungs illustrate “WT” mice developed high 

grade NE tumors (A) but Ascl1 cko do not (B). A’ is immunofluorescence for ASCL1 and NE 

marker synaptophysin. Quantification of tumor load (D) and tumor count (E) across the 

different genotypes.  From Borromeo MD et al., In vivo Requirement for Ascl1 in High 

Grade Pulmonary neuroendocrine Tumors and its role with Foxa2 and Nfib in a Feedback 

Regulated Network of Transcription, 2015 (Min He, coauthor) 

 

Figure 3- 1: Ascl1 is required for tumor formation in a high grade neuroendocrine lung 

tumor. 
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ASCL1 ChIP-seq and RNA-seq 

Previous work from our lab discovered the neuronal transcription factor neurogenic 

differentiation 1 (NEUROD1), a bHLH relative of ASCL1, is overexpressed in a subset of 

aggressive neural and NE cancers [119]. Interestingly, NEUROD1 and ASCL1 have been 

shown to be anomalously expressed in distinct subsets of aggressive NE tumors [120]. To 

better capture the role of ASCL1 in NE lung cancer, and study how ASCL1 and NEUROD1 

synergize or differentially regulate downstream targets, we used the next generation 

sequencing approach with a series of SCLC, including lines with ASCL1
high

NEUROD1
low

 and 

ASCL1
low

NEUROD1
high 

expression signatures. Gene profile information downstream of 

ASCL1 or NEUROD1 gives us a wealth of targets that may be essential for survival and 

metastasis of SCLC. Two ASCL1
high

NEUROD1
low 

expressing SCLC lines H889 and H2107, 

and two ASCL1
low

NEUROD1
high 

expressing SCLC lines H82 and H524 were used for 

sequencing analysis. ChIP-seq revealed direct transcriptional targets whose expression was 

confirmed by RNA-seq. From further analyses of these RNA-seq and ChIP-seq data, potential 

ASCL1 or NEUROD1 targets were identified.  
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Although ASCL1 and NEUROD1 are both bHLH factors and they both directly bind DNA 

through CANNTG E-box motifs, few of the ASCL1 and NEUROD1 binding sites overlapped. 

Even in cases where both factors bound to the same gene promoter regions, the location of the 

binding sites was distinct. In addition, they bind to slightly different E-box motifs (see Figure 

3-2). Near these specific binding sites, motifs for distinct families of factors are enriched, 

within ASCL1 bound regions, NF-I half sites and forkhead factors are also enriched (see 

Figure 3-2) [121]. On the other hand, consistent with previous studies of ASCL1 target genes 

binding profiles in lung tumors [13], the genomic sites that bind ASCL1 or NEUROD1 are 

Figure 3- 2: Primary and secondary DNA binding motifs found in ASCL1 or 

NEUROD1 bound regions largely non-overlapping in hSCLC cell line genomes 

ASCL1 and NEUROD1 binding sequences based on the ChIP-seq data. ASCL1 and 

NEUROD1 binding sequence is largely non-overlapping in hSCLC cell line genomes, 

they do not contain the same E-box motif, and different families of factor co-occupy 

with ASCL1 and NEUROD1. 
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associated with the active chromatin marker H3K27Ac. The differentially targeted gene sets 

between ASCL1 and NEUROD1 ChIP-seq data are consistent with the hypothesis that 

ASCL1 and NEUROD1 differentially regulate oncogenesis in SCLC. However, among 

shared transcriptional targets of ASCL1 and NEUROD1 are genes associated with NE and 

cell migratory function [121]. On the other hand, the Johnson lab was not able to detect 

NEUROD1 in three different scenarios, in normal mouse lung NE cells using NEUROD1 

antibodies, in a NEUROD1::GFP transgenic mouse, and lineage tracing with a 

NEUROD1::Cre transgenic mouse. This situation in lung appears to differ from what takes 

place during neurogenesis in that ASCL1 and NEUROD1 are thought to be expressed in the 

same lineage, although this too is being reconsidered. Temporally expression of ASCL1 

precedes that of NEUROD1 during progenitor transition to the mature neuron [4]. In lung 

ASCL1 and NEUROD1 maybe not be lineally related and this is consistent with the 

possibility that tumors driven by ASCL1 and NEUROD1 originate from different cell-types 

of origin and are therefore not usually expressed in the same human SCLC lines. 

From the combined ChIP-seq and RNA-seq data in 4 human SCLC cells, approximately 3500 

up-regulated genes were identified (FPKM values greater than 2.23 are selected as 

“up-regulated” genes, with the peak of FPKM values distribution plot centered at 2.23) that 

were ascribed to the transcriptional activation function of ASCL1 [121]. By performing gene 

ontology (GO) analysis, we found 215 genes are involved in ion-related biological process 

among the 3500 gene hits, including calcium, potassium, sodium and other ion transport and 
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homeostasis regulators, with sodium regulation genes accounting for a large share. Also, we 

found around 78 genes highly expressed in ASCL1 high cells fall into sodium-related 

biological process in GO analysis (see Appendix A). We performed GO term enrichment 

analysis with g:Profiler (http://biit.cs.ut.ee/gprofiler/), and it shows both groups are 

significantly enriched with p-values less than 0.05. 

Combining the ChIP-seq and RNA-seq data, hundreds of genes were identified as direct 

downstream targets of ASCL1 and NEUROD1 that could be tested for their requirement for 

tumor growth. Among these ASCL1-bound up-regulated genes, only a subset are likely to be 

viable as therapeutic targets. Candidates were selected based on criteria key characteristics of 

druggability, including cell surface localization and containing an active site pocket.  

Additional criteria for selection included candidates in classes of known therapeutic targets 

such as protein kinases, ones that were already implicated in cancer or in proliferation or 

migration, and the availability of inhibitory molecules for the candidate (see Table 3-1), as 

well as having expression above a nominal cutoff by RNA-seq (FPKM greater than 2.23) 

relative to that in the cell lines used for comparison. In several cases, inhibitors for the 

candidates in Table 3-1 are already available or in development. For instance, Bcl2 has been 

shown to be a downstream target of ASCL1 in NE-NSCLC [34]. Bcl2 helps cells fight against 

apoptosis, thus inhibitors should be pro-apoptotic, and inhibitors are available and in clinical 

trials [122-124]. Scnn1a, which encodes the alpha subunit of the epithelial sodium channel 

(αENaC), is bound by ASCL1 and its expression is highly correlated with ASCL1. 

http://biit.cs.ut.ee/gprofiler/
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Interestingly, we note that a number of ENaC regulators are also upregulated in ASCL1
high 

SCLC lines. These include the serine/threonine protein kinase SGK1 and NEDD4L which 

encodes a E3 ubiquitin protein ligase [125, 126], both of which regulate the activity of the 

epithelial Na
+
 channel ENaC [86, 87]. Ubiquitination of plasma membrane proteins either 

triggers the internalization/endocytosis or, alternatively, sorting, of these proteins as a way to 

control their membrane protein activities [127]. 

From 30 genes remaining after the criteria filtering, we chose ten candidates to analyze in 

detail (Table 3-1). These molecules included SCNN1A (αENaC) [69, 83], KIT, PAK7,  

GPR56, HDAC5, VRK1, STK25. MAP2K6 (MEK3) and MAP4K1 (HPK1) are highly 

expressed in ASCL1
low

NeuroD1
high

 SCLC lines and might be feasible targets in 

NEUROD1-dependent SCLC. ENaC was of particular interest because it is highly expressed 

in ASCL1-dependent and barely at all in NEUROD1-dependent SCLC (see Figure 4-1), and 

this fits with our hypothesis that actions of ASCL1 on ionic regulation may contribute to 

proliferation.  

Of the other differentially expressed genes, KIT is expressed hundreds of fold higher in the 

two ASCL1
high 

cell lines. KIT (or c-kit protein, also known as CD117) is a member of the type 

III receptor tyrosine kinase (RTK) family [128, 129], and its coexpression with its ligand stem 

cell factor has been reported in many SCLC patient samples [130], as well as in many SCLC 

cell lines [131]. In addition to KIT, the other cell surface receptor selected is a GPCR, GPR56, 

which is an adhesion receptor. The protein kinases PAK7, STK25, VRK1, MAP2K6, and 
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MAP4K1, selected in addition to KIT, represent possible new targets for SCLC, and 

inhibitors for some of them have been reported. 

