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Abstract 
 

The Role of Long Non-Coding RNA DANCR in Non-Small Cell Lung Cancer 

 

Justine E. Yu, Doctor of Philosophy, 2020 

 

Dissertation Directed By:  Michele I. Vitolo, Ph.D. 

Assistant Professor 

Department of Pharmacology 

 

 

Long non-coding RNA Differentiation Antagonizing Non-protein Coding RNA 

(lncRNA-DANCR) has been associated with poor prognosis in multiple cancers, and has 

been shown to promote cancer stemness and invasion. However, the exact mechanisms 

by which DANCR promotes non-small cell lung cancer (NSCLC) progression remain 

elusive. In this study, we inhibited DANCR expression in two NSCLC cell lines, A549 

and H1755, and found that DANCR knockdown (KD) impeded cell migration, decreased 

viability, and reduced stem-like characteristics. Wnt signaling has been shown to promote 

NSCLC proliferation, stemness, and invasion; therefore, we hypothesized that DANCR 

may regulate these activities through induction of the Wnt/β-catenin pathway. DANCR 

KD reduced β-catenin signaling and protein expression as well as decreased the 

expression of β-catenin gene targets c-Myc and Axin2. One of the well-defined functions 

of lncRNAs is their ability to bind and inhibit microRNAs (miRs). Through in silico 

analysis, we identified the tumor suppressor miR-216a as a potential binding partner to 

DANCR and confirmed this binding through co-immunoprecipitation and luciferase 

reporter assays. Furthermore, we showed that DANCR induced β-catenin protein 

expression, which was effectively blocked with miR-216a overexpression. Our findings 

illustrate a role of DANCR in NSCLC migration and stemness, and suggest a novel 

DANCR/miR-216a signaling axis in the Wnt/β-catenin pathway. 
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Chapter 1: Introduction 

 
1.1      Lung cancer  

1.1.1 Overview 

Lung cancer is the leading cause of cancer-related mortality with 1.8 million new 

cases and 1.6 million deaths worldwide1,2. In the United States, the NCI Surveillance, 

Epidemiology, and End Results Program (SEER) estimated that there would be 228,150 

new lung cancer cases and 142,670 deaths by lung cancer in 2019, with an age-adjusted 

incidence of 54.9 and a mortality rate of 41.9 per 100,000 per year3,4. This is in part due 

to high rates of recurrence and the late disease stage in which patients are diagnosed5. 

Moreover, therapeutic options for advanced or metastatic lung cancer remain limited. 

 Lung cancer is histologically divided into two major groups: small cell and non-

small cell. Small cell lung cancer makes up 15% of lung cancer cases and rarely occurs in 

non-smokers. Majority of small cell lung cancers are characterized by their 

neuroendocrine properties, molecular signatures of TP53 and RB1 inactivation, and rapid 

tumor growth and metastasis compared to their non-small cell lung cancer (NSCLC) 

counterparts6. NSCLC is the most commonly diagnosed group and makes up 85% of lung 

cancer cases7. 

 Historically, all patients with advanced NSCLC were given the same treatment 

plan of cytotoxic chemotherapy8. However, it has become evident that the histological 

and molecular heterogeneity of NSCLC impacts the therapeutic response to 

chemotherapy8. Late stage of detection and high rate of metastatic recurrence contribute 

to the poor 15% 5-year survival rate of NSCLC7,9,10. Therefore, effective detection 
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screening as well as further understanding of the mechanisms of NSCLC cell metastasis 

is critical for defining new therapeutic strategies to improve patient outcomes. 

1.1.2 Non-Small Cell Cancer Subtypes 

 NSCLC is divided into three subtypes: adenocarcinoma (50%), squamous cell 

carcinoma (40%), and large-cell carcinoma (10%) (Figure 1.1). 

 

Figure 1.1: Anatomy of lungs with NSCLC. Adenocarcinoma typically forms in the 

cells lining the alveoli. Squamous cell carcinoma commonly forms in the proximal 

bronchi. (Created with BioRender.) 

 

 Adenocarcinoma is the most common subtype of NSCLC and is comprised of a 

morphologically heterogeneous group of tumors originating in the distal airways such as 

the alveolar epithelium or bronchial mucosal glands11. Histologically, adenocarcinoma is 

classified by glandular formation with acinar, lepidic, papillary, micropapillary, or solid 

growth structures with mucin production12. However, many invasive adenocarcinomas 
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have mixed subtype patterns of growth. Classic adenocarcinoma markers are 

characteristic of cells found in the distal lungs, such as thyroid transcription factor, 

keratin 7, mucin, and Napsin-A11. While adenocarcinoma is associated with smoking, it 

tends to occur more commonly in “never smokers”7. 

 Squamous cell carcinoma is found in the proximal bronchi and is classified by 

clear squamous differentiated morphology with a pseudostratified columnar epithelium 

that lines the trachea and bronchial airways11. Classic features of squamous cell 

carcinoma include high keratinization, intracellular bridges, and chronic inflammation12. 

However, less differentiated forms of squamous cell carcinoma may not have 

keratinization, and contain smaller, undifferentiated cells. In these cases, 

immunohistochemical squamous markers such as p40, p63, cytokeratin 5/6, and Sox2 can 

be used to correctly identify squamous cell carcinoma11. Both adenocarcinoma and 

squamous cell carcinoma can be diagnosed from small tumor biopsies, cytology, and 

surgical resections. Although smoking increases an individual’s risk for all NSCLC 

types, squamous cell carcinoma has historically had the highest association with 

smoking7. 

 The third NSCLC subtype is large cell carcinoma, which accounts for 10% of 

diagnosed NSCLC cases. Large cell carcinoma is the least well characterized of all 

NSCLC subtypes due to its infrequent occurrence and lack of morphologic features or 

distinct immunohistochemical differentiation markers11. It is identified by the absence of 

squamous or glandular morphology, and the lack of squamous or adenocarcinoma 

markers. The diagnostic criteria are not well-defined for this subtype due to its high grade 

of undifferentiated cell morphology, which is a shared feature with advanced stage 
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NSCLC. In contrast to the other two subtypes, large cell carcinoma can only be 

diagnosed in surgically resected tumors12. The 2015 World Health Organization 

Classification of Lung Tumors initiated the use of adenocarcinoma and squamous IHC 

markers to classify undifferentiated tumors resulting in the dramatic decrease of large cell 

carcinoma diagnosis12. In fact, many large cell carcinoma groups diagnosed prior to 2015 

have been reassigned. 

1.1.3 Lung Cancer Risk Factors 

 Like many cancers, there is a clear association between lung cancer and certain 

behavioral risk factors. The use of cigarettes, both by the primary smoker and in those 

exposed to secondhand smoke, has undoubtedly been the underlying factor of the lung 

cancer epidemic9. A study reported that childhood exposure to secondhand smoking can 

increase the risk of lung cancer as an adult 3.6 fold13. Additionally, two studies found a 

relative risk of 1.14 to 5.20 in people who have never smoked, but live with a smoker14,15. 

 In contrast to smoking, a healthy lifestyle that includes a nutritious diet, moderate 

to high exercise, and lower alcohol intake have been shown to reduce an individual’s risk 

for lung as well as other cancers. A nutritious diet that includes fruits and vegetables rich 

in antioxidant vitamins and carotenoids has been shown to be beneficial16. In contrast, 

cured meats, deep fried foods and chili have been shown to increase the risk of lung 

cancer17. Moderate to high levels of physical activity were associated with a 13-30% 

reduction in lung cancer risk18–21. In addition, those who abstained from alcohol had a 

slightly lower risk of lung cancer than those who consumed at least 30g/day which 

corresponds to approximately ≥2 drinks/day22. 
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Environmental and occupational exposures also play a role in lung cancer risk. 

Chronic exposure to air pollution through carbon emissions may increase overall risk to 

lung cancer, and a study in Europe estimated that 11% of lung cancer cases are caused by 

exposure to air pollution23. 

Furthermore, many work environments expose workers to carcinogenic 

compounds such as crystalline silica, chrysotile asbestos, and hexavalent chromium. 

Workers who are exposed to such compounds through particle dust and fibers are at an 

increased risk of developing lung cancer24. Additionally, uranium miners and nuclear 

plant workers have been shown to have an elevated risk to lung cancer due to their 

exposure to radioactive particulate mass25. 

A few studies have found a family history of lung cancer is associated with a 

higher lung cancer risk26,27. Familial aggregation and gene clustering studies have also 

identified a few hereditary genes that increase a person’s susceptibility to developing 

lung cancer. For instance, smokers who carry TP53 germline mutations have a 3.16-fold 

increased risk of developing lung cancer than non-smokers with the mutation28.  

Patients with EGFR mutations were more highly associated with having a family 

history of lung cancer compared to patients with EGFR WT expression29. A study on a 

European family in which multiple members developed NSCLC, found that all affected 

members expressed the germline mutation of EGFR T790M. Additionally, 4 out of 6 

family members somatically acquired a secondary EGFR activating mutation in cis with 

EGFR T790M30.  

A study on a Japanese family that had multiple cases of lung adenocarcinoma 

found a germline mutation in the transmembrane domain of HER2 G660D. They also 
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identified another germline mutation of HER2 V659E. Further investigation found that 

the resultant mutant proteins were more stable than the wild-type protein, which could 

lead to constitutive activation of HER2 signaling, and contribute to the increased risk of 

cancer31. 

 Studies have also found a locus in chromosome 15 (15q24-25p) containing a 

single-nucleotide polymorphism (SNP) strongly associated to lung cancer32–34. One copy 

of the risk allele increased lung cancer risk by 30%, while two copies increased the risk 

by 70-80%32. The SNP resides in a region containing 3 genes coding for the nicotine 

acetylcholine receptor subunits, which bind nicotine and activate downstream signaling32. 

One study observed that those who carried this variant had a higher association with 

nicotine dependence and tended to smoke more cigarettes, which may be a contributing 

factor to the increased lung cancer incidence33.   

1.1.4 Clinical Treatment 

 Treatment for NSCLC consists of surgical resection, chemotherapy, radiation, 

targeted therapy, immune therapy, and/or combinations thereof and is largely determined 

by the amount and spread of cancer in a patient’s body. The prognosis for lung cancer 

varies significantly with disease progression. The earlier a patient is diagnosed with lung 

cancer greatly improves their 5-year survival rate3,35. Patients diagnosed with localized 

lung cancer have a 57.4% 5-year survival, which drops with regional disease diagnosis to 

30.8% and with distant disease to 5.2%3. Unfortunately, majority of patients (57%) are 

diagnosed with metastatic lung cancer3. 

 Patients with early stage, resectable disease are typically treated with surgical 

resection and chemotherapy36. Patients with unresectable, locally advanced NSCLC can 
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achieve long-term survival from thoracic radiation therapy with a doublet chemotherapy 

regimen36. Multiple clinical trials have observed a 5-year survival rate of 15-20% with 

median survival times of approximately 2 years37,38. 

 Nearly 70% of lung cancer patients are diagnosed with locally invasive or 

metastatic disease at diagnosis36. While these patients are not ideal candidates for surgical 

resection, systemic chemotherapy and other targeted agents can improve their survival39. 

Platinum-based chemotherapy was considered the standard of care, however the toxicities 

that accompany it have driven research that supports the use of platinum-based 

chemotherapies in combination with non-platinum-based chemotherapies such as 

taxanes40. 

Surgery 

 The first successful curative surgery on a lung cancer patient was in 1933, when 

Evarts Graham performed a left pneumonectomy41. Radical lobectomy with lymph node 

dissection replaced the pneumonectomy in 1960, when William G. Cahan reported 

similar patient outcomes with both procedures42. Since then, surgical resection has 

remained the primary treatment strategy for early stage NSCLC patients (Stage I and II) 

due to its high rate of curative success, as long as the margins of the tumor are free of 

microscopic and macroscopic disease43. However, 5-15% of patients are left with residual 

marginal disease, which is associated with poor prognosis and more than halves the 5-

year survival rate44,45. 

 Despite the progress in surgical techniques such as the inclusion of systematic 

mediastinal lymph node dissection, systemic relapse remains a major issue of NSCLC 

prognosis. 
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Chemotherapy 

 One strategy for improving relapse rates has been the use of adjuvant and 

neoadjuvant chemotherapy. The standard chemotherapy regimen is the combination of a 

third-generation cytotoxic agent such as gemcitabine, vinorelbine, or paclitaxel with a 

platinum compound such as cisplatin or carboplatin46. 

 Many studies have demonstrated the benefits of chemotherapy in improving 

overall survival of patients at all stages of NSCLC. For patients with Stage IB-IIIA, 

studies have shown that adjuvant chemotherapy after surgical resection improves overall 

survival and 5-year survival rates47,48. In addition, a meta-analysis found that patients 

who received neoadjuvant chemotherapy had improved overall survival compared to 

those who received surgery alone, reducing their risk of death by nearly 16%49. For 

advanced stage patients, a meta-analysis reported a significant improvement in overall 

survival for patients treated with chemotherapy versus supportive care alone with an 

absolute improvement in survival from 20% to 29%50. 

 Despite the survival advantage of chemotherapy treatment at all stages of disease, 

many patients will develop resistance to the chemotherapeutic agents they are exposed to. 

A study investigating the prevalence of chemoresistance in 3042 NSCLC tumors in vitro 

found that many tumors were resistant to commonly used chemotherapeutic agents. In 

cultured NSCLC tumors, extreme or intermediate drug resistance was found to 

carboplatin, cisplatin, doxorubicin, etopside, gemcitabine, navelbine, paclitaxel, taxotere, 

and topotecan51. A limitation to this study was the use of only single agents to test 

chemoresistance when doublet chemotherapy is the clinical standard. However, this 
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highlights an important factor for clinicians when selecting the chemotherapeutic regimen 

for their patients. 

