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ABSTRACT 

Somatic mutations in the epidermal growth factor receptor (EGFR) gene, resulting in the 

aberrant activation of kinase signaling of the receptor, occur in ~15% of lung adenocarcinomas. 

The EGFR tyrosine kinase inhibitors (EGFR TKls), erlotinib and osimertinib, are FDA-approved 

for first line therapy of advanced EGFR-mutant lung cancer. Although most patients exhibit an 

initial clinical response, tumor recurrence is common and quick to develop. Epithelial to 

mesenchymal transition (EMT) is commonly observed in pre-clinical models and clinical 

samples of EGFR TKl-refractory non-small cell lung cancer (NSCLC). Although some studies 

indicate that transition towards more mesenchymal phenotype alone leads to loss of sensitivity 

to EGFR TKls, the direct cause and effect relationship between these two phenomena is difficult 

to establish. EMT is frequently accompanied by other molecular alterations, such as bypass 

kinase activation, that may result in acquired resistance to EGFR TKls. Hence, there is a need 

to determine the underlying causes of EMT and identify pleiotropically-active agents that can 

address loss of EGFR TKI efficacy while promoting epithelial differentiation in the setting of 

acquired resistance to EGFR TKls. 

Several epidemiologic studies point towards beneficial effects of vitamin D3 metabolites 

in reducing lung cancer risk and mortality. Our previous work established high vitamin D 

receptor (VDR) expression in EGFR-mutant NSCLC, making this type of tumor intrinsically 

sensitive to vitamin D3-based treatments. However, VDR expression has been shown to 

positively correlate with E-cadherin levels. Therefore, in the context of EMT-associated EGFR 

TKl-resistant tumors, where loss of E-cadherin is commonly observed, VDR expression and 

ability to induce transcriptional response may be compromised. Despite suggested anti

tumorigenic effects of vitamin D3 in EGFR-mutant NSCLC, signaling of 1,25(0H)2D3, an active 

metabolite of vitamin D3, in models of acquired resistance to anti-EGFR therapeutics has not 

been investigated. 
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The body of work presented here describes three in vitro models of EGFR-mutant TKl

resistant NSCLC derived from EGFR TKl-sensitive cell lines in our laboratory. Two cell lines, 

H1975-0R and SH416-ER, underwent EMT. H1975-0R lack any evidence of kinase switch as a 

part of the resistance mechanism. To determine the causes of EMT and EGFR TKI resistance in 

this cell line, RNA sequencing followed by gene set enrichment analysis (GSEA) were 

performed. In addition to EMT, we detected prominent cell cycle suppression with 

downregulation of the E2F family of transcription factors and dysregulation of chromatin 

remodeling pathways. Specifically, downregulation of polycomb repressive complex 2 (PRC2) 

methyltransferase activity was detected in H1975-0R and SH416-ER cells but not in PC9-ER 

cells, an EGFR TKl-resistant subline that maintained epithelial phenotype. 

By utilizing GSK126, a specific inhibitor of EZH2, the catalytic unit of PRC2, we 

demonstrated that signals originating from downregulation of PRC2 methyltransferase activity 

are linked to transition towards more mesenchymal phenotype in EGFR-mutant NSCLC. This 

effect was not cell line specific, as both H1975 and SH416 cells treated with GSK126 increased 

expression of ZEB2 and decreased EPCAM, well characterized mesenchymal and epithelial 

markers, respectively. Furthermore, both cell lines treated with GSK126 developed more 

invasive phenotype, functionally confirming the onset of EMT. This phenotypic switch, however, 

was not associated with loss of sensitivity to EGFR TKls. Furthermore, sh_CDH1-driven 

depletion of E-cadherin in H1975 cells produced similar results. Cells exhibited reduced levels 

of E-cadherin and increased migration without change in sensitivity to EGFR TKI. Therefore, our 

results suggest that transition towards more mesenchymal phenotype alone is not sufficient to 

drive EGFR TKI resistance in our models of EGFR-mutant NSCLC. 

For the first time, we determined preservation of VDR expression and transcriptional 

activity in models of acquired resistance to EGFR TKls, including those that underwent EMT. 

This finding is critical for further studies of vitamin 03 metabolites in this type of tumor. 
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1,25(OH)2O3 promoted CDH1 and suppressed MMP2 expression in both H1975-OR and 

SH416-ER cells. These molecular changes were accompanied by a significant increase in 

sensitivity to EGFR TKls and deepening of cell cycle arrest in the above models. 1,25(OH)2O3 

had no effect on EGFR TKI efficacy in PC9-ER cells. This cell line, reportedly, harbors 

mutations in several key regulators of cell cycle. Therefore, we believe that cell cycle 

suppression is at the core of the beneficial interaction between 1,25(OH)203 and EGFR TKls. 

Finally, we developed a novel orthotopic murine model of EGFR-mutant TKl-resistant 

NSCLC. Our method utilized real-time ultrasound imaging to guide implantation of tumor cells 

directly into the lung parenchyma of nude mice. Overall, we documented 100% and 60% 

engraftment rate with H1975 and H1975-OR cells, respectively. Tumors derived from treatment

na"i"ve H1975 cells were acutely sensitive to osimertinib, with maximum tumor volume reduction 

observed within 10 days of treatment initiation. H 1975-OR-derived tumors expressed low levels 

of E-cadherin and EZH2, and retained osimertinib resistance. Importantly, EGFR TKI resistant 

tumors expressed high levels of VDR, making this model suitable for future investigations 

focused on the crosstalk between EGFR TKls and vitamin 03 metabolites in vivo. 
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1. INTRODUCTION 

1.1 Lung Cancer: Key Metrics 

Every year lung cancer is estimated to claim over 1.6 million lives, making it the 

deadliest cancer worldwide. According to the World Health Organization (WHO), lung cancer 

kills more people than colorectal, breast, and prostate cancers combined [1]. In the US, lung 

cancer remains the most frequent cause of cancer mortality, accounting for one in every four 

cancer related deaths. Although over the past several decades the overall relative 5-year 

survival rate for lung cancer patients in the US has been slowly increasing from ~12% in the 

1970s to ~18% in 2010, the prognosis remains poor when compared to other most common 

cancers (~98%, ~90%, and ~65% relative 5-year survival rates for prostate, breast, and 

colorectal cancers respectively) [2]. As with the majority of other malignancies, lung cancer 

prognosis largely depends on the tumor stage at diagnosis. Relative 5-year survival rate varies 

from ~50% for patients with stage I to ~5% for patients with stage IV metastatic disease [2]. 

Selection of treatment strategies for lung cancer patients depends on the stage, 

histopathologic and molecular subtype of the tumor. Patients with early stage disease (stage I 

and II) are usually treated with surgical resection with or without systemic chemo- and radiation 

therapies [3]. The majority of patients, however, present with locally advanced or metastatic 

disease (stage Ill or IV), when surgical intervention may no longer be an option. Accurate 

classification of the tumor is critical for the selection of the appropriate therapy and clinical trials. 

1.2 Histologic Subtypes of Lung Cancer 

Lung cancer is a heterogeneous group of neoplasms. It encompasses two main 

histologic subtypes, non-small cell lung carcinoma (NSCLC) and small cell lung carcinoma 

(SCLC). A summary of major histological subtypes of lung cancer is provided in Table 1. 
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1.2.1 Small Cell Lung Cancer (SCLC) 

SCLC comprises ~20% of all lung cancer cases and most frequently occurs in heavy 

smokers [4, 5]. These highly invasive, rapidly proliferating tumors arise from large bronchi and 

are located centrally in the airways. As the name implies, SCLCs consist of small cells with a 

high nuclear to cytoplasmic ratio. Because these tumors are positive for neuroendocrine 

markers, such as synaptophysin and chromogranin, they are thought to arise from 

neuroendocrine cells of the lung epithelium [6, 7]. On the genome level, ~10% of all SCLCs are 

mutant in PTEN and ~90% are mutant in both RB1 and TP53 tumor suppressor genes, 

molecular traits that are likely to drive tumorigenesis [8-11 ]. Collectively, it is believed that SCLC 

tumors originate from cells of the neuroendocrine lineage upon TP53 and RB1 loss. However, a 

body of work conducted in murine models of SCLC suggests an alternative cell of origin that, 

depending on the pathological molecular events, can give rise to either SCLC or ADC of the 

lung [12]. 1 Early stage SCLC is usually resected and followed up with chemo- and/or radiation 

therapy. However, SCLC usually presents at late stages and is seldom surgically resectable. 

The current standard of care for late stage SCLC is outlined in Appendix 1 [13, 14]. 

1.2.2 Non-Small Cell Lung Cancer 

80-85% of all lung cancers are non-small lung cancers (NSCLC), which are further 

subdivided into three principal groups: adenocarcinoma (ADC), squamous cell carcinoma 

(SQCC), and large cell carcinoma (LCC) [5]. 

1.2.2a Large Cell Carcinoma (LCC) 

Large cell carcinomas represent ~10% of all lung cancers [3]. These tumors develop in 

the periphery of the lung with frequent involvement of the thoracic wall. LCCs are identified by 

the presence of large cells with abundant cytoplasm, prominent nucleoli and without obvious 

1 
Discussed further in section 1.4.4a 
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squamous or glandular differentiation. A recent study conducted by Barbareschi reported that 

using a panel of immunophenotypic markers, ~60% of all LCCs can be reclassified as poorly 

differentiated ADC or SQCC [15]. 

1.2.2b Squamous Cell Carcinoma (SQCC) 

SQCC of the lung accounts for ~25-30% of all lung cancer cases and has the strongest 

association with tobacco smoking worldwide [3]. SQCC is believed to originate from tracheal 

basal cell progenitors that express P63 protein, a product of the TP63 gene. Hence, these 

tumors are routinely identified by positive immunohistochemical staining for P63 and P40, a 

truncated form of the protein [6]. Keratinization and intercellular bridges are common 

morphological features of SQCC [5]. This type of lung cancer typically arises in the main 

airways, centrally from large bronchus, and extends into the lung parenchyma. Due to its 

anatomical features, SQCC is likely to cause airway obstruction, distal collapse with 

superimposed infection and hemoptysis (coughing up blood) [16]. Patients with advanced 

SQCC are likely to be treated with immunotherapy or cytotoxic chemotherapy in the form of 

cisplatin in combination with gemcitabine or a taxane compound (Appendix 2) [16]. 

Unfortunately, the outcome of contemporary chemotherapy treatment is suboptimal, with the 

modest response rate of 20% [17]. Recent developments in molecular targeted therapies led to 

the approval of two immune checkpoint inhibitors (nivolumab and pembrolizumab), anti

VEGFR2 antibody (ramucirumab) in combination with gemcitabine and an irreversible inhibitor 

of ErbB family of receptors (afatinib) in the setting of second line therapy in advanced SQCC of 

the lung [18-20]. These outstanding developments in the treatment of advanced SQCC come on 

the heels of the ground breaking discoveries of molecular alterations in the ALK (anaplastic 

lymphoma kinase) and EGFR (epidermal growth factor receptor) genes and the therapeutic 

implications for lung ADC. 
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1.2.2c Adenocarcinoma (ADC) 

ADC is the most common histological subtype of pulmonary malignancies, comprising 

~40% of all lung cancer cases [3]. This is also the predominant type of lung cancer in never 

smokers, accounting for 60% of all lung cancers in non-smoking men and ~80% in non-smoking 

women [21 ]. ADC lesions typically develop in the periphery of the lung and are usually 

diagnosed at a late stage due to delayed occurrence of symptoms [3]. Lung ADC tumors consist 

of mucus producing glandular cells arising from alveolar type II cells or bronchiolar epithelial 

club (Clara) cells [22-24]. Thyroid transcription factor 1 (TTF-1) and napsin A, both of which are 

markers of glandular differentiation, are common immunohistochemical markers used to identify 

ADC of the lung [25-27]. ADC can be further divided into several histomorphological subtypes 

(Table 1). A number of studies suggest that histological subtyping of ADC provides additional 

prognostic value, making detailed classification of ADC architecture important for better patient 

stratification for clinical trials [28, 29]. 

Before the era of precision medicine and immunotherapeutics, histopathological 

subtyping was essential for therapy selection, as SCLC was predominantly treated with chemo

and/or radiotherapy, and early stage NSCLC was considered for surgery with platinum 

chemotherapy reserved for advanced stage tumors [3] 1
. Presently, histological profiling 

provides guidelines for further molecular testing critical for a more precise, targeted therapy 

approach. It has been established that molecular drivers associate with histopathological 

subtypes of lung cancer (Table 2). A strong correlation exists between ADC histology and 

mutations in the epidermal growth factor receptor (EGFR) gene [30, 31]. 

1 Current standard of care for stage IV non-resectable NSCLC is outlined in Appendix 2. 
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1.3 Epidermal Growth Factor Receptor (EGFR): A Therapeutic Target in Lung 

Cancer 

1.3.1 EGFR discovery 

Early growth factor research and characterization of receptor tyrosine kinases opened 

the door to targeted therapeutics and personalized medicine in cancer. Epidermal growth factor 

(EGF) was originally named tooth-lid factor since it was first identified in 1961 by Stanley Cohen 

as a salivary gland substance responsible for eyelid opening and tooth eruption in newborn 

mice [32]. Later, this secreted protein was shown to stimulate epithelial proliferation, earning it 

the name of epidermal growth factor (EGF) [33]. Ten years later, Graham Carpenter and 

colleagues demonstrated the presence of specific receptors for EGF on the cell surface of 

human fibroblasts [34]. EGFR was further described as a 1 ?0kD plasma membrane protein that 

underwent phosphorylation in response to EGF stimulation [35]. Finally, in 1980, EGFR was 

characterized as a receptor tyrosine kinase functioning as a rapid activator of downstream 

signaling cascades [36]. 

1.3.2 EGFR structure and signaling 

EGFR is a member of the ERBB receptor family that includes EGFR (ERBB1 ), HER2 

(ERBB2), HER3 (ERBB3), and HER4 (ERBB4) isoforms. All ERBB receptors consist of four 

principal domains: an extracellular ligand binding domain, transmembrane domain, tyrosine 

kinase domain and C-terminal regulatory domain [37]. Within the tyrosine kinase domain, the N

iobe and C-lobe form a cleft that contains the ATP-binding site. Four ligands (epidermal growth 

factor (EGF), transforming growth factor-a (TNF-a), amphiregulin and epigen) can specifically 

bind to EGFR and promote its homo- and hetero-dimerization leading to autophosphorylation of 

tyrosine residues in the kinase and C-terminal domains. Upon ligand binding, EGFR undergoes 

structural rearrangement to expose the dimerization domain, which allows for homo- and 
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hetero-dimer formation. Dimerization of kinase domains stimulates intrinsic enzymatic activity of 

the receptor and triggers autophosphorylation of tyrosines within the regulatory region [38, 39]. 

Phosphorylated tyrosines serve as recruitment sites for adaptor proteins containing Src 

homology 2 (SH2) or phosphotyrosine-binding (PTB) domains [40]. Several effector molecules 

can dock to the adaptors and initiate a variety of signal transduction cascades. The main 

pathways activated by EGFR phosphorylation include mitogen-activated protein kinase (MAPK), 

phosphatidylinositol 3-kinase (Pl3K/AKT), and Janus kinase (JAK)/ signal transducer and 

activator of transcription (STAT) pathways [41-43]. These signaling cascades link EGFR 

tyrosine kinase activity to increased motility, pro-survival, and anti-apoptotic cellular responses, 

providing insights into the oncogenic potential of abnormal EGFR activation. 

1.3.3 EGFR tyrosine kinase inhibitors: early clinical trials 

Aberrant EGFR signaling is a common feature across a wide range of epithelial 

malignancies. For instance, EGFR overexpression occurs in 10-13% of HER2-positive breast 

cancers, 36-40% of gliomas, and 39-45% of colorectal cancers and is associated with poor 

prognosis [44-47]. EGFR is amplified in 16-17% of lung ADC, and over 60% of this type of 

tumors are reported to be EGFR-positive on the protein level [48, 49]. The above observations 

gave rise to the initial interest in exploiting EGFR as a principal therapeutic target, leading to 

development of first generation small molecule tyrosine kinase inhibitors, erlotinib (Tarceva, 

developed by OSI Pharmaceuticals, Genentech and Roche) and gefitinib (lressa, developed by 

AstraZeneca). 

Preliminary FDA approval of gefitinib as a third line therapy in advanced NSCLC was 

based on the results of the IDEAL trial, where ~19% response rate to gefitinib was documented 

in patients previously treated with chemotherapy [50]. However, in 2005 the FDA approval was 

withdrawn after the ISEL trial failed to demonstrate survival benefit in patients treated with 
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gefitinib [51 ]. That same year, the BR.21 trial of erlotinib in patients with advanced stage 

NSCLC who failed chemotherapy demonstrated overall survival benefit in the erlotinib arm 

compared to the placebo arm. Results led to FDA approval of erlotinib as a second and third 

line therapy for the treatment of locally advanced and metastatic NSCLC [52]. Importantly, both 

gefitinib and erlotinib studies reported significant associations between survival and Asian 

ethnicity, adenocarcinoma histology, negative smoking history, and female sex [50-52]. 

Although early clinical trials of EGFR TKls established overall survival benefit from the 

use of these agents, the objective response rate to gefitinib and erlotinib was below 20% in the 

non-selected NSCLC patient population. Nevertheless, some participants experienced dramatic 

sustained response to EGFR TKls, suggesting the presence of a unique prognostic feature that 

could be used to pinpoint tumors that are exquisitely sensitive to EGFR inhibition. 

1.3.4 Mutations in the EGFR gene: clinical implications for lung cancer treatment 

Discovery of somatic alterations in the tyrosine kinase domain of the EGFR gene 

explained why some lung cancer patients had excellent response to EGFR TKls, while others 

did not. Mutations in the tyrosine kinase domain of the receptor predominantly arise in NSCLC 

and correlate with the level of receptor expression [53, 54]. The majority of tyrosine kinase 

domain mutations occur as deletions in exon 19 (Del19) and point mutations in exon 21 

(L858R), accounting for ~45% and 40% of all EGFR mutations in NSCLC, respectively [55-57]. 