To verify that these potential ASCL1 target genes are highly expressed, I extracted RNA from 

the ASCL1
high

NEUROD1
low

 expressing SCLC lines H889 and H2107, and two 

ASCL1
low

NEUROD1
high

 expressing SCLC lines H82 and H524. As expected, the expression 

of the ten candidate genes is consistent with RNA-seq results (see Figure 3-3). Scnn1a, Bcl2, 

Gpr6, Kit and Pak7 are highly expressed in the two ASCL1
high

 lines, especially H889 which 

has the most ASCL1 protein. Hdac5, Stk25 and Vrk1, expected to be highly expressed in both 

ASCL11 and NEUROD1 lines are present in roughly equal quantities in the cell lines, while 

the two MAPK pathway genes, Map2k6 and Map4k1, are expressed at lower levels in the two 

ASCL1
high 

SCLC lines.   

 

Table 3- 1: High priority targets 

Ten candidates were chosen to analyze in detail after filtering ASCL1 and NEUROD1 ChIP-seq 

and RNA-seq data.  
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Figure 3- 3: Potential ASCL1 targets expressed in ASCL1
high

NEUROD1
low 

SCLC lines 

 

 

The four SCLC lines were lysed with Tri-reagent and mRNA was extracted. qRT-PCR was 

performed for the indicated target mRNAs. Data were normalized against actin expression. 

Error bars show the standard deviation of two experiments. Statistical significance was 

assessed by two-way ANOVA, * = p < 0.05. N=2 



31 

 

 

 

ASCL1 depletion in NE-lung cancer cells 

To verify that ASCL1 or its targets are required for continued proliferation and survival of 

NE-lung cancer, I needed to be able to reduce expression of it or its targets. For a number of 

reasons having mostly to do with characteristics of neuroendocrine cells, this has proved 

difficult in the past, particularly with SCLC lines which are generally floating in clusters 

rather than attached. Therefore, I tried various methods to deplete or decrease Ascl1. 

Knocking down Ascl1 using siRNA in NE-NSCLC line HCC1833 prevented survival of the 

neuroendocrine lung cancer and induced cell death, as measured by the appearance of cleaved 

PARP (see Figure 3-4), supporting the essential role of Ascl1 in tumorigenesis. The same 

results are also observed in HCC1833 cells stably express shRNA against ASCL1 (see Figure 

3-4). To generate Ascl1 knockout in HCC1833 cells, I utilized the CRISPR/Cas9 system 

[132]. However, no knockout cell colonies grew among all 1152 FACS sorted cells after 4 

weeks of cell culture (in two separate knockout experiments), which further suggests that 

Ascl1 is an essential tumor driver gene, or, alternatively, that the experiment failed. The 

complete dependence of these lines on Ascl1 makes this experiment, expected by referees, 

difficult to do and ambiguous in interpretation. 

As stated before, the two Ascl1 siRNAs used to transfect SCLC line H889 did not work, as 

the cell suspension is resistant to siRNA knockdown. To verify the role of ASCL1 in SCLC, I 

tried to establish SCLC lines that stably expressed shRNAs against ASCL1. Two shRNAs 

were used, and lentivirus infected H889 cells were sorted with GFP positive expression and 
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seeded as singlets in 96-well plates. Still, no colonies were formed among all 576 sorted cells. 

Because H889 are in suspension and usually grow in aggregates and clusters, it is possible 

that single cells did not survive and propagate well.  

 

 

 

 

Initial evaluation of other molecules from the selected target list 

Among possible targets considered in Table 3-1, I performed a pilot experiment with a 

tyrosine kinase inhibitor (TKI) to determine if it might inhibit KIT with some selectivity in 

ASCL1
high

 SCLC. I treated both ASCL1
high

 and ASCL1
low

 expressing NE-lung cancer cell 

Figure 3- 4: ASCL1 depletion in HCC1833 induced cell death 

Left: transient siRNA knockdown of ASCL1 in NE-NSCLC cells HCC1833 induced cell 

death. The cell death marker cleaved PARP was resolved by SDS-PAGE and GAPDH 

was used as loading control. Right: lentivirus stably expressing shRNA against ASCL1 

infected HCC1833 also induced cell death. The cell death marker cleaved PARP was 

resolved by SDS-PAGE and ERK1/2 were used as loading control. N=2 
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lines with a multi-RTK inhibitor sunitinib malate [133, 134], which is FDA approved for 

treatment of pancreatic neuroendocrine tumors, kidney cancer, and gastrointestinal stromal 

tumors 

http://www.fda.gov/AboutFDA/CentersOffices/OfficeofMedicalProductsandTobacco/CDER/ 

ucm256499.htm). Treatment with sunitinib malate for 24 hrs with a gradually increasing dose 

induced cell death, but the cell killing effect is independent of ASCL1 expression in various 

NE-lung cancer cells (see Figure 3-5).  This is most likely due to the broad kinase specificity 

of sunitinib, as it was designed to inhibit multiple kinases.  

 

Figure 3- 5: Multiple RTK inhibitor sunitinib malate induces cell death in NE-lung 

cancer cells independent of ASCL expression 

 

 

 

 

A series of NE lung cells were treated with a concentration range of sunitinib malate for 

24 hrs. The cell death marker cleaved PARP was then resolved by SDS-PAGE and 

ERK1/2 were used as loading control. ASCL1-driven SCLC line H889, as well as 

NE-NSCLC lines HCC1833 and HCC4018 did not show differential sensitivity to the drug 

compared to the ASCL1
low

 SCLC lines H82, H524. N=1 

 

http://www.fda.gov/AboutFDA/CentersOffices/OfficeofMedicalProductsandTobacco/CDER/%20ucm256499.htm
http://www.fda.gov/AboutFDA/CentersOffices/OfficeofMedicalProductsandTobacco/CDER/%20ucm256499.htm
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Experimental Procedures 

Cell culture 

Classic SCLC cell lines NCI- H2107 and H889; variant SCLC lines NCI-H82, H524; and 

NSCLC lines NCI-H358, H460 and HBEC3KTRL53-clone 5 were maintained in RPMI 1640 

supplemented with 10% fetal bovine serum (FBS) and 2mM L-glutamine. And they were 

from the Hamon Cancer Center Collection (University of Texas Southwestern). Immortalized 

HBECs were cultured in keratinocyte serum-free medium (KSFM) (Invitrogen) with 5 ng/mL 

HEK293T cells were cultured  in  Dulbecco’s  Modified  Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 2mM L-glutamine. 

 

Transient siRNA Transfection 

Duplex siRNA oligonucleotides targeting human ASCL1 (siRNA ID #: 114403, s1657) or a 

siControl (4390843) was purchased from Life Technologies. Cells were reverse transfected 

with 40 nM siRNA using Lipofectamine RNAiMax (Life Technologies) according to the 

manufacturer’s instructions. 

 

Lentivirus mediated shRNA knockdown 
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First trial of generating stable Ascl1 shRNA knockdown cell lines was through infection of 

lentiviral shRNA vector pTY-shRNA-EF1a-puroR-2a-GFP plasmids. The shRNA sequences 

were cloned into the vectors with U6 promoter. The shRNA sequences are as follows: human 

Ascl11, 5′-GCAGCACACGCGTTATAGTTT-3′; human Ascl11, 

5′-ACTATAACGCGTGTGCTGCTC-3′; another shRNA of ASCL1: human Ascl1, 

5′-CAACTGCAATTTTCCCTATTT-3′; human Ascl1, 

5′-ATAGGGAAAATTGCAGTTGTA-3’. Lentiviruses were packaged in 293T cells. Briefly, 

293T cells were cultured in DMEM containing 10% FBS and transiently transfected with 

shRNA vector together with psPAX2 and pMD2.G plasmids at a 1μg:0.75μg:0.25μg ratio 

using Lipofectamine 2000. After overnight incubation, change into full media and the viral 

supernatant was collected 24hrs later, collected the supernatant a second time 24hrs later. The 

viral supernatant was then filtered (though the 0.22μm filter with syringe) and used for the 

infection of lung cancer cell line H889 in the presence of 8 μg/ml polybrene (Sigma). After 2 

days infection, then shRNA virus incorporated lung cancer cells were sorted into 96-well 

plates using a GFP filter and setting the gate on the GFP fluorescence intensity. And then 

cultures those single cells until they grow into large colonies. 