Radiation Therapy 

 The use of adjuvant radiation therapy in NSCLC is dependent on the disease stage 

and the patient’s health status. Studies on the benefits or harms of radiation therapy in 

patients with Stage I or II lung cancer remains controversial. A meta-analysis of 11 

randomized controlled trials that compared surgery alone versus surgery with 

postoperative radiotherapy concluded that there was a significant adverse effect of 

postoperative radiotherapy with an 18% increased risk of death52. However, a 

retrospective epidemiological analysis on postoperative radiotherapy with resected 

NSCLC from the SEER database found that patients with N2 nodal disease had a 

significant increase in survival53. As the benefit or harm from radiotherapy in NSCLC is 

still uncertain, new and ongoing trials will hopefully help clarify the effects of modern 

postoperative radiation therapy in early stage NSCLC patients.  

 In contrast, studies have shown that patients with locally advanced NSCLC (Stage 

IIIA) benefit from a combination of radiotherapy with chemotherapy versus radiotherapy 

alone54. Studies have found that concurrent radiotherapy with chemotherapy is more 

beneficial than sequential administration55–57. A meta-analysis on six randomized trials 

comparing concomitant versus sequential radiochemotherapy found that overall 5-year 

survival increased from 10.6% in the sequential group to 15.1% in the concomitant 

group57. However, concurrent radiochemotherapy increased acute esophageal toxicity 

(grade 3-4) from 4% to 18%57. While toxicity from concurrent radiochemotherapy has 

raised concerns about whether elderly patients should undergo this treatment, another 
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study found that patients over the age of 70 still benefit from concurrent 

chemoradiotherapy compared to radiotherapy alone58. 

Molecular Targets for Therapy 

 In NSCLC, as well as other cancers, targeting a specific gene, protein or 

molecular pathway that drives the growth and survival of tumor cells may help improve 

treatment outcomes. Two separate studies found 50-64% of NSCLC patients have a 

genetic mutation that can potentially serve as a therapeutic target and using a patient’s 

genetic profile to select targeted treatments can significantly improve patient survival 

compared to standard chemotherapy59,60. Thus, it is imperative to not only identify 

molecular targets, but also to determine drugs that will effectively target them. 

 Many targetable molecular pathways have been identified in NSCLC, including 

EGFR, PI3K/AKT/mTOR, RAS/MAPK, and NTRK/ROS1 pathways61. The common 

genetic alterations seen in NSCLC are summarized in Table 1.1 and described in detail 

below. 
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Table 1.1: Molecular Targets for NSCLC 

Gene Mutation 
% of NSCLC 

cases in U.S. 
Targeted Therapy 

EGFR 

Overexpression; 

Exon 19 deletions; 

Leu858Arg; 

Thr790Met; 

Cys797Ser 

33.1% 

EGFR TKIs: 

Erlotinib, Afatinib, or 

Gefitinib; Osimertinib 

for T790M 

HER2 

In-frame insertions or 

point mutations in 

exon 20; 

Amplification 

1-3% of all lung 

cancer patients 
Trastuzumab 

ALK 

Rearrangements; 

inversions or 

translocations of 

chromosome 2 with 

fusion to exon 20 of 

ALK 

2-7% Crizotinib or Ceritinib 

ROS1 Rearrangements 1-2% Crizotinib 

RET Fusion 1-2% 
Cabozantinib or 

Vandetanib 

MET 

Activating mutations, 

overexpression, or 

amplification 

4% of 

adenocarcinoma; 

1% of squamous 

carcinoma 

Crizotinib or 

cabozantinib  

BRAF Val600Glu 3-5% BRAF inhibitors 

KRAS 

Gly12Cys or point 

other mutations in 

codon 12 

20-25% 

adenocarcinomas 
MEK inhibitors 

NTRK1/2 rearrangements 1-2%  

VEGF N/A N/A Bevacizumab 

PD-1/PDL1 N/A N/A 

Nivolumab, 

Pembrolizumab, and 

Atezolizumab 
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Epidermal growth factor receptors 1 and 2 (EGFR and HER2) 

 EGFR mutations in cancer lead to aberrant regulation of cell proliferation, 

apoptosis, and angiogenesis. EGFR activating mutations occur in approximately 33.1% 

of NSCLC cases in the U.S. and develop more frequently in lung adenocarcinoma, 

females, and non-smokers62,63. In Asian populations, EGFR mutation prevalence is much 

higher at approximately 51% of lung adenocarcinoma cases64. In NSCLC, EGFR 

mutations are usually found as deletions in exon 19 or as the Leu858Arg missense 

mutation in exon 2165. Many randomized clinical trials have determined that using EGFR 

tyrosine kinase inhibitors (TKIs) as first line therapy greatly improves patient outcomes 

compared to standard chemotherapy regimens and have now been implemented in the 

clinic for patients with EGFR mutations66–68. 

 Multiple clinical trials have found that many patients eventually develop 

resistance to EGFR TKIs69. The mechanisms behind resistance are heterogeneous and 

may require their own unique therapeutic intervention. Common mechanisms include the 

acquirement of secondary EGFR mutations, the use of alternative signaling pathways, or 

phenotypic transformation of the tumor70. The gatekeeper mutation Thr790Met, which 

affects the ATP binding pocket of the EGFR kinase domain, is the most common 

secondary EGFR mutation, occurring in 50-65% of resistant tumors71. The third-

generation irreversible inhibitor, osimertinib, has proven effective against this mutation72. 

However, studies using EGFR TKIs, which target Thr790Met identified additional 

mechanisms of resistance to third-generation TKIs such as the gatekeeper EGFR 

mutation Cys797Ser, HER2 and MET amplification, and KRAS mutations71,73,74. Studies 

have shown that MET and KRAS inhibitors might overcome drug resistance and improve 
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therapeutic efficacy. Therefore, it is clear that a better understanding of the evolving 

genetic landscape of NSCLC is needed. 

 Another common genetic alteration exhibited in lung cancer is the amplification 

or mutation of HER2, which occurs in 1-3% of NSCLC patients75–77. Although current 

data do not support anti-HER2 agents as standard front-line therapy, case series and some 

early-phase clinical trials suggest patients with HER2 mutations may respond to 

trastuzumab76,78,79. 

Anaplastic Lymphoma Kinase (ALK) 

 Rearrangements in ALK, which encodes a transmembrane receptor tyrosine 

kinase, are present in 3-5% of NSCLC patients, commonly in never-smokers with 

adenocarcinoma80,81. While other partners of ALK have been identified, the typical fusion 

occurs between echinoderm microtubule-associated protein-like 4 (ELM4) and exon 20 

of the ALK gene, which encodes a constitutively active tyrosine kinase46. Several ALK 

targeting TKIs, crizotinib, ceritinib, and alectinib, have been FDA-approved for the 

treatment of ALK-driven NSCLC82. Patients who receive crizotinib showed a favorable 

response in Phase 1 and 2 trials of patients previously treated with chemotherapy, 

however, patients relapse within 1-2 years83,84. The other TKIs such as ceritinib and 

alectinib have shown stronger potency for the ALK fusion protein and targets secondary 

ALK mutations with better affinity85,86. Thus, these inhibitors may be a better alternative 

for patients unresponsive to crizotinib. 

ROS1 

 Another common chromosomal rearrangement is in the receptor tyrosine kinase  

ROS1 gene, and is observed in 1-2% of NSCLC patients, primarily those with 
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adenocarcinoma, diagnosed at a younger age (median age of 50), and never smokers87. 

Crizotinib has been shown to be effective against ROS1-positive NSCLC and ongoing 

studies are exploring other inhibitors (ceritinib, cabozantinib, entrectinib, and 

PF06463922)88–91. 

RET 

 RET receptor tyrosine kinase fusion proteins are observed in 1-2% of NSCLC 

patients, commonly in younger patients and never smokers92–94. Many multi-kinase 

inhibitors showed a tumor response in patients harboring the RET fusion in a 

retrospective study, including sunitinib, vandetanib, cabozantinib, lenvatinib, and 

nintedanib95, however Phase 2 studies did not achieve a therapeutic response to consider 

these drugs as an alternative to chemotherapy96. 

MET 

 MET is a receptor tyrosine kinase that is aberrantly activated through a variety of 

mechanisms in NSCLC patients, including activating mutations, overexpression, or 

amplification97. Four percent of adenocarcinomas and 1% of squamous carcinomas 

exhibit MET gene amplification and MET exon mutations98. Phase 1 and 2 clinical trials 

found that crizotinib treatment induces a favorable response in patients with high MET 

amplification or mutations99,100. 

RAS/MAPK Pathways 

 The Ras gene family encodes small GTPases involved in a signal transduction 

cascade that regulates cell proliferation, differentiation, and survival101. The Ras family 

intersects with other molecular targets frequently mutated in NSCLC including upstream 

receptor EGFR as well as downstream pathways MAPK and PI3K/AKT/mTOR61. 
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 KRAS mutations are the most commonly mutated Ras protein, detected in 20-

25% of lung adenocarcinomas in the U.S., most frequently in smokers of non-Asian 

descent102. MEK inhibitors such as trametinib and selumetinib, in combination with 

chemotherapy have shown some activity against KRAS-driven tumors103,104. However, 

studies have yet to identify an effective monotherapy against these tumors. 

 BRAF mutations have also been identified in 3-5% of adenocarcinoma and more 

frequently in smokers105. Approximately 50% of BRAF mutations are the Val600Glu 

mutation60,106. Vemurafenib and dabrafenib have both shown activity against Val600Glu 

mutations107,108. 

Tropomyosin receptor kinases 1 and 2 (NTRK1/2) 

 NTRK1 and NTRK2 rearrangements have been found in 1-2% of NSCLC 

patients105. Currently, the TRK inhibitors larotrectinib and entrectinib are FDA approved 

for advanced lung tumors with an NTRK fusion109–111. 

Angiogenesis Inhibitors 

 In addition to targeting specific genetic alterations that promote lung cancer, 

therapeutic strategies that inhibit specific tumor-supporting processes may be effective. 

Angiogenesis inhibitors target a tumor’s blood supply and have been successful in 

colorectal, renal cell, and liver cancers. Several clinical trials have sought to recapitulate 

this success in NSCLC in combination with platinum-based chemotherapy112. The 

Eastern Cooperative Oncology group study found that the vascular endothelial growth 

factor (VEGF) antibody bevacizumab combined with carboplatin increased the median 

overall survival of patients from 10.3 months to 12.3 months compared to chemotherapy 

alone113. In contrast, the AVAiL study found that bevacizumab in combination with 
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cisplatin/gemcitabine significantly increased the progression free survival compared to 

placebo, but not overall survival114. The difference in overall survival between the two 

studies may be due to the different chemotherapy regimens used. Other studies of 

platinum-based doublet chemotherapy in combination with bevacizumab found an 

improvement in overall survival115. Bevacizumab has received FDA approval for the 

treatment of advanced or recurrent NSCLC, however eligibility is limited to patients with 

non-squamous histology and other exclusion criteria113,116,117. 

Immunotherapy 

 Immunotherapy is a treatment strategy by which agents are employed to improve 

the immune system’s ability to restrict tumor growth. In NSCLC, early clinical trials 

found limited efficacy in response to interleukin-2, interferon, and first-generation tumor 

vaccines118. Based on these findings, NSCLC was thought to be poorly immunogenic and 

alternative strategies were pursued. Recent advances in tumor immunology and a better 

understanding of NSCLC immunogenicity over the past several years has prompted a 

renewed focus on NSCLC immunotherapy, specifically focusing on checkpoint blockade 

therapy118. 

 This strategy utilizes the basic mechanisms of the adaptive immune system that 

tumors commonly coopt during the immune-evasion stage of tumor growth. When cancer 

cells produce and release a tumor antigen, the antigen is recognized as a foreign agent by 

an antigen presenting cell (APC) or dendritic cell. The APC presents and activates the 

tumor antigen to CD8+ T cells, the primary mediators of the adaptive immune system, 

which then infiltrate the tumor119. 
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 The innate immune system has mechanisms to protect CD8+ T cells from being 

constitutively activated. T cells express checkpoint inhibitor receptors such as 

programmed cell death-1 (PD-1), which inhibit the CD8+ T cell response when bound to 

their ligands (PD-L1)119. Tumor cells can take advantage of these regulatory mechanisms 

by expressing co-inhibitory ligands such as PD-L1, which allows tumor cells to evade the 

immune system by preventing a T cell response119. 

 PD-L1 expression has been shown to inversely correlate with the expression of 

tumor infiltrating lymphocytes in NSCLC tumors, suggesting that patients may respond 

to anti-PD-1/PD-L1 therapy120. The investigation of these agents in multiple clinical trials 

found that blocking PD-1 or PD-L1 in patients with NSCLC effectively increases overall 

survival rates121. Currently, there are several FDA approved PD-1 and PD-L1 targeting 

agents for the treatment of NSCLC, including monoclonal antibodies nivolumab, 

pembrolizumab, and atezolizumab37,122–127. 

 It is clear that the molecular makeup of a lung cancer tumor can determine a 

patient’s prognosis and response to therapy. Identifying somatic mutations or genetic 

rearrangements provides a molecular target to exploit in NSCLC treatment, such as 

EGFR inhibitors that target the tyrosine kinase domain of EGFR. A patient’s genetic 

background has also been shown to play a role in prognosis. For example, EGFR gene 

amplification is common in Western populations, while EGFR mutations and HER2 

amplification is more prevalent in East Asian populations128. These observations imply 

that although patients may share common tumor subtypes, distinct genotypes between 

each tumor could influence disease outcomes. 
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1.1.5 Determinants of Patients Prognosis 

 Determinants of patient outcomes in lung cancer are multifactorial and include 

behavioral factors such as smoking cessation and dietary supplements, and biological 

factors including molecular markers, pharmacogenomics, and tumor grade of 

differentiation. 

 Smoking has long been considered a contributing cause to lung cancer 

development and mortality. Additionally, studies have shown that lung cancer risk can 

decrease with increased time of smoking abstinence129. 

 The use of vitamin supplementation has been shown to reduce lung cancer 

incidence as well as improve overall survival in patients with NSCLC. The Mayo clinic 

lung cancer cohort study found patients with NSCLC who self-reportedly used vitamins 

and minerals had a 26% reduced rate of death compared to non-users130. 