Mutant EGFR has been shown to undergo a ligand-independent conformational change and 

dimerization to constitutively activate downstream oncogenic signaling [58]. Paradoxically, these 

activating mutations confer reduced ATP binding affinity, allowing first generation inhibitors, 

such as erlotinib and gefitinib, to preferentially occupy the ATP-binding sight of the receptor [59, 

60]. 
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Not surprisingly, NSCLC tumors that harbor Del19 or L858R EGFR mutations have 

been shown to be intrinsically sensitive to EGFR TKI inhibitors. Lower ATP binding affinity for 

the mutant receptor underlies the success of erlotinib and gefitinib in the clinic, as it allows 

competitive EGFR TKls to achieve efficacious concentrations in vivo with a favorable toxicity 

profile [52]. The high prevalence of Del19 and L858R positive lung tumors in the East Asian 

population, patients with ADC, women, and never-smokers explained more dramatic responses 

to first generation TKls in those demographics [55]. Less common EGFR TKl-sensitizing point 

mutations, including S768I, G719C/S/A, and L861/Q/R/F have also been documented in lung 

ADC [61, 62]. Exon 20 insertions (lns20) and T790M point mutation, the so called gate-keeper 

mutation, are associated with resistance to first generation EGFR TKls. Of note, T790M 

mutation represents a special case with clinical implications for treatment strategy and will be 

discussed later in section 1.4.1. 

1.3.5 EGFR TK/s as a first line therapy for EGFR-mutant NSCLC 

Once it became clear that EGFR mutation status plays a critical role in the response rate 

to EGFR TKls, several groups investigated these agents in the first line therapy setting for the 

treatment of patients with advanced disease and activating mutations in the EGFR gene. The 

EURTAC study compared erlotinib vs chemotherapy in previously untreated NSCLC patients 

who were positive for EGFR 19Del or L858R [63]. Dramatic improvement in objective response 

rate and progression-free survival in patients treated with EGFR TKI granted erlotinib a first line 

treatment indication in May 2013. Just a few months later, the FDA approved afatinib (Gilotrif) 

(second generation irreversible EGFR/Her2 blocker developed by Boehringer-lngelheim) as a 

first line treatment of EGFR mutation positive advanced lung ADC. This decision was based on 

the success of the LUX-Lung 3 trial, where afatinib was shown to be superior to conventional 

chemotherapy in the EGFR-mutant subset of patients [64]. Finally, in 2015 gefitinib returned to 

the US when FDA approved its use in previously untreated EGFR mutation positive NSCLC 
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patients based on the results of the IFUM study and supported by earlier findings made by the 

IPASS clinical trial [65, 66]. A summary of clinical trials related to the FDA approval status of 

select EGFR TKls is presented in Table 3. 

1.4 Acquired Resistance to EGFR TKls 

Today, defining EGFR mutation status is a critical step in lung cancer diagnosis. The 

success of first and second generation EGFR TKls in EGFR-mutant NSCLC cannot be 

overstated. However, despite dramatic initial response to these agents, the absolute majority of 

patients develop treatment resistance within 10-13 months from therapy initiation. As EGFR

mutant tumors are believed to be "addicted" to oncogenic EGFR signaling, it is not surprising 

that continuous blockade of EGFR forces tumors to adapt and escape cytotoxic effects of EGFR 

TKls. Generally speaking, mechanisms of acquired resistance to EGFR TKls can be placed into 

one of three categories: EGFR-dependent resistance (50-60%), activation of bypass signaling 

(20-30%), and histologic transformation (5-10%) [67, 68]. 

1.4. 1 EGFR-dependent resistance 

EGFR-dependent resistance is caused by appearance of additional mutations in the 

EGFR gene. Approximately 60% of patients who fail first and second generation EGFR TKI 

treatment exhibit exon 20 T790M mutation, making it, by far, the most common mechanism of 

resistance to first and second generation TKls [56, 68]. In T790M-positive lesions, threonine is 

replaced by bulky methionine, which was originally believed to create steric hindrance for 

binding of first and second generation TKls at the ATP pocket [69, 70]. However, a more 

contemporary study based on the crystal structure of T790M mutant receptor and binding data 

of gefitinib and ATP to wild type, L858R, T790M, and L858R/T790M receptors demonstrated 

that the gatekeeper mutation only modestly affected binding affinity for gefitinib and was unlikely 

to have explained resistance observed in the clinic. Conversely, T790M substitution radically 
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increased receptor binding affinity for ATP, thus causing loss of response to early generation 

TKls [71]. In pre-clinical models, higher concentrations of second generation irreversible TKls 

can successfully block EGFR-dependent tumor cell proliferation [72, 73]. However, due to 

potent inhibition of wild type receptor and subsequent on-target toxicities, clinical use of second 

generation inhibitors in T790M positive disease is limited [74]. 

1.4.2 Third generation EGFR TK/s 

Remarkable strides were made to identify what would become the third generation, wild 

type-sparing, irreversible EGFR TKls [75-78]. Ultimately, several third generation EGFR TKls 

reached clinical trials. Safety and efficacy of olmutinib (Bl 1482694), an agent originally 

developed by Hanmi Pharmaceutical and supported by later partnership with Boehringer

lngelheim, was assessed in Phase 1/11 clinical trial, where objective response rate of 62% in 

patients with T790M positive tumors was reported with serious adverse events occurring in 12% 

of the patients [79]. Despite success in early phase clinical trials, Boehringer-lngelheim 

cancelled their development of the agent due to several late reports of lethal toxicities. 

In 2013, Clovis Oncology reported their discovery of rociletinib (CO1686), a mutant

selective EGFR TKI that overcomes T790M-mediated resistance. Phase 1/11 Tiger-X clinical trial 

investigated safety and antitumor activity of rociletinib, with initial reports indicating a 58% 

response rate in patients whose tumors harbor T790M mutation [80]. Hyperglycemia and QTc 

prolongation were the most important high grade treatment-related toxicities. One year after the 

original report, Clovis Oncology published the reviewed results of the Tiger-X study where 

response rate was confirmed in 28% of patients [81]. Additionally, several cases of life

threatening arrhythmias were documented. Based on the revised results of the study, FDA 

voted against the accelerated approval of rociletinib, leading to the company's decision to stop 

clinical development of this agent. 
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In 2014, AstraZeneca announced osimertinib (Tagrisso), their candidate for the next 

generation mutant-selective irreversible EGFR TKI with potent activity in T790M positive tumors. 

Safety and efficacy of osimertinib in patients who failed prior EGFR TKI was assessed in the 

series of AURA clinical trials. Objective response rate of 70% and 11.4 months median duration 

of response were reported in the AURA2 study, allowing osimertinib to gain accelerated FDA 

approval for the treatment of patients with advanced stage EGFR T790M positive NSCLC 

whose disease has progressed on prior EGFR targeted therapy [82]. Upon completion of the 

phase Ill AURA3 trial, FDA granted osimertinib regular approval. AURA3 documented objective 

response rate of 71 % and progression-free survival (PFS) of 10.1 months in T790M positive 

patients, confirming osimertinib as far superior to chemotherapy as the second line treatment 

option in molecularly selected patient population [83]. Finally, in April of 2018, after results of 

FLAURA trials reported superior clinical efficacy of osimertinib in the first line treatment setting 

when compared to first generation TKls (ORR of 80% vs 76%, p=0.24 and PFS of 18.9 and 

10.2 months, respectively, p<0.001 ), FDA approved the use of osimertinib in previously 

untreated patients with advanced stage EGFR-mutant NSCLC [84]. Table 3 provides the 

summary of clinical trials related to the FDA approval status of the abovementioned third 

generation EGFR TKls. 

As with the early generation EGFR TKls, acquired resistance to osimertinib is a frequent 

occurrence. In the majority of cases, third site mutations occurring in the tyrosine kinase domain 

of the receptor, including C797S, L792H, and G796R, render tumors resistant to osimertinib [85-

89]. A number of next generation EGFR TKls are currently in different stages of development to 

address this mechanism of resistance [90, 91 ]. Other mechanisms of acquired resistance to 

osimertinib include activation of alternative pathways (e.g. MAPK1, FGFR10, AXL) and 

histologic transformation [92-95]. 
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1.4.3 Activation of bypass signaling 

In the face of consistent inhibition of EGFR signaling, 20-30% of tumors lose their 

dependence on EGFR for survival as other receptor tyrosine kinases carry out the pro

proliferative, pro-tumorigenic activity. In these tumors, EGFR TKls remain capable of binding to 

their target and inhibiting its phosphorylation. Despite EGFR inhibition, some of the EGFR 

downstream effector molecules still receive an activating signal from an alternative receptor, 

facilitating a so-called "kinase switch". Multiple bypass mechanisms to EGFR TKls have been 

reported, including activation of c-Met, IGF, HER2, AXL, IL-6, and SFK/FAK signaling [68, 96-

106]. Ongoing clinical trials are investigating the ability of new targeted agents to overcome 

resistance driven by many of the bypass signaling cascades as mono-treatment modalities or in 

combination with the approved EGFR TKls (summarized in Table 4 ). 

1.4.4 Histologic transformation 

Histologic transformation refers to evolution of ADC to SCLC or transition from epithelial 

to mesenchymal phenotype (EMT). These are, by far, the least understood mechanisms of 

acquired resistance to EGFR TKls with limited targeted treatment options available. 

1.4.4a Transformation to SCLC 

The first report of transformation to SCLC in patients whose disease recurred after initial 

response to gefitinib came in 2011, when approximately 14% of analyzed repeat biopsy 

samples revealed expression of neuroendocrine markers and characteristic SCLC morphology 

[67]. A later study confirmed SCLC as a mechanism of acquired resistance to first generation 

EGFR TKls, although at a lower frequency of ~3% [68]. These tumors maintain their original 

EGFR mutations but lose receptor expression on the protein level, although detailed molecular 

changes underlying transformation to SCLC are not completely clear. In virtually all cases, 
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SCLC transformed cells lose expression of RB1 and TP53, emulating the defining features of 

classical SCLC [68, 107]. 

Preexisting tumor heterogeneity could explain the apparent histologic transformation. In 

this case, the initial response to EGFR TKls is predicted to be of a reduced magnitude and short 

lived. However, the majority of patients whose tumors developed SCLC had dramatic and 

durable responses to TKls, with rapid disease progression at the onset of resistance. This 

pattern of progression supports not selection but acquisition of the phenotype [67, 108]. A 

number of patients whose repeat biopsies revealed SCLC histology underwent successful 

treatment with platinum chemotherapy, the standard of care for SCLC. 

Although SCLC and ADC of the lung have been viewed as standalone malignancies due 

to their distinct molecular drivers and clinico-pathological features, transformation of NSCLC to 

SCLC upon development of EGFR TKI resistance suggests that these two forms of lung cancer 

may share the same cell of origin. Combined SCLC and NSCLC histology has previously been 

reported in 2-10% of SCLC tumors [12]. As discussed in section 1.2.1, SCLC is believed to arise 

from the cells of neuroendocrine lineage. However, a study by Sutherland reported formation of 

SCLC in mouse alveolar type II cells upon knock down of Tp53 and Rb1 throughout the 

development of the lung [11]. Conversely, this finding was not confirmed by Park and 

colleagues when Tp53 and Rb1 were acutely deleted [7]. Nevertheless, the idea that alveolar 

type II cells have potential to give rise to SCLC could explain ADC to SCLC transformation and 

warrants further investigation. 

Several reports indicate that lung ADC may also originate from alveolar type II cells [22, 

23]. Moreover, expression of L858R EGFR in alveolar type II cells drive lung tumor formation in 

mice [109]. On the other hand, EGFR signaling appears to promote alveolar cell proliferation 

and differentiation as mice deficient in lung EGFR expression have defects in alveoli 

morphogenesis [12, 11 O]. A model has been proposed in which concurrent loss of TP53 and 
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RB1 in alveolar type II cells results in SCLC formation, while the loss of TP53 coupled with 

mutation-driven EGFR hyper activation leads to ADC. During the course of TKI therapy, EGFR 

signaling is blocked and receptor expression is downregulated, which, if accompanied by RB1 

loss may lead to SCLC transformation [12]. 

1.4.4b Epithelial mesenchymal transition (EMT) 

Epithelial mesenchymal transition (EMT) is the second form of histologic transformation 

that is associated with resistance to EGFR targeted therapies. EMT is a physiological process, 

critical for normal tissue morphogenesis and wound healing [111]. In this context, EMT is highly 

regulated and follows a strictly defined sequence of events. However, disorganized EMT in 

fibrosis and cancer contributes to the pathology of those diseases. 

Generally speaking, EMT is characterized by loss or downregulation of intercellular 

adhesions, reorganization of cytoskeleton and acquisition of invasive phenotype. 

Morphologically, EMT manifests in distinct change from more rounded, so-called "cobblestone" 

shaped cells, to elongated spindle shaped cells, with loss of polarity and cell-cell adhesions. On 

the molecular level, EMT is coordinated by enhanced expression of embryonic transcription 

factors Snail (SNAIL), Twist (TWIST1), and Zeb (ZEB1/2) families, and loss of a number of 

epithelial markers, including E-cadherin (CDH1), epithelial cell adhesion molecule (EPCAM), 

and claudin 4 (CLDN4) [112]. Functionally, cells undergoing EMT obtain invasive phenotype, a 

feature facilitated by increased expression of matrix digesting enzymes, such as MMP2 and 

MMP3 [112]. Such loss of epithelial integrity and de-differentiation enables tumor cells to invade 

adjacent tissues, form metastatic nodules at distant sites, and contribute to chemoresistance in 

a variety of tumor types. 
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1.5 The Role of EMT in Resistance to EGFR Targeted Therapies 

1.5.1 EMT and intrinsic resistance to EGFR TK/s in non-selected NSCLC 

Early clinical trials of EGFR TKls in non-selected NSCLC patients revealed that a small 

fraction of participants with wild type EGFR tumors responded to TKls. A considerable effort 

was put forward to determine the factors that contributed to such sensitivity. Yauch and 

colleagues derived an erlotinib response signature using a panel of 42 NSCLC cell lines that 

included one cell line with activating mutation (H 1650, 19del) and one cell line with both 

activating and gate-keeper mutations (H1975, L858R and T790M) in the EGFR gene [113]. 

Erlotinib sensitivity was associated with high expression of E-cadherin, while resistance was 

marked by high expression of VIM and ZEB1. Evaluation of E-cadherin expression in tumor 

samples from the TRIBUTE (Erlotinib Combined with Carboplatin and Paclitaxel Chemotherapy 

in Advanced Non-Small-Cell Lung Cancer) clinical trial revealed that patients whose tumors 

were positive for E-cadherin (according to immunohistochemical staining) derived more benefit 

from chemotherapy in combination with erlotinib than from chemotherapy alone (PFS of 34 wks 

vs 19.3 wks, respectively) [113]. 

Similar association between epithelial phenotype and response to gefitinib was reported 

by Witta et al. [114]. Among 22 NSCLC cell lines (one with activating EGFR mutation, H3225), 

sensitivity to gefitinib correlated positively with E-cadherin and negatively with ZEB1 levels. Re

expression of E-cadherin in H157 cells (EGFR wild type, KRAS-mutant, E-cadherin low), 

resulted in EGF-dependent hyper activation of EGFR and promoted sensitivity to gefitinib 

(gefitinib IC50 of 3µM in E-cadherin transfected and 12µM in parental cell lines). Treatment of 

several EGFR wild type cell lines with histone deacetylase inhibitor (HDAC) entinostat 

dramatically increased expression of E-cadherin and EGFR, was growth suppressive as a 

single agent treatment, and increased sensitivity to gefitinib [114 ]. 
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Finally, a 76-gene EMT signature was developed from 54 cell lines, including 10 lines 

with mutations in the EGFR gene, to prognosticate intrinsic resistance to first generation EGFR 

TKls [115]. In addition to well-characterized epithelial markers (CDH1, CLDN4, CLDN7), cells 

defined by the signature as epithelial expressed high levels of pEGFR, pSTAT3 and RAB25, a 

protein involved in EGFR trafficking, indicating a strong dependence on EGFR signaling. 

Mesenchymal cells expressed high levels of VIM, ZEB1, MMP2 and AXL tyrosine kinase. The 

EMT signature predicted efficacy of erlotinib and gefitinib in vitro. Epithelial cells were ~3.7 fold 

more sensitive to first generation EGFR inhibitors, while the mesenchymal cells were sensitive 

to AXL inhibitor SGl-7079. 1 The prognostic capability of the 76-gene EMT signature was tested 

in the EGFR wild type cohort from the BATTLE-1 trial (Biomarker-integrated Approaches of 

Targeted Therapy for Lung Cancer Elimination) [116]. With borderline significance of p=0.05, 

EMT signature was predictive of response to erlotinib but not to other types of intervention 

implemented in the trial (vandetanib, erlotinib plus bexarotene, and sorafenib), advocating a 

unique role of epithelial phenotype in response to EGFR targeted therapeutics in the context of 

wild type receptor. 