 

CRISPR/Cas9 constructs and sgRNA design and transfection 

Three pairs of sgRNAs were designed by using the WTSI Genome Editing (WGE) CRISPR 

Finder web application (http://www.sanger.ac.uk/htgt/wge/find_crisprs) to target the Ascl1 

http://www.sanger.ac.uk/htgt/wge/find_crisprs
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open reading frames (ORFs). RNA-Guided Nuclease (RGNs) were constructed by cloning 

Ascl1-specific sgRNAs into the px458 vector [132, 135] (pSpCas9(BB)-2A-GFP , Addgene 

plasmid #48138) that co-expresses SpCas9, sgRNA, and GFP, allowing fluorescent 

transfected cells to be directly sorted into individual wells of a 96-well plate with flow 

cytometry analysis. The cloning protocol is as previously described 

(https://www.addgene.org/crispr/zhang/). The following gene-specific sgRNA sequences 

were used and constructed, as outlined previously: Ascl1 sgRNA-1Forward 

5′-caccGGAGCACGTCCCCAACGGCG-3′, -1Reverse 

5′-aaacCGCCGTTGGGGACGTGCTCC-3′; Ascl1 sgRNA-2 Forward 5′- 

caccgCCCTCAGGGGGCGGTCACAA-3′, -2 Reverse 5′- 

aaacTTGTGACCGCCCCCTGAGGGc-3′; Ascl1 sgRNA-3 Forward 5′- 

caccGCCGGTCTCATCCTACTCGT-3′, -3 Reverse 5′- 

aaacACGAGTAGGATGAGACCGGC 

-3′ 

NE-NSCLC cells HCC1833 for transfection were seeded at 2×105 cells/well in 2 mL of 

medium in a 6-well plate one day prior of transfection. one more well of cells was seeded 

serving as a non-transfected control. 2μg CRISPR/Cas9 plasmids were used to transfect 

HCC1833 with lipofectamine 2000. 2 days post transfection; cells are trypsinized and filtered 

through a 70 μm filter (BD Biosciences) into a FACS 12x75 polypropylene tube (fisher 

scientific). FACS sort the top ~6% of GFP positive cells in order to enrich for cells that 

https://www.addgene.org/crispr/zhang/
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received high levels of the CRISPR/Cas9 constructs. Plate sorted cells individually into 

96-well round-bottom plates which include 100 μl per well of cell culture media. Allow the 

single cell to incubate at 37 °C for 3–7 days, and then add another 100μl fresh media. Then 

allow the clones to incubate at 37 °C for 7–14 days until larger cell colonies are formed. Vary 

these times depending on the doubling time of the cell line used. 

 

Statistical analysis 

Results  were  expressed  as  means  ±  standard  deviation  determined  from  

two or three independent experiments. Statistical significance was calculated using the 

GraphPad Prism software package using Student’s t test or two-way ANOVA. 
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CHAPTER FOUR 

SCNN1A MAY BE A THERAPEUTICALLY VALUABLE TARGET OF 

ASCL1 

Scnn1a is highly expressed in ASCL1 driven aggressive NE lung cancers 

Based on the ASCL1 ChIP-seq and RNA-seq data with a series of SCLC cell lines including 

ASCL1
high

NEUROD1
low

 SCLC lines H889 and H2107, ASCL1
low

NEUROD1
high

 SCLC lines 

H82 and H524 (see Figure 4-1), we characterized Scnn1a as a potential ASCL1 target gene. 

ASCL1 binds to the promoter region of Scnn1a (Figure 4-1B) and its protein product ENaC 

was highly expressed in both ASCL1
high

NEUROD1
low

 SCLC lines H889 and H2107. By 

contrast, ENaC was not detected in two ASCL1
low

NEUROD1
high

 SCLC lines H82 and H524 

(Figure 4-1C). On the other hand, Map2k6, is a potential NEUROD1 target, which is bound 

by NeuroD1 in the ASCL1
low

NEUROD1
high

 SCLC line H524 (see Table 3-1). 
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Figure 4- 1: Scnn1a is highly expressed in ASCL1 driven aggressive NE lung cancers 

 

 

 

 

 

 

Known genetic alterations and expression of ASCL1 and NEUROD1 in SCLC lines 

determined by ChIP-seq and RNA-seq are shown in (A), Scnn1a might be a potential 

ASCL1 target gene, (B) ChIP-seq results with antibodies to ASCL1 in 

ASCL1
high

NEUROD1
low

 (top) and to NEUROD1
high

ASCL1
low

 (bottom) show it is bound by 

ASCL1 at the promoter region. (C) Westernblots confirmed the expression correlation 

between ASCL1 and αENaC in a series of SCLC lines. N=5 
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Scnn1a is regulated by ASCL1 in ASCL1- driven aggressive NE lung cancers 

To characterize the mechanisms of ASCL1 action in lung tumor pathogenesis, we analyzed a 

panel of lung cancer cell lines, as well as the immortalized human bronchial epithelial cell 

(HBEC) line. We found a parallel in mRNA expression of Ascl1 and Scnn1a in the NE-lung 

cancer cells, but not in non NE-lung cancer cells or HBEC (see Figure 4-2). To test whether 

Scnn1a was essential for tumorigenesis, we infected SCLC lines with lentiviruses that stably 

expressed shRNAs against Ascl1. Depletion of Ascl1 prevented survival of the 

neuroendocrine lung cancer cells as measured by increased cleaved PARP (See Figure 4-2). 

The expression of Scnn1a was significantly reduced following knockdown of Ascl1 in SCLC 

H889.  This provides supportive evidence that Scnn1a is directly regulated by ASCL1. 
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Figure 4- 2: Scnn1a is regulated by ASCL1 in ASCL1- driven aggressive NE lung 

cancers 

 

 

 

 

 

 

(A) qPCR shows a consistent coexpression trend of Ssccn1a and Ascl1 in many NE lung 

cancer cells. N=2. (C) Expressions of four subunits of ENaC were examined among 4 SCLC 

lines used for ChIP-seq and RNA-seq, Scnn1a is the dominant subunit, and ASCL1 driven 

SCLC cells H889 and H2107 express much more Scnn1a mRNA than the ASC1
low 

cells. 

N=2. (D) Lentivirus containing shASCL1 were used to infect H889 and knockdown ASCL1. 

Lysate proteins were resolved by SDS-PAGE and loading was normalized to total ERK1/2. 

Two different shRNAs against Ascl1 were used, and both shRNA knockdowns induced 

apoptosis as shown by PARP1 cleavage. N=2. (B) Scnn1a also decreased upon ASCL1 

knockdown. N=2. Error bars indicate standard deviation of three separate experiments. 

Significance was quantified by two way ANOVA; *** = P< 0.001, **** = P< 0.0001. 

. 
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Amiloride is an ENaC inhibitor 

Amiloride works by directly blocking the epithelial sodium channel (ENaC) thereby 

inhibiting sodium reabsorption into the cells [83]. Sodium Green tetraacetate (Invitrogen) is a 

fluorescent dye-based cell-permeant form of sodium indicator, and it is used it to assess the 

intracellular Na
+
 concentration in response to amiloride treatment. NE-NSCLC line HCC1833, 

which is an ASCL1-dependent lung cancer line, was used for sodium green assays. Consistent 

with other studies, amiloride inhibits ENaC function as shown by a gradual and slight 

decrease of Na
+
, as reported on by sodium green in the cells. Based on previous studies, 

amiloride has also been reported to block the Na
+
/H

+
 exchanger/sodium-hydrogen antiporter 1 

or NHE-1 [136]. BCECF was used here as a cellular pH indicator. Results with the indicator 

suggest that amiloride does not affect intracellular pH (see Figure 4-3). 

 

Figure 4- 3: Amiloride is an ENaC inhibitor that affects intracellular Na
+
 

 

 

Left: Sodium Green tetraacetate is a fluorescent dye-based cell-permeant form of sodium 

indicator, which is used to indicate intracellular Na
+
 concentration. An arbitrary unit is used 

here to indicate the fluorescence intensity, triplicate experiments for each time point, and 

DMSO treated cells at the beginning time point is normalized to 1. A gradual Na+ decrease 

was detected in response to amiloride compared to DMSO treatment in HCC1833 cells. N=2.  