 Biological factors such as tumor grade of differentiation can contribute to patient 

prognosis. It was found that histologic tumor grade differentiation impacted the prognosis 

of lung cancer patients following surgical resection131. Patients with undifferentiated 

carcinoma had an 80% higher risk of death, followed by 70% and 40% higher risk for 

poorly and moderately differentiated carcinoma, compared to patients with well-

differentiated carcinoma132. 

 Patient response to chemotherapy also plays a role in prognosis. A tumor cell’s 

sensitivity to platinum-based compounds is partially dependent on its reduced DNA 

repair capability. For example, platinum-based compounds induce tumor cell death by 

forming adducts with DNA, resulting in DNA strand crosslinking and apoptosis of the 

cell if the DNA damage is not repaired133. However, elevated DNA repair activity may 
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decrease tumor cell sensitivity and response134. Studies have shown that polymorphisms 

in DNA repair genes XPD and XRCC1 are associated with decreased overall survival in 

patients undergoing platinum-based chemotherapy135. 

 Another mechanism regulating response to chemotherapy is drug metabolism. 

The glutathione metabolic pathway is directly involved in the inactivation of platinum-

based chemotherapy through its conjugation and subsequent excretion of platinum-based 

compounds. Increases in glutathione levels and glutathione-dependent enzyme activity, 

and enhanced efflux by the Glutathione S-conjugate export pump can all lead to 

decreased drug effects136.  

1.2 Wnt/-catenin Signaling 

1.2.1 Overview 

 Wnt is a family of secreted growth factors that function in the development and 

homeostasis of tissues. The Wnt gene was independently identified and characterized by 

two separate investigators as “Int-1”, a proto-oncogene in mice137 and as “wingless”, a 

regulator of segment polarity in Drosophila melanogaster138. The fusion of these two 

gene names yielded what is now known as WNT139. Studies have demonstrated the 

importance of Wnt signaling in cell proliferation, survival, and self-

renewal/differentiation140. Unsurprisingly, aberrations in Wnt signaling have been 

connected to several diseases including type II diabetes, Parkinson’s, and cancer. 

1.2.2 Wnt Structure 

 The Wnt family consists of 19 known lipid-modified glycoproteins141. Generally, 

Wnt proteins are highly insoluble, hydrophobic, approximately 350-400 amino acids in 

length, and include a cysteine-rich binding domain which enables the binding to various 
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receptors142. Post-translational modifications (i.e. palmitoylation and glycosylation) aid 

Wnt secretion and binding to extracellular lipoprotein particles142. 

1.2.3 Wnt Signal Transduction Pathways 

 Wnt signaling can be divided into two categories: the canonical or -catenin-

dependent pathway and the non-canonical or β-catenin-independent pathway, which is 

further subdivided into the planar cell polarity (PCP) and Wnt/Ca2+ pathways142. 

Initiation of each pathway begins with Wnt binding to a Frizzled receptor (Fzd). The 

various interactions of different Wnt and Fzd receptors determine the specific pathway 

through which Wnt functions. 

Canonical: -catenin-Dependent Pathway 

 In the inactive canonical pathway, β-catenin is held in the cytoplasm in a 

destruction complex composed of the scaffolding proteins Axis inhibition protein (Axin), 

adenomatous polyposis coli (APC), protein phosphatase 2A (PP2A) and disheveled 

(Dvl), and with kinases glycogen kinase 3-beta (GSK-3β) and Casein kinase-alpha 

(CK1α). These kinases phosphorylate β-catenin, tagging it for proteolytic degradation143. 

 Wnt signaling is activated when Wnt binds to Fzd and the co-receptor lipoprotein 

receptor-related protein 5 or 6 (LRP5/6). The receptor complex recruits Axin and Dvl, 

disrupting the destruction complex. This allows β-catenin to accumulate in the cytoplasm 

and translocate to the nucleus where it binds to transcription factors T-cell factor 

(TCF)/lymphoid enhancer-binding factor (LEF) and activates transcription of Wnt target 

genes such as c-myc and Axin2 (Figure 1.2)143. 
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Figure 1.2: Canonical Wnt signaling. Left: When canonical Wnt signaling is inactive, 

the β-catenin destruction complex phosphorylates β-catenin, tagging it for proteasomal 

degradation in the cytoplasm. Right: Wnt ligand binds to LRP6 and Fzd co-receptors and 

activates canonical Wnt signaling, which allows β-catenin to accumulate in the 

cytoplasm, translocate to the nucleus, bind to transcription factors (e.g. TCF/LEF) and 

activate transcription of Wnt target genes (e.g. c-myc and Axin2). Adapted from Sawa, H 

and Korswagen HC144. (Created with Servier Medical Art.) 

 

Non-canonical: β-catenin Independent Pathways 

 The PCP pathway involves the activation of small GTPases RhoA and Rac1, as 

well as c-Jun N-terminal kinase (Jnk), which regulate the rearrangement of the 

cytoskeleton and transcriptionally activates target genes involved in cell adhesion and 

migration145. 

 The calcium dependent Wnt/Ca2+ pathway involves the activation of the 

heterotrimeric G-proteins, which leads to the cleavage of phospholipase C (PLC) into 

diacylglycerol (DAG2) and inositol 1,4,5-triphosphate (IP3)143. IP3 triggers the release of 

calcium from the endoplasmic reticulum, which activates calmodulin and 

calcium/calmodulin-dependent kinase II (CAMKII), TGF-β activated kinase 1 (TAK-1) 
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and Nemo-like kinase (NLK), which inhibits the canonical Wnt pathway143. Calmodulin 

also activates calcineurin, which transcriptionally activates cell adhesion and migration 

genes146. DAG2, the other product of PLC, can also activate protein kinase C (PKC) and 

cell division control protein 42 (Cdc42) which are involved in cytoskeleton 

rearrangement143. 

1.2.4 Regulation of -Catenin 

 -catenin encoded by the CTNNB1 gene is a dual-functional protein that acts as a 

transcriptional activator and an intracellular adaptor protein in cell adhesion147. The 

human -catenin protein is 781 amino acids in length and contains a central region of 12 

Armadillo sequences that consist of 42 amino acid tandem repeats, flanked by the N and 

C terminal domains147. These Armadillo sequences serve as anchor points for protein 

interactions in transcription and adhesion. Due to its structural and signaling roles, -

catenin can be found at the plasma membrane, cytosol, or nucleus depending on the 

functional context (Figure 1.3). 
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Figure 1.3: β-catenin localization in epithelial cell-cell adhesion and Wnt signaling. 

Left: -catenin is located on the cytoplasmic side of the plasma membrane where it links 

E-cadherin with the actin cytoskeleton; when Wnt signaling is inactive, the -catenin 

destruction complex tags -catenin for degradation. Right: When Wnt signaling is active 

-catenin accumulates in the cytoplasm and translocates to the nucleus activating Wnt 

target gene transcription. Adapted from Tian X, et al.148 (Created with BioRender.) 

 

 -catenin is found at the cytoplasmic side of the plasma membrane where it forms 

a complex with cadherins, single-pass transmembrane proteins that are involved in 

calcium-dependent cell adhesion149. In epithelial cells, -catenin organizes and tethers 

microfilaments to uphold cell adhesive properties through its interactions with the 

cytoplasmic domain of E-cadherin and -catenin, which binds to F-actin149. Association 

of -catenin with E-cadherin results in structural stabilization of cell-cell contacts as well 

as reciprocal stabilization of both proteins149. β-catenin conceals a PEST sequence on E-

cadherin, which if revealed would trigger ubiquitination and proteasomal degradation of 



 

24 
 

E-cadherin149. Moreover, E-cadherin prevents members of the β-catenin destruction 

complex from binding to -catenin. Shifts in β-catenin localization to the nucleus may be 

dependent on its disruption of its interaction to E-cadherin and α-catenin, which is 

mediated through multiple mechanisms including 1) influx of extracellular calcium, 2) 

phosphorylation of β-catenin by G proteins Gα12 and Gα13 or ERK/CK2, or 3) BCL-9 

interaction at Tyr142 of β-catenin150,151.  

 When Wnt signaling is activated, cytosolic -catenin translocates to the nucleus 

where it activates the transcription of target genes that can promote tumorigenesis and 

metastasis147,152,153. -catenin does not have the ability to bind DNA, therefore it must 

partner with the co-transcription factors TCF/LEF, p300/CBP, or other proteins with 

DNA binding domains to activate gene transcription149.  

1.2.5 Wnt/-catenin Signaling in Cancer 

 While the role of Wnt signaling in colorectal cancer has been well established, it 

has also been implicated in tumor initiation, growth, stemness, immunity, and metastasis 

of many other cancers, including NSCLC154. 

 β-catenin plays a critical role in the epithelial-mesenchymal transition (EMT) and 

the mesenchymal-epithelial transition (MET) and contributes to metastasis149. During 

EMT, epithelial cells lose their cell-cell adhesion and become more motile by disruption 

of E-cadherin and cadherin-catenin attachment to the cytoskeleton155. Loss of E-cadherin 

promotes the release of β-catenin, which further drives EMT149,155. In addition, Wnt 

signaling can stabilize the EMT transcription factors Slug and Snail156.  

 The Wnt/β-catenin pathway is highly active in cancer stem cells (CSCs). In 

NSCLC, it helps maintain expression of stem cell markers octamer-binding transcription 
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factor (OCT4), leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), 

CD44, CD24, EpCAM, and cyclin D1153,157–159. In addition, many lung cancers are 

characterized by high expression of Sox2, which is an essential transcription factor for 

stem cell self-renewal and regulates Wnt and c-myc expression160. 

 Although NSCLC does not typically exhibit site specific mutations on APC or β-

catenin, Wnt signaling is commonly deregulated through other mechanisms, including 

aberrant expression of Wnt ligands. Studies have found overexpression of Wnt1, 2, and 

5a in NSCLC161–163. Inhibition of Wnt1 and 2 induces apoptosis in NSCLC cell 

lines161,162. Wnt5a was shown to promote EMT and metastasis in NSCLC163. In addition, 

a study found that NSCLC was associated with downregulation of Wnt7a, which 

regulates HOX gene expression and reduces anchorage-independent growth164,165. Other 

mechanisms of altered Wnt signaling in NSCLC includes upregulation of Wnt agonist 

disheveled-3 (DVL3), and downregulation of Wnt antagonists Dickkopf-3 (DKK3), Wnt 

inhibitory factor (WIF), and secreted Frizzled-Related Protein (sFRP)166. 

1.3 Non-coding RNAs 

1.3.1 Overview 

 In 1970, Francis Crick postulated the central dogma of molecular biology, which 

states that genetic information is transferred from DNA  RNA  protein167. For years, 

research focused on proteins as the primary regulators of cellular function, and RNA was 

viewed as intermediaries between DNA and protein. However, the Human Genome 

Project, completed in 2003, demonstrated that only 2% of the human genome is 

comprised of protein-coding genes, and the majority of the genome encodes non-protein 

coding RNA (ncRNA)168. The advent of next generation sequencing has led to the 
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discovery of a whole class of ncRNAs that are critical regulators of various cell processes 

and whose diverse interactions are commonly dysregulated in cancer169,170. 

 Many classes of ncRNAs have emerged including microRNAs (miRNAs), piwi-

interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), circular RNAs 

(circRNAs) and long non-coding RNAs (lncRNAs)170. These molecules have been shown 

to function as mediators of transcription, post-transcriptional modifications, signal 

transduction, and chromatin remodeling169,170.  

1.3.2 microRNAs 

 MicroRNAs (miRNAs) are single-stranded ncRNAs 16-24 nucleotides long, and 

function post-transcriptionally by binding to target mRNAs at specific recognition 

sequences, leading to target mRNA degradation or translational repression171.   

The biogenesis of microRNAs (Figure 1.4) begins in the nucleus via 

transcription, which is commonly mediated by RNA Polymerase II (RNA Pol II) and in 

certain circumstances, RNA Polymerase III. RNA Pol II generates the primary miRNA 

transcript called a pri-miRNA, which are several kilobases long and contain a stem-loop 

hairpin structure. Drosha, a nuclear RNAse type III protein, with its cofactor DiGeorge 

syndrome critical region 8 (DGCR8) cleaves the hairpin of the pri-miRNA, which 

produces a pre-miRNA. Exportin 5 (XPO5) and Ran/GTP export the pre-miRNA to the 

cytoplasm. Following export, the RNase III endonuclease Dicer, transactivating response 

RNA-binding protein (TRBP), and Argonaute (Ago) mediate the processing of the pre-

miRNA and assembly of the RNA-Induced Silencing Complex (RISC). Dicer cleaves the 

terminal loop of the pre-miRNA releasing a ~22 nucleotide double-stranded miRNA 

duplex. The 3’ or 5’ end of the resulting miRNA duplex is loaded onto an Argonaute 
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(Ago) protein forming the RNA-Induced Silencing Complex and becomes the guide 

strand, making the other strand the passenger strand171. While either strand of the miRNA 

duplex can be loaded onto Ago, typically the strand with unstable base pairs at the 5’ end 

will be preferentially loaded172. The 5p strand results from the 5’ end of the miRNA 

duplex, and the 3p strand results from the 3’ end173. 
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Figure 1.4: Biogenesis of microRNAs. miRNAs are transcribed by RNA Polymerase II 

in the nucleus to a stem-loop structure called a pri-miRNA. Drosha and DGCR8 cleave 

pri-miRNA into pre-miRNA. The pre-miRNA is exported to the cytoplasm by XPO5 and 

Ran-GTP. Once in the cytoplasm, Dicer and TRBP cleave the terminal loop producing a 

~22 nucleotide miRNA duplex. One strand, designated the passenger, is degraded while 

the other strand, called the guide, is loaded into the RISC complex with the help of Ago2. 

Interaction of the miRNA with its target mRNA may lead to mRNA degradation, 

translational repression or mRNA deadenylation. (Created with BioRender.) 



 

29 
 

MicroRNAs commonly interact with the 3’-untranslated region (UTR) of mRNAs 

but interactions may also occur in the 5’UTR, the coding region, or gene promoter 

regions174–176. Each interaction has various functional consequences as delineated in 

Table 1.2. 