The importance of EMT in predicting response to EGFR targeted therapies in the setting 

of EGFR-mutant disease is still unclear. Chen et al performed immunohistochemical analysis of 

21 stage IV tumors that were positive for EGFR activating mutations [117]. Samples were 

classified as either EMT(-) (E-cadherin high and vimentin low) or EMT(+) (E-cadherin low and 

vimentin high). The investigators found a trend towards better objective response rate to 

gefitinib as a second line treatment in patients whose tumors were EMT(-) (50% vs 28.6%), yet 

statistical significance was not achieved, possibly due to small sample size. A larger study 

analyzed 97 stage IV EGFR-mutant tumor samples for the expression of epithelial (E-cadherin) 

and mesenchymal (vimentin, fibronectin, and N-cadherin) markers [118]. Tumors with high 

1 These results appear to be driven by inclusion of EGFR mutant cell lines, which are predominantly 
epithelial in phenotype 
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expression of E-cadherin and collective low levels of the mesenchymal markers were 

considered epithelial, while tumors that were low in E-cadherin and high in at least one 

mesenchymal marker were considered mesenchymal in phenotype. In agreement with findings 

reported by Chen and colleagues, a trend towards better objective response rate to first 

generation EGFR TKls in the second line treatment (erlotinib or gefitinib) was observed in 

patients with epithelial tumors (80.6% vs 58.3%), but these results also did not reach statistical 

significance [118]. 

1.5.2 EMT and acquired resistance to EGFR TK/s 

Several clinical case studies identified EMT as the sole driver of acquired resistance to 

EGFR TKls [67, 119-121]. Uramoto and colleagues examined the expression of epithelial (E

cadherin, y-catenin) and mesenchymal (vimentin, fibronectin) markers in 9 EGFR-mutant lung 

adenocarcinomas pre- and post-acquisition of resistance to gefitinib [120]. A trend towards EMT 

was documented in gefitinib-resistant tumors, although statistical significance was not achieved. 

In a case reported by Chung, EGFR TKI resistance developed with features of EMT 

(morphological changes accompanied by increased vimentin and near complete loss of E

cadherin expression as determined by IHC) [121]. Second site EGFR mutation (T790M) and 

MET amplification, the two most common known mechanisms of resistance at the time, were 

not observed. Thus, EMT was determined to be the basis for therapeutic failure in this patient. A 

follow-up in vitro study conducted in HCC827 EGFR-mutant lung adenocarcinoma cell line with 

acquired resistance to an irreversible EGFR TKI CL-387785 (HCC827CL) demonstrated EMT in 

the absence of T790M or bypass activation. 1 These results support a possibility of EMT as a 

driver of acquired EGFR TKI resistance [121]. 

1 Bypass activation was measured using a phospho-receptor tyrosine kinase (RTK) array consisting of 42 different RTKs 
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In a study of 37 EGFR-mutant NSCLC cases with repeat biopsies collected prior to 

treatment initiation and at the onset of EGFR TKI resistance (gefitinib n=5; erlotinib n=32), 5% of 

patients developed EMT as determined by increased expression of Vimentin and E-cadhern 

loss. No other known mechanisms of resistance were found, with a mutation status of 13 

cancer-related genes investigated as potential contributors [67]. 

Current knowledge on mechanisms that underlie lack of sensitivity to EGFR TKls 

indicates that EMT frequently co-occurs with activation of bypass signaling in EGFR-mutant 

TKl-resistant models. Therefore, it remains unclear whether mesenchymal phenotype alone 

drives emergence of therapeutic failure. A number of studies conducted in pre-clinical models of 

EGFR-mutant lung cancer aimed to establish direct link between EMT and acquired resistance 

to EGFR TKls. Suda et al. reported prominent mesenchymal phenotype with loss of E-cadherin 

in H4006ER erlotinib resistant cells [122]. Common mechanisms of resistance including second 

site EGFR mutation (T790M), MET amplification and activation of insulin growth factor receptor 

(IGF1 R) and transforming growth factor 13 (TGFl3) receptor were not observed in the resistant 

cell line. HDAC inhibitor entinostat restored E-cadherin expression and suppressed growth of 

the H4006ER cells. Therefore, EMT was reasoned to be responsible for loss of EGFR TKI 

sensitivity in this model. It is important to note, that although still capable of blocking activation 

of EGFR, erlotinib failed to reduce phosphorylation of AKT and ERK1/2 in the H4006ER cells (in 

contrast with H4006 parental cells). Such changes are indicative of a bypass resistance 

mechanism. Although it is possible that re-expression of E-cadherin alone was cytotoxic in 

erlotinib-resistant cells, HDAC inhibition is expected to produce pleotropic effects and also 

reduced pAKT and pERK1/2 levels in H4006ER cells. Inhibition of pERK1/2 with PD0325901 

produced cytotoxic effects similar to that of E-cadherin re-expression [122]. 

AXL kinase is overexpressed in HCC827 erlotinib resistant cells (HCC827ER), where it 

promotes expression of vimentin and increases cell migratory capacity [104]. AXL is a member 
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of the TAM family of receptor tyrosine kinases that is capable of activating AKT and MAPK 

signaling cascades [123]. Hence, in the setting of persistent blockade of EGFR pathway, AXL 

may play a critical role in cell survival, providing an alternative axis of pro-tumorigenic signal 

propagation. Erlotinib maintained its ability to block EGFR activation in HCC827ER model. 

However, unlike in parental cells, erlotinib failed to inhibit phosphorylation of AKT and ERK1/2 in 

HCC827ER cells. In contrast, inhibition of AXL kinase activity with small molecules (MP-470 or 

XL-880) or small interfering RNA (siRNA)-driven expression downregulation reduced cell 

migration, and restored sensitivity to erlotinib in HCC827ER cells. Additionally, knockdown of 

vimentin had similar effects on cell migration and erlotinib efficacy and was accompanied by 

reduced expression of AXL [104]. 

Sakuma et al. also found upregulation of AXL in HCC827 and H4006 gefitinib resistant 

(HCC827GR and H4006GR) cells that underwent EMT (identified by reduced levels of E

cadherin and EPCAM, increase in vimentin) [124]. However, in contrast to the findings reported 

by Zhang, transient knockdown of AXL did not restore sensitivity to EGFR inhibition as 

determined by no induction of PARP cleavage or yH2AX in HCC827GR and H4006GR cells. 

The resistant cells exhibited higher basal levels of autophagy when compared to the 

corresponding parental cells, and inhibition of late autophagy with chloroquine (as a single 

agent) reduced viability of TKI resistant cells by ~50% as determined by trypan blue exclusion 

assay [124]. 

The hedgehog (Hh) signaling pathway has also been implicated in acquired resistance 

to gefitinib in HCC827 cells (HCC827GR). Smoothened (SMO), an integral component of Hh 

signaling pathway, is overexpressed in this model. Inhibition of SMO with LDE225 in 

combination with vismodegib (SMO antagonist) reduced expression of vimentin and proliferation 

of HCC827GR cells in vitro and in vivo [125]. Activation of Hh signaling by treatment with 

recombinant sonic hedgehog (Shh) protein induced EMT (loss of E-cadherin and gain of Snail 
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protein expression) and resistance to gefitinib in EGFR-mutant TKl-sensitive PC9 cells [126]. 

Additionally, a trend towards mutual exclusivity between E-cadherin and glioma-associated 

oncogene homolg1 (GLl1 ), an effector protein in the Hh signaling cascade, was noted in EGFR

mutant clinical tumor samples. In a follow-up in vivo study, a mouse xenograft model was 

developed by sequential treatment to resistance and re-implantation of HCC827 subcutaneous 

xenografts with increasing concentrations of first generation EGFR TKls (erlotinib and gefitinib), 

followed by afatinib, and finally osimertinib [127]. The resulting osimertinib-resistant tumors 

expressed higher levels of vimentin, SMO and GLl1 than parental HCC827 cells. A subline 

derived from an osimertinib resistant tumor was sensitive to sonidegib, a SMO antagonist, 

where it inhibited cell migration, invasion, anchorage-independent growth, and reduced cell 

viability [127]. 

Hashida et al. generated a number of EGFR-mutant, afatinib resistant in vitro models, 

among which the HCC827AR1 cell line exhibited mesenchymal phenotype when compared to 

the parental counterpart (loss of E-cadherin and gain of vimentin protein expression), without 

T790M or MET amplification [128]. No further investigation into the role of EMT in the acquired 

resistance was conducted. However, HCC827AR1 cells exhibited NOTCH1 and FGFR1 

transcript overexpression and hyper activated AKT, that was not inhibited by afatinib treatment, 

pointing towards possible bypass activation in this cell line. 

HCC827 gefitinib resistant cells (HCC827GR) developed by the Hwang group underwent 

EMT with dramatic reduction of E-cadherin and EPCAM and upregulation of vimentin and 

TWIST1 levels [129]. Similar to the reports from Hashida et al. and Suda et al., activation of 

AKT persisted in HCC827GR cells even after treatment with gefitinib. Gene expression analysis 

revealed elevated levels of VGF nerve growth factor inducible polypeptide in gefitinib resistant 

cells. Expression of VGF in HCC827 parental cells not only resulted in mesenchymal phenotype 

(loss of E-cadherin and EPCAM, gain of vimentin and TWIST1 ), but also abrogated gefitinib-
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dependent apoptosis and cytotoxicity. Similar results were observed in parental cells infected 

with lentiviral vector expressing TWIST1. On the other hand, hairpin knockdown of VGF in 

HCC827GR rendered the cells more sensitive to gefitinib (effect on EMT in this model was not 

shown) [129]. 

IGF1 R activation is known to occur in EGFR TKl-resistant PC9GR cells with 

mesenchymal phenotype (as determined by E-cadherin, vimentin, Snail, Slug, and Zeb1 protein 

expression and increased invasiveness) [130]. In this model, treatment with picropodophyllin 

(PPP), an IGF1 R inhibitor, suppressed expression of vimentin, Slug and Snail and inhibited 

migration and invasion. Additionally, treatment with exogenous IGF1 induced EMT and 

attenuated gefitinib sensitivity in PC9 parental cells. On the other hand, PPP in combination with 

gefitinib produced greater cell growth suppression than either agent alone in PC9GR cells [130]. 

Consistent with previous studies, PC9 and HCC827 cells resistant to gefitinib (PC9GR 

and HCC827GR) generated by Lee and colleagues underwent EMT with dramatic reduction of 

E-cadherin and upregulation of N-cadherin and vimentin on the protein level [131 ]. Loss of other 

epithelial markers, including CLDN4 and CLDN7, along with ZEB1 and ZEB2 overexpression 

was detected on the transcript level. Ectopic expression of SLUG, SNAIL, or TWIST in HCC827 

and PC9 parental cells resulted in E-cadherin down- and vimentin upregulation. Contrary to the 

observations made by Hwang, only cells overexpressing SNAIL or SLUG, but not TWIST1, 

acquired resistance to gefitinib. Withdrawal from gefitinib for 30 passages restored epithelial 

phenotype and sensitivity to gefitinib in both cell lines [131 ]. While this study supports the notion 

that EMT can drive acquired resistance to EGFR inhibitors, the tyrosine kinome of the TKI 

resistant cells was not explored. Therefore, a possible bypass kinase switch cannot be 

excluded. Moreover, E-cadherin knockdown alone resulted in increased levels of vimentin and 

N-cadherin, but did not alter the sensitivity to gefitinib in PC9 parental cells. The effect of E

cadherin knockdown on SNAIL and SLUG expression was not shown. 
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Finally, recent work published by Weng et al. identifies EMT as a driver of resistance to 

first and third generation EGFR TKls in HCC827/IR gefitinib resistant cells [132]. Acquired 

resistance to the corresponding TKls was associated with loss of E-cadherin and gain of 

vimentin protein expression. The investigators reported elevated levels of pSrc and Hakai in 

HCC827/IR cells. shRNA-driven depletion of Hakai, a protein responsible for E-cadherin 

ubiquitination and degradation, promoted E-cadherin expression and sensitivity to gefitinib. 

Similar effect was achieved by shRNA knockdown of vimentin, while depletion of E-cadherin led 

to loss of sensitivity to gefitinib. JMF3086, an experimental dual inhibitor of histone 

deacetylases (HDACs) and 3-hydroxy-3-methylglutaryl coenzyme A (HMGR) upregulated E

cadherin and suppressed expression of vimentin and Hakai. These molecular changes were 

accompanied by decreased cell migration and improved sensitivity to gefitinib [132]. Based on 

the above findings, EMT was determined to drive loss of gefitinib efficacy in HCC827/IR cells. 

However, previous work conducted in this model demonstrated loss of gefitinib-dependent 

blockade of pAKT and pERK, clear evidence of bypass kinase activation [133]. Additionally, 

HDAC1 was upregulated in HCC827/IR cells, and inhibition of its activity resulted in reduced 

levels of pAKT and pERK, while the effect on gefitinib sensitivity in this cell model was not 

shown. 1 Findings from the above mentioned studies related to investigation of EMT in the 

context of acquired resistance to early generation EGFR TKls are summarized in Table 5. 

1.5.3 The role of EMT in acquired resistance to third generation EGFR TK/s 

EMT has also been associated with acquired resistance to third generation EGFR TKls. 

T790M positive H1975 cells with acquired resistance to CNX-2006 (H1975CR) developed 

mesenchymal phenotype with loss of a number of epithelial markers (CDH1, CLDN4, CLDN?, 

EPCAM), gain of ZEB1 but no change in vimentin or AXL and unexpected reduction in 

motility/invasiveness. These changes were accompanied by hyper activation of NF-k81 and 

1 Pharmacological inhibition of HDAC1 promoted sensitivity to gefitinib in PC9/IR gefitinib resistant cells 
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eleven other protein kinases, including VEGFR1/2. Pharmacological inhibition of NF-kB pathway 

with TPCA-1 restored sensitivity to EGFR TKI in H1975CR cells [134]. 

H 1975 osimertinib resistant cells (H 1975OR) generated by McGowan and colleagues 

transitioned towards more mesenchymal phenotype (E-cadherin loss, no change in vimentin) 

and demonstrated overexpression of AXL and YAP transcriptional regulator [135]. Transient 

knockdown of YAP with short interfering RNA (siRNA) improved sensitivity to osimertinib (~20% 

increased growth inhibition at 1µM osimertinib and ~70% increase at 10µM osimertinib in YAP 

siRNA group compared to ctr siRNA). YAP transcription factor is a critical component of the 

Hippo signaling pathway, which, in lung cancer, has been shown to drive tumor progression and 

metastasis [136-138]. Because of its positioning downstream of AKT and ERK1/2 in multiple 

signal transduction cascades and its ability to regulate AXL expression in EGFR-mutant TKl

resistant NSCLC, YAP has emerged as a promising target in this type of tumor [139]. 

Osimertinib resistant H1975OSIR cells developed by the Tang group acquired a slow 

proliferative, invasive phenotype with gain of matrix metalloproteinase 2 (MMP2) and loss of 

tissue inhibitor of metalloproteinases 2 (TIMP2) expression [140]. 1 These changes were 

accompanied by increased levels of pFAK and pSrc, and loss of osimertinib-dependent 

blockade of ERK and AKT signaling, indicative of activation of bypass mechanism. Treatment 

with Bcl-2/Bcl-XI inhibitor Navitoclax induced apoptosis and resulted in potent cytotoxicity in 

H1975OSIR cells. 

Nukaga et al. observed characteristic spindle-shaped morphology in H1975 cells that 

acquired resistant to rociletinib (1975COR) and osimertinib (H1975AZDR) [141]. Decreased 

levels of E-cadherin along with elevated expression of integrin 131 and vimentin (compared to 

the parental H 1975 line) suggested that these cells transitioned towards more mesenchymal 

phenotype. Further molecular analysis uncovered hyper activation of Src and failure of TKls to 

1 Other markers of EMT are not commented on 
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inhibit AKT phosphorylation in resistant cells. Co-treatment with bosutinib, an inhibitor of Bcr-Abl 

and Src family kinases, partially restored sensitivity to rociletinib and osimertinib in the 

corresponding models, suggesting that EMT-associated activation of the Src-AKT pathway 

contributed to third generation EGFR TKI resistance [141]. 

Song and co-workers induced conditional activation of TWIST in H4006 and H1975 

cells, which promoted ZEB 1 and suppressed E-cadherin expression in these cell lines [142]. 

Although H1975-TWIST cells maintained their molecular response to WZ4002, a mutant

selective irreversible EGFR TKI, with near complete suppression of pEGFR, pAKT, and pERK 

after treatment with the TKI, their sensitivity to WZ4002 was diminished. Lack of EGFR inhibitor 

efficacy upon activation of TWIST was attributed to ZEB1-dependent reduction of pro-apoptotic 

BIM. Similarly, H1975 cells that acquired resistance to WZ4002 after prolonged exposure to the 

drug (H1975R2) underwent EMT (loss of E-cadherin, gain of vimentin and ZEB1) with 

concomitant loss of BIM expression. ZEB 1 depletion in H1975R2 cells restored expression of 

BIM and increased the apoptotic fraction after WZ4002 treatment, leading to restoration of 

sensitivity to EGFR blockade. Treatment of H1975R2 with Navitoclax, a Bcl-2 inhibitor that 

promotes BIM liberation and apoptosis, restored BIM expression and apoptotic response to 

WZ4002. These findings propose a direct mechanistic link between EMT and resistance to 

apoptosis in cells that acquired EMT-associated resistance to EGFR TKls via ZEB1/BIM 

crosstalk [142]. Table 6 presents an overview of the above studies related to EMT-associated 

resistance to third generation of EGFR TKls. 

To summarize, EMT occurs frequently in EGFR-mutant TKl-resistant NSCLC. The role 

of mesenchymal phenotype in failure of anti-EGFR therapies, however, remains unclear. EMT 

often is accompanied by alternative kinase activation, making it challenging to determine the 

exact contribution of each phenomenon to the onset of resistance. Reports that implicate EMT 

in loss of EGFR TKI efficacy often demonstrate that blockade of bypass kinase signaling alone 
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is capable of restoring epithelial phenotype and sensitivity to EGFR TKls, suggesting that EMT 

occurs secondary to the kinase switch. Further studies conducted in models of EMT-associated 

resistance with no bypass activation may provide valuable insight into the role of EMT in 

acquisition of resistance to EGFR targeted agents. Nevertheless, EMT presents an important 

clinical problem as it promotes systemic dissemination of tumor cells. Therefore, therapies that 

include pleiotropic agents capable of supporting the epithelial differentiation while improving 

efficacy of EGFR TKls (such as vitamin 03 metabolites) may offer a viable strategy to 

circumvent resistance to EGFR targeted therapies. 