Right: Amiloride did not block the activity of NHE-1. BCECF was used here as an 

intracellular pH indicator, and was not affected by amiloride. All experiments were performed 

in the ASCL1-driven NE-NSCLC line HCC1833.  



43 

 

 

 

ENaC inhibition by amiloride causes cell death in ASCL1 driven NE lung cancer cells 

ENaC is an amiloride-sensitive sodium channel. To test if ENaC inhibition can mimic ASCL1 

loss of function effect to decrease cell viability, we took advantage of ENaC pharmacological 

inhibitor amiloride, and performed cell viability assays to assess the cell growth capacity of 

NE-lung cells in response to the drug (see Figure 4-4). 
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Figure 4- 4: Amiloride treatment induces cell death in ASCL1-driven NE-lung cancer 

cells but not in immortalized human bronchial epithelial cells or NSCLC cells 

 

 

 

 

(A and B) A series of lung cells were treated with amiloride to determine drug concentration 

dependence. Cleaved PARP was resolved by SDS-PAGE and ERK1/2 were used as loading 

control. ASCL1-driven SCLC line H889, as well as NE-NSCLC lines HCC1833 and 

HCC4018, showed elevated cleaved PARP in response to amiloride, while the ASCL1
low

 

SCLC line H82, immortalized lung cell HBEC3KT, and NSCLC line H358 did not respond 

to amiloride. N=2. (C) H889 and H82 were treated with amiloride on day 0 and then cell 

number was counted as a function of days of incubation in drug. Amiloride decreased 

growth of SCLC cell H889, but not the Ascl1
low

 H82 line. (D) Cell viability was assayed as 

a function of amiloride concentration. The SCLC cell H889 showed a dose-dependent 

decrease in viability, while the ASCL1
low 

SCLC line H82 and immortalized HBEC3KT cells 

did not respond to amiloride. N=2 
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To verify the cell killing effect of amiloride on ASCL1
high

 lung cancer cells, we treated 

various lung cells with the drug and blotted cleaved PARP to detect induction of apoptosis. 

The treatment induced cell death in H889, but not in H82, the NSCLC cell line H358, or 

immortalized lung cells HBEC3KT. To test effects of amiloride on proliferation rate, we 

treated H889 and H82 cells with amiloride and counted cell number over the time. A 

decreased cell growth rate was detected only in ASCL1-driven SCLC H889. Consistently, 

cell viability assays confirmed that amiloride specifically inhibits the growth of 

ASCL1-driven SCLC cells, without killing NEUROD1-driven cancers or immortalized lung 

epithelial cells. 

To test the efficacy of amiloride in a more rigorous in vitro assay, we also performed soft agar 

assays to assess cell growth capacity of NE-lung cells in response to the drug. Amiloride has 

an IC50 around 100 nM for ENaC [89, 137].  Therefore, I used concentrations well above the 

IC50 in these assays.  After 5 weeks, amiloride caused a significant decrease in soft agar 

colony formation in ASCL1-driven SCLC cell H889, as well as the NE-NSCLC lines 

HCC1833 and HCC4018, but had little or no effect in ASCL1
low 

expressing SCLC H82 (see 

Figure 4-5). Lower concentrations of amiloride also showed consistent soft agar growth 

inhibition in ASCL1high expressing SCLC lines (see Figure 4-5). 

 

Actions of amiloride on a SCLC mouse model 
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Next we collaborated with Jane Johnson’s lab to determine if amiloride might also suppress 

SCLC growth in vivo, using the p53, Rb and p130 triple conditional knock-out (tcko) mice, 

which also has a Rosa26 driven luminescence allele preceded by lox-stop-lox cassette. 

Adeno-Cre was injected into the trachea to induce inactivation of the three genes and 

luminescence expression in the lung one month after birth. Another 3 months later, obvious 

lung tumors became visible.  By 6 months the mice developed a huge tumor load. We started 

treatment using comparable luminescence signals with an approximate dose of 10mg/kg mice 

amiloride, which was orally administered by adding it in the drinking water and was changed 

every three days. After 6 weeks continuous treatment, the mice were reexamined by 

bioluminescence to measure the tumor load in the lung, and at last sacrificed the mice for 

histological analysis with H&E staining (see Figure 4-6). However, we did not see any 

significant change of luminescence signals or any alleviation of lung tumor load.  

Based on previous studies and our experience, the p53, Rb and p130 tcko mice developed 

lung tumors earlier than other SCLC mice model [117, 121]. For instance, 3 months after 

Ad-Cre injection, obvious tumors of various sizes can be easily identified in sections from 

p53, Rb and p130 tcko lungs; while in the p53, Rb double cko SCLC mouse, it is 6 months 

after injection that the lung developed lesions with comparable sizes. Besides, compared to 

the double-mutant mouse, the tcko animals also have more tumors. Also, according to our 

observation, the tcko mice usually live around 8 to 9 months after infection, Schaffer et al. 

also mentioned that all the tcko mice were moribund at the time point of 6-month time point. 
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All these observations imply that the tcko mice may die faster than the double cko mice. It is 

possible we started the amiloride treatment too late, in which the effect of drug cannot rescue 

the huge tumor burden. To test this hypothesis, we may try to start the amiloride oral 

administration at an earlier time point. For example, we may start treatment 3 months post 

injection, when the animal just started to develop lung lesions. Also, given the successful in 

vivo test of amiloride as a preventive therapy for CF-like lung disease, we can also try to start 

the amiloride treatment right after the adeno-cre injection, when the lung is still intact and 

functioning as wild type mice, and then test if the treatment can postpone or even prevent the 

onset of lung tumor formation.  

Furthermore, the dosage of amiloride treatment may be taken into reconsideration. After a 

review of previous amiloride anti-tumor in vivo tests, we noticed the concentration of 

effective dose of amiloride varies a lot between different settings [138]. Generally, 

subcutaneous injection shows lower effective dose, which is mostly under 10 mg/kg mice 

daily. However, the drug dose when administrated orally varies from 0.3 mg/kg to 200 mg/kg 

mice daily. But in our pilot experiment to test amiloride dose toxicity, 15mg/kg mice started 

to cause lethality, which could be a result of the moribund state of the 6-months post injection 

mice. In addition to beginning the amiloride treatment earlier, another thing we can try is to 

change the drug delivery method.  

Combination with other drug treatment has been studied widely for maximizing anti-tumor 

and minimizing the drug resistance as well. The in vitro studies have shown that combination 
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of amiloride with erlotinib synergized to kill human pancreatic cancer cells [139]. Amiloride 

test in SCLC mice in combination with other treatments merits further investigation. Cisplatin 

and etoposide are both in vivo effective treatments, and they clinically are routine methods for 

SCLC patients. If the abovementioned improved amiloride test works. We may also test if 

amiloride can bring any synergistic or additive effect in the SCLC mice model with 

combination to cisplatin or etoposide.  

Right now, we are also testing amiloride on a xenograft mouse model. (NOD)/SCID mice will 

be injected with a certain number of hSCLC cells. We will test H69 and HCC1833, a SCLC 

and a NSCLC-NE cancer both of which fail to form soft agar colonies in the presence of 

amiloride.  
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Figure 4- 5: Amiloride inhibits soft agar colony formation in ASCL1-driven NE lung 

cancer 

 

 

A series of NE lung cancer cells were treated with or without amiloride in soft agar assays. 