Table 1.2: Function of miRNA Binding to Specific Target Regions  

miRNA Target Region Function 

3’UTR Gene silencing, deadenylation, decapping 

5’UTR Gene silencing 

Coding Gene silencing 

Promoter Transcriptional activation 

 

 The seed region of a miRNA is composed of 6-8 nucleotides and is responsible 

for specific recognition of targets through binding of a complementary sequence on 

mRNAs called the miRNA Response Element (MRE)177. The degree of sequence 

complementarity between the MRE and miRNA determines the functional outcome— 

complete sequence complementarity induces direct mRNA cleavage via the endonuclease 

activity of Ago2178, while imperfect sequence complementarity induces RISC-mediated 

translational repression or target mRNA decay171. Imperfect miRNA:MRE sequence 

complementarity occurs more frequently173. In such cases, Ago2 acts as a mediator in 

RNA interference in the miRNA-RISC complex (miRISC)173. Gene silencing by miRISC 

occurs via recruitment of GW182 proteins, which provide the scaffolding for other 

effector proteins. mRNA deadenylation is facilitated by poly(A)-deadenylase complexes 



 

30 
 

PAN2-PAN3 and CCR4-NOT, followed by decapping of the 7-methylguanine cap by 

decapping protein 2 (DCP2) and degradation by exoribonuclease 1 (XRN1)173. The 

miRISC complex can also lead to translational repression through interference of 

eukaryotic initiation factor 4A (eiF4A)173. Although the exact mechanisms are unclear, 

reports indicate that miRISC induces eiF4A dissociation from target mRNAs, thus 

inhibiting the assembly of the eIF4F translation initiation complex173. 

1.3.3 Long non-coding RNAs 

 Long non-coding RNAs (lncRNAs) are a heterogenous collection of regulatory 

RNAs defined by their lack of protein-coding potential and minimum length of 200 

nucleotides179. Aside from this criteria, lncRNAs share very few functional or 

mechanistic features, and much work is still needed to comprehensively classify this 

diverse group of molecules. 

 The biogenesis of lncRNAs shares some similarities to mRNAs. lncRNAs are 

transcribed by RNA Pol II or III, and often undergo 5’-capping, splicing, and poly-

adenylation180. lncRNAs can either have their own promoters or share promoters with 

protein-coding genes181. Although they are similarly processed like their protein-coding 

counterparts, lncRNAs contain fewer but longer exons, are less abundant, and are less 

evolutionarily conserved but have more expression specificity (cell type-, tissue-, 

developmental stage, or disease-state) than mRNAs180,182,183. In addition, lncRNAs 

possess many features not found in mRNAs, which include cis-regulatory ability, 

untranslated open reading frames, and special 3’ terminal processing181. For instance, 

some lncRNAs (e.g. MALAT1 and NEAT1) are processed by RNase P at the 3’ end, 
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which produces a small tRNA-like RNA as well as the mature lncRNA containing a 

stabilizing 3’-terminal triple helix179. 

 It is a general misconception that lncRNAs are predominantly localized in the 

nucleus. While, indeed, there are some lncRNAs found exclusively in the nucleus, it is 

important to make the distinction between relative and absolute levels of localization. 

When compared to mRNAs, a study found lncRNAs had a 2-fold enrichment in the 

nucleus180. However, more lncRNAs by transcript number are present in the cytoplasm 

than in the nucleus169. Therefore, as a group, lncRNAs are more abundant in the 

cytoplasm.  

 The diversity in lncRNA function stems from their ability to bind to a wide 

variety of molecules (i.e. protein, RNA, and DNA) and serve as scaffolds, decoys, guides, 

and signals, which lead to distinct outcomes179. The various functional roles of lncRNAs, 

though widespread, can generally be divided by their subcellular localization. In 

particular, lncRNAs localized in the nucleus are involved in genetic and epigenetic 

regulation, while in the cytoplasm, lncRNAs engage in post-transcriptional gene 

regulation, such as controlling mRNA stability and miRNA function179. 

1.3.4 Regulation in Cancer 

 Non-coding RNAs are key regulators of many cellular processes and their 

expression is tightly regulated both temporally and spatially170. Disruption of ncRNA 

expression can be detrimental, and is often implicated in disease, including cancer170,184. 

In particular, an increasing amount of research has focused on the aberrant regulation of 

miRNAs and lncRNAs in cancer, which often affect oncogenic and tumor suppressive 

pathways. Like protein coding genes, ncRNAs are dysregulated in cancer through similar 
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mechanisms—the accumulation of genetic alterations resulting in constitutive activation, 

downregulation, or overexpression. As each ncRNA can have multiple functions and/or 

targets, dysregulation of a single ncRNA can have widespread effects on signaling 

pathways that promote cancer initiation, progression, and metastasis171,179,184. 

 In addition to the individual effects ncRNAs have on cancer cells, they can also 

synergistically or antagonistically coregulate each other185. A miRNA binds to specific 

MRE sites on coding and noncoding RNAs and can have multiple targets. Similarly, a 

single coding or noncoding transcript can possess multiple MRE sites for different 

miRNAs185. A lncRNA becomes a competitive endogenous RNA (ceRNA) when it acts 

as a molecular sponge or decoy by competing for the binding of miRNAs to prevent 

miRNAs from binding their target mRNAs185. Inhibition of miRNA-mRNA binding 

results in upregulation of the miRNA targets, which can have widespread consequences. 

Thus, the diversity of lncRNA:miRNA interactions adds another layer of complexity to 

ncRNA regulation in cancer. 

1.3.5 Regulation of Wnt signaling by Non-coding RNAs in NSCLC 

 Several miRNAs have been shown to play important regulatory roles through the 

promotion or suppression of NSCLC186. Moreover, a few miRNAs have been implicated 

in the regulation of Wnt signaling in NSCLC166. miR-582-3p was shown to promote 

tumorigenesis and stemness features by downregulating inhibitors of the β-catenin 

pathway: Axin2, Dkk3, and sFRP1187. Similarly, miR-128-3p was discovered to promote 

chemoresistance and metastasis in residual NSCLC cells by downregulating inhibitors of 

the Wnt/β-catenin pathway and inducing EMT and stemness characteristics188. 
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 Several Wnt pathway-related lncRNAs have been implicated in the promotion of 

NSCLC growth, migration, and invasion through the activation of Wnt/β-catenin 

signaling, including LINC00968, NEAT1, FOXD2-AS1, and SNHG1189. In contrast, 

lncRNA AK126698, often downregulated in NSCLC, can inhibit NSCLC growth and 

migration, and increase apoptosis by repressing Wnt signaling through inhibition of 

Frizzled-8190. LncRNAs may also play a role in NSCLC drug resistance. Researchers 

found the tumor suppressor lncRNA MEG3 may enhance chemosensitivity by inhibiting 

the Wnt/β-catenin pathway through activation of p53191,192.  

1.4 Scope of Work 

 Further investigation on the mechanisms of NSCLC progression is necessary to 

improve patient outcomes. Given the important role of Wnt in lung homeostasis, it is not 

surprising that alterations in the Wnt/β-catenin pathway have also been shown to impact 

NSCLC tumorigenesis and progression166. Thus, the major goal of this research is to 

understand how ncRNAs regulate Wnt/β-catenin signaling to promote NSCLC 

progression.  

 In 2003, miR-216a was first identified by the computational software MiRscan as 

a vertebrate microRNA of unknown function193. Subsequent studies determined the 

differential expression of miR-216a in many cancer types, which resulted in various 

context-dependent functions. While miR-216a has been shown to promote EMT, drug 

resistance, and recurrence in liver cancer194,195, other studies suggest a tumor suppressor 

role in glioma, lung, breast, bone, pancreatic, prostate, and colorectal cancers196–203. In 

NSCLC, miR-216a has been described as an inhibitor of cell growth, invasion, and 

metastasis204. 
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 The Differentiation Antagonizing Non-protein Coding RNA (DANCR) is a 915 

nucleotide lncRNA located on chromosome 4205. DANCR was originally termed 

Adipogenesis Upregulating Transcript 2 (AGU2) when it was first discovered in 2009, as 

a transcript of unknown function that exhibited over a 5-fold increase in expression 

during adipogenesis of pluripotent human mesenchymal stem cells205. A few years later, 

DANCR became known for its role in stem cell maintenance in epidermal progenitors 

and osteoblasts205,206. Multiple studies have established the role of DANCR in promoting 

cancer stem cell (CSC) function, tumor growth, survival, and migration207–212. A meta-

analysis evaluated the prognostic value of DANCR expression in cancer and found an 

association between high DANCR expression and shorter overall and disease-free 

survival, as well as an association with advanced tumor invasion (metastasis and 

advanced clinical stage)213. In NSCLC, DANCR has been shown to promote 

tumorigenesis by inhibiting several tumor suppressor miRNAs196,214,215. 

 To date, the mechanisms by which DANCR and miR-216a regulate tumorigenesis 

and progression have not been well-defined. Therefore, this project aims to elucidate their 

roles in NSCLC. 

 In this study, we report that DANCR knockdown (KD) reduces migration, cell 

viability, and stem-like characteristics in NSCLC cells. We also show that DANCR 

overexpression in NSCLC cells activates Wnt/β-catenin signaling, which can be 

effectively blocked by overexpression of miR-216a. Furthermore, we confirm the 

physical interaction between DANCR and miR-216a. For the first time, we show that 

Wnt/β-catenin activation can be mediated through DANCR repression of miR-216a, 

thereby establishing a novel DANCR/miR-216a/Wnt signaling axis which promotes 
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migration and stem cell characteristics, processes that are fundamental to NSCLC 

progression. 
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Chapter 2: Materials and Methods 

 
Cell Culture 

The NSCLC adenocarcinoma cell lines A549, H1975, H1755, H1944, H2087, and H358 

and the NSCLC large cell carcinoma cell lines H661 and H1299 were maintained in 

RPMI 1640 + L-glutamine (Corning) supplemented with 10% fetal bovine serum (FBS, 

Atlanta Biologicals), 5mg/mL D-Glucose (Sigma), 5 mM HEPES (Invitrogen), and 0.05 

mM Sodium pyruvate (Sigma). HBE2 was maintained in Keratinocyte-SFM without 

calcium chloride medium (Gibco). Cells were maintained in a humidified environment at 

37°C and 5% CO2. 

 

The Cancer Genome Atlas (TCGA) Analysis  

The publicly available TCGA dataset was evaluated using the UCSC Xena Functional 

Genomics Browser (http://xena.ucsc.edu/). Datasets analyzed were the TCGA lung 

adenocarcinoma (n=706) and lung squamous cell carcinoma (n=626) RNAseq databases 

(IlluminaHiSeq). 

 

qPCR 

Total RNA was extracted with TRIzol reagent (Invitrogen). mRNA was converted to 

cDNA using M-MLV reverse transcriptase (Invitrogen) and random hexamer primers 

(Invitrogen). miRNAs were converted to cDNA using miScript II RT kit (Qiagen). qRT-

PCR for miR-216a was normalized to RNU6 using miScript Primer assays and miScript 

Sybr Green PCR Kit (Qiagen). qRT-PCR for gene expression was normalized to GAPDH 

mRNA expression and performed using Light Cycler Sybr Green I Master kit (Roche).  
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The gene primers used in the study: 

DANCR:    F: 5’-CGTCTCTTACGTCTGCGGAA-3’ 

R: 5’-GGACACGTGGTTGCTACAAG-3’ 

SOX2:  F: 5'-GCTTTTGTTCGATCCCAACTTTC-3' 

R: 5'-ATGGATTCTCGGCAGACTGATTC-3' 

ALDH1: F: 5'-ATGTCTGGAAATGGAAGAGAACTGG-3' 

R: 5'-GTGACTGTAAGGAGATGCTTAGCTATTGAA-3' 

CMYC:      F: 5’-GCTGCTTAGACGCTGGATTT-3’ 

R: 5’-CACCGAGTCGTAGTCGAGGT-3’ 

AXIN2: F: 5’-CAAGGGCCAGGTCACCAA-3’ 

R: 5’-CCCCCAACCCATCTTCGT-3’ 

GAPDH: F: 5’-AAGGTGAAGGTCGGAGTCAA-3’ 

R: 5’-AATGAAGGGGTCATTGATGG-3’ 

 

siRNA Transfection 

Cells were seeded at 3 x 105 cells/well in 6-well plates in 2 mL of medium. The siRNA 

transfection was performed with 40 nM of 5’-Cy5-tagged or untagged siRNAs using 

Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer's 

instructions and samples were harvested 48-72h post-transfection. siRNAs were obtained 

from Sigma-Aldrich. The siRNA sequences used in the study were:  

Scramble siRNA:   5′-UAA CUC GCU CGA AGG AAU C-3′ 

DANCR siRNA-1:  5’-GCG UAC UAA CUU GUA GCA A-3’ 

DANCR siRNA-2:   5’- UAA CAG AAU CCA CCU CCG A-3’ 
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Establishment of Stable lncRNA-DANCR knockdown cell lines 

Scramble control shRNA and the pLV-hU6-EF1α-puro backbone were purchased from 

Biosettia and DANCR shRNA constructs were produced using the following target 

sequences: 5'-GCCGGTCATGAGATTATAT-3' for sh278 and 5'-

AAAAGGCCAAATATGCGTACTAA-3' for sh321 (created by Yongshu Zhang). Stable 

infections were performed for lentiviral constructs: plv-hu6-EF1a-puro-negative control 

shRNA, plv-hu6-DANCRsh278, and plv-hu6-EF1a-puro-DANCRsh321. Briefly, 

HEK293T cells were transfected using the Lenti-X Packaging Single Shots kit (Takara 

Bio USA, Inc.) following the manufacturer’s protocol. After 24h, medium was changed 

and lentivirus-containing supernatants were harvested at 48h and 72h post-transfection. 

A549 cells were infected with virus at an MOI of 10 with 4μg/ml polybrene and then 

pooled clones were selected with 1 ug/mL puromycin. 

 

2D Colony formation 

A549 cells (103) and H1755 cells (104) were seeded in 100mm plates and grown at 37°C, 

5% CO2. After 2 weeks, colonies were fixed and stained in 10% formalin with 0.05% 

Crystal Violet and then quantified using the automated colony counter ProtoCOL3. 