1.6 Vitamin D3 Signaling Components: Physiology and Role in Lung Cancer 

1.6.1 Vitamin D3 signaling axis 

Vitamin 03 is a secosteroid hormone that is known to regulate calcium/phosphate 

homeostasis and play an important role in muscular-skeletal health, as well as in the immune 

system. The predominant source of vitamin 03 is the UVB-dependent photochemical 

conversion of cholesterol in the skin to pre-vitamin 03, which after further isomerization, is 

converted by liver CYP2R1 hydroxylase to 25-hydroxy vitamin 03 (25(OH)03), a standard 

measure of vitamin 03 status in circulation. Table 7 summarizes the Institute of Medicine's 

guidelines in defining vitamin 03 sufficiency status based on serum levels of 25(OH)03. Finally, 

the most biologically-active metabolite of vitamin 03, 1,25-dihydroxy vitamin 03 (1,25(OH)203), 

or calcitriol, is produced by CYP27B1, an enzyme that is expressed predominantly, but not 

exclusively, in the kidney. Current knowledge indicates that human respiratory epithelial cells 

(hTBEs) express CYP27B1 hydroxylase and therefore, can locally produce 1,25(OH)203 from 

precursor metabolites [143]. The ability of normal lung tissue to produce active metabolite of 

vitamin 03, potentially creating high concentrations of 1,25(OH)203 in the microenvironment, 

points towards a crucial role of vitamin 03 signaling in the physiology of the lung. Once in the 
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circulation, 1,25(OH)2D3 couples with vitamin D3 binding protein (DBP) to be transported to the 

peripheral tissues. Vitamin D3 metabolites are lipophilic and therefore can freely pass thorough 

cell membranes to reach their target receptor. 

Vitamin D receptor (VDR) is a nuclear receptor and a transcription factor with high 

affinity and specificity for 1,25(OH)2D3 [144]. Ligand bound receptor changes conformation to 

accommodate dimerization with co-activator molecules, such as retinoid X receptors (RXRs), 

binding to the DNA at vitamin D3 response elements, and initiating transcription [145]. 

1,25(OH)2D3 via VDR is known to activate transcription of a number of genes, including 

CYP24A1, CDKN1A, IGFBP3, and CAMP [145-148]. Transcription of CYP24A1 in response to 

1,25(OH)2D3 serves as a mechanism of protection from vitamin D3 toxicities, as this 

hydroxylase enzyme catabolically inactivates active metabolite of vitamin D3 to 1,25-26,23 

lactone and calcitroic acid [149, 150]. In fact, induction of CYP24A 1 is so strong that it is often 

used as a marker of vitamin D3 response in vitro and in vivo. Since VDR signaling is largely 

dependent on ligand availability, the role of CYP24A 1 in vitamin D3 signaling in the context of 

malignancies cannot be overlooked (further discussed in sections 1.6.4 and 1.6.5). VDR is 

expressed not only in metabolic organs, such as kidney and intestine, but also in a variety of 

tissues throughout the body, including the lungs, highlighting an important physiological role of 

1,25(OH)2D3 signaling in respiratory health. 

1.6.2 Vitamin D3 and lung cancer risk 

A number of epidemiologic studies investigated the link between serum levels of vitamin 

D3 and lung cancer risk. Mohr et al. examined global incidence rates of lung cancer and 

determined an inverse association between UVB irradiance and lung cancer incidence in men 

(p<0.001) and women (p<0.001) [151 ]. Though vitamin D3 status was not directly investigated 
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in this report, strong association between the level of UVB irradiance and serum concentrations 

of 25(0H)D3 points towards protective role of vitamin 03 in the risk of lung cancer. 

Although a case-cohort study selected from the Carotene and Retinal Efficacy Trial 

(CARET) found no significant association between total vitamin 03 intake and risk of lung 

cancer, vitamin 03 was found to be protective against lung cancer in former smokers (intake of 

600IU/day vs :::;200IU/day) [152]. 1 Similarly, in the Women's Health Initiative (WHI) cohort 

consisting of 128,779 postmenopausal women, vitamin 03 intake of ~400IU/day (as determined 

by food frequency questionnaires, FFQs) was significantly associated with lower risk of NSCLC 

in never-smokers (p<0.001 ). No association between vitamin 03 intake and incidence of lung 

cancer of other histologic subtypes was observed [153].2 However, dietary modification trials in 

the WHI study failed to demonstrate benefit of vitamin 03 (600IU-1000IU/day) plus Calcium (up 

to 1 000mg/day) supplementation in reducing lung cancer incidence [154]. 

In a Finnish cohort of 6937 participants with negative history of cancer, a significant 

inverse interaction between serum 25(0H)D3 (measured by radioimmune assay, RIA) and lung 

cancer incidence was found in women (p<0.001) and younger individuals (=::;5Qyo) but not in 

men or older participants (p<0.05) [155]. In a study conducted in a Danish cohort consisting of 

9791 participants, a 50% reduction of serum 25(0H)D3 (determined by chemiluminescent 

immunoassay (CUA)) was associated with increased lung cancer risk among other tobacco

related cancers [156]. An inverse relationship between level of tobacco consumption and 

circulating 25(0H)D3 was also noted. 

Several meta-analyses looked at the correlation between serum level of 25(0H)D3 and 

risk of lung cancer. Chen and colleagues reported a dose-dependent reduction in lung cancer 

risk for each 1 0nmol/L (4ng/ml) increment of 25(0H)D3 concentration, with the maximum risk 

1 Given the importance of intestinal absorption, liver and kidney metabolism in the bioavailability of active form of 
vitamin D3, participants with disease history of intestinal tract, liver, and kidney were excluded from the final data 
analysis. Vitamin D3 intake was estimated based on the food-frequency and supplementation questionnaires (FFQ) 
2 Exclusion criteria of intestinal/ liver/ kidney disease history similar to those in the CARET study were applied 
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reduction observed at 53nmol/L (21.2ng/ml) 25(OH)D3 across ten prospective studies [157]. 

Zhang et al. performed a meta-analysis of 12 studies that investigated the relationship between 

serum levels of 25(OH)D3 (9 studies) or estimated vitamin D3 intake (3 studies), and lung 

cancer incidence [158]. A significant association between lung cancer risk and serum 25(OH)D3 

(p<0.001) but not vitamin D3 intake (p=0.184) was found. Finally, a study that analyzed data 

from 9 cohorts with a total of 138,858 participants and 4368 lung cancer cases, determined a 

significant inverse association between serum 25(OH)D3 and the risk of lung cancer (p<0.01) 

[159]. Subcategorical analysis confirmed these findings in both males (p<0.001) and females 

(p<0.001 ). Piece-wise regression model predicted an 8% reduction in risk of lung cancer per 

1 0nmol/L (4ng/ml) increase in serum 25(OH)D3. Conversely, the most recent analysis of 20 

prospective studies in Lung Cancer Cohort Consortium (LC3) from North America, Europe, 

Asia, and Australia reported no association between circulating levels of vitamin D3 and lung 

cancer risk [160]. The study consisted of 5313 lung cancer cases and 5313 controls. Serum 

levels of 25(OH)D2 and 25(OH)D3 were analyzed by liquid chromatography coupled with 

tandem mass spectrometry (LC-MS/MS) and combined to determine total levels of 25(OH)D. 

Although there appeared to be no correlation between serum 25(OH)D concentration and lung 

cancer risk across all participants, an inverse association was detected in European cohorts 

with borderline significance (p=0.05). 

1.6.3 Vitamin D3 and lung cancer mortality 

The association between vitamin D3 status and lung cancer outcome was first 

suggested by Zhou and colleagues when they investigated the effect of vitamin D3 intake and 

season of surgery on survival in early stage NSCLC patients. Individuals with high vitamin D3 

intake who underwent surgery during summer months had a significantly longer overall and 

recurrence free survival than those with low vitamin D3 intake and surgical intervention during 
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the winter (p<0.01) [161]. Similar findings were later reported in a cohort of patients with NSCLC 

not limited to early stage disease [162]. 

Several studies looked at the direct link between circulating levels of 25(OH)D3 and 

survival in lung cancer patients. Data analysis from the Third National Health and Nutrition 

Examination Survey (NHANES Ill), determined an association between low serum 25(OH)D3 

(<44nmol/L (<17.6ng/ml), determined by RIA) and 50-70% increased risk of lung cancer 

mortality in nonsmokers [163]. Likewise, patients with lowest serum 25(OH)D3 (< 46nmol/L 

(<18.4ng/ml), analyzed by RIA) were found to have 60-80% increased rate of lung cancer 

mortality in a Norwegian hospital-based study [164]. Both of these reports indicated dose

dependent reduction in lung cancer mortality (p<0.01 in each study). Contradictory results were 

obtained in another hospital-based investigation conducted in Chinese NSCLC patients. High 

plasma 25(OH)D3 levels were linked to higher mortality rate, with highest rates occurring in a 

quartile of patients with ~56.54 nmol/L (~22.62ng/ml) circulating 25(OH)D3 (determined by 

ELISA, p<0.05) [165]. 

The beneficial effect of vitamin D3 on the survival of lung cancer patients may be tumor 

stage dependent. In a cohort of 447 early stage NSCLCs (stages IA-11B), highest serum 

25(OH)D3 (>21.6ng/ml (54nmol/L), as detected by RIA) predicted better overall survival in 

patients with IB-11B but not IA tumors (p<0.01) [166]. Further analysis suggested that vitamin D3 

was more beneficial for patients with stage II (p<0.001) than stage IB tumors (p=0.13). On the 

other hand, serum levels of 25(OH)D3 (measured by RIA and CUA) were not associated with 

overall survival in stage Ill and IV NSCLC patients [167, 168]. Additionally, in a Finnish study 

conducted in 500 smoking men that included all stages and all histological subtypes of lung 

cancer, circulating levels of 25(OH)D3 (measured by chemiluminescent assay) were not 

predictive of survival [169]. Moreover, serum 25(OH)D3 concentrations of ~1 00nmol/L 
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(~40ng/ml) are associated with ~2-fold increase in risk of lung cancer mortality in men, but not 

in women [170]. 

Finally, a recent randomized double-blind placebo-controlled clinical trial reported that 

vitamin D3 supplementation with 1,200IU/day in early stage lung adenocarcinoma patients 

whose serum 25(OH)D3 levels were below 20ng/ml (vitamin D3 inadequacy) significantly 

improved the rates of 5-year PFS (86% vs 50% in vitamin D3 supplemented vs placebo, 

p<0.05) and 5-year OS (91 % vs 48% in vitamin D3 supplemented vs placebo, p<0.05) [171 ]. 

However, patients whose serum levels of 25(OH)D3 were above 20ng/ml did not derive any 

additional benefit from vitamin D3 supplementation. These findings suggest a non-linear 

correlation between circulating levels of vitamin D3 metabolites and lung cancer survival. 

It is not clear what causes the disparity in the relationship between 25(OH)D3 status and 

survival across disease stages or between non-smokers and current smokers. However, lung 

tumors are heterogeneous in their expression of key vitamin D3 signaling constituents, including 

VDR and CYP enzymes that play a critical role in 1,25(OH)2D3 metabolism. Heterogeneity in 

these pathway components can influence the ability of lung tumors to locally produce and 

respond to 1,25(OH)2D3 and, therefore, contribute to non-uniform findings regarding the role of 

vitamin D3 in lung cancer [172-175]. 

1.6.4 Vitamin D3 signaling components: the role in lung cancer 

Biological activity of vitamin D3 is dependent upon the expression of several key 

molecules that constitute the vitamin D3 signaling axis, including VDR and metabolizing 

enzymes (discussed in section 1.6.1 ). An early report by Higashimoto et al. noted that treatment 

with 1,25(OH)2D3 resulted in potent growth suppression in one of the investigated lung cancer 

cell lines, but not the others [176]. Analysis of VDR mRNA levels revealed much higher receptor 

expression in the 1,25(OH)2D3-responsive cell line. Consequently, the magnitude of vitamin 
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D3-driven growth suppression was directly linked to the levels of its receptor. This observation 

was further investigated and confirmed in a number of lung cancer cell lines, where the extent of 

1,25(OH)2D3 dose dependent anti-proliferative effect was associated with VDR levels [175, 

177]. 

In agreement with the above in vitro findings, tumor expression of VDR has been shown 

to correlate with survival in lung cancer patients. In a set of 100 treatment-na"ive tumors, high 

VDR mRNA (at least 0.5 standard deviations above the mean) predicted better overall and 

progression-free survival (p<0.01 for each endpoint) [175]. Intriguingly, the investigators 

reported no correlation between transcript and protein expression levels of the receptor 

(determined by IHC) [175]. However, such discrepancy may be due to the detection sensitivity 

differences between the assays. 

Although there is no clear inverse correlation between VDR and CYP24A 1 expression in 

lung tumors, VDR low/CYP24A 1 high mRNA and protein expression pattern, when compared to 

normal lung, has been reported [172, 173]. CYP24A 1 expression in lung tumors has been linked 

to degree of differentiation and is an independent prognostic marker, with 5-year survival 

probability dropping from 81 % to 41 % for patients whose tumors are CYP24A 1 low and high, 

respectively [174]. Since 1,25(OH)2D3 is rapidly deactivated by CYP24A 1, high levels of the 

enzyme may contribute to loss of antiproliferative effect of this most active metabolite of vitamin 

D3 and promote lung tumorigenesis. 

1.6.5 Vitamin D3 signaling in EGFR-mutant lung cancer 

Interestingly, NSCLC cell lines possess substantially higher levels of VDR than SCLC 

cells, suggesting that patients diagnosed with NSCLC, including those harboring EGFR 

mutations, may derive greater benefit from vitamin D3-based therapies than individuals with 

other histological subtypes of lung cancer [177]. The above observation gave rise to the 
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hypothesis that vitamin D3 signaling components are differentially expressed in distinct 

molecular subtypes of lung cancer. Zhang et al. examined expression of VDR and CYP24A 1 in 

a panel of cell lines that harbored mutually exclusive mutations in the EGFR or KRAS genes 

[178]. Indeed, EGFR-mutant cell lines possessed VDR high/CYP24A 1 low phenotype and 

mounted superior transcriptional and antiproliferative response to 1,25(OH)2D3 to that of the 

KRAS-mutant cell lines, which were VDR low/CYP24A1 high. Furthermore, primary lung 

adenocarcinomas that harbor EGFR activating mutations were found to be VDR-positive and 

express significantly lower levels of CYP24A 1 than those positive for KRAS mutations [178, 

179]. Finally, similar to non-malignant respiratory tract epithelia, lung cancer cells, including 

those with EGFR activating mutations, are known to express vitamin D3 activating enzyme 

CYP27B1 and have been shown to convert precursor 25(OH)D3 to the active metabolite, 

1,25(OH)2D3 [179, 180]. 

The ability of dietary vitamin D3 to suppress growth of EGFR-mutant tumors in vivo was 

investigated by Verone-Boyle et al. Mouse tumor xenografts derived from EGFR-mutant (Del19) 

HCC827 lung adenocarcinoma cells were established and monitored in vitamin D3 deficient 

(maintained on 1 00IU/kg vitamin D3 diet) and vitamin D3 supplemented (maintained on 

10000IU/kg vitamin D3 diet) mice. As predicted by previous in vitro work, tumor growth was 

significantly repressed in vitamin D3 supplemented animals. Additionally, vitamin D3 deficient 

mice that were switched to supplemented diet after tumor implantation exhibited slower tumor 

growth rate than mice maintained on the vitamin D3 deficient diet throughout the study [179]. 

Collectively, these findings indicate that EGFR-mutant NSCLCs may preferentially respond to 

therapies that include vitamin D3 metabolites. 
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1.7 Molecular Actions of 1,25(0H)2D3 in Lung Cancer Cells 

1. 7. 1 Regulation of cell cycle 

1,25(OH)2D3 has been shown to regulate cell cycle progression in lung adenocarcinoma 

cells. In H292 EGFR wild type lung adenocarcinoma cells, 1,25(OH)2D3 inhibited expression of 

cyclins D1 and E2 leading to suppression of G1/S transition and accumulation of cells in G0/G1 

phase [181]. These results were VDR dependent, as siRNA mediated loss of the receptor 

abrogated 1,25(OH)2D3-induced cell cycle arrest. On the other hand, pharmacological inhibition 

of CYP24A 1 with CTA091 enhanced cytostatic activity of 1,25(OH)2D3, suggesting that both 

ligand and receptor were required for the observed cell cycle arrest effect. Gene expression 

profiling performed in H292 cells revealed a broad regulation of cell cycle by 1,25(OH)2D3, with 

the top 5 ontological categories governed by 1,25(OH)2D3 related to cell cycle progression. In 

agreement with the above mentioned study, 1,25(OH)2D3 suppressed nuclear localization of 

cyclin D1, phosphorylation of Rb, and induced G1 arrest in EGFR-wild type VDR high SKLU-1 

cells, but not in KRAS-mutant VDR low A549 cells [175]. Although 1,25(OH)2D3 is known to 

induce transcriptional and growth suppressive response in EGFR-mutant NSCLC cell lines, its 

direct effect on the cell cycle progression or other possible antitumorigenic mechanisms have 

not been investigated in this model [179]. 

1.7.2 Regulation of EMT 

An association between VDR expression and EMT signature (as defined by Byers and 

colleagues) has previously been reported. In a panel of 75 lung cancer cell lines, VDR levels 

correlated positively with CDH1 and negatively with ZEB1 expression. Therefore, lung cancer 

cells that possess high levels of VDR and are 1,25(OH)2D3-sensitive, exhibit epithelial 

phenotype, while VDR low 1,25(OH)2D3-refractory cells are mesenchymal. Importantly, 

1,25(OH)2D3 appears to actively support epithelial phenotype in these models. Upadhyay et al. 
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demonstrated that 1,25(0H)203 opposed TGFl3-dependent induction of vimentin and SNAIL 

and restored expression of E-cadherin in EGFR-mutant HCC827 cells [182]. 