Only the ASCL1-driven NE-NSCLC and SCLC lines responded to amiloride and showed 

reduced colony formation with different amiloride concentrations (A) 100 μM and (B) 50 

μM. N=4. (C) A series of lung cells were lysed and proteins resolved by SDS-PAGE prior to 

blotting with the indicated antibodies to detect endogenous ASCL1 expression. N= 3 
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Figure 4- 6: Amiloride does not inhibit growth of tumors in p53; Rb; p130 tcko mice  

 

 

 

 

Expression of ASCL1 is affected by the MAPK/ERK pathway 

Previous studies discovered that MAPK/ERK pathway is often suppressed in SCLC, and this 

could be related with its interaction with ASCL1 [34, 55]. I treated SCLC cells with phorbol 

12-myristate 13-acetate (PMA) and checked expression of Ascl1 mRNA and protein and its 

downstream target Scnn1a. Consistent with previous reports in ASCL1 dependent SCLC lines 

[34, 55], Ascl1 expression decreased upon PMA-induced MAPK/ERK activation, and Scnn1a 

showed same trend. Their expression was not detectable in H82 cells (see Figure 4-7). Bcl2 

Left: mice from both control and amiloride-treated groups were sacrificed for H&E staining of 

the lung. Right: whole body luminescence was examined 22 weeks after birth. 30 mice with 

comparable luminescence signals were randomly separated into 2 groups and given either 

drinking water or 10mg/kg mice amiloride in the drinking water. Every 3 days change with 

new water/ amiloride added water. After 6 weeks treatment, the whole body luminescence was 

examined.  
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was previously identified as an ASCL11 downstream target [34], which is also slightly 

decreased with PMA treatment.   

 

Figure 4- 7: Expression of ASCL1 is affected by the MAPK/ERK pathway 

 

 

 

 

 

Upper: H889 cells were subjected to either DMSO or PMA for 24 hrs. Cells were then lysed 

with Trizol, and mRNA was extracted. RT-PCR was performed for the indicated target 

mRNAs. Ascl1 mRNA decreased in response to 24 hrs of PMA treatment, and Scnn1a and 

Bcl2 also show consistent decreases. Quantitation was normalized against the control 

condition. Error bars show the standard deviation of three experiments. Lower: H889 cells 

with same treatments were lysed and resolved by SDS-PAGE and ERK1/2 were used as 

loading control. Consistently, ASCL1 showed a decrease in protein in response to PMA. 

Bands quantified from immunoblots were normalized to total ERK1/2. Error bars indicate 

standard deviation of three separate experiments. Significance was quantified by Two-way 

ANOVA; * = p < 0.05. N=3 
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Overexpression of ASCL1 in NSCLC cell causes a more SCLC like phenotype 

NSCLC and SCLC are distinct lung tumor subsets. ASCL1 is a SCLC lineage oncogene and a 

master regulator of SCLC survival and NE features and other lineage factors such as 

NeuroD1 is also a driver gene of SCLC. In contrast, NSCLC frequently has mutations in 

epidermal growth factor receptor (EGFR), KRAS, and anaplastic lymphoma kinase (ALK). 

However, there is no absolute boundary between these two types of lung cancer. Biopsies 

post tyrosine kinase inhibitor treatment from patients with drug-resistant NSCLCs carrying 

EGFR mutations showed a prominent epithelial-to-mesenchymal transition. In a group of 35 

such NSCLC, five resistant tumors (14%) transformed from NSCLC to SCLC as shown by 

morphology, an increase of NE markers (e.g. ASCL1 induction in SCLC transformed patients 

after receiving TKI treatment), and sensitivity to standard SCLC treatments [140]. This 

demonstrates the plasticity of lung cancer and suggests that some NSCLC may be able to 

convert to a SCLC-like state. So we wonder if activation of SCLC lineage oncogenes could 

lead to a more SCLC-like phenotype in NSCLC. To answer this question, I stably 

overexpressed ASCL1 in NSCLC cell line H460.  H460 harbors a KRAS mutation and 

displays constitutive ERK1/2 activity. ASCL1 overexpression in H460 was associated with a 

cell morphology change (see Figure 4-8). Most of the cells lost polarity and became rounded. 

A more modest morphological change was noted with ENaC overexpression (see Figure 

4-8A). The morphological change caused H460 to resemble the floating SCLC. Eepithelial to 

mesenchymal transition (EMT) plays an important role in cell invasion and metastasis. 
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NE-lung cancer cells highly express the EMT marker N-cadherin. I found that N-cadherin 

was highly induced by ASCL1 overexpression in H460 compared to control cells (see Figure 

4-8C). Cell Titer Blue was used to measure cell viability. Control and ASCL1-expressing 

cells were equally seeded on day 0 and the fluorescence emission at 590 nm was measured 

each day. ASCL1 overexpressing H460 cells proliferated more rapidly than control and the 

ENaC overexpressing cells, which behaved like the H460 parent in this assay (see Figure 

4-8B).  
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Figure 4- 8: Overexpression of ASCL1 in NSCLC cell causes a more SCLC like 

phenotype 

 

 

 

 

 

 

(A)NSCLC H460 stably overexpressed GFP (as control), ASCL1, or ENaC and were 

photographed under bright field using the documentation system of the Zeiss dissecting 

microscope as in panel A. N=4. (B) The Flag tag was at the C terminus of the overexpressed 

proteins. Immunoblots with a Flag antibody confirmed the overexpressed protein and ERK1/2 

were used as loading control. Cells were assayed for viability using Cell-Titer Blue. Data 

were normalized to day 0 readings and shown as fold mean±s.d. of three independent 

experiments in triplicate (***P< 0.001, two-way ANOVA). N=5. (C) Lysate proteins from 

NSCLC H460 stably overexpressing ASCL1 or ENaC, together with lysates from a panel of 

lung cancer cells were resolved on SDS-PAGE and blotted for N-cadherin, ERK1/2 were 

used as loading control. N=2. 
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Overexpression of ASCL1 in NSCLC cells attenuates ERK activation, while amiloride 

increases pERK activity 

KRAS mutations and the associated constitutively active downstream signaling have not been 

reported in SCLC. To test the role of ASCL1 on the Ras/ERK pathway, I stably 

overexpressed ASCL1 in NSCLC lines H460 and H358, 

 

Figure 4- 9: Overexpression of ASCL1 in NSCLC decreases pERK activity, while 

Amiloride treatment increases pERK activity 

. 

 

 

NSCLC cells stably overexpressing ASCL1 were treated with increasing concentrations of 

amiloride.  Lysates were isolated to blot for ERK1/2 and to determine pERK1/2 activity, 

quantified as a ratio of pERK1/2 over total ERK1/2 from imaged western blot signals. A shows 

result in NSCLC cell H460 and B shows results in H358. (**P<0.01, two-way ANOVA). N=2 
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Experimental Procedures 

Lentivirus mediated shRNA knockdown 

The shAscl1 and cells lines were generated via infection of lentiviral shRNA vector 

pTY-shRNA-EF1a-puroR-2a-GFP plasmids as previously described. To avoid FACS sorting, 

the shRNA virus incorporated lung cancer cells were selected with 1 μg/ml puromycin for 4 

days after 2 days of viruses’ infection. 

 

Cloning and constructs 

Constructs  for mammalian cell expression  of  human Ascl1 and Scnn1a  were  

generated  from  human  cDNA (cDNA library owned by UT Southeastern Medical 

Center purchased from Life Technologies, Inc. (Ultimate™ORF Lite Collection)) ligated  

into  the pTY-shRNA-EF1a-puroR-2a vector with EF1a promoter that  encodes  an  

C-terminal 3xFlag tag, the empty vector expresses GFP as a control.  Cloned fragments were 

generated by polymerase chain reaction (PCR) to encompass full length protein. All 

constructs were sequenced to ensure no spurious mutations were introduced. 

 

Immmunoblotting and antibodies 
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Immunoblot analyses were as previously described using equal amounts of protein from each 

sample [141], SDS-PAGE used to separate proteins were transferred to nitrocellulose 

membrane (Millipore). Membranes were blocked with LI-COR blocking buffer and primary 

antibodies were incubated with membranes overnight.  LI-COR fluorescent secondary 

antibodies were used at 1:15,000 and immunoblots were imaged and bands quantified using 

LI-COR Odyssey Infrared Imaging System.  Western blot analysis was performed using the 

following primary antibodies: rabbit anti-ERK1/2 (produced in-house); mouse 

anti-phospho-ERK1/2  (T185/Y187)  and  mouse  anti-Flag  M2  (Sigma); α-tubulin  

(mouse monoclonal  antiserum  generated  in-house  from  cells  obtained  through  

Developmental  Studies Hybridoma  Bank); goat NeuroD1 (N-19), GAPDH (FL-335) 

(Santa Cruz); mouse ASCL1 (BD Biosciences). 