 

Cell Viability 

For cell viability assays, cells were trypsinized and counted 24h after siRNA transfection. 

A549 (500 cells/well) and H1755 (2500 cells/well) cells were seeded in triplicate in 96-

well plates and viability was measured using the CellTiter 96® AQueous One Solution 
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Cell Proliferation Assay (Promega) as per manufacturer instructions. Cells were 

incubated with CellTiter reagent for 1h and then read at 490nm every day for 5 days. 

 

Cell Impedance Assay 

Cells were trypsinized and counted 24h after siRNA transfection. A549 or H1755 cells (4 

× 104) were plated in triplicate into the RTCA xCELLigence microwell CIM plates 

(ACEA Biosciences) and placed in the RTCA DP Analyzer located in a humidified 

incubator maintained at 37°C and 5% CO2. The filters in the CIM plate chambers contain 

electrodes that can measure the change in impedance as the cells pass through the filter 

and adhere to its underside. The change in impedance (shown as cell index) is a direct 

measure of number of cells that have migrated. Readings were taken in real time every 15 

min for 72h. 

 

Aldefluor Assay 

The Aldefluor™ kit (Stem Cell Technologies) was used to profile cells with high 

aldehyde dehydrogenase (ALDH) activity. Briefly, A549 cells were transiently 

transfected with the siRNA constructs as stated above. Cells were trypsinized 48h after 

transfection and incubated in Aldefluor assay buffer containing the ALDH protein 

substrate BODIPY-aminoacetaldehyde (BAAA) for 1h at 37°C. Cells that could catalyze 

BAAA to its fluorescent product BODIPY-aminoacetate (BAA) were considered 

ALDH+. Sorting gates for FACS were drawn relative to baseline fluorescence of non-

transfected cells, which was determined by the addition of the ALDH specific inhibitor 
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diethylaminobenzaldehyde (DEAB) during the incubation. DEAB treated samples served 

as negative controls. A minimum of 10,000 counts for each sample was collected. 

 

Anchorage independent tumorsphere growth 

Cells were trypsinized and passed through a 40µm cell strainer to obtain a single cell 

suspension. Cells were then seeded in 6-well plates coated with 2% polyhema (Sigma) at 

a dilution of 1000 cells/mL in 3 mL of RPMI media containing 2% B27, 20 ng/ml EGF, 4 

μg/ml insulin, and 0.4% BSA. Spheres larger than 50 μm were counted after 7 days of 

culture. 

 

Western Blotting 

Total cell lysates (30μg) were separated by SDS-PAGE and transferred onto 

polyvinylidene difluoride (PVDF) membranes. The membranes were incubated overnight 

at 4°C with a specific primary antibody using manufacturer’s recommended dilutions, 

followed by incubation with the horseradish peroxidase (HRP)-conjugated secondary 

antibody (1:5000) for 1h at room temperature, and with the ECL Western blotting 

detection system (Thermo Scientific) for visualization. The following primary antibodies 

were purchased from either Santa Cruz [Sox2 (sc-365823), β-catenin (sc-7963), GAPDH 

(sc-32233)], Cell Signaling Technology [c-Myc (CST-5605), Axin2 (CST-5863)] or 

Sigma [β-actin (A5441)]. 
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Luciferase Reporter Assays 

For the TOPFlash luciferase reporter assay, 1 x 105 A549 cells/well were plated in 12-

well plates, and then one day later co-transfected with 8X Super TOPFlash plasmid 

(Addgene #12456), Renilla vector, and either Control shRNA, DANCR sh278, or 

DANCR sh321 vectors using FuGene HD reagent according to manufacturer’s 

instructions. For the lncRNA-DANCR luciferase reporter construct, DANCR cDNA was 

amplified using the following primers: 5’-

ACTGATGCTAGCGTTGACAACTACAGGCACAAG-3’ and 5’-

ATCAGTCTCGAGGTCAG GCCAAGTAAGTTTATTAAC-3’ and cloned into the 

psGG 3’UTR promoter downstream of luciferase using NheI and XhoI sites. Sequencing 

confirmed the inserted sequence was the truncated WT lncRNA-DANCR (nt271-nt915) 

containing the miR-216a MRE site 5’-TGAGATTA-3’ at nt774-nt781. Human 293T 

cells were plated in 12-well plates and then co-transfected with the pSGG-luc-DANCR 

construct and Renilla vector, along with the p-Babe-miR-216a plasmid (Addgene 

#65054) using Lipofectamine 2000. Luciferase reporter assays were performed 48h after 

transfection using the dual luciferase assay system (Promega) according to 

manufacturer’s instructions and normalized to Renilla luciferase activity.  

 

Prediction of RNA Interactions 

DIANA LncBase Predicted v.2 and miRanda-mirSVR tools were used to identify 

potential miRNAs that interacted with DANCR. TargetScan v7.2 was used to predict 

potential miR-216a mRNA targets.  
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MS2-MCP Immunoprecipitation 

Stable A549 DANCR KD cells (3 x 105 cells/well of a 6-well plate) were co-transfected 

with phage-ubc-nls-ha-tdMCP-GFP (Addgene #40649) and either pcDNA3-MS2-

DANCR (created by Rongze Yang) or pcDNA3-MS2-Vector constructs using FuGeneHD 

according to manufacturer’s instructions. After 48h of transfection, cells were lysed and 

incubated while rocking with anti-GFP conjugated beads for 2h at room temperature. 

Pulldown products were released using Trizol, and RNA was extracted and used to 

measure miR-216a expression via qRT-PCR. 

 

Dual DANCR and miR-216a Overexpression  

The pBABE-DANCR vector was created by Yongshu Zhang. Briefly, the DANCR 

sequence was amplified by PCR using the following primers: 5'-

ACTGATGGATCCCCCGCCCCGCGC-3' and 5'-

ACTGATGAATTCGTCAGGCCAAGTAAG TTTATTAACCTGCC-3' and then cloned 

into the pBABE-puro vector using the BamHI and EcoRI sites. Inserted DANCR was 

confirmed by sequencing to be WT DANCR (nt61-nt915) containing a miR-216a MRE 

site 5’-TGAGATTA-3’ at nt774-nt781. DANCR overexpression was achieved by 

transfecting A549 cells (3 x 105cells/well of a 6-well plate) with pBABE-puro vector or 

pBABE-puro-DANCR plasmids using FuGENE HD reagent according to manufacturer’s 

instructions. Cells were incubated 48h, expanded, and plated for second consecutive 

transfection of pBABE-puro vector or pBABE-puro-miR-216a. Protein lysates and RNA 

were harvested 48h after the second transfection. 
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Chapter 3: Long non-coding RNA DANCR Activates Wnt/β-catenin 

Signaling Through Inhibition of miR-216a in NSCLC1 

 

3.1 Introduction 

Lung cancer is the leading cause of cancer-related deaths worldwide1,2. Non-small 

cell lung cancer (NSCLC) comprises 85% of all lung cancer cases7. Despite 

advancements in therapy for early-stage NSCLC, the five-year relative survival rate of 

NSCLC remains at 23% (SEER database) because the majority of patients are diagnosed 

at advanced stages, when cancer cells have already metastasized 7. Currently, there are 

limited therapies for metastatic NSCLC. Therefore, further investigation on the 

mechanisms of NSCLC progression is necessary to improve patient outcomes. 

Non-coding RNAs (ncRNAs) are critical regulators of gene expression that are 

commonly dysregulated in cancer169,170. MicroRNAs (miRNAs) are small ncRNAs 16-24 

nucleotides long, and function post-transcriptionally by binding to target mRNAs at 

specific recognition sequences, leading to target mRNA degradation or translational 

repression171. Several miRNAs have been shown to play important regulatory roles 

through the promotion or suppression of NSCLC186. In particular, miR-216a has been 

described as an inhibitor of NSCLC cell growth, invasion, and metastasis 204. However, 

the direct mechanism by which miR-216a expression is regulated in NSCLC has not been 

defined. 

 
1 Yu, J.E., Ju, J.A., Musacchio, N., Mathias, T.J., Vitolo, M.I. 2020. Long non-coding RNA DANCR 

Activates Wnt/β-catenin Signaling Through miR-216a Inhibition in Non-Small Cell Lung Cancer. 

Biomolecules. 10(12):1646. 
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Long non-coding RNAs (lncRNA) are a heterogenous group of regulatory 

ncRNAs defined by their lack of protein coding potential and minimum length of 200 

nucleotides179. LncRNAs differ from miRNAs by their ability to bind to a wide variety of 

macromolecules (i.e. protein, RNA, and DNA) to exert diverse functions. The lncRNA 

Differentiation Antagonizing Non-protein Coding RNA (DANCR) was first identified as 

a suppressor of epidermal progenitor differentiation 205, and in the last few years, multiple 

studies have established its role in promoting cancer stem cell (CSC) function, tumor 

growth, survival, and migration in several cancers 207–212. In NSCLC, DANCR has been 

shown to promote tumorigenesis by inhibiting several tumor suppressor miRNAs 

196,214,215. However, the mechanisms by which DANCR promotes NSCLC tumorigenesis 

and progression are unknown.  

The Wnt signaling pathway normally functions in development and stemness 152. 

Aberrations in Wnt signaling have been connected to unregulated proliferation, cancer 

development, stem cell maintenance, and metastasis in multiple cancer types. In the 

canonical Wnt pathway, when signaling is inactive, β-catenin is held in the cytoplasm in 

a destruction complex composed of the scaffolding proteins Axis inhibition protein 

(Axin), adenomatous polyposis coli (APC), and disheveled (Dvl), and the kinases 

glycogen kinase 3-beta (GSK-3β) and Casein kinase-alpha (CK1α), which phosphorylate 

β-catenin, leading to its proteolytic degradation. Wnt signaling is activated when a Wnt 

ligand binds to a Frizzled (Fzd) receptor which forms a complex with the co-receptor 

lipoprotein receptor-related protein (LRP). The receptor complex recruits Axin and Dvl, 

disrupting the destruction complex. This allows β-catenin to accumulate in the cytoplasm 

and translocate to the nucleus where it binds to T-cell factor (TCF)/lymphoid enhancer-
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binding factor (LEF) transcription factors and activates transcription of Wnt target genes 

such as c-myc and Axin2. Given the important role of Wnt in lung homeostasis, it is not 

surprising that alterations in Wnt/β-catenin signaling have been shown to majorly impact 

NSCLC tumorigenesis and progression 166.  

In this study, we report that DANCR knockdown (KD) reduces migration, cell 

viability, and stem-like characteristics. We also show that DANCR overexpression in 

NSCLC activates Wnt/β-catenin signaling, which can be effectively blocked by 

overexpression of miR-216a. Furthermore, we confirm the interaction between DANCR 

and miR-216a. For the first time, we show that Wnt/β-catenin activation can be mediated 

through DANCR repression of miR-216a, thereby establishing a novel DANCR/miR-

216a/Wnt signaling axis which promotes migration and stem cell characteristics 

fundamental to NSCLC progression. 
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3.2 Results 

3.2.1 lncRNA-DANCR is highly upregulated in NSCLC tumors and cell lines  

Despite advancements in therapy for early-stage NSCLC, the prognosis for patients with 

advanced stage disease remains poor due to limited therapeutic options. Therefore, there 

is an inherent need to identify molecular targets for more effective therapies. In order to 

illuminate the molecular mechanisms that promote NSCLC progression, we examined 

The Cancer Genome Atlas (TCGA) dataset for DANCR expression in the most common 

NSCLC subtypes: lung adenocarcinoma (n= 706) and lung squamous carcinoma (n=626). 

This analysis revealed that DANCR expression was highly upregulated in lung 

adenocarcinoma and squamous cell carcinoma compared to normal lung tissue (Figure 

3.1A). We further examined DANCR expression in NSCLC cell lines A549, H1975, 

H661, H1299, H1755, H1944, H2087, and H358, and found DANCR was significantly 

increased in 7 of the 8 NSCLC cell lines compared to the human bronchial epithelial cell 

line HBE2 (Figure 3.1B). Together these data demonstrate that lncRNA-DANCR is 

highly upregulated in NSCLC. 
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Figure 3.1: lncRNA-DANCR is highly upregulated in NSCLC tumors and cell lines. 

A) Analysis of The Cancer Genome Atlas data for DANCR expression in primary lung 

adenocarcinoma (n=706) and squamous cell carcinoma (n=626) compared to normal lung 

tissue (t-test with Welch’s correction, ****p <0.0001); B) qRT-PCR of DANCR 

expression in NSCLC cell lines compared to lung epithelial cell line HBE2 normalized to 

1 (n=3, t-test, *<0.05, **<0.01, ***<0.001, ****<0.0001). 
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3.2.2 Knockdown of lncRNA-DANCR expression in NSCLC cells inhibits long-

term growth and migration 

In order to investigate the functional role of lncRNA-DANCR in NSCLC, we 

employed transient methods to knockdown lncRNA-DANCR expression. Two distinct 

lncRNA-DANCR siRNAs were transfected into the NSCLC adenocarcinoma cells A549, 

H1975, H358, and H1755 cells yielding efficient knockdown of DANCR expression 

(Figure 3.2A). We selected two cell lines, A549 and H1755, for further experimentation. 

We first examined the effect of DANCR knockdown on cell proliferation. A549 

and H1755 cells were plated 24 hours post siRNA transfection and monitored for daily 

growth for 5 days at 24-hour intervals using the Aqueous Cell Titer 96 assay. For every 

experiment, a portion of transfected cells were harvested for qRT-PCR to verify DANCR 

knockdown (KD). Cells with DANCR KD resulting from siDANCR-1 showed a slight 

decrease in proliferation at day 4 (A549 and H1755 cells) and day 5 (H1755 cells) 

(Figure 3.2B). 