Although the majority of pre-clinic studies that investigated pro-differentiating activity of 

vitamin 03 have been conducted in neoplastic models, the ability of 1,25(0H)203 to inhibit pro

fibrotic effect in lung fibroblasts and epithelial cells has also been suggested. In these models, 

1,25(0H)203 abrogates TGFl3-driven expression of alpha smooth actin (aSMA), a marker of 

fibrosis in the lung, and inhibits expression of MMPs 2 and 9 [183, 184]. 

As discussed in section 1.5, EMT is frequently associated with resistance to EGFR 

targeted therapies. Hence, the ability of vitamin 03 metabolites not only to exert growth 

suppression (as demonstrated by Verone-Boyle), but also to promote epithelial differentiation in 

EGFR-mutant lung cancer models, is intriguing. Progress in EMT-related resistance to EGFR 

TKls lags behind, with no agents specifically aimed at restoration of epithelial phenotype in 

development to our knowledge. In this setting, vitamin 03-based combination therapies may 

prove to be a valuable tool in circumventing this clinical problem. 

1.8 Combination of Vitamin D3 and EGFR TKls in Preclinical Models and Clinical 

Trials 

Although the evidence points towards anti-tumorigenic activity of 1,25(0H)203 in EGFR

mutant NSCLC, the interaction between vitamin 03 metabolites and EGFR targeted therapies 

has not been investigated in this type of tumor. Limited data suggest that 1,25(0H)203 may 

promote efficacy of EGFR TKls in breast and head and neck cancers [185, 186]. In the HER2(+) 

subset of breast cancer, EGFR hyper-activation is associated with poor prognosis and treatment 

resistance [187]. Unfortunately, clinical trials of gefitinib-based combination therapies for the 

treatment of breast cancer have been disappointing [188, 189]. 1,25(0H)203 has been shown 

to be effective at controlling growth of HER2(+) cells, thus providing a rationale for studying it in 
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combination with EGFR TKls in this subset of breast cancer. In EGFR(+)/HER2(+) cell lines 

combination of gefitinib and 1,25(OH)2O3 resulted in synergistic interaction and significant 

increase in the efficacy of gefitinib [185]. The synergy was attributed to increased expression of 

pro-apoptotic protein BIM, caspase 3 activation, induction of apoptosis, and cell cycle arrest. 

EGFR is commonly overexpressed in head and neck squamous cell carcinoma 

(HNSCC), and EGFR hyper activation appears to play a role in early carcinogenesis in this type 

of tumor [190, 191]. Hence, pharmacological inhibition of EGFR for prevention of HNSCC was 

evaluated in The Erlotinib Prevention of Oral Cancer (EPOC) clinical trial [192]. Individuals who 

were at high risk for developing HNSCC were randomized to receive placebo or erlotinib at 

150mg/kg, a currently approved dose for the treatment of EGFR-mutant NSCLC. The EPOC 

trial failed to demonstrate chemopreventive efficacy of erlotinib, with the 3-year oral cancer-free 

survival rates of 74% and 70% for the placebo- and erlotinib-treated patients, respectively 

(p=0.45). 

Negative results of the EPOC trial may partially be attributed to the dose reduction in 

45% of patients in the erlotinib arm due to toxicities and intolerance to prolonged treatment. 

Therefore, strategies that widen the therapeutic window, allowing for dose reduction of erlotinib, 

may be beneficial for the prevention of HNSCC. 1,25(OH)2O3 is known to suppress growth of 

HNSCC cell in vitro [193]. Furthermore, in a carcinogen-induced murine model of HNSCC, 

combination of erlotinib with 1,25(OH)2O3 resulted in greatest suppression of pEGFR and pAKT 

in the tongues, accompanied by reduction in tumor incidence [186]. Thus, combination of 

1,25(OH)2O3 with EGFR TKls may still be valuable for chemoprevention of HNSCC in 

individuals who are at high risk of developing this type of tumor. 

Two phase I clinical trials evaluated maximal tolerable dose (MTD) and 

pharmacokinetics of 1,25(OH)203 in combination with gefitinib in solid tumors [194, 195]. 6.68-

11.17 ng/ml peak serum concentration of 1,25(OH)203 was achieved, comparable to the 
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circulating levels of 1,25(OH)2D3 required for antitumor activity in murine models of squamous 

cell carcinoma [196]. No evidence of 1,25(OH)2D3 effect on gefitinib pharmacokinetics was 

documented, and combination of 1,25(OH)2D3 at MTD of 74 µg/wk and gefitinib at 250mg/day 

was well tolerated [194]. Although no antitumor activity of the combination treatment was noted, 

only four patients with advanced NSCLC all with unknown EGFR mutation status, were 

collectively enrolled in the two trials. Hence, the benefits of combining of EGFR targeted 

therapies with vitamin D3 metabolites remain largely unexplored. 

1.9 Background Summary and Gap in Knowledge 

NSCLC that harbor activating mutations in the EGFR gene are intrinsically sensitive to 

small molecule TKls targeted at the receptor. Over the course of treatment, resistance to said 

agents emerges almost inevitably. Among many mechanisms of acquired resistance, EMT is 

one of the less understood. A number of reports indicate that transition towards more 

mesenchymal phenotype alone is capable of reducing the efficacy of EGFR TKls. Conversely, 

many of those reports demonstrate activation of bypass kinase signaling, another common 

mechanism of resistance to anti-EGFR agents, occurring alongside the EMT. A successful 

strategy to overcome EMT-associated resistance, therefore, must evoke pleotropic response to 

promote epithelial differentiation and sensitivity to EGFR TKls. 

Generally speaking, EGFR-mutant lung cancer cells possess VDR high/ CYP24A1 low 

phenotype, which makes them intrinsically sensitive to vitamin D3 metabolites. In addition to 

growth suppressive effect, 1,25(OH)2D3, the active metabolite of vitamin D3, has been 

demonstrated to promote epithelial phenotype in preclinical models of lung cancer. There is a 

clear association between VDR and epithelial phenotype in lung cancer cell lines. VDR 

expression correlates directly with E-cadherin and inversely with vimentin and ZEB1 levels. 

Additionally, 1,25(OH)2D3 actively supports epithelial phenotype in EGFR-mutant NSCLC cells, 

even in the presence of TGFl3, a well-characterized pro-mesenchymal driver. Therefore, vitamin 
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D3-based combination treatments may promote epithelial differentiation and sensitivity to EGFR 

TKls in EGFR-mutant TKl-resistant models of NSCLC. However, given the reported negative 

correlation between expression of mesenchymal markers and VDR levels in NSCLC, it is 

unknown whether VDR expression and signaling capacity is preserved in the EGFR TKI 

resistant lung cancer cells that underwent the EMT. Therefore, to fully understand the utility and 

clinical relevance of vitamin D3 metabolites in this scenario, the following must be investigated: 

1. The role of EMT in acquired resistance to EGFR TKls independent of bypass kinase 

activation; 

2. Persistence of the VDR signaling axis in EGFR-mutant, TKl-resistant NSCLCs that 

underwent the EMT; 

3. The ability of 1,25(0H)2D3 to restore epithelial phenotype and promote sensitivity to 

EGFR TKls in models of acquired resistance to EGFR targeted agents. 
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2. HYPOTHESIS AND SPECIFIC AIMS 

2.1 Central Hypothesis 

1,25(0H)2O3 supports epithelial phenotype and improves efficacy of EGFR TKls in 

EGFR-mutant TKl-resistant NSCLC 

2.2 Rationale. Effect of dietary vitamin D3 supplementation on response to 

erlotinib in a murine subcutaneous xenograft model of EGFR-mutant NSCLC 

We recently uncovered a tumor growth suppressive effect of dietary vitamin 03 in the 

HCC827 xenograft model of EGFR-mutant, treatment-na"i"ve NSCLC [179]. However, vitamin 03 

activity in combination with the current standard of care in this type of tumor has never been 

investigated. As discussed in section 1.3.4 and 1.3.5, EGFR TKls that are currently used as the 

first line therapy for advanced NSCLC with activating mutations in the EGFR gene are initially 

highly effective at disease control and capable of producing dramatic tumor shrinkage within 

48h of therapy initiation [104, 197]. Therefore, it may be challenging to observe a meaningful 

improvement in the initial EGFR TKI response brought about by the addition of vitamin 03 

metabolites. Nevertheless, vitamin 03 may still be capable of inhibiting tumor cell proliferation in 

the presence of EGFR TKls, resulting in prolonged duration of response to anti-EGFR agents. 

To investigate this concept, we performed a preliminary in vivo xenograft study of erlotinib 

response in the setting of vitamin 03 deficiency or supplementation. 

2.2.1 Dietary vitamin D3 appropriately modifies systemic levels of 25(0H)D3 in 

mice 

The outline of the study design is presented in Figure 1 A and in the Materials and 

Methods (section 5.19.1 ). We chose to use a dose of 12.5mg/kg/day of erlotinib on the M-F 

treatment schedule, as it has been previously reported to be effective and safe over a prolonged 

period of time in an EGFR-mutant subcutaneous xenograft model in mice [104]. No adverse 
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effects due to any of the diets alone or in combination with erlotinib were noted (Fig 1B). Similar 

to our most recent study, circulating levels of 25(0H)D3 were modified by the use of research 

diets [179]. First, we determined the ability of dietary vitamin 03 supplementation alone or in 

combination with erlotinib to impact serum levels of 25(0H)D3 in the HCC827 NSCLC xenograft 

model. The mean serum concentration of 25(0H)D3 reached ~60ng/ml and ~3ng/ml in mice 

maintained on vitamin 03 supplemented and deficient diets, respectively (Fig 2A). Serum levels 

of 25(0H)D3 were not affected by erlotinib treatment (Fig 2A). We previously reported relatively 

high levels of VDR in EGFR-mutant lung cancer cell lines, with HCC827 being one of them 

[178]. To confirm VDR expression in the tumors we performed immunohistological staining of 

tumor sections obtained from mice on vitamin 03 deficient (n=3) and supplemented diets (n=3). 

VDR was readily detected in tumor cell nuclei in all three tumors from each dietary group (Fig 

2B-G). 1 

2.2.2 Vitamin D3 intake improves acute response to erlotinib in the HCC827 

xenograft model 

Dramatic acute lung tumor response within the first 48 hours of erlotinib treatment has 

been reported [197]. Compared to vehicle control treatment, erlotinib was effective in reducing 

the tumor burden in both dietary groups (Fig 3A-B). Although a higher magnitude in tumor 

volume reduction after 48h of erlotinib (acute response) in vitamin 03 replete vs deficient mice 

was observed, the difference did not reach statistical significance (4.24% vs 21.42% reduction 

from baseline volume in erlotinib treated deficient and erlotinib treated supplemented mice, 

respectively; p=0.672) (Fig 3B). Overall, two mice in the vitamin 03 supplemented group 

achieved partial response (PR) to erlotinib within 48h of treatment initiation.2 No PRs were 

detected in vitamin 03 deficient mice at that time point in the study (Fig 3A-B). The above 

1High VDR expression was detected in 3 out of 3 tumors from 251U VD3 diet and in 2 out of 3 tumors from 10000IU 
VD3 diet, with the remaining tumor expressing low-to moderate levels of VDR 
2 PR defined as at least 30% reduction in tumor volume from baseline 

39 



observations were substantiated by histopathological assessment of tumors. Hematoxylin and 

eosin staining was performed on an independent set of 3 tumors from each group. 2 out of 3 

tumors from mice on vitamin D3 supplemented diet displayed near-complete loss of viable 

tumor cells (Fig 3D) while this phenomenon was not observed in vitamin D3 deficient mice (Fig 

3C). Overall, all animals treated with erlotinib experienced at least stable disease. These results 

point towards a favorable interaction between dietary vitamin D3 and immediate therapeutic 

efficacy of erlotinib in treatment of EGFR-mutant NSCLC. 

2.2.3 Vitamin D3 status determines growth rate of EGFR-mutant NSCLC tumors 

beyond progression on erlotinib 

To answer the question of whether dietary vitamin D3 delays the onset of erlotinib 

resistance in the EGFR-mutant mouse xenograft model, mice were maintained on daily erlotinib 

treatment for prolonged period of time to establish TKI resistant tumors. Because xenografts 

were established from HCC827 treatment na"i"ve cells, erlotinib produced rapid reduction in 

tumor volumes. However, eventually we observed tumor regrowth in the majority of mice (Figure 

4C). Overall, at least partial response was documented in each animal treated with erlotinib over 

the study duration (Fig 4B). One mouse in the vitamin D3 deficient group experienced complete 

response but eventually progressed. In the vitamin D3 supplemented group, four mice 

experienced complete response, with one animal remaining tumor-free until the completion of 

the study (Fig 4B). There was no significant difference in progression-free survival (PFS) 

between the dietary groups (8wks vs 8.Swks in the 251U VD3 vs 100001U VD3 groups, 

respectively) (Fig 4A). 1 

Because there was no treatment associated toxicity (Fig 1B), we maintained the mice on 

erlotinib and corresponding research diets beyond disease progression to assess whether 

1 PFS defined as period of time from treatment initiation to at least 20% increase in tumor volume from maximum 
response 
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vitamin 03 deficiency may promote faster tumor growth rate after EGFR TKI resistance has 

been established. 1 We detected a significantly higher mean tumor volume in vitamin 03 

deficient mice at weeks 13 (183.5 vs 55.6 % of baseline volume in 25IU VO3 vs 10000IU VO3 

diets, respectively, p<0.005) and 14 (211.9 vs 82.6 % of baseline volume in 25IU VO3 vs 

1 0000IU VO3 diets, respectively, p<0.005), suggesting a potential benefit from adding vitamin 

03 to EGFR targeted therapies after treatment failure. 

In summary, the preliminary in vivo study demonstrated that, although unable to extend 

progression-free survival, vitamin 03 supplementation significantly inhibited growth of erlotinib

resistant EGFR-mutant NSCLC tumors in vivo. While these results are promising and suggest 

that vitamin 03 may be combined with erlotinib to promote sensitivity to EGFR TKls in the 

setting of acquired resistance to EGFR targeted therapies, it is important to point out limitations 

of the study. The experiment was designed around the primary endpoint of progression-free 

survival with no specific time point set for the completion of the study due to variability of 

responses to erlotinib across both dietary groups. Treatment failures occurred as early as 4 

weeks (the earliest progression in 25IU VO3 group) and as late as 14 weeks (the latest 

progression in 10000IU VO3 group) after treatment initiation. Mice were euthanized at different 

time points in the study as the tumor burden progressively increased. Therefore, caution must 

be taken when interpreting the results of the later portion of the study. Nonetheless, with 

limitations taken into account, the above findings suggest beneficial interaction between dietary 

vitamin 03 and EGFR TKls beyond disease progression, providing the rationale for further 

investigation of vitamin 03 metabolite activity in EGFR-mutant NSCLC that acquired resistance 

to EGFR TKls. 

1 Tumor volumes were allowed to reach at least 1000mm3 with the exception of one mouse that was euthanized at 
800mm3 due to rapid tumor volume increase over a short period of time 
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2.3 Specific Aims 

1. Establish and characterize EGFR-mutant models of acquired resistance to EGFR 

targeted therapies 

NSCLC cells harboring activating mutations in the EGFR gene, H1975 (L858R, T790M), 

SH416 (19Del), and PC9 (19Del), were cultured in the presence of either 0.5µM osimertinib 

(H1975) or 1µM erlotinib (SH416, PC9) to produce EGFR TKI resistant derivatives, H1975-OR, 

SH416-ER, and PC9-ER. Resistance was verified by EGFR TKI dose-response experiments 

followed by IC50 and IC80 modelling. Exons 19-21 of the EGFR gene were sequenced to 

determine mutation status of the receptor in parental and TKl-resistant cell lines. Protein levels 

of pEGFR/EGFR and its downstream signal components pAKT and pMAPK were determined by 

western blot analysis. To evaluate transition towards mesenchymal phenotype, expression of E

cadherin and vimentin in parental and corresponding resistant cell lines were determined and 

followed up by invasion assays. H 1975 parental and H 1975-OR cells were subjected to RNA 

sequencing followed by GSEA. Selected GO functional clusters and CGP gene sets significantly 

enriched in either H1975 or H1975-OR were further analyzed and top dysregulated genes and 

biological processes validated by qRT-PCR, western blot, and flow cytometric analysis of cell 

cycle distribution. Leading edge analysis of CGP gene sets related to PRC2 activity 

dysregulation and EMT was performed, and genes that contributed to both phenotypes were 

identified and validated by qRT PCR analysis. The link between EZH2 downregulation and EMT 

was further studied in a series of experiments that utilized GSK126, a selective small molecule 

EZH2 inhibitor. H1975 and SH416 cells were cultured in the presence of 2.5µM GSK126 for 14 

days and expression of EZH2 activity mark H3K27me3 was determined by histone isolation and 

western blot. Onset of EMT was investigated by transwell invasion assays and qRT-PCR of 

select mesenchymal and epithelial markers identified by RNA sequencing and leading edge 
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analyses. The role of tumor EZH2 expression was further delineated in the TCGA provisional 

LUAD cohort of patients. 