 

Colony formation assay 

Soft agar and liquid colony assays were as described previously [142]. Briefly, 2,000 viable 

cells were suspended and plated in 0.37% Sea Kem agar (FMC, Philadelphia, PA) in RPMI 

1640 medium supplemented with 20% of fetal bovine serum with or without 100μM 

Amiloride in triplicate in 12-well plates, and were layered over a 0.50% agar base in the same 

medium as the one used for suspending the cells. To measure the effect of the drug Amiloride, 

100μM each drug was drug added to agar base layer. The number of visible colonies (>0.2μm 

diameter of colony) was counted 5 weeks later. 
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Cell proliferation assay 

A total number of 2 × 105 cells of lung cancer cells were seeded in 12-well plate, and treated 

with DMSO or 100μM amiloride when seeded on day 0; cells were collected and counted 

every day in a 4 day time frame. Transfer 0.5 ml of 0.4% Trypan Blue solution (w/v) (Sigma) 

to a test tube, and then add 0.3 ml of HBSS and 0.2 ml of the cell suspension (dilution factor 

= 5) and mix thoroughly. Stay at RT for 10 minutes. Then take out 15μL to load the sample 

onto a slide, and insert the slide into the TC20 cell counter (Biorad) to detect the live cell 

counts. 

 

Cell viability assay 

A total number of 2 × 103 cells of lung cancer cells were plated in 96-well dishes, and treated 

with DMSO or amiloride with various concentrations. At 0 and 24hrs post plating, 20 μl 

CellTiterBlue reagent (Promega) was added to each well for 1.5 h at 37 °C. Emission at 590 

nm was measured after excitation at 560 nm using the Synergy 2 multimode microplate 

reader (BioTek) with Gen5 software. Data were plotted relative to emission at day 0. 

 

Real-time RT-PCR 



59 

 

 

 

Total RNA from cell lines was isolated with TRI Reagent (Invitrogen). The cDNA was 

synthesized using iSCRIPT cDNA Synthesis Kit with 0.1μg total RNA (Bio-Rad).The cDNA 

was synthesized using an iScript cDNA Synthesis Kit (Bio-Rad). The resulting cDNA served 

as the template for Quantitative-PCR analysis with iTaq Universal SYBR Green Supermix 

(Bio-Rad), relative transcript levels were normalized to Actin mRNA. Data were analyzed 

using Bio-Rad CFX Manager (version 3.0). Primers for specific genes are listed as follows: 

human Actin, 5′- AGGTCATCACTATTGGCAACGA-3′ and 5′- 

CACTTCATGATGGAATTGAATGTAGTT-3′; human GAPDH, 

5′-CTGGAGAAACCTGCCAAGTA-3′ and 5′-TGTTGCTGTAGCCGTATTCA-3′; human 

ASCL1,  5′-CCCAAGCAAGTCAAGCGACA -3′ and 5′-AAGCCGCTGAAGTTGAGCC 

-3′; human SCNN1A,  5′-TCTGCACCTTTGGCATGATGT-3′ and 5′-GAAGACGAGCTT 

GTCCGAG  -3′; human CgA, 5′- TACAAGGAGATCCGGAAAGG -3′ and 5′- 

CTCCTCTTTCTGCTGGGAGT -3′; human CgB, 5′- GAGCCTCTATCCCTCCGACAG -3′ 

and 5′- CCCTCGCTCCCCTTTTTGA -3′; human NSE, 5′- 

AGGTGCAGAGGTCTACCATAC -3′ and 5′- AGCTCCAAGGCTTCACTGTTC -3′; human 

proGRP, 5′- AAAGAGCACAGGGGAGTCTTC -3′ and 5′- 

TCCTTTGCTTCTATGAGACCCA -3′; human SCNN1G, 5′- 

GCACCCGGAGAGAAGATCAA -3′ and 5′- TACCACCGCATCAGCTCTTTA -3′; human 

SCNN1D, 5′- AGGAGGCTCACCTGGTCAT -3′ and 5′- 

TGTATCGGGCCAGAGAGTAGG -3′; human SCNN1B, 5′- 
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AGACAACCACAATGGCTTAACA -3′ and 5′- TGAGGCTACATAGTCTCATGGC -3′; 

human BCL2, 5′- GGTGGGGTCATGTGTGTGG -3′ and 5′- 

CGGTTCAGGTACTCAGTCATC -3′; human GPR56, 5′- CCAGCGGAACCAGACACAC 

-3′ and 5′- TCTTCGGAGTTCTCGATGGAG -3′; human KIT, 5′- 

CGTTCTGCTCCTACTGCTTCG -3′ and 5′- CCCACGCGGACTATTAAGTCT -3′; human 

PAK7, 5′- CCAAAGCCTATGGTGGACCC -3′ and 5′- AGGCCGTTGATGGAGGTTTC -3′; 

human STK25, 5′- GCTCCTACCTAAAGAGCACCA -3′ and 5′- 

TGGCAATGTATGTCTCCTCCAG -3′; human MAP2K6, 5′- 

AAACGGCTACTGATGGATTTGG -3′ and 5′- CAGTGCGCCATAAAAGGTGAC -3′; 

human MAP4K1, 5′- TACAGCCACCGCTCTTTGATG -3′ and 5′- 

TGCCTTTTTCCTTCAGTCGGG -3′; human VRK1, 5′- 

TGCACCTTGTGTTGTAAAAGTGG -3′ and 5′- TTTGCAGCTCGTTGGTAGAAC -3′; 

human HDAC5, 5′- TCTTGTCGAAGTCAAAGGAGC -3′ and 5′- 

GAGGGGAACTCTGGTCCAAAG -3′ 

Sodium green assays 

Cells were plated at 80% confluency in white-walled, 96-well plates (Costar 3903). After 

48hrs, the cells were washed twice with PBS and incubated with 5μM Sodium Green 

(Invitrogen) diluted in Krebs-Ringer bicarbonate solution (KRBH) [143]. Cells were then 

washed twice with KRBH and equilibrated in the same buffer for 30 min. Agents 

(DMSO/amiloride) were applied to triplicate wells at 2x concentrations using injectors at a 
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rate of 225μl/s. Changes in Na+ were assessed every 0.74 s by excitation of Sodium Green at 

485/20nm (center/bandpass) and emission at 590/35nm using the Synergy 2 multimode 

microplate reader (BioTek) with Gen5TM software. BCECF AM 

(2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, Acetoxymethyl Ester) is used for 

Intracellular pH measurements. 5μM BCECF AM (Invitrogen) is loaded as described above. 

Intracellular pH measurements with BCECF are made by determining the pH-dependent ratio 

of emission intensity (detected at 535 nm) when the dye is excited at ~490 nm versus the 

emission intensity when excited at its isobestic point of ~440 nm. All steps in each assay were 

performed at room temperature. 

 

 

 

 

 

 

 

 



62 

 

 

 

CHAPTER FIVE 

CONCLUSIONS AND FUTURE DIRECTIONS 

The bHLH transcription factor ASCL1 and other related factors, such as NeuroD1, have been 

shown to be highly expressed in several aggressive neuroendocrine tumors. Previous studies 

have defined these two factors as driver genes of the corresponding NE lung cancer cells 

which highly expressed them [34, 119, 121]. A large fraction of SCLC and some 

neuroendocrine NSCLC have high expression of ASCL1 [34]. ASCL1 target genes including 

the epithelial sodium channel mediate tumorigenesis. Neuroendocrine differentiation may 

facilitate the acquisition by lung epithelial cells of invasive phenotypes that promote growth 

and metastasis.    