We then used cell impedance assays to examine the effect of DANCR inhibition 

on cell motility. The xCelligence Impedance assay displays the migration of cells in real 

time by providing an increased change in impedance as cells move through the filter from 

the top to bottom chamber. DANCR KD reduced the migration of both the A549 and 

H1755 cells (Figure 3.2C). Since transient DANCR KD had only a small and delayed 

effect on proliferation, the effects on migration were not due to any differences in 

proliferation over the course of the migration experiment. This indicates the effects of 

DANCR KD on migration are independent of cell growth. Additionally, we created 

stably expressing A549 DANCR KD cells using lentiviral transduction of two different 
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DANCR-shRNAs (Figure 3.3A). We determined that stable DANCR KD also inhibited 

migration, which was still independent of growth inhibition in A549 cells (Figure 3.3B 

and C). 

We next assessed the effect of DANCR KD on NSCLC long-term clonogenic 

potential using two-dimensional colony formation assays. Transient reduction of DANCR 

expression with siRNAs in the A549 cells resulted in a minor but significant inhibition of 

colony formation, but again with only siDANCR-1 (Figure 3.2D and Figure 3.4). 

Examination of stable DANCR KD clones did not show any differences in colony 

formation compared to the scrambled controls (Figure 3.3D), leading to the conclusion 

that growth inhibition may not be specific to reduced DANCR expression in A549 cells. 

However, transient reduction of DANCR expression strongly inhibited colony formation 

of the H1755 cells (Figure 3.2D and Figure 3.4). This suggests that reduced expression 

of DANCR can cause short-term changes in proliferation and also long-term effects on 

cell growth that may be cell line-dependent. 
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Figure 3.2: Transient knockdown of lncRNA-DANCR expression in NSCLC cells 

inhibits migration and clonogenic growth. A) DANCR expression of NSCLC cell lines 

A549, H358, H1975, and H1755 transiently transfected with two different DANCR 

siRNAs (n=3, t-test, **<0.01, ****<0.0001); B) Effect of DANCR KD on cell growth of 

A549 and H1755 cells using Aqueous Cell Titer 96 reagent (n=3, 2-way ANOVA, 

**<0.01, ***<0.001); C) Cell impedance assay using XCelligence RTCA SP system on 

A549 and H1755 DANCR KD cells compared to scramble control (n=3); D) Colony 

formation assay on A549 and H1755 two weeks after seeding (n=3, t-test, ****<0.0001). 
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Figure 3.3: Stable knockdown of lncRNA-DANCR expression in NSCLC cells 

inhibits growth and migration. A) qRT-PCR of DANCR expression in stable A549 

DANCR KD compared to scramble control (n=3, t-test, ****<0.0001); B) Cell growth of 

stable A549 DANCR KD cells compared to scramble control (n=3, 2-way ANOVA , 

*<0.05, **<0.01, ***<0.001, ****<0.0001); C) Cell impedance assay of stable A549 

DANCR KD cells compared to scramble control (Representative of 3 independent 

experiments); D) Colony formation of stable A549 DANCR KD cells compared to 

scramble control (n=3); 
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Figure 3.4: Clonogenic growth of NSCLC cells. Representative images of the effect of 

DANCR KD on clonogenic growth in A549 (top) and H1755 cells (bottom) compared to 

scramble control. 
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3.2.3 Knockdown of lncRNA-DANCR expression in NSCLC cells inhibits stem cell 

characteristics 

The cancer stem cell theory postulates that a small population of cancer stem cells 

(CSCs) with self-renewal, differentiation and tumor initiation abilities exists within most 

tumors and promotes growth, drug resistance and cancer recurrence217. Cells that exhibit 

migratory capacity possess phenotypic similarities with the cancer stem cell (CSC) 

subpopulation218. Stem-like programs are regulated by the timing and expression patterns 

of multiple markers. To investigate the effect of DANCR KD on stem-like 

characteristics, we evaluated the expression of two fundamental CSC markers, SOX2 and 

ALDH1/2. We found transient DANCR KD significantly reduced SOX2 and ALDH 

mRNA and protein expression compared to scramble control (Figure 3.5A and B). To 

further test DANCR effects on ALDH activity, we performed Aldefluor assays. While 

ALDH gene expression is significantly reduced in the DANCR KD cells using both 

siRNA constructs, the decrease in ALDH activity did not reach significance (Figure 

3.5C). We believe this could be due to the heterogeneity of the transfected cell 

population, as well as varying transfection efficiencies between experiments. 

Given the significant effect of DANCR KD on reducing Sox2 expression and the 

essential role of Sox2 in stem cell self-renewal and pluripotency219, we next assessed 

possible differences in the CSC population due to DANCR. Using the stable A549 

DANCR KD cells, we assessed the ability of A549 cells to form tumorspheres in serum-

free anchorage-independent conditions. Stable KD of DANCR expression in A549 cells 

reduced the percentage of tumorspheres (≥50µm) formed without affecting tumorsphere 
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size (Figure 3.5D). These results indicate that DANCR contributes to NSCLC stem cell 

self-renewal. 

 

 

Figure 3.5: Knockdown of lncRNA-DANCR expression in NSCLC cells inhibits 

stem cell characteristics. A) SOX2 and ALDH gene expression in A549 DANCR KD 

cells compared to scramble control (n=3; t-test, ****<0.0001); B) Sox2 and Aldh1/2 

protein expression in A549 DANCR KD cells compared to scramble control (n=3; t-test, 

**<0.001, ****<0.0001); C) ALDH  activity of DANCR KD cells compared to scramble 

control (n=3); D) Tumorsphere formation in stable A549 DANCR KD cells compared to 

scramble control. Representative images of tumorspheres are shown, scale bar = 100γm 

(n=3, t-test, ****<0.0001). 
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3.2.4 lncRNA-DANCR regulates Wnt/-catenin signaling 

The canonical Wnt/β-catenin pathway has been shown to promote cancer cell 

proliferation, invasion, and stemness in many types of cancers including colorectal, 

breast, and leukemia 140. We analyzed the impact of DANCR on β-catenin activation with 

a luciferase reporter assay using the β-catenin reporter Super 8X-TOPFlash plasmid, 

which contains TCF/LEF sites upstream of a luciferase reporter. Transient knockdown of 

DANCR expression in A549 cells with shRNAs reduced luciferase activity by 

approximately 50% compared to the control shRNA (Figure 3.6A and B). We then 

assessed changes in Wnt signaling molecules and found that transient knockdown of 

DANCR reduced β-catenin protein expression (Figure 3.7A). We further explored 

expression of the downstream Wnt target genes Axin2 and c-Myc and found that both 

mRNA and protein expression were downregulated upon DANCR KD (Figure 3.7B and 

C). Together these results indicate DANCR regulates Wnt/β-catenin signaling. 

 

Figure 3.6: lncRNA-DANCR regulates -catenin activation. A) qRT-PCR of DANCR 

expression in A549 cells co-transfected with DANCR shRNA + TOPFlash Luciferase 

vector compared to scramble + TOPFlash Luciferase vector (n=3, t-test, *<0.05, 

**<0.01). B) β-catenin activity in A549 cells co-transfected with TOPFlash Luciferase 

reporter + DANCR shRNAs compared to cells transfected with TOPFlash Luciferase 

reporter + scramble control (n=3, t-test, ***<0.001, ****<0.0001). 
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Figure 3.7: lncRNA-DANCR regulates Wnt/-catenin signaling. A) β-catenin protein 

expression in A549 DANCR KD cells compared to scramble control (n=3, t-test, 

*<0.05); B) CMYC and AXIN2 gene expression in A549 DANCR KD cells compared to 

scramble control (n=3, t-test, *<0.05, **<0.01, ***<0.001); C) c-myc and Axin2 protein 

expression in A549 DANCR KD cells compared to scramble control (n=3, t-test, *<0.05, 

**<0.01). 
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3.2.5 lncRNA-DANCR is a competitive inhibitor of miR-216a 

LncRNAs have multiple properties, which include their ability to act as 

competitive endogenous RNA (ceRNA). LncRNAs are able to inhibit miRNA activity by 

competitively binding miRNAs through miRNA Recognition Elements (MRE). This 

results in inhibition of miRNA-mRNA binding and upregulation of the miRNA targets. 

Using in silico analysis (DIANA), DANCR was predicted to contain an MRE site for 

miR-216a (Figure 3.8A). Previous reports showed miR-216a reduced migration and 

invasion in glioma, colorectal and pancreatic cancers196,220,221. Additionally, Wang, RT et 

al. reported that miR-216a was downregulated in NSCLC, which promoted NSCLC cell 

growth, invasion, and metastasis in mice196. 

To further evaluate DANCR and miR-216a interaction, we employed the MS2-

MCP (MS2-MS2 Bacteriophage Coat Protein) system, in which GFP tagged-MCP binds 

to MS2 stem loop sequences which can consequently be used in immunoprecipitation 

studies to assess RNA binding. Stable A549 DANCR KD cells were co-transfected with 

an MCP-GFP tagged plasmid with either an MS2-DANCR or MS2-Vector plasmid, then 

GFP was immunoprecipitated and RNA was extracted to evaluate miR-216a pulldown 

and association. These results demonstrate miR-216a was indeed pulled down almost 4-

fold more in the MS2-DANCR cells than MS2-Vector cells (Figure 3.8B). Additionally, 

a luciferase reporter assay was used to assess binding of miR-216a to the DANCR MRE 

site. HEK-293T cells were transfected with a luciferase reporter plasmid that contained 

the DANCR MRE site upstream of the luciferase reporter. Cells overexpressing miR-

216a had an ~80% reduction in relative luciferase activity compared to vector control 

cells (Figure 3.8C). 
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Moreover, we hypothesized that upregulation of DANCR in NSCLC would have 

a reciprocal downregulation of miR-216a expression. Indeed, we found that miR-216a 

was downregulated in a number of different NSCLC cell lines including H2087, H1755, 

H661, H1944, A549, H358, and H1975 compared to HBE2 cells (Figure 3.8D). Taken 

together, these results provide evidence that DANCR competitively binds miR-216a and 

that DANCR may regulate miR-216a expression. 
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Figure 3.8: lncRNA-DANCR is a competitive inhibitor of miR-216a. A) Potential 

binding position of DANCR MRE and miR-216a; B) Top: Schematic of MCP-MS2 

immunoprecipitation assay; Bottom: MCP-MS2 immunoprecipitation assay using A549 

DANCR KD cells transfected with MS2-DANCR compared to MS2-control cells (n=3, t-

test, ***<0.001); C) Top: Schematic of Luciferase-DANCR reporter assay; Bottom: 

293T cells co-transfected with luciferase-DANCR reporter + miR-216a expression 

plasmid compared to luciferase-DANCR reporter  + vector control cells (n=3, t-test, 

***<0.001); D) miR-216a expression was downregulated in NSCLC cell lines compared 

to lung epithelial cell line HBE2 (n=3, t-test, ***<0.001, ****<0.0001). 
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3.2.6 DANCR promotes Wnt/β-catenin signaling through inhibition of miR-216a 

After verifying the competitive binding of DANCR and miR-216a, we 

hypothesized that DANCR could be regulating Wnt/β-catenin via miR-216a repression. 

To test this, we overexpressed DANCR by transfecting A549 cells with a DANCR cDNA 

vector. Forty-eight hours after transfection, we detected an increase in DANCR 

expression (Figure 3.9A) which increased β-catenin protein expression compared to 

vector control cells (Figure 3.9B). After the first round of DANCR transfection, cells 

were expanded and then transfected again with a vector control or a miR-216a plasmid. 

We confirmed overexpression of DANCR and miR-216a (Figure 3.9C). Western blot 

analysis revealed DANCR plus vector transfected cells increased β-catenin protein 

expression compared to vector plus vector control, and combination of DANCR and 

miR-216a had a decreasing trend of β-catenin expression, supporting our hypothesis that 

miR-216a regulates β-catenin (Figure 3.9D). These results suggest an interplay between 

DANCR, miR-216a, and β-catenin and indicate DANCR activates Wnt/β-catenin 

signaling through repression of miR-216a. 



 

61 
 

 

Figure 3.9: DANCR promotes Wnt/β-catenin signaling through inhibition of miR-

216a. A) qRT-PCR of DANCR expression in A549 cells transfected with pBABE-

DANCR compared to vector control (n=3; t-test, **<0.01); B) β-catenin protein 

expression in A549 DANCR overexpressing cells (n=3; t-test, **<0.01); C) Left: qRT-

PCR of DANCR expression in A549 cells doubly transfected with vector + vector, vector 

+ pBABE-miR-216a, vector + pBABE-DANCR, or pBABE-DANCR + pBABE-miR-

216a; Right: qRT-PCR of miR-216a expression (n=4, t-test, *<0.05, **<0.01) D) β-

catenin protein expression in A549 cells doubly transfected with vector + vector, vector + 

pBABE-miR-216a, vector + pBABE-DANCR, or pBABE-DANCR + pBABE-miR-216a 

(n=4, t-test, *<0.05). 
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3.3 Discussion 

The Wnt pathway regulates key cellular functions such as proliferation and 

differentiation, and deregulation of its signaling can have widespread consequences 152. 

Aberrant Wnt signaling has been observed in many cancer types, including lung cancer, 

and overexpression or activation of Wnt is associated with poor prognosis. NSCLC 

tumorigenesis and metastasis are frequently associated with upregulation of Wnt-

pathway-activating genes and downregulation of negative regulators152,222. However, the 

mechanisms that regulate Wnt signaling in NSCLC are unclear. 

In this study, we are the first to demonstrate that lncRNA-DANCR regulates the 

Wnt/β-catenin pathway through competitive inhibition of miR-216a, an established lung 

cancer tumor suppressor. Although recent studies have shown DANCR regulation of 

Wnt/β-catenin signaling in glioma223 and osteoblasts224, this is the first report to establish 

this interaction in lung cancer, and also the first to establish the interplay of DANCR, 

miR-216a, and Wnt/β-catenin signaling. 

We found that DANCR expression was significantly increased in a panel of 

NSCLC cell lines, with the exception of H1944. It is possible that the H1944 cell line 

developed and progressed from different mutations than the other lines and therefore 

overexpression of DANCR was unnecessary for its survival and growth. Further analysis 

of hundreds of NSCLC samples compared to normal lung tissue from the TCGA dataset, 

demonstrated that DANCR is highly upregulated in NSCLC. 