2. Determine VDR expression signaling capacity and the ability of 1 25(OH)203 to1 1 1 

promote sensitivity to EGFR TKls in EGFR-mutant TKl-resistant cell lines 

VDR protein expression in H1975/H1975-OR, SH416/SH416-ER, and PC9/PC9-ER cells 

was determined by western blot. The ability of 1,25(OH)203 to elicit transcriptional response in 

EGFR TKl-resistant cell lines was studied by qRT PCR analysis of well characterized VDR 

target genes, CYP24A 1 and CAMP. Sensitivity to EGFR TKls in EGFR-TKl-resistant cells in the 

presence or absence of 1,25(OH)203 was determined by treating the cells with increasing 

concentrations of corresponding EGFR TKls alone or in combination with 1OOnM 1,25(OH)203 

over a 9-day period, with treatment reapplication every 72h, followed by ICSO and IC80 

modeling. RNA sequencing and GSEA of H1975-OR cells treated with either vehicle control or 

1OOnM 1,25(OH)203 was performed to determine gene sets and functional clusters regulated 

by 1,25(OH)203. Select GO clusters and CGP pathways were further investigated and validated 

by qRT-PCR and western blot analyses. To ascertain the role of 1,25(OH)203-dependent 

epithelial differentiation in EGFR TKI sensitivity, we conducted 9-day dose/response 

experiments in H1975 sh_CDH1 cells as specified above. Cell cycle was analyzed by flow 

cytometry. EGFR TKl-resistant cells were treated with vehicle, 1,25(OH)203, corresponding 

EGFR TKls, or combination of the above two agents. 

3. Develop orthotopic lung tumor xenograft model suitable for the study of vitamin 03 

metabolite activity in the setting of acquired resistance to EGFR TKls 

In two independent experiments, H1975 (study 1) or H1975-OR (study 2) cells were 

injected directly into the right lower lung lobes of the nude mice. Implantations were performed 

under guidance of real-time ultrasound imaging. In study 1, tumors were allowed to grow for 4 

weeks before initiating vehicle control or osimertinib (Smg/kg, M-F) treatments. In study 2, 
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osimertinib (Smg/kg, M-F) was initiated 1 week after the implantation. Tumor volumes were 

monitored by weekly MRI. Lungs were formalin-fixed and paraffin-imbedded for 

immunohistochemical analysis. Tumor levels of pEGFR, E-cadherin, EZH2, and VDR were 

determined by IHC. 
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3. RESULTS 

3.1 Establish and Characterize EGFR-mutant Models of Acquired Resistance to 

EGFR Targeted Therapies 

3. 1. 1 Chronic exposure to high concentrations of EGFR TK/s produces EGFR TKl

resistant cells 

To study EMT-related resistance to EGFR targeted therapies, we generated cell lines 

that acquired resistance to erlotinib (PC9-ER, SH416-ER) or osimertinib (H1975-OR) by chronic 

exposure of corresponding parental cells, PC9, SH416, and H1975, to 1µM erlotinib or 0.5µM 

osimertinib. 1
·
2 The above concentrations of TKls were chosen based on the clinically reported 

steady state mean serum concentrations of erlotinib and osimertinib at the FDA approved doses 

for the treatment of EGFR-mutant NSCLC [198, 199]. As expected, the initial exposure to high 

concentrations of TKls resulted in a large proportion of cell death within 72h of the first 

treatment in SH416 and H1975 lines. Interestingly, PC9 parental cells responded to the initial 

treatment by a rapid change in morphology (within 4-6 hours of erlotinib exposure) and less 

dramatic cytotoxic effects than the other parental cell lines, indicating that PC9 cells were able 

to adjust quickly to the blockade of EGFR signaling, possibly switching to an alternative 

signaling cascade for the pro-survival driver. 

After at least 30 days of chronic exposure to the TKls, we assayed sensitivity of the 

resulting cell lines to osimertinib (H1975-OR) or erlotinib (PC9-ER, SH416-ER). All cell lines 

developed resistance to corresponding TKls, with the increase in IC50 values of 13-129 times of 

those observed in the parental counterparts (Fig 5A-D). Although there was a statistically 

significant rightward shift in the SH416-ER dose-response curve with ~13 times higher IC50 

value when compared to the parental SH416 cells, 50% growth inhibition was achieved with 

1 PC9 cells are also known as former PC14 
2 ER, erlotinib-resistant; OR, osimertinib-resistant 
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relatively low nano molar concentration of erlotinib. However, erlotinib IC80 value was 

determined to be in a micro molar range, indicating the onset of EGFR TKI resistance (Fig 5B, 

D). 

The most common mechanism of acquired resistance to EGFR TKls is the emergence 

of second site mutations in the EGFR gene. Therefore, we sequenced exons 19-21 encoding 

the tyrosine kinase domain of the receptor in all of the above mentioned models to determine 

whether acquisition of EGFR TKI resistance was brought about by second site mutations. We 

found no additional mutations in the tyrosine kinase domain of the receptor. On the protein level, 

TKI treatment diminished phosphorylation of EGFR in parental and resistant cell lines (Fig 6). 

Previous reports indicate that additional mutations in the tyrosine kinase domain of EGFR 

hinder the ability of the TKls to block receptor activation [200]. Therefore, our findings on the 

protein level are consistent with the sequencing results. 

Examination of signaling downstream of the EGFR revealed hyper activation of AKT in 

SH416-ER and PC9-ER cells. In contrast to the parental cell lines, phosphorylation of AKT was 

sustained even in the presence of erlotinib in SH416-ER cells (Fig 6B). Erlotinib failed to inhibit 

phosphorylation of MAPK in PC9-ER cells, while TKl-driven suppression of pMAPK was 

attenuated in SH416-ER cells with substantial increase of basal levels of activated MAPK in this 

cell line (Fig 6B, C). On the other hand, osimertinib completely inhibited MAPK phosphorylation 

in both H 1975 parental and osimertinib resistant cell lines (Fig 6A), but failed to reduce levels of 

pAKT in both cell lines, indicating that MAPK and not AKT is the main EGFR effector molecule 

in H 1975/H 1975-OR cells. Collectively, the above results suggest that PC9-ER and SH416-ER, 

but not H1975-OR cells, acquired resistance to EGFR inhibition that involved activation of 

bypass signaling through AKT and MAPK. 
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3.1.2 Global evaluation of gene expression patterns in EGFR mutant EGFR TKI 

resistant NSCLC 

To determine the possible mechanism of acquired resistance to EGFR targeted 

therapies, we performed RNA sequencing of H1975 and H1975-OR cells. These models were 

selected due to the apparent lack of bypass activation that might have contributed to acquired 

resistance to osimertinib in H1975-OR cells. Figure 7 illustrates the experimental design and 

analytical approach for the RNA sequencing experiment. Hierarchical clustering and principal 

component analyses of the gene expression data suggested that sample 3a (H1975-

OR+1,25(OH)203, replicate 1) strongly deviated from the norm and displayed atypical gene 

expression pattern (Fig 8). Importantly, 3a segregated from other samples in the same 

treatment group (3b, 3c). For these reasons, data obtained from the 3a sample were excluded 

from further analysis. 

To gain insight into functional characteristics of differentially regulated biological 

pathways, we performed gene set enrichment analysis (GSEA) comparing our RNA expression 

data to two categories of gene sets within the publicly available Molecular Signature Database 

(MSigDB v6.2) [201, 202]. We chose to utilize Gene Ontology (GO) gene sets to provide a 

broad view of dysregulated biological processes in H1975-OR cells, and Chemical Genetic 

Perturbation (CGP) subcategory within Curated gene sets to confirm the above findings. 

Additionally, we utilized the Enrichment Map application within the Cytoscape 3.6.1 platform to 

construct enrichment maps of significantly enriched pathways determined by the GO GSEA 

[203]. This approach helps with visualization of GSEA results, aiding in identifying and unifying 

of functionally connected gene sets. Figure 9 provides a guide to interpreting GSEA enrichment 

plots. 
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3.1.3 H1975-0R cells obtain slow cycling phenotype 

Figure 10 illustrates an enrichment map of significantly dysregulated Gene Ontology 

(GO) categories) in H1975-OR cells when compared to the parental counterparts. The map 

shows significantly up- (red dots) and downregulated (blue dots) GO gene sets organized into 

clusters (circles). Cluster grouping is based on the number of overlapping genes (light blue 

lines, also termed "edges"), and the similarity of GO terms among the gene set titles, indicating 

functional relationships between the gene sets. Utilizing this approach, we detected that Cell 

Cycle Process cluster was, by far, the most overrepresented ontological category among the 

genes differentially expressed in the H1975-OR cells (Fig 10). 

Loss of cell cycle regulation and sustained proliferation are known hallmarks of cancer 

[204]. Surprisingly, we discovered that H1975-OR cells had a global downregulation of cell 

cycle genes. Overall, gene set enrichment analysis identified 77 GO pathways and 46 CGP 

curated gene sets related to cell cycle progression, signifying a prominent slow cycling 

phenotype in H1975-OR cells. Among the top 25 core enrichment genes downregulated in 

H1975-OR were E2F1, AURKA, CCNB1, and CDK1, genes that encode known cell cycle 

regulatory proteins (Fig 11A). Specifically, a number of gene sets pointed towards the inhibited 

transcriptional activity of E2F family of factors in H1975-OR cells (Fig 11 Band Table 8). Table 8 

provides a full list of enriched CGP gene sets with statistical analysis and brief description of 

each set. 

To validate downregulation of cycling genes in H1975-OR cells, we performed qRT -

PCR analysis of select targets identified by GSEA. Expression of AURKA, CCNB1, and CDK1 

was significantly lower in H1975-OR cells when compared to the parental cell line (Fig 12B). 

Flow cytometry analysis at 24h post-seeding revealed significantly smaller fraction of H1975-OR 

cells in the S phase of the cell cycle (28.5% vs 15.4% in H1975 and H1975-OR, respectively, 

p<0.05) (Fig 12A). Moreover, SRB assay-based analysis of cell doubling times performed in 
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H1975/H1975-OR, SH416/SH416-ER, and PC9/PC9-ER cells demonstrated that H1975-OR 

and SH4126-ER cell lines had longer doubling times when compared to their parental 

counterparts, suggesting that the slow cycling phenotype may be common among EGFR TKI 

resistant models (Fig 12C-F). 

The link between acquired resistance to EGFR inhibitors and slow cycling phenotype 

may be explained by a proposed model of EGFR/E2F1 crosstalk. E2F transcription factors are 

known to regulate expression of genes involved in DNA replication and progression from the G1 

to S phase of the cell cycle [205]. The current body of research suggests that activated EGFR 

localizes to the nucleus and binds E2F1 to promote expression of E2F1 target genes, which 

may lead to transition from G1 to S phase of cell cycle [206]. Expression of E2F1 has been 

demonstrated to be inhibited by gefitinib-dependent blockade of EGFR phosphorylation in 

EGFR-mutant NSCLC with acquired resistance to EGFR TKls [207]. The model of EGFR/E2F1 

crosstalk offers an explanation why chronic EGFR inhibition, a method we utilized to generate 

and culture TKI resistant cell lines, may lead to slow cycling phenotype. 

3.1.4 H1975-0R cells transition towards more mesenchymal phenotype 

GSEA identified epithelial to mesenchymal transition as one of the significantly 

upregulated biological processes in H1975-OR cells, as evident from enrichment of several GO 

functional clusters related to mesenchymal differentiation and acquisition of more contractile, 

invasive phenotype (Fig 10, Muscle contraction, Muscle morphogenesis, and Mesenchymal 

differentiation clusters). Top 25 core genes contributing to the enrichment of these clusters are 

shown in Fig 13A. Notably, several genes that are known to be expressed during EMT were 

upregulated in H1975-OR cells, including MYOCD, CTGF, POSTN, and ZEB2. GSEA against 

Chemical and Genetic Perturbations (CGP) data base corroborated the above findings, 

revealing significant overlap with a number of EMT-related gene sets (Fig 13B and Table 9). For 
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instance, H1975-OR cells possessed a signature previously linked to CDH1 depletion in 

immortalized nontransformed mammary epithelial cells [208]. Namely, genes that were 

determined to be inversely correlated with CDH1 expression by Onder et al. were enriched in 

H 1975-OR, while genes that were highly expressed in H 1975 parental cells were shown to 

positively correlate with CDH1 levels (Fig 13B, top and middle panels). Furthermore, H1975-OR 

cells were enriched for transcripts that were previously reported to positively correlate with 

ZEB1 expression by Aigner and colleagues (Fig 13B, bottom panel) [209]. 

To confirm acquisition of more mesenchymal phenotype with EGFR TKI resistance, we 

compared expression of epithelial marker E-cadherin and mesenchymal marker vimentin in all 

three cellular models of EGFR TKI resistance generated for this project. Expression of E

cadherin was down- and vimentin upregulated in H1975-OR and SH416-ER cells compared to 

the corresponding parental cells (Fig 14A, B). The morphology of the H1975-OR and SH416-ER 

cells changed from so called "cobble-stone" to elongated fibroblast-like, suggesting that they 

underwent EMT (Fig 14D, E). We observed the reverse in PC9-ER cells. PC9 parental cells 

possessed mixed epithelial and mesenchymal appearance and formed loose colonies with little 

cell-cell contact. In contrast, PC9-ER cells formed tight cell-cell junctions and obtained more 

rounded shape, indicative of epithelial phenotype (Fig 14F). No change in E-cadherin and 

vimentin protein levels were detected in PC9-ER cells (Fig 14C). Finally, to confirm functional 

consequences of the molecular changes in EGFR TKI resistant models, we conducted a series 

of transwell invasion assays. As we predicted, H1975-OR and SH416-ER cells acquired more 

invasive phenotype compared to H1975 and SH416 lines. Conversely, we observed reduction of 

invasive properties in PC9-ER cells (Fig 14G). Overall, acquisition of EGFR TKI resistance was 

associated with transition towards more mesenchymal phenotype in two (H1975-OR and 

SH416-ER) out of three cell lines under investigation. PC9-ER cells maintained epithelial 

phenotype as demonstrated by molecular and functional analyses. 
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3.1.5 Acquired resistance to EGFR TK/s is associated with dysregulation of 

Polycomb Repressive Complex 2 (PRC2) activity 

In addition to downregulation of cell cycle processes and induction of EMT in H1975-OR 

cells, RNA sequencing and GSEA pointed towards dysregulation of chromatin organization and 

remodeling components (Fig 10, Chromatin organization cluster). Analysis of core genes that 

contributed to this phenotype identified significant downregulation of enhancer of zeste homolog 

2 (EZH2) in H1975-OR cells (Fig 15A). EZH2, along with SUZ12 and EEO, comprise Polycomb 

Repressive Complex 2 (PRC2), a protein complex known to play a role in epigenetic gene 

silencing via deposition of the repressive H3K27me3 marker [210]. A follow-up GSEA against 

the CGP database supported downregulation of PRC2 activity in H1975-OR cells (Fig 15B). For 

instance, gene expression pattern in H1975-OR cells was consistent with that identified by 

Nuytten et al. in cells depleted of EZH2 [211] (Fig 15B, middle panel). The complete list of 

significantly enriched CGP gene sets related to PRC2 activity is provided in Table 10. 

To validate GSEA findings regarding PRC2 activity dysregulation, we examined 

expression of EZH2, EEO, and SUZ12 in models of acquired resistance to EGFR TKls. EZH2 

transcript levels were significantly downregulated in H1975-OR cells (~59% inhibition, p<0.001) 

(Fig 16A). In SH416-ER cells, mRNA levels of SUZ12 and EEO were significantly 

downregulated (~20% and ~38% inhibition, respectively), but no change in EZH2 expression 

was found (Fig 16A). As discussed earlier, PRC2 complex acts to methylate histone 3 at lysine 

27 (H3K27me3). Since the expression of PRC2 components was attenuated in H1975-OR and 

SH416-ER cells, we examined the levels of H3K27me3 in these models. As we predicted, 

H3K27me3 was diminished in H1975-OR cells and attenuated in SH416-ER (Fig 16B). 

Intriguingly, we found no change in H3K27me3 levels in PC9-ER cells, while EZH2 transcript 

was significantly upregulated in this cell line (~30% increase, p<0.01 ). No change was detected 

in SUZ12 and EEO expression (Fig 16 A, B, right panels). Overall, we observed downregulation 
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of PRC2 components accompanied by inhibition of its enzymatic activity in two models that 

underwent EMT, but not in the model of EMT-independent acquired resistance to EGFR TKI. 

Therefore, we hypothesized that a link exists between transition towards mesenchymal 

phenotype and inhibition of PRC2 activity. 

3. 1. 6 Inhibition of PRC2 methyltransferase activity is associated with more 

invasive phenotype in EGFR-mutant NSCLC 

To determine the contribution of attenuated PRC2 activity towards EMT in H1975-OR 

cells, we performed leading edge analysis to pinpoint the overlap between core enrichment 

genes from EMT-related sets (Table 9) and PRC2-realted sets (Table 10). Upregulation of 

several EMT-related genes, including CTGF, MMP2 and ZEB2, and downregulation of epithelial 

cell adhesion molecule (EPCAM) fell within the core enrichment subsets of genes in both EMT

and PRC2-related CGP sets (Fig 17A, B). 

To establish a direct relationship between the loss of methyltransferase activity of PRC2 

and onset of EMT in the EGFR-mutant models of NSCLC, we utilized GSK126, a highly 

selective small molecule inhibitor of EZH2 enzymatic activity [212]. H1975 and SH416 cells 

were treated with 2.SµM GSK126 every 72h for a total of 14 days to produce chronic reduction 

in H3K27me3 levels that are likely to occur in the setting of acquired resistance to EGFR TKls. 

Cells treated with GSK126 had reduced levels of H3K27me3 compared to those treated with 

vehicle control, indicating high efficacy of the inhibitor in both cell lines (Fig 18A). On the 

transcript level, EZH2 inhibition resulted in downregulation of epithelial marker EPCAM and 

upregulation of pro-mesenchymal factors ZEB2 and MMP2 (Fig 18B). No consistent 

downregulation of E-cadherin expression was detected after treatment with GSK126 ( data not 
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shown). Finally, both cell lines acquired more invasive phenotype after chronic EZH2 inhibition, 

with ~ 70% and 250% increased invasion in H 1975 and SH416 cells, respectively (Fig 18C)1. 