We took advantage of next generation sequencing techniques to better assess the downstream 

signaling functions of ASCL1. By this route, we identified that the gene Scnn1a is highly 

expressed in an ASCL1-dependent manner in ASCL1-driven SCLC cells. ASCL1 depletion 

in SCLC attenuated Scnn1a expression. So far, the transmembrane ion channels which 

regulate the ions transport between cell membranes account for a large family of therapeutic 

targets (about 13% of known drugs so far) used for the treatment of a variety of human 

conditions [144, 145]. Amiloride, an ENaC inhibitor, decreased growth rates in cells that 

highly express ASCL1, but not in cells with low ASCL1 expression. This suggests that ENaC 

is critical for the growth of ASCL1-dependent NE lung tumors and may be a druggable target 

for future drug targeted therapies, although exactly why it is required or what functions it is 
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mediating are unclear at present. A large body of knowledge on ion-channel functions is 

gained in excitable cells including cadiomyocytes and neurons; accumulating evidence shows 

ion channels have manifold functions in driving cancer cells behaviors. Mechanically, ion 

channel activities directly affect several cellular behaviors that are tightly related with cancer 

cell metastasis, including cell proliferation, cell motility or invasion, as well as secretion 

[146]. For instance, as a highly cooperative and dynamic biological process, ion homeostasis 

regulated by various ion channels plays an important role in setting up cell membrane 

potential as well as cell volume, and both of the two processes are highly related with cell 

cycle progression [147]. Second, cell migration is a polarized cellular and molecular process 

that is characterized by the cell leading edge protrusion, which is partially regulated by an 

assortment of inward channels including ENaC. ENaC regulates the influx of sodium and 

water, which could further induce an increase of cell volume and the cell leading edge 

extension as well [148, 149]. Besides, SCLC presents as a highly aggressive malignant lung 

tumor that displays poorly differentiated neuroendocrine features. Gastrin-releasing protein 

(GRP), chromogranins (CgA and CgB), synaptophysin (SYP), and neural cell adhesion 

molecules (such as NCAM) are commonly expressed in neuroendocrine tumors and are used 

as specific biomarkers for diagnosis. Though all are SCLC lines, the 4 SCLC lines for the 

ChIP-seq and RNA-seq analysis show differential expression levels of some NE markers 

which are highly expressed in ASCL1
high

 lines (e.g CgA, CgB and proGRP) . Some 

preliminary data shows that ENaC overexpression in ASCL
low 

NEUROD1
high

 line H82 
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induced the expression of some NE markers highly expressed in ASCL1
high 

NEUROD1
low

 line 

H82 (e.g. CgB and proGRP).   

Apart from sodium activity regulation, we tried to verify the efficacy of amiloride in vivo with 

the p53, Rb and p130 tcko mice to further test if ENaC may be a druggable target for future 

therapies for SCLC. We waited until 6 months after p53, Rb and p130 had been knocked out 

by adeno-cre injection, before amiloride was administered in their drinking water. By this 

time, the mice had developed a huge lung tumor load [117], which has been shown to work in 

various mouse tumor models [138]. In our hands, the mice in the treatment group for 6 weeks 

did not display any significant alleviation of lung tumor progression compared with the 

control group. There are a number of reasons that may explain why this mouse trial failed.  

First is the difference in genetic background between cell lines and the mouse model.  

Second, from a consideration of the literature, amiloride may be more effective as a 

preventive or in combination therapy.  So we are planning to carry out the amiloride in vivo 

test with some adjustments, including treating the animals earlier, either before the emergence 

of the lung lesions or before a substantial tumor burden have developed. Another adjustment 

might be the delivery methods, which is directly related to the drug delivery efficiency to the 

target site. For instance, Zhou et al. also tried subcutaneous injections of amiloride (0.1mol/l) 

in the CF-mice to verify if the preventive effect of amiloride is caused by systemic inhibition 

of ENaC rather than the effective way they tried as intranasal instillation to target the airways 

[82]. However, subcutaneous injections of amiloride did not rescue the CF-mice pulmonary 
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mortality or airway mucus obstruction, still, it also had no effect on the CF-mice pulmonary 

phenotypes [82]. In our case, since most of the drug goes to the digestive system with oral 

administration; also our target organ is the lung. It might be worthwhile to test other methods 

to  deliver amiloride such as intranasal instillation and aerosol inhalation, which has been 

shown that is a relatively efficient way (approximately get to 20% lung deposition [150]) for 

amiloride lung delivery [151], Also, it may be advisable to test amiloride in combination with 

other agents to sensitize lung tumor cells. On the other hand, as an alternative test, now we 

are trying amiloride with hSCLC cells xenografts with immune-compromised mice.  

Unlike NSCLC, in which excessive MAPK/ERK signaling is often observed, the 

MAPK/ERK pathway is often suppressed in many SCLC cells, and forced activation of ERK 

signaling in those cells causes growth inhibition [34, 55]. Preliminary data show that 

amiloride-treated ASCL1-driven SCLC cells have elevated pERK, while overexpression of 

ASCL1 in non-neuroendocrine NSCLC cells attenuates ERK activation. These results may 

imply a more general negative feedback mechanism between the MAPK/ERK pathway and 

ASCL1. This may provide some clues to explain the general observation that MAPK/ERK is 

often upregulated in many NSCLC while suppressed SCLC. Some unpublished data from our 

lab in collaboration with Minna and Johnson labs indicated that ASCL1 expression highly 

correlates with DUSP6 and it may be positively regulated by ASCL1. As a member of the 

dual specificity phosphatase family, DUSP6, is a natural terminator of MAPK signal 
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transduction via negative feedback loop in many settings including certain NSCLC [152, 

153].  

Besides its function as a master regulator of SCLC, ASCL1 overexpression in H460 NSCLC 

cells induced some SCLC like characteristics. For example, a non-adherent cell morphology, 

an increased cell proliferation rate, and also an induction of the EMT marker N-cadherin 

expression. These observations suggest that ASCL1 can induce neuroendocrine 

characteristics even in non-neuroendocrine cancer cells. In the neuronal developmental 

process, ASCL1 depletion in the lung totally abolished pulmonary NE cells formation [36]; 

and ASCL1 overexpression in dissociated mouse Müller glia (MG) or intact retinal explants 

could specifically enhance retinal progenitor specific genes while suppress glial genes [154], 

it has been showed that functional induced neuronal (iN) cells could be generated from mouse 

or human fibroblasts by ASCL1 overexpression [155]. These results suggest a necessary and 

sufficient role of ASCL1 as a single transcription factor regulating neurogenic development 

and differentiation. In SCLC, numerous studies have confirmed that ASCL1 is required for 

tumor cell survival both in vitro and in vivo [34, 121]. Both Rb and p53 double cko and tcko 

together with p130 SCLC mice showed elevated ASCL1 expression in the tumor tissues, but 

ASCL1 genetic alternations have not been frequently described in SCLC patients [40], or in 

glioblastoma [156]. It has been shown that ASCL1 depletion in NE cancer cell lines, 

including NE-lung cancer cells as well as medullary thyroid cancer cells [157], could affect 

NE marker gene expressions which further influence cancer cell proliferation and 
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tumorigenesis. However, currently we do know if ASCL1 is sufficient to confer NE tumor, 

Linnoila et al. overexpressed hASCL1 with SV40 Large T antigen in mouse airway epithelial 

cells, which resulted in induction of aggressive tumors with NE-NSCLC phenotype [38]. 

Though the transgenic mice with just ASCL1 overexpression only increased airway epithelial 

proliferation without NE transformation, the hASCL1 with SV40 Large T antigen 

bitransgenic mice presented widespread NE adenocarcinomas characteristics. So it is possible 

that constitutively expression of ASCL1 may play a helping role and coordinate with p53 and 

RB loss to further promote lung NE tumors. So to further study if ASCL1 activation may 

bring a more SCLC like phenotype, we need to test into more detail. For example, to fully test 

the EMT transitions induced by ASCL1 overexpression in NSCLC, more EMT marker genes 

including NCAM, Vimentin and Fibronectin, Snail and so on [158], should be tested at 

various levels. Also, SCLC is sensitive to Bcl-2 inhibitor treatment, while the NSCLC cells 

after SCLC transformation lost sensitivity to EGFR inhibitor treatment [159]., and this should 

be tested in our ASCL1 induced SCLC-like cells as well. 
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APPENDIX A 