DANCR KD resulted in typical Wnt/β-catenin-inactivation features including 

impedance in cell migration, inhibition of long-term clonogenic potential, and reduction 

in stem-like characteristics (Figures 3.2-3.5). While others have reported that inhibition 
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of DANCR acutely slows cell proliferation, delays the cell cycle, and increases 

apoptosis214,215,225,226, we surprisingly did not observe the same effects of transient 

DANCR KD on cell growth. It is important to note that some reports used transient 

knockdown methods with only 1 siRNA sequence214,215 and also that proliferation 

inhibition and apoptosis promotion was only changed by approximately 10%215. 

Although we had comparable, if not better, transient reduction in DANCR expression as 

in other studies, we discovered that initial proliferation was largely unaffected (Figure 

3.2B). A more consistent reduction in proliferation was reported in the A549 cells with 

stable knockdown of DANCR via shRNA 225,226, which we also observed by Day 4 

(Figure 3.3B). 

The difference in the effect of DANCR KD on long-term growth between A549 

and H1755 may be due to inherent differences between the two cell lines. H1755 cells are 

derived from a metastatic lesion of adenocarcinoma, while A549 cells originate from a 

primary adenocarcinoma tumor. Moreover, our experiments revealed nearly a 2-fold 

increase in DANCR expression in H1755 compared to A549 (Figure 3.1B). As our 

analysis of TCGA data (Figure 3.1A) and previous reports suggest, increased DANCR 

expression is associated with poorer prognosis, and may potentially be related to more 

aggressive cancer types208–211,214,223,226,227. Therefore, it is possible that higher DANCR 

expression in H1755 played a critical role in the pathogenesis of the originating H1755 

lesion. This may explain why inhibition of DANCR expression produced a more 

significant effect on long-term growth in H1755. 

We further showed that DANCR KD can inactivate β-catenin activity and reduce 

β-catenin protein expression (Figures 3.6B and 3.7A). Our studies demonstrate that 
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DANCR regulation goes beyond β-catenin and extends to downstream effectors c-Myc 

and Axin2 (Figure 3.7B and C). 

In addition, while DANCR and miR-216a interaction was previously reported in 

HEK293, breast, and hepatocellular carcinoma cells214,227,228, we are the first to confirm 

this interaction in NSCLC cells (Figure 3.8B). Importantly, we observed DANCR 

overexpression in A549 cells induced β-catenin protein expression, and reintroduction of 

miR-216a through transient expression produced a decreasing trend of β-catenin protein 

expression, which could subsequently be blocked with miR-216a overexpression (Figure 

3.9). This rescue effect illustrates the novel DANCR/miR-216a/β-catenin signaling axis 

in NSCLC cells, and it is therefore possible that overexpression of miR-216a could 

inhibit DANCR induced proliferation and migration. Upregulation of miR-216a has been 

shown to inhibit cell proliferation and migration in a SCLC cell line and inhibit NSCLC 

cell growth, invasion and metastases204,229. Statistical analysis achieved a p-value of 

0.0600, which we believe is due to variation in transient DANCR and miR-216a 

expression. The low p-value supports a rescue effect illustrating the novel DANCR/miR-

216a/β-catenin signaling axis in NSCLC. 

Furthermore, in silico analysis (TargetScan, miRanda-miRSVR) identified several 

Wnt signaling molecules as potential miR-216a targets, including the co-receptors 

Frizzled 4 and 5 (Fzd4/5), and Cyclin Dependent Kinase 14 (CDK14). Therefore, it is 

likely that miR-216a normally keeps Wnt signaling in check, but DANCR overexpression 

in NSCLC effectively blocks the tumor suppressive function of miR-216a. 

Given the diverse functions and potential binding partners of lncRNAs, it is also 

possible that DANCR activates Wnt signaling independent of miR-216a. DANCR was 
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reported to associate with the CTNNB1 mRNA in hepatocellular carcinoma, thereby 

protecting it from inhibitory miRNAs208; however, we were unable to detect an 

association under our conditions (data not shown). Yet, it is still possible that DANCR 

modulates β-catenin through interaction at the protein level, or through repression of Wnt 

inhibitors. Future studies should focus on identifying potential binding partners of 

DANCR and miR-216a, to fully illuminate the relationship between DANCR and Wnt. 

Notably, we also found DANCR KD significantly downregulated Sox2 gene and 

protein expression. Sox2 is an essential transcription factor which maintains stem cell 

self-renewal and pluripotency219. Gene expression of SOX2 is highly expressed in 

NSCLC subtypes and inhibition of Sox2 downregulates Wnt1/2 and c-myc gene 

expression, induces cell apoptosis, and reduces metastatic potential in lung cancer160,230. 

Our results provide evidence that DANCR may modulate Sox2 expression, but the 

mechanism is unclear (Figure 3.5A and B). One potential mechanism could be β-catenin 

driven, as it has been shown to bind and regulate the transcriptional activity of Sox2 in a 

small subset of breast cancer cells231. Another study in breast cancer found Sox2 and β-

catenin synergistically promoted the transcription of CCND1, resulting in enhanced 

proliferation and tumorigenesis232. Others studies, however, have shown Sox2 

antagonizes β-catenin signaling to maintain self-renewal in osteoblasts233, mesenchymal 

stem cells234, and osteosarcomas235. Therefore, the functional relationship between β-

catenin and Sox2 may be cell type- and context-dependent. Alternatively, another 

possible mechanism may involve miR-216a regulation. In silico analysis (miRanda-

miRSVR) revealed Sox2 as a potential binding partner of miR-216a. Thus, if miR-216a 
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indeed targets Sox2 in addition to Wnt signaling molecules, then it could implicate the 

underlying role of miR-216a in CSC regulation.  

CSCs make up a small subpopulation of cancer cells that possess features of self-

renewal, differentiation, and tumor initiation236. Failure in cancer therapies have been 

widely attributed to the CSC population, due to their intrinsic ability to resist 

chemotherapy through the promotion of drug-efflux pumps and maintenance of a 

quiescent state. Because DANCR increases NSCLC stemness, through activation of CSC 

regulators, Wnt and Sox2, we hypothesize that DANCR could also promote a 

chemoresistant phenotype. Thus, DANCR could potentially serve as a novel therapeutic 

marker to predict patient response to chemotherapy. Evidence of the prognostic value of 

DANCR is exhibited by its correlation with poor prognosis in NSCLC and promotion of 

tumorigenesis and metastasis in multiple cancers196,214,226,237. Future studies should focus 

on characterizing the role of DANCR in CSCs to determine its impact on 

chemoresistance, tumor initiation, and metastasis in NSCLC. 
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Chapter 4: Summary and Future Directions 

 
4.1 Summary 

Noncoding RNAs are increasingly being recognized as critical regulators of 

cellular signaling and function. Since the completion of the Human Genome Project and 

discovery of the prevalence of ncRNAs168, researchers have focused on understanding the 

widespread and diverse roles of ncRNAs in cancer development and progression. Like 

protein-coding mRNAs, ncRNAs are a diverse group of RNAs that can possess 

oncogenic or tumor suppressive abilities, making them an attractive therapeutic target. To 

date, hundreds of clinical trials are investigating the role of ncRNAs as biomarkers of 

disease, therapeutic agents, or targets for inhibition238. Undoubtedly there remain large 

gaps in our understanding of the underlying mechanisms of ncRNAs in cancer and filling 

these gaps will be fundamental for incorporating ncRNAs in the clinic.  

Previous studies have found that the lncRNA-DANCR plays a role in many of the 

canonical hallmarks of cancer, including uncontrolled growth, migration and invasion, 

evasion of apoptosis, and inhibition of differentiation in several cancer types196,207–

212,214,215. Numerous studies further demonstrated in mouse models that DANCR may 

drive tumorigenesis and have a potential value as a prognostic or diagnostic biomarker 

and therapeutic target196,214,226,237. We sought to characterize DANCR in the context of 

NSCLC and to elucidate the molecular mechanisms by which it may promote cancer 

progression. 

4.1.1 The Role of DANCR in NSCLC  

We examined the role of the lncRNA DANCR in the context of NSCLC. Analysis 

of data from 1332 patients with NSCLC obtained from TCGA revealed that DANCR was 



 

68 
 

upregulated in NSCLC patient samples of lung adenocarcinoma and lung squamous cell 

carcinoma, compared to normal lung tissue. Our studies also confirmed that DANCR 

expression was upregulated in NSCLC cell lines in vitro. Functional studies revealed that 

inhibition of DANCR reduced NSCLC cell migration, long-term growth, and stem cell 

characteristics. We further demonstrated DANCR mediates these effects through 

induction of the Wnt/-catenin pathway. Wnt signaling is involved in key processes 

essential for embryonic development and normal adult homeostatic functions such as 

proliferation and differentiation, and deregulation of its signaling is implicated in many 

diseases including cancer 152. Aberrant Wnt activation or overexpression has been 

associated with poor prognosis in many cancer types. NSCLC tumorigenesis and 

metastasis are frequently associated with upregulation of Wnt-pathway-activating genes 

and downregulation of negative regulators152,222. These findings demonstrate that 

DANCR activation of Wnt/β-catenin signaling promotes NSCLC migration, long-term 

growth, and stem-like characteristics. 

4.1.2 Identification of a novel DANCR/miR-216a/-catenin signaling axis 

We extended our studies to investigate the mechanisms by which DANCR 

induces Wnt/-catenin signaling. LncRNAs have been widely studied for their ability to 

regulate other RNAs by competing for shared RNA binding sites185. Our studies found 

that DANCR contains an MRE site for miR-216a, which was previously shown to be a 

tumor suppressor in NSCLC196. We found that miR-216a expression has an inverse 

relationship to DANCR and is downregulated in NSCLC cell lines. We confirmed the 

interaction of DANCR and miR-216a in NSCLC cells and demonstrated that DANCR 

activates -catenin by inhibiting miR-216a. Our results have revealed a novel signaling 
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axis of DANCR/miR-216a/-catenin in NSCLC that contributes to sustained 

proliferation, migration, and stem-like features. 

Collectively, the findings in this dissertation establish a new role for the lncRNA-

DANCR and reveal its underlying mechanisms in NSCLC. To date, other studies have 

shown that overexpression of DANCR promotes tumor formation in mice207–212, and that 

miR-216a may have tumor suppressive ability in NSCLC by reducing cancer cell growth 

and metastasis196. Therefore, our studies further elucidate the role of ncRNAs in NSCLC 

and establish a new paradigm of the DANCR/miR-216a/-catenin signaling axis and its 

possible contribution to NSCLC development and progression (Figure 4.1). 

 

Figure 4.1: Long non-coding RNA DANCR activates Wnt/β-catenin signaling 

through inhibition of miR-216a in NSCLC. Top: Normal lung epithelial cell with miR-

216a as a tumor suppressor regulating Wnt signaling preventing migration and stemness 

signals and controlling cell growth. Bottom: Lung cancer cell with deregulated Wnt 

signaling caused by DANCR competitive inhibition of miR-216a increases migration and 

stemness characteristics. Created by Julia Ju. 
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4.2 Future Directions 

4.2.1 Factors Within the DANCR/miR-216a Network 

While we identified a novel signaling network composed of two ncRNAs— 

DANCR and miR-216a— and described their regulation of Wnt/-catenin signaling in 

NSCLC cells, the intricate web of players within this network remains uncharacterized. 

Research on miR-216a in cancer has identified gene targets listed in Table 4.1; however, 

this list is far from comprehensive and there are inevitably many targets regulated by 

miR-216a left to be discovered. 

In silico analysis tools such as TargetScan and DIANA use computer algorithms 

to predict hundreds of mRNA targets for a particular miRNA. As mentioned in Chapter 3, 

many predicted miR-216a gene targets are involved in Wnt/-catenin signaling, such as 

Fzd4 and 5, and Cdk14. While the interaction of Cdk14 and miR-216a was confirmed in 

osteosarcoma cells200, further studies are required to confirm Fzd4/5 interaction with 

miR-216a in NSCLC and downstream effects on Wnt signaling. 

One confirmed mRNA target of miR-216a is the transcription factor Zinc-finger 

E-box binding protein 1 (Zeb1), which triggers genetic and phenotypic changes 

associated with EMT, inhibits transcription of E-cadherin, and induces cell 

plasticity204,239–241. Studies have found that Zeb1 and β-catenin can reciprocally regulate 

each other in colorectal cancer cells239,242. Direct binding of the β-catenin/TCF4 complex 

to the Zeb1 promoter induces Zeb1 transcription, and Zeb1 can enhance the activity of 

the TCF4/β-catenin complex and promote the transcription of Wnt targets LAMC2 and 

uPA, both of which are involved in tumor invasion239,242. Therefore, future studies 
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focusing on the effect of DANCR on Wnt-dependent activation of Zeb1 may provide 

mechanistic insights to its role in lung cancer pathogenesis. 

Table 4.1: Targets of miR-216a by cancer type 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cancer Type 

     miR-216a-5p Target 

Cervical 

     ZEB1240 

Colorectal 

     KIAA1199220 

Esophageal 

     TCTN1243  

Glioma 

     LGR5221 

Liver 

     TSLC1194 

Lung 

     EIF4B204 

     ZEB1204 

     BCL-2244 

Melanoma 

     HK-2245 

Oral 

     EIF4B197  

Osteosarcoma 

     CDK14200 

Pancreatic 

     JAK2196,198 

     YB1201 

      MALAT199 

     BECLIN-1246 
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Other confirmed targets of mir-216a include Janus kinase 2 (Jak2), which is 

responsible for the phosphorylation and thus, activation of Stat3. Many cancer types 

exhibit constitutive activation of Stat3, which been shown to promote cell survival and 

differentiation by inducing expression of anti-apoptosis genes and mediating protective 

growth factors and cytokine signaling247. Constitutive activation of Stat3 is usually driven 

by somatic mutations or amplification of Jak2247. Inhibition of Jak2 can reduce 

proliferation, migration, and invasion of lung adenocarcinoma cells247, and crosstalk 

between the Wnt/β-catenin and Jak/Stat pathways may provide additional insights into 

the mechanisms of lung cancer progression. For example, the Wnt/β-catenin target gene 

C-MYC has alternative means of activation, including a Stat3-dependent pathway induced 

by IL-6/gp130 signaling248. Therefore, downregulation of both Wnt/β-catenin and 

Jak/Stat3 signaling by miR-216a could present an attractive therapeutic target in cancers 

driven by these pathways. It will be important to determine how the two pathways 

interact in the context of cancer, as some studies have shown that Stat3 can work 

antagonistically to Wnt. Cantwell et al. found that Stat3 may suppress Wnt/β-catenin 

signaling in brown adipogenesis to promote differentiation of brown preadipocytes249. In 

addition, IFN-γ activation of Stat3 induced expression of DKK-1, an antagonist of β-

catenin, in astrocytes250. Thus, the mechanisms of Wnt/β-catenin and Jak/Stat signaling in 

NSCLC may be context-dependent, and future studies should focus on addressing the 

complexity of this crosstalk. 