Since mesenchymal phenotype has been previously linked to EGFR TKI resistance 

(discussed in section 1.5), we sought to determine whether H1975 cells pretreated with GSK126 

were less sensitive to osimertinib. To our surprise, a series of IC50 experiments demonstrated 

that chronic EZH2 inhibition, although it promoted transition towards more mesenchymal 

phenotype, did not change sensitivity to osimertinib (Fig 18E). GSK126 as a mono-treatment did 

not suppress growth of H1975 cells and had very minimal but statistically significant growth 

inhibitory effect in SH416 cells (~5% inhibition, p<0.0005) (Fig 18D). These findings point 

towards the role of PRC2 complex in maintaining epithelial phenotype, possibly through 

suppression of ZEB2 transcription. However, EMT that results from dysregulation of the PRC2 

methyltransferase activity alone is not sufficient to promote EGFR TKI resistance in EGFR

mutant NSCLC. 

3. 1. 7 Tumor EZH2 levels positively correlate with survival in patients with ADC of 

the lung 

As a follow-up to our investigation into the link between inhibition of PRC2 catalytic 

activity and phenotype of lung cancer cells in vitro, we sought to determine whether EZH2 

protein levels correlated with tumor expression of pro-mesenchymal markers and clinico

pathological features in lung cancer patients. To accomplish this task, we analyzed publicly 

available data from The Cancer Genome Atlas (TCGA) Provisional Lung Adenocarcinoma 

(LUAD) cohort. 2 This cohort is comprised of 586 lung adenocarcinoma patients, with tumor 

protein, mRNA, overall and progression-free survival data available for 191 participants. The 

cohort consists exclusively of lung tumor samples with adenocarcinoma histology, a subtype of 

1 No morphological changes characteristic of EMT were detected in cells treated with GSK126 (data not shown)
2 Data downloaded from cBioPortal 213. Cerami , E., et al. , The cBio cancer genomics portal: an open platform 
for exploring multidimensional cancer genomics data. Cancer Discov, 2012. 2(5): p. 401-4. 
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lung cancer with the highest frequency of EGFR activating mutations. Mutation profiles for 

commonly altered genes were available for 230 patients, with 33 EGFR-mutant samples 

identified (~15%). Tumor protein expression was available for 27 EGFR mutation positive 

samples. 

Tumor samples were divided into 4 quartiles (Q1-Q4) according to EZH2 protein levels, 

with Q1 representing the lowest and Q4 the highest expression. 1 We compared ZEB2 mRNA 

levels between EZH2 Q4 vs EZH2 Q1-Q3 groups. In concordance with our in vitro results, ZEB2 

mRNA levels were significantly lower in EZH2 Q4 tumors (p<0.005) (Fig 19A). Furthermore, we 

found a significant negative correlation between EZH2 protein and ZEB2 transcript levels in 

EGFR -mutant subset of tumors (Pearson's r=-0.389, p<0.05) (Fig 19B). Survival analyses of 

the non-selected for EGFR status LUAD cohort demonstrated a significantly longer progression

free (PFS) (47.54mo vs 26.94mo, p=0.049) and overall survival (OS) (50.2 vs N/A, p=0.024) in 

patients whose tumors expressed high levels of EZH2 (Fig 19C, D). The above findings suggest 

that PRC2 activity may be suppressed during tumor progression in lung ADC patients. In the 

EGFR-mutant subset of patients, tumor EZH2 expression did not correlate with PFS or OS (data 

not shown). Apparent lack of EZH2 prognostic value in the EGFR-mutant LUAD may be due to 

a small sample size. Out of 27 samples with protein expression data, only 20 had both PFS and 

OS on record. Larger studies focused on analysis of EGFR-mutant NSCLC are needed to 

define the role of EZH2 in this type of tumor. 

Section 3.1: Summary 

In the above presented studies our goal was to generate and characterize EGFR-mutant 

TKI resistant in vitro models. We cultured three EGFR TKl-na"i"ve cell lines in the presence of 

therapeutically-relevant concentrations of first- and third generation EGFR TKls, erlotinib and 

osimertinib to generate H 1975-OR, SH416-ER, and PC9-ER TKl-resistant sublines. The 

1 This cut-off provided the best separation of the survival curves between the groups 
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mechanisms of acquired resistance in these models were not associated with additional 

mutations in the tyrosine kinase domain of the EGFR. We detected hyper activation of AKT and 

MAPK in SH416-ER and PC9-ER cells, suggesting a possible kinase switch that may have 

contributed to the EGFR TKl-resistant phenotype. No evidence of bypass kinase activation was 

found in H 1975-OR cells. Therefore, H 1975-OR model was selected for further genome-wide 

investigation of the underlying causes of TKI resistance. 

RNA sequencing of H1975 and H1975-OR cells followed by GSEA revealed induction of 

EMT, dysregulation of chromatin structure and remodeling, and cell cycle arrest in H1975-OR 

cells. We detected significant downregulation of several cell cycle regulatory targets, such as 

AURKA, CDK1, and CCNB1 in H1975-OR cells. Functionally, H1975-OR cells had significantly 

larger fraction of cells in the G0/G1 phase of the cell cycle, and had longer doubling time when 

compared to the parental H1975 cells. Similar increase in cell doubling time was detected in 

SH416-ER cells, indicating that slow cycling phenotype is a common feature across multiple 

models of acquired resistance to anti-EGFR therapeutics. Although we observed a trend 

towards a longer doubling time in PC9-ER cells, this increase was not significant when 

compared to the parental PC9 cells. 

Transition towards mesenchymal phenotype and downregulation of PRC2 components 

was confirmed in both H1975-OR and SH416-ER cells. Conversely, PC9-ER cells maintained 

epithelial phenotype and did not have any evidence of dysregulated PRC2 activity. Leading 

edge analysis of EMT-related and PRC2-related gene sets identified by GSEA revealed that 

dysregulation of PRC2 activity was associated with downregulation of epithelial marker EPCAM 

and upregulation of several mesenchymal factors, including ZEB2. Pharmacological inhibition of 

EZH2, methyltransferase component of PRC2, resulted in downregulation of EPCAM, 

upregulation of ZEB2, and increased invasiveness in H1975 and SH416 cells but did not 

change their sensitivity to EGFR TKls. 
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Overall, the results of the studies presented in this chapter suggest that PRC2 may play 

a role in supporting the epithelial phenotype in EGFR-mutant NSCLC. We found a negative 

correlation between EZH2 and ZEB2 expression in the TCGA provisional LUAD cohort in 

general and in the EGFR-mutant subset of the cohort. Suppression of PRC2 methyltransferase 

activity leads to transcriptional derepression of such mesenchymal factors as ZEB2 and 

promotes EMT. However, acquisition of more mesenchymal phenotype due to inhibition of 

PRC2 enzymatic activity alone may not be enough to promote resistance to EGFR TKls in 

EGFR-mutant NSCLC. 

3.2 Determine VDR Expression, Signaling Capacity, and the Ability of 1,25(0H)2D3 

to Promote Sensitivity to EGFR TKls in EGFR-mutant TKl-resistant Cell Lines 

As demonstrated in section 3.1.3, cells that acquired resistance to EGFR targeted 

therapeutics developed slow cycling phenotype as a part of their adaptation to chronic exposure 

to high concentrations of the drugs. The association between cell cycle arrest and acquired drug 

resistance has previously been reported [214]. There can be two possible, and opposing, 

strategies to overcome drug resistance associated with cell cycle arrest. First, induction of cell 

cycle progression may reverse chemoresistance in slow cycling, therapy refractory tumor cells. 

However, such approach must be carefully considered as promotion of cell cycle beyond the 

required level can negate growth suppressive effect of the therapeutic agents. The alternative 

approach is to reinforce the slow cycling phenotype in order to produce senescence and more 

durable response to the drug. 1,25(0H)203 is known to induce cell cycle arrest in lung cancer 

models (discussed in section 1.7.1) and therefore may be suitable for combating EGFR TKI 

resistance associated with slow proliferative phenotype. 

In addition to slow cycling, two out of three EGFR TKI resistant models developed for 

this project acquired features characteristic of epithelial to mesenchymal transition 

(demonstrated in section 3.1.4). EMT has previously been linked to cell cycle arrest in the 
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setting of acquired resistance to EGFR TKls [214]. Thus, a treatment regimen that includes 

agents capable of addressing both the slow cycling phenotype and EMT may be most effective 

at overcoming acquired resistance to EGFR TKls. 1,25(OH)2O3 is known to promote epithelial 

phenotype by inducing expression of E-cadherin in EGFR-mutant NSCLCs [182]. Taken 

together, the above arguments provide a strong rationale for combining EGFR TKls with such 

pleotropic agent as 1,25(OH)2O3 in order to promote sensitivity to EGFR targeted agents. 

3.2. 1 Vitamin D3 signaling axis is preserved in EGFR-mutant TKI resistant cells 

Our previous work demonstrated that VDR is expressed in EGFR-mutant NSCLC [178, 

179]. However, VDR expression has also been shown to positively correlate with levels of E

cadherin [182], which were diminished in H1975-OR and SH416-ER cells (Fig 14). Hence, 

before attempting to use 1,25(OH)2O3 to restore sensitivity to EGFR TKls, we sought to 

determine the signaling capacity of 1,25(OH)203 in TKI resistant cells by evaluating VDR 

protein levels and the ability of 1,25(OH)2O3 to induce transcription of its target genes, 

CYP24A 1 and CAMP. 

First, we evaluated VDR protein levels in EGFR TKI resistant cells. VDR was 

downregulated in SH416-ER and PC9-ER but not in H1975-OR cells when compared to the 

expression levels in the parental counterparts (Fig 20A-C). Nevertheless, as expected, 

1,25(OH)2O3 was able to bind and stabilize its receptor, resulting in 1,25(OH)203-dependent 

upregulation of VDR in the absence or presence of EGFR TKls in all three resistant cell lines 

(Fig20 A-C). Furthermore, 1,25(OH)203 maintained the ability to induce transcription of its 

target genes in the TKI resistant cells (Fig 200, E). Combined, these findings indicate the 

preservation of 1,25(OH)2O3 signaling axis in the EGFR TKI resistant models, including those 

that lost E-cadherin expression and obtained more invasive phenotype. 
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3.2.2 1,25(0H)2D3 promotes sensitivity to EGFR TK/s in EMT-associated models of 

EGFR TKI resistance 

We previously reported that 1,25(OH)2O3 exerts growth inhibitory effects on EGFR

mutant treatment na"i"ve NSCLCs in vitro and in vivo [179]. Since EGFR TKI resistant cells 

maintained their ability to transcriptionally respond to 1,25(OH)2O3, we hypothesized that 

1,25(OH)2O3 as monotreatment or in combination with EGFR TKls will be able to produce 

similar effects in these models. To test this hypothesis, we first treated EGFR TKI sensitive 

parental and EGFR TKI resistant cells with either vehicle control, 1 00nM 1,25(OH)203 alone, 

EGFR TKls at set concentrations (1 µM erlotinib in SH416/SH316-ER and PC9/PC9-ER or 

0.5µM osimertinib in H 1975/H 1975-OR), or the combination of 1,25(OH)203 and corresponding 

TKls every 72h for a total of 9 days. At the end of the treatment period we assessed growth 

inhibitory effects of each mono- and combination treatment by SRB assay. As a 

monotreatment, 1,25(OH)2O3 significantly suppressed growth of H1975 (~16% inhibition, 

p<0.001 vs vehicle), H1975-OR (~25% inhibition, p<0.001 vs vehicle) (Fig 21A) and SH416-ER 

cells, although the magnitude of growth suppression in SH416-ER was very modest ( ~6% 

inhibition, p<0.05 vs vehicle) (Fig 21 B). No effect of 1,25(OH)2O3 on growth suppression in PC9 

or PC9-ER cells was detected (Fig 21C). As expected, EGFR TKls potently inhibited growth of 

all three parental cell lines (~88% inhibition in H1975, p<0.0001 vs vehicle; ~96% inhibition in 

SH416, p<0.0001 vs vehicle; ~92% inhibition in PC9, p<0.0001 vs vehicle) and were still 

capable of inducing significant growth suppression in the resistant cells, although at much lower 

magnitude when compared to the parental cells (~40% inhibition in H1975-OR, p<0.0001 vs 

vehicle; ~69% inhibition in SH416-ER, p<0.0001 vs vehicle; ~ 70% inhibition in PC9-ER, 

p<0.0001 vs vehicle) (Fig 21 A-C). 

The greatest growth suppression in H1975-OR (~78% inhibition, p<0.0001 vs vehicle) 

and SH416-ER cells (~79% inhibition, p<0.0001 vs vehicle) was achieved by combining EGFR 
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TKls with 1,25(OH)2D3 (Fig 21A, B). Moreover, the magnitude of growth inhibition in the 

combination group was significantly greater than that detected in EGFR TKI mono-treatment 

group in both H1975-OR (p<0.0001 vs osimertinib alone) and SH416-ER (p<0.05 vs erlotinib 

alone). Consistent with the lack of growth inhibitory effect in PC9 and PC9-ER cells, addition of 

1,25(OH)2D3 to erlotinib failed to significantly enhance response to the TKI in the above cell 

lines (Fig 21C). To summarize, 1,25(OH)2D3 alone and in combination with EGFR TKls 

suppressed growth of both H1975-OR and SH416-ER cells. However, both PC9 and PC9-ER 

cells appeared to be refractory to growth inhibitory activity of 1,25(OH)2D3 alone or in 

combination with erlotinib. 

Because the combination of EGFR TKls and 1,25(OH)2D3 appeared to result in more 

than additive growth inhibition from each mono-treatment, we investigated the ability of 

1,25(OH)2D3 to promote sensitivity to the corresponding EGFR TKls in H1975-OR and SH416-

ER models. Cells were treated either with increasing concentrations of osimertinib (H1975-OR) 

or erlotinib (SHS16-ER) alone or in combination with 1 00nM 1,25(OH)2D3 every 72h for a total 

of 9 days. At the end of the treatment period, growth inhibition produced by each treatment 

regimen was determined by SRB assay, followed by ICS0 and IC80 value modeling. 

1,25(OH)2D3 significantly reduced EGFR TKI concentrations necessary to produce 50% and 

80% growth inhibition in both H1975-OR (444nM vs 13.?nM ICS0, p<0.0001 and 3010nM vs 

257nM IC80, p<0.005 for osimertinib alone and in combination with 1,25(OH)2D3, respectively) 

(Fig 21 D, F) and SH416-ER (38.1 nM vs 8.39nM ICS0, p<0.0001 and 2248nM vs 218nM IC80, 

p<0.0001 for erlotinib alone or in combination with 1,25(OH)2D3, respectively (Fig 21 E, F). 

Improved sensitivity to EGFR TKls was not linked to altered phosphorylation levels of AKT and 

MAPK by 1,25(OH)2D3 alone or in combination with the TKls, indicating that inhibition of EGFR 

effector pathways was unlikely to account for the shift in ICS0 and IC80 osimertinib and erlotinib 

values (Fig 22). 
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3.2.3 1,25(0H)2D3 supports epithelial phenotype in EMT-associated models of 

EGFR TKI resistance 

To determine 1,25(OH)2O3-dependent molecular alterations that might have been 

responsible for improved sensitivity to EGFR TKls we performed RNA sequencing and GSEA 

analysis of H1975-OR cells treated with 1,25(OH)203 vs H1975-OR cells treated with vehicle 

control. 1 Overall, we followed a similar bioinformatics approach to the one we utilized for H1975 

vs H1975-OR analysis. Specifically, parallel GSEAs was performed comparing our RNA 

sequencing data set against GO and CGP gene sets within the MSig data base. Figure 23 

summarizes the results of the GO-based analysis in the form of an enrichment map. Gene sets 

up- and downregulated by 1,25(OH)2O3 treatment are depicted in red and blue, respectively. 

1,25(OH)2O3 upregulated expression of genes related to epithelial differentiation, as 

indicated by enrichment of Plasma membrane component, Cell adhesion, and Epithelial 

differentiation functional clusters (Fig 23, highlighted in bold). Further analysis of the above 

three clusters revealed 1,25(OH)2O3 dependent induction of such epithelial markers as CDH1 

and CLDN4 (Fig 24A). CGP-based GSEA confirmed pro-epithelial activity of 1,25(OH)2O3 in 

H1975-OR cells. For example, cells treated with 1,25(OH)2O3 were enriched for epithelial 

genes previously shown to be upregulated in breast cancer cells after knockdown of ZEB1 pro

mesenchymal transcription factor (Fig 24B, lower panel) (Aigner_ZEB1_ Targets) [209]. On the 

other hand, 1,25(OH)2O3 downregulated expression of pro-mesenchymal genes, as indicated 

by enrichment of such genes in the H1975-OR cells treated with vehicle control 

(Sarrio_Epitheial_Mesenchymal_ Transition_Up) (Fig 24B, upper panel) [215]. The complete list 

of 1,25(OH)2O3-regulated CGP gene sets related to EMT is provided in Table 11. Interestingly, 

1,25(OH)2O3 did not significantly regulate expression of ZEB2 or EZH2 in H1975-OR.2 

1 Figure 7 summarizes the experimental design of the RNA sequencing study 
2 As determined by RNA sequencing analysis 
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To validate that 1,25(0H)203 promoted epithelial differentiation in EMT-associated 

models of EGFR TKI resistance, we performed qRT PCR and western blot analyses in H1975-

0R and SH416-ER cells treated with 1,25(0H)203. In agreement with the RNA sequencing 

results, 1,25(0H)203 significantly upregulated transcript levels of CLDN4 in H 1975-0R cells, 

and CDH1 in both TKI resistant cell lines under investigation (Fig 25 A, B). Additionally, MMP2 

levels were significantly reduced in H1975-0R and SH416-ER cells treated with 1,25(0H)203 

(Fig 25 A, B). Finally, E-cadherin protein levels were upregulated in H1975-0R cells treated with 

1,25(0H)203 alone or in combination with osimertinib (Fig 25C). Overall, these findings indicate 

that 1,25(0H)203 retained its ability to promote epithelial differentiation in EGFR-mutant cells 

that that acquired EMT-associated resistance to EGFR targeted agents. 