ChIP-seq/RNA-seq results filtered by Sodium-activity related GO terms  

gene name GO term 

ACTN4 actinin, alpha 4 positive regulation of sodium:hydrogen antiporter 

activity 

AES amino-terminal enhancer of split neurotransmitter:sodium symporter activity 

AHCYL1 adenosylhomocysteinase-like 1 positive regulation of sodium ion transport 

AKT1 v-akt murine thymoma viral oncogene 

homolog 1 

positive regulation of sodium ion transport 

ATP1A1 ATPase, Na+/K+ transporting, alpha 1 

polypeptide 

regulation of sodium ion transport 

ATP1A1 ATPase, Na+/K+ transporting, alpha 1 

polypeptide 

sodium:potassium-exchanging ATPase activity 

ATP1A1 ATPase, Na+/K+ transporting, alpha 1 

polypeptide 

sodium:potassium-exchanging ATPase complex 

ATP1A3 ATPase, Na+/K+ transporting, alpha 3 

polypeptide 

sodium:potassium-exchanging ATPase activity 

ATP1A3 ATPase, Na+/K+ transporting, alpha 3 

polypeptide 

sodium:potassium-exchanging ATPase complex 

ATP1B1 ATPase, Na+/K+ transporting, beta 1 

polypeptide 

sodium:potassium-exchanging ATPase activity 

ATP1B1 ATPase, Na+/K+ transporting, beta 1 

polypeptide 

sodium:potassium-exchanging ATPase complex 

ATP1B3 ATPase, Na+/K+ transporting, beta 3 

polypeptide 

sodium:potassium-exchanging ATPase complex 

AVP arginine vasopressin regulation of renal sodium excretion 

AVP arginine vasopressin sodium-independent organic anion transport 

BAK1 BCL2-antagonist/killer 1 neurotransmitter:sodium symporter activity 

CEP152 centrosomal protein 152kDa sodium ion transport 

CLIC4 chloride intracellular channel 4 sodium ion transport 

CNKSR3 CNKSR family member 3 positive regulation of sodium ion transport 

DLG5 discs, large homolog 5 (Drosophila) sodium ion transport 

DMPK dystrophia myotonica-protein kinase regulation of sodium ion transport 

DRD2 dopamine receptor D2 positive regulation of renal sodium excretion 

DRD2 dopamine receptor D2 regulation of sodium ion transport 

ESD esterase D sodium:dicarboxylate symporter activity 
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FBXO3 F-box protein 3 sodium:dicarboxylate symporter activity 

FGF12 fibroblast growth factor 12 positive regulation of sodium ion transport 

HBS1L HBS1-like (S. cerevisiae) sodium:phosphate symporter activity 

HERC1 HECT and RLD domain containing E3 

ubiquitin protein ligase family member 1 

neurotransmitter:sodium symporter activity 

KLF13 Kruppel-like factor 13 sodium ion transport 

MIER1 mesoderm induction early response 1 

homolog (Xenopus laevis) 

sodium channel activity 

NEDD4L neural precursor cell expressed, 

developmentally down-regulated 4-like, 

E3 ubiquitin protein ligase 

cellular sodium ion homeostasis 

NEDD4L neural precursor cell expressed, 

developmentally down-regulated 4-like, 

E3 ubiquitin protein ligase 

negative regulation of sodium ion transport 

NEDD4L neural precursor cell expressed, 

developmentally down-regulated 4-like, 

E3 ubiquitin protein ligase 

positive regulation of sodium ion transport 

NEDD4L neural precursor cell expressed, 

developmentally down-regulated 4-like, 

E3 ubiquitin protein ligase 

sodium channel inhibitor activity 

NEDD4L neural precursor cell expressed, 

developmentally down-regulated 4-like, 

E3 ubiquitin protein ligase 

sodium channel regulator activity 

NEDD4L neural precursor cell expressed, 

developmentally down-regulated 4-like, 

E3 ubiquitin protein ligase 

sodium ion transport 

NRCAM neuronal cell adhesion molecule clustering of voltage-gated sodium channels 

P2RX4 purinergic receptor P2X, ligand-gated ion 

channel, 4 

regulation of sodium ion transport 

PAAF1 proteasomal ATPase-associated factor 1 neurotransmitter:sodium symporter activity 

PKP2 plakophilin 2 positive regulation of sodium ion transport 

PKP2 plakophilin 2 sodium channel regulator activity 

PRKD2 protein kinase D2 sodium:dicarboxylate symporter activity 

RASSF6 Ras association (RalGDS/AF-6) domain 

family member 6 

voltage-gated sodium channel complex 
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RGS17 regulator of G-protein signaling 17 neurotransmitter:sodium symporter activity 

RHOU ras homolog family member U neurotransmitter:sodium symporter activity 

SCLT1 sodium channel and clathrin linker 1 clustering of voltage-gated sodium channels 

SCLT1 sodium channel and clathrin linker 1 sodium channel regulator activity 

SCN2A sodium channel, voltage-gated, type II, 

alpha subunit 

sodium ion transport 

SCN2A sodium channel, voltage-gated, type II, 

alpha subunit 

voltage-gated sodium channel activity 

SCN3A sodium channel, voltage-gated, type III, 

alpha subunit 

sodium ion transport 

SCN3A sodium channel, voltage-gated, type III, 

alpha subunit 

voltage-gated sodium channel activity 

SCN3A sodium channel, voltage-gated, type III, 

alpha subunit 

voltage-gated sodium channel complex 

SCNN1A sodium channel, non-voltage-gated 1 

alpha subunit 

ligand-gated sodium channel activity 

SCNN1A sodium channel, non-voltage-gated 1 

alpha subunit 

sodium channel complex 

SCNN1A sodium channel, non-voltage-gated 1 

alpha subunit 

sodium ion transport 

SIK1 salt-inducible kinase 1 regulation of sodium ion transport 

SLC20A1 solute carrier family 20 (phosphate 

transporter), member 1 

high affinity inorganic phosphate:sodium symporter 

activity 

SLC20A1 solute carrier family 20 (phosphate 

transporter), member 1 

sodium:phosphate symporter activity 

SLC20A2 solute carrier family 20 (phosphate 

transporter), member 2 

sodium:phosphate symporter activity 

SLC22A5 solute carrier family 22 (organic 

cation/carnitine transporter), member 5 

sodium ion transport 

SLC22A5 solute carrier family 22 (organic 

cation/carnitine transporter), member 5 

sodium-dependent organic cation transport 

SLC23A2 solute carrier family 23 (nucleobase 

transporters), member 2 

L-ascorbate:sodium symporter activity 
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SLC23A2 solute carrier family 23 (nucleobase 

transporters), member 2 

sodium-dependent L-ascorbate transmembrane 

transporter activity 

SLC23A2 solute carrier family 23 (nucleobase 

transporters), member 2 

sodium-dependent multivitamin transmembrane 

transporter activity 

SLC38A1 solute carrier family 38, member 1 sodium:amino acid symporter activity 

SLC4A8 solute carrier family 4, sodium 

bicarbonate cotransporter, member 8 

sodium ion transport 

SLC5A3 solute carrier family 5 

(sodium/myo-inositol cotransporter), 

member 3 

myo-inositol:sodium symporter activity 

SLC6A6 solute carrier family 6 (neurotransmitter 

transporter, taurine), member 6 

taurine:sodium symporter activity 

SLC8A3 solute carrier family 8 (sodium/calcium 

exchanger), member 3 

calcium:sodium antiporter activity 

SLC9A1 solute carrier family 9, subfamily A 

(NHE1, cation proton antiporter 1), 

member 1 

sodium ion export 

SLC9A1 solute carrier family 9, subfamily A 

(NHE1, cation proton antiporter 1), 

member 1 

sodium:hydrogen antiporter activity 

SLCO3A1 solute carrier organic anion transporter 

family, member 3A1 

sodium-independent organic anion transport 

SMARCA

5 

SWI/SNF related, matrix associated, 

actin dependent regulator of chromatin, 

subfamily a, member 5 

sodium:phosphate symporter activity 

SRSF5 serine/arginine-rich splicing factor 5 bile acid:sodium symporter activity 

TESC tescalcin positive regulation of sodium:hydrogen antiporter 

activity 

UTRN utrophin regulation of sodium ion transmembrane transporter 

activity 

WNK2 WNK lysine deficient protein kinase 2 positive regulation of sodium ion transmembrane 

transporter activity 

YWHAH tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein, eta 

polypeptide 

regulation of sodium ion transmembrane transporter 

activity 
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YWHAH tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein, eta 

polypeptide 

regulation of sodium ion transport 

YWHAH tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein, eta 

polypeptide 

sodium channel regulator activity 

APPENDIX  A：RNA-seq results filtered by Sodium-activity related GO terms 
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