While the DANCR/miR-216a/Wnt/β-catenin axis may indeed communicate with 

multiple pathways, it is also quite possible that DANCR inhibition of miR-216a may 

promote NSCLC independently of Wnt. In silico analysis tools such as DIANA and 
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TargetScan can be a starting point to identify potential targets of DANCR and miR-216a, 

respectively, which could guide future explorations on their underlying mechanisms in 

NSCLC progression. 

4.2.2 Non-coding RNAs and Cancer Stem Cells 

The cancer stem cell theory postulates that a small population of CSCs with self-

renewal, differentiation and tumor initiation abilities exists within most tumors. This 

population is responsible for tumor growth, drug resistance and recurrence 217. Failure in 

cancer therapies have been widely attributed to the CSC population for many reasons251: 

1. CSCs possess drug-efflux pumps which promote their chemoresistance. 

2. Radiation and chemotherapy primarily target the rapidly dividing bulk tumor cells 

and leave behind quiescent CSCs capable of recapitulating the primary tumor.  

3. Upregulation of pro-survival proteins such as Bcl-2 aid in chemoresistance. 

4. Upregulation of CSC signaling pathways (i.e. Wnt and Notch) contribute to 

tumorigenesis and chemoresistance.  

5. Enhanced DNA damage response, which protects CSCs from DNA damaging 

therapies. 

While an abundance of research has focused on identifying and eliminating this small 

population of cancer cells, there are still many aspects of their biology that are unclear. 

Our studies found that DANCR KD decreases NSCLC tumorsphere formation 

and downregulates the CSC regulators, β-catenin, Sox2, and c-myc. As discussed in 

Chapter 1, the Wnt/β-catenin pathway plays a major role in CSCs by helping to maintain 

expression of stem cell markers such as Oct4, Lgr5, CD44, CD24, EpCAM, and cyclin 

D1153,157–159. In addition, Sox2 and c-myc have both been identified as two of the four 
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essential genes governing stem cell self-renewal and pluripotency, in addition to Oct4 

and Klf4219.  

C-Myc is part of the MYC family of oncogenes which regulate many aspects of 

cancer progression including proliferation, apoptosis, differentiation and metabolism. It is 

frequently deregulated in cancer and associated with poor patient prognosis252. In 

NSCLC, SOX2 gene expression is highly upregulated and inhibition of Sox2 decreases 

expression of Wnt1/2 and c-myc, induces cell apoptosis and reduces metastatic potential 

in lung cancer160,230. 

Studies have shown that targeted inhibition of c-myc can induce tumor regression; 

however, directly targeting c-myc in the clinic has proved challenging252. Similarly, 

inhibition of Sox2 has been reported to block tumor growth, metastatic potential, and 

therapeutic resistance in preclinical studies, but pharmalogical inhibitors have not been 

successfully implemented in the clinic yet230. Obstacles to drug development of both c-

myc and Sox2 inhibitors include their inherent nature as transcription factors, meaning 

they lack a specific active site for small molecules to target252. In addition, nuclear 

localization of both proteins makes them a poor candidate for monoclonal antibodies. 

Researchers have focused on finding alternative strategies for targeting c-myc and 

Sox2. Some examples of alternative strategies to inhibit Sox2 include development of a 

zinc finger-based artificial transcription factor that targets the SOX2 promoter and 

selectively suppresses Sox2 in cancer cells while sparing normal cells253. Other studies 

use Sox2-derived peptides to activate cytotoxic T cells and induce a cancer immune 

response254,255. A study also found that NSCLC patient response to anti-PD-1 

immunotherapy may be dependent on the presence of Sox2-specific T cells256. Therefore, 
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understanding the mechanisms of currently approved therapies could further identify 

which patients would most likely benefit from them. 

Alternative strategies to target c-myc involves interference with its transcription, 

translation, and stability, which includes the inhibition of BRD4 which is a member of 

the mammalian bromodomain and extraterminal (BET) family, which regulates the 

transcription of MYC. GSK525762 is a BET inhibitor currently being tested in early-

phase clinical trials for solid tumors and hematopoietic malignancies252. In addition, some 

studies have suggested targeting mTORC1 as a means to inhibit MYC translation. 

mTORC1 can phosphorylate and block 4EBP1 from negatively regulating eIF4E, thus 

promoting translation of mRNAs such as MYC. Pharmacological inhibition of mTORC1 

has been effective at reducing Myc-driven cancers in preclinical models252. Further 

studies will determine the effects of these methods in the clinic252,257. 

The establishment of Wnt/β-catenin signaling as a crucial oncogenic driver in 

many cancers has propelled the development and testing of various inhibitors for cancer 

therapy (Figure 4.2).  

The types of inhibitors can be divided into the following categories258: 

1. Wnt ligand antagonists—SFRP and SFRP peptides are soluble proteins that 

are structurally homologous to the Wnt ligand-binding domain in Fzd 

receptors. They prevent Wnt signaling activation by binding to Wnt ligands. 

2. Wnt signaling receptor inhibitors—Block Wnt from binding to Fzd receptors; 

induce LRP phosphorylation and degradation; induce Fzd endocytosis. 

3. Promotion of the β-catenin destruction complex—Tankyrase inhibitors 

stabilize Axin and CK1 agonists promote the kinase activity of CK1α to 
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promote β-catenin degradation. 

4. Porcupine (PORCN) inhibitors—Bind to PORCN in the endoplasmic 

reticulum which blocks post-translational acylation of Wnt ligands, thereby 

preventing Wnt ligand secretion. 

5. β-catenin inhibitor—Disrupts the interaction between β-catenin and 

transcription factors CBP or TCF/LEF to inhibit transcriptional activation. 

6. β-catenin target inhibitor—Prevents the expression Wnt target genes by 

inhibiting splicesome activity. 

 

Figure 4.2: Strategies to inhibit Wnt signaling in cancer cells. 1) Wnt inhibitors 

prevent Wnt activation by binding to Wnt ligands; 2) Monoclonal antibodies or small 

molecule inhibitors target Frizzled or LRP6 to block Wnt; 3) Promote β-catenin 

degradation through CK1α or Axin2 stabilization; 4) PORCN inhibitors prevent the 

acylation of Wnt, thereby blocking Wnt secretion; 5) CBP/β-catenin binding inhibitors 

prevent transcriptional activation; 6) Wnt target inhibitor disrupts the splicesome thereby 

downregulating expression of Wnt target genes. Adapted from Jung YS and Park JI258.  

(Created with BioRender.) 



 

77 
 

 

Despite the promising results of these agents in preclinical models, it is still 

unclear if blocking the Wnt pathway will be effective in the clinic, as some trials have 

reported off-target side effects259–261. Wnt signaling is complex, consisting of 19 Wnt 

ligands and over 15 receptors and co-receptors that can elicit a variety of responses in 

canonical and non-canonical signaling, with potential crosstalk from other 

pathways140,141. Therefore, finding a specific and tolerable drug that targets Wnt signaling 

remains a major challenge. In addition, researchers will have to find the balance between 

inhibiting the part of Wnt signaling that maintains CSC stemness and drives cancer 

progression without interfering with the pathway’s crucial role in tissue homeostasis and 

regeneration. 

Currently, substantial efforts are focused on therapeutic strategies that target 

Wnt/β-catenin, c-myc, and Sox2, respectively. Given the complexity and crosstalk of 

these pathways, as well as the compensatory mechanisms that may arise when one 

pathway is shut off, individual targeting may be largely ineffective. As we demonstrated 

in Chapter 3, inhibition of DANCR reduced the expression of all three proteins, which 

had functional consequences on stem cell characteristics, long-term growth, and 

migration. Thus, regulation of all three pathways by DANCR could potentially serve as a 

therapeutic target to eliminate the CSC population as well as a novel therapeutic marker 

to predict patient response to chemotherapy. Evidence of the prognostic value of DANCR 

is exhibited by its correlation with poor prognosis in NSCLC and promotion of 

tumorigenesis and metastasis in multiple cancers196,214,226,237.  

Future studies should focus on characterizing the role of DANCR in CSCs to 

determine its impact on chemoresistance, tumor initiation, and metastasis in NSCLC. 
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Advancements in our understanding of DANCR and miR-216a could then warrant 

implementing DANCR antagonists or miR-216a mimics as a therapeutic strategy.  

4.2.3 Leveraging ncRNAs as a Therapeutic Strategy  

As the understanding of ncRNAs evolves, researchers have begun to recognize 

their potential as novel biomarkers or molecular targets, with hundreds of clinical trials 

currently underway238. In particular, miRNAs are the most widely investigated ncRNA 

class for their applicability in the clinic with many trials reaching Phase 3 or 4262. 

MicroRNA regulation of gene expression can have oncogenic or tumor suppressive 

effects in cancer. Thus, the two major forms of miRNA-based therapy include 1) mimics, 

which replicate the function of tumor suppressor miRNAs, and 2) antagonists, which 

reduce the expression of oncogenic miRNAs. While lncRNAs have also been proposed as 

therapeutic candidates, their functional diversity in comparison to miRNAs, may prove 

more challenging to elicit a specific response. Thus, current strategies targeting lncRNAs 

have remained in preclinical models. 

The main strategies to inhibit ncRNAs include oligonucleotides such as antisense 

oligonucleotides (ASOs) and locked nucleic acids (LNAs), which are single-stranded 

DNA oligonucleotides that are complementary to target RNA sequences, form a 

DNA:RNA hybrid with the target, and recruit RNase H to mediate RNA 

degradation262,263. Morpholino oligonucleotides are 25-nucleotide, nonionic DNA analogs 

that promote RNA degradation through binding of target RNAs260. Yet another strategy 

involves duplex RNAs, such as siRNAs, which function through RNA interference and 

are well-established as an effective means of gene silencing in preclinical laboratory 

studies261. 
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Targeting ncRNAs in cancer therapy presents many challenges which include low 

bioavailability, short half-life, and off-target effects of nucleic acid drugs in vivo262,263. In 

addition, compared to small molecule drugs, which are hydrophobic, under 500 Daltons 

in weight, and contain few hydrogen bonds, oligonucleotides are thousands of Daltons in 

weight, negatively charged, and contain many hydrogen bonds262,263. Also, unlike 

antibodies, which are comparatively large and complex molecules, olignonucleotides 

must enter a cell to target cellular RNA263. Therefore, in addition to developing specific 

targets to ncRNAs, effective delivery strategies must also be considered. 

As shown in Figure 4.3, such strategies include nanoparticles, ncRNA 

modification, and adenoviruses.  

 

Figure 4.3: Types of ncRNA delivery strategies for cancer therapy. A. siRNAs, 

ASOs, saRNA, and miRNA can be encapsulated inside lipid nanoparticles. B. siRNAs 

can be conjugated to carrier molecules to become Carrier-siRNAs. C. SAMiRNAs are 

siRNAs conjugated to PEG and lipid molecules that can self-assemble into a lipid 

nanoparticle. D. shRNA and sgRNA can be delivered by adenoviruses to achieve stable 

expression of ncRNAs in cancer cells. Adapted from Wang WT, et al.262 (Created with 

BioRender.) 

 

Nanoparticle-based therapies present a unique opportunity to encase ncRNA 

inhibitors and deliver them directly to cancer cells with tumor cell-specific peptides like 
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cyclic RGD264. In fact, a recent preclinical study demonstrated that nanoparticle-mediated 

targeting of DANCR to cancer cells effectively reduced DANCR expression and impeded 

triple negative breast cancer growth in mice264. 

Another strategy for drug delivery is ncRNA modification, which include 

chemically conjugating small RNAs with carriers that improve precision and 

durability262. In addition, siRNAs modified with PEG or lipid molecules can then self-

assemble into lipid nanoparticles called SAMiRNA262. 

While the methods described above would likely only generate transient 

therapeutic effects, clinical use would benefit from sustained silencing of ncRNA 

expression. To this end, adenoviruses provide a stable method of genetic silencing. 

Adenoviral vectors can accommodate many different genes with various sequence 

lengths including shRNA and CRISPR-Cas9 sequences. In addition, partial removal of 

the E1A gene region allows replication only in cancer cells, thereby reducing the 

likelihood of toxicity262. A study demonstrated the use of an oncolytic adenovirus 

containing an RNAi against multiple oncogenic miRNAs, reduced hepatocellular 

carcinoma tumor growth in mice265. Thus, further advancements in this strategy could 

provide a promising therapeutic tool in the clinic. 

4.2.4 Conclusions and Perspectives 

 Noncoding RNAs have emerged as key players in cancer development and 

progression. In congruence, advancements in therapeutic strategies that target RNA may 

present a promising therapeutic opportunity to eliminate the drivers of cancer. 

This dissertation describes a novel ncRNA signaling axis of DANCR/miR-216a 

that regulates critical mediators of CSC signaling (i.e. Wnt/β-catenin, Sox2, and c-myc) 
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and promotes classic cancer hallmarks including uncontrolled growth, migration and 

invasion, and inhibition of differentiation. Further exploration on the underlying 

mechanisms of the DANCR/miR-216a axis will be paramount to our understanding of 

ncRNA biology, and to produce effective therapeutic strategies against NSCLC. 
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