3.2.4 E-cadherin depletion increases invasiveness but does not alter osimertinib 

sensitivity in H1975 cells 

A number of studies reported a positive correlation between E-cadherin expression and 

EGFR TKI sensitivity in lung cancer pre-clinical models and in patients (discussed in section 

1.5). Although in section 3.1.6 we demonstrated that transition towards more mesenchymal 

phenotype driven by suppression of PRC2 enzymatic activity did not result in resistance to 

EGFR TKls, E-cadherin expression was unaltered by EZH2 inhibition. Therefore, we 

hypothesized that loss of E-cadherin may be the key driver of EGFR TKI resistance, and 

1,25(0H)203-dependent upregulation of CDH1 is responsible for improved sensitivity to EGFR 

targeted agents. To investigate the contribution of E-cadherin loss to the onset of osimertinib 

resistance, we stably depleted H1975 cells of E-cadherin utilizing two CDH1 targeting and one 

non-targeting control hairpin RNAs (sh_CDH1_834, sh_CDH1_838, and sh_ctr). While 

sh_CDH1_838 effectively inhibited expression of E-cadherin, sh_CDH1_834 did not, but 

unexpectedly increased expression of total EGFR (Fig 26A). Consistent with reduction in E

cadherin levels, sh_CDH1_838 increased cell migration when compared to sh_ctr (Fig 26B). 

61 



This result was not observed in sh_CDH1_834 H1975 cells (Fig 26B). Thus, for further EGFR 

TKI sensitivity analysis, we chose sh_ctr and sh_CDH1_838 H1975 sublines. Cells were treated 

with increasing concentrations of osimertinib every 72h for a total of 9 days. At the end of the 

treatment period growth inhibition was determined by SRB assay, followed by IC50 modeling. 

To our surprise, despite promoting a more migratory mesenchymal phenotype, loss of E

cadherin did not lead to loss of sensitivity to osimertinib, as demonstrated by superimposable 

IC50 curves derived from sh_ctr and sh_CDH1_838 H1975 cells treated with osimertinib (Fig 

260). The above results suggest that reduction of E-cadherin levels alone is not enough to 

promote resistance to EGFR TKls. Consequently, 1,25(0H)2O3 driven restoration of E-cadherin 

expression is unlikely to be responsible for improved efficacy of EGFR TKls administered in 

combination with 1,25(0H)2O3. 

3.2.5 1,25(0H)2D3 promotes cell cycle arrest in EGFR TKI resistant cells 

According to our RNA sequencing results, in addition to epithelial differentiation 

induction, 1,25(0H)2O3 promoted cell cycle arrest, reinforcing the slow cycling phenotype 

described earlier (Fig 10 and Fig 23). In-depth analysis of the Cell cycle process functional 

cluster revealed significant downregulation of multiple genes involved in cell cycle progression, 

including CCNE2, CDK2, and MYBL2 (Fig 27 A). Of note, the majority of the top 25 core 

enrichment genes within the Cell cycle process cluster were significantly downregulated in 

H1975-0R when compared to the parental cells (e.g. CCNE2), suggesting that 1,25(0H)2O3 

reinforced the cell cycle arrest in this model. However, CALM3, EDN1, and 104 were 

significantly upregulated in H1975-0R vs H1975 and their expression was suppressed by 

1,25(0H)2O3 (Fig 27 A). Parallel GSEA against CGP category of MSigDB data sets confirmed 

1,25(0H)2O3-driven deepening of the slow cycling phenotype in H1975-0R cells, indicated by 

enrichment of a number of cell cycle related gene sets (Fig 27B). For instance, H1975-0R cells 

treated with 1,25(0H)2O3 possessed a signature associated with downregulation of periodically 
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expressed genes during the cell cycle in fibroblasts (Fig 27B, upper panel) [216] while H1975-

OR cells treated with vehicle (compared to 1,25(OH)2O3 treated cells) were enriched for the 

genes associated with high levels of E2F family of transcription factors (Fig 27B, lower panel) 

[217]. 1 

To validate the effect of 1,25(OH)2O3 on cell cycle progression, we performed flow 

cytometric analysis of EGFR TKI resistant cells treated with either vehicle control, 1 00nM 

1,25(OH)2O3 alone, EGFR TKI alone (0.5µM osimertinib for H1975-OR or 1µM erlotinib for 

PC9-ER) or with combination of the above two agents. 1,25(OH)2O3 in combination with 

osimertinib significantly increased the fraction of H1975-OR cells in the G0/G1 phase of the cell 

cycle (~71 % vs ~87% for vehicle control and 1,25(OH)2O3+ TKI treatments, respectively, 

p<0.005) (Fig 28A). Additionally, combination of erlotinib and 1,25(OH)2O3 increased doubling 

time of SH416-ER cells (2.183 days, 2.371 days, 2.595 days, and 6.611 days for cells treated 

with vehicle, 1,25(OH)2O3, erlotinib, and erlotinib + 1,25(OH)203, respectively; p<0.05. Fig 28C 

and Appendix 3). We did not find any evidence of apoptosis in any of the above mentioned 

models (data not shown). Consistent with lack of growth inhibition in PC9-ER cells, addition of 

1,25(OH)2O3 to erlotinib did not change cell cycle distribution in this model (Fig 28B). According 

to the Catalog of Somatic Mutations in Cancer (COSMIC) database, PC9 cells (sample ID 

753608) harbor mutations in CCND2 and CDKN2A genes that encode cyclin 02 and p16 cyclin

dependent kinase inhibitor, respectively. Somatic alterations in such key components of cell 

cycle regulatory machinery might have abrogated cell cycle suppressive effects of 1,25(OH)2O3 

in PC9 and PC9-ER cells. The above findings suggest that 1,25(OH)2O3-driven cell cycle 

arrest is one of the key mechanisms contributing to the improved efficacy of EGFR TKls in 

EGFR-mutant cells with acquired resistance to EGFR targeting agents. 

Study 3.2: Summary 

1 Enrichment in H1975-0R vehicle vs H1975-0R+1 ,25(0H)2D3 indicates 1,25(0H)2D3-driven downregulation of the 
genes within this set 
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The aim of the studies presented under section 3.2 was to explore the vitamin D3 

signaling axis and capacity to induce transcriptional response, support epithelial phenotype, and 

promote sensitivity to EGFR TKls in EGFR-mutant cell lines that acquired resistance to EGFR 

TKls. Although levels of VDR were downregulated in SH416-ER and PC9-ER cells, all three 

models under investigation were capable of mounting transcriptional response upon exposure to 

1,25(OH)2D3. Moreover, 1,25(OH)2D3 reduced EGFR TKls' ICS0 and IC80 values in H1975-

OR and SH416-ER, without altering phosphorylation status of AKT and MAPK, key effector 

molecules positioned downstream of EGFR. 

RNA sequencing of H1975-OR cells treated with either vehicle control or 1,25(OH)2D3 

revealed 1,25(OH)2D3 induction of epithelial differentiation and deepening of the slow cycling 

phenotype. Upregulation of E-cadherin was validated by qRT-PCR and western blot assays. A 

number of reports directly link EGFR TKI efficacy to epithelial phenotype in general, and to E

cadherin expression levels specifically. We therefore hypothesized that 1,25(OH)2D3-

dependent induction of E-cadherin may be the key mechanism that is responsible for improved 

efficacy of EGFR TKls in resistant cells. Additionally, lack of 1,25(OH)2D3 response in PC9-ER 

cells, a model that did not develop mesenchymal phenotype and therefore would not be 

dependent on E-cadherin upregulation for improved TKI efficacy, supported this hypothesis. 

To investigate the role of E-cadherin expression levels in sensitivity to EGFR TKls, we 

stably infected H1975 cells with either sh_ctr, sh_CDH1_834, or sh_CDH1_838. Only 

sh_CDH1_838 was successful at depleting cellular levels of E-cadherin and promoting more 

migratory mesenchymal phenotype. Therefore, osimertinib sensitivity assay was performed in 

sh_ctr and sh_CDH1_838 H1975 cells. We expected to detect a rightward shift in the 

osimertinib dose-response curve corresponding to loss of sensitivity in sh_CDH1_838 cells. 

Surprisingly, depletion of E-cadherin had no effect on osimertinib ICS0 value in H1975 cells. The 

implications of the above results are twofold. First, loss of E-cadherin alone is not sufficient to 
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drive resistance to EGFR TKls in EGFR-mutant NSCLC. Additionally, 1,25(0H)2D3-dependent 

upregulation of E-cadherin is unlikely to be responsible for improved efficacy of EGFR TKls in 

the investigated models. Alternatively, 1,25(0H)2D3-induced reinforcement of cell cycle arrest 

may have been a key mechanism that allowed 1,25(0H)2D3 to improve efficacy of EGFR TKls 

in H1975-0R and SH416-ER cells. On the other hand, PC9 cells have been reported to harbor 

mutations in such key cell cycle regulators as CCND2 and CDKN2A, which may have 

contributed to lack of benefit from adding 1,25(0H)2D3 to the EGFR TKI treatments. 

3.3 Develop Orthotopic Lung Tumor Xenograft Model Suitable for the Study of 

Vitamin D3 Metabolite Activity in the Setting of Acquired Resistance to EGFR TKls 

Results presented in section 3.2 demonstrate the ability of 1,25(0H)2D3 to support 

epithelial phenotype and EGFR TKI sensitivity in models of acquired resistance to EGFR TKls in 

vitro. However, such models suffer from numerous limitations, including the lack of tumor 

microenvironment, that is known to play a critical role in the process of metastasis. Additionally, 

any study of drug combination efficacy in vitro does not provide insights into the possible toxic 

effects that may result from combining several anti-tumorigenic agents in vivo. Hence, it is 

imperative to validate our in vitro results in an in vivo model. Previous attempts to establish a 

subcutaneous mouse xenograft model using EGFR TKl-resistant HCC827-ER cells 1 

demonstrated low- to no engrafting capability of the EGFR TKl-resistant cells in the 

subcutaneous compartment. Therefore, in order to investigate the effect of 1,25(0H)2D3 on 

metastasis and EGFR TKI efficacy in vivo, we set out to establish an orthotopic model of 

NSCLC in mice. To achieve that we performed two separate studies. 

1 Derivation and characterization of HCC827-ER (erlotinib resistant) cells has been previously described in 218. 
Liu, C. , et al. , Tumor-Targeted Nanopartic/es Deliver a Vitamin D-Based Drug Payload for the Treatment of 

EGFR Tyrosine Kinase Inhibitor-Resistant Lung Cancer. Mol Pharm, 2018. 15(8): p. 3216-3226. 
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3.3.1 Establishment of H1975-derived orthotopic xenograft tumor model in mice 

Study 1 was aimed at establishing the feasibility of using ultrasound-guided imaging to 

orthotopically implant cells into the lung, and the ability of osimertinib to inhibit the growth of 

those tumors. 1x106 H1975 parental cells were injected directly into the lower lobe of the right 

lung under the guidance of ultrasound. 1 Specifically, 25µ1 of prepared cell suspension was 

injected directly into the lower lobe of the right lung. The procedure was visualized with the help 

of ultrasound, and therefore direct delivery into the lung was ensured without surgical incisions 

or other invasive manipulations. Mice were maintained under anesthesia for the duration of the 

procedure, which lasted approximately 10-15 minutes per injection. The study design is outlined 

in Figure 29A. 

Overall, the procedure was well tolerated. Out of 15 animals that underwent the 

injection, one mouse did not recover from the anesthesia, and two animals were sacrificed 

within one week of the procedure due to substantial weight loss (>20%) (Fig 29B). Tumor 

burden in the remaining mice was monitored by magnetic resonance imaging (MRI) on a weekly 

basis, with lesion detectable by week 3-4 post implantation in all animals. On day 26 post 

implantation, mice were stratified based on the tumor volume to receive either vehicle control or 

osimertinib at 5mg/kg, with the average tumor volume of 112.6mm3 in the vehicle treatment 

group (n=6) and 121.8mm3 in the osimertinib treatment group (n=6) at the onset of treatment. 

Due to increasing tumor burden, all animals in the vehicle control group were sacrificed 

by day 37 post-implantation (10 days after treatment initiation). As expected, we observed rapid 

tumor regression and durable response in all mice treated with osimertinib (Fig 30C-E). To 

determine the potential toxicity from long-term exposure to osimertinib in this model, mice were 

1 In a pilot experiment, several animals were injected into the lower lobe of the left lung. However, due to the 
proximity of the heart, some cell suspension was immediately pushed out of the lung by the beating heart and spilled 
into the thoracic cavity. This was clearly observed on the ultrasound images. Therefore, right side of the lung was 
chosen for the following experiments to minimize spread of tumor cells outside of the lung parenchyma 
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kept on the TKI for a total of 35 days and body weights were recorded weekly. No adverse 

effect of the treatment was noted (Fig 29B). 

At the time of euthanasia, lungs collected from all mice were inflated with formalin to 

preserve alveolar architecture. lmmunohistochemical evaluation of tumor sections revealed high 

levels of activated EGFR in tumors that developed in vehicle control treated mice and near 

complete inhibition of pEGFR in mice treated with osimertinib (Fig 3aB). These data confirmed 

activity of osimertinib at the selected dose in the orthotopic tumor model and corroborated our 

imaging results. 

3.3.2 Establishment of H1975-0R-derived orthotopic xenograft tumor model in 

mice 

Study 2 was aimed to test the engrafting capacity of H1975-0R cells in the lung, as well 

as preservation of VDR expression and the osimertinib-resistant phenotype in vivo. Figure 31A 

provides an outline of the study design. Briefly, 5x1 as H1975-0R cells were injected into the 

lower lobe of the right lung of nude mice (n=5) following the protocol we designed in study 1. 

Once again, the procedure was well tolerated with all animals recovering from anesthesia and 

no substantial body weight decrease in the following week (Fig 32B). To ensure persistence of 

TKI resistance in vivo, osimertinib treatment at the schedule established in study 1 was initiated 

at day 7 post-implantation in all animals and continued for the duration of the study. In section 

3.1.3 we demonstrated a considerably longer cell doubling time in H1975-0R cells when 

compared to the parental H1975 line (Fig 11-12). In agreement with those data, H1975-0R 

tumors exhibited slower in vivo growth when compared to the tumors generated from the 

parental H1975 cells, with radiographically detectable lesions forming 6-8 weeks after 

inoculation in 3 out of 5 animals (6a% engraftment rate) (Fig 32B, C). However, the prolonged 

lag period in tumor formation can be due to lower number of cells per injection (5x1 as cells in 
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study 2 vs 1 x106 in study 1), as well as early initiation of osimertinib therapy. H1975-OR tumors 

continued to grow under the pressure of chronic osimertinib treatment, indicating conservation 

of the EGFR TKI resistant phenotype. Molecular analysis of the H1975-OR xenograft samples 

confirmed reduced levels of E-cadherin and EZH2 when compared to those derived from the 

parental cells (Fig 32A). Additionally, osimertinib-resistant tumors maintained expression of 

VDR, confirming the viability of this model for further studies involving vitamin 03 metabolites 

(Fig 31 D). 

Study 3.3: Summary 

Here we present novel lung orthotopic models of EGFR-mutant osimertinib sensitive and 

resistant NSCLC. Overall, we determined that it was feasible to establish orthotopic EGFR

mutant lung tumors derived from EGFR TKI na"i"ve and EGFR TKI resistant cells utilizing a 

minimally-invasive direct injection method. This approach was possible due to the real -time 

ultrasound imaging that allowed to visualize the course of the injection and cell deposition 

without surgical intervention. The procedure was well tolerated, and resulted in 100% and 60% 

engraftment rate in study 1 and study 2, respectively. Prolonged exposure to osimertinib at 

Smg/kg on the M-F weekly schedule did not result in study-limiting weight loss. While the 

selected osimertinib dose was effective at blocking EGFR phosphorylation and reducing tumor 

burden in mice harboring H1975-derived xenografts, tumors derived from H1975-OR cells did 

not respond to the same dose of the TKI. H1975-OR derived tumors maintained EZH2'0w/E

cadherin10w phenotype and expressed high levels of VDR, making it a suitable model for further 

investigation of 1,25(OH)203-based combination treatments. Upcoming studies will evaluate 

1,25(OH)203 activity in the newly developed murine lung orthotopic models of EGFR-mutant 

NSCLC. 
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4. DISCUSSION 

Over the past decade, EGFR targeted therapies revolutionized clinical care for NSCLC 

patients whose tumors harbor activating mutations in the EGFR gene. A number of EGFR TKls 

have entered clinics worldwide and advanced to first-line status in the treatment paradigm of 

EGFR-mutant NSCLC. Unfortunately, as with many targeted therapeutics, initial remarkable 

tumor response is short-lived. The absolute majority of patients experience eventual disease 

progression with limited treatment options available, leading to the immediate need of 

alternative approaches to address acquired resistance to anti-EGFR therapeutics. 

Great strides have been made to develop next generation EGFR TKls, with yet newer 

ones currently entering clinical trials. Additional TKls that aim to disrupt activation of various 

bypass signaling cascades, that are known to take over the oncogenic signaling after chronic 

EGFR inhibition, are also in early stages of clinical development. Yet, countless mechanisms of 

acquired resistance to EGFR TKls have been identified, including some that encompass 

biological processes, rather than dysregulation of a specific molecular target (e.g. EMT and slow 

cycling phenotype). Such mechanisms are particularly challenging to address as they may 

require pleiotropically active agents to combat malignant progression. 

4.1 Epithelial Phenotype as a Part of the EGFR TKI Response Signature in EGFR

mutant NSCLC 

Epithelial to mesenchymal transition has been shown to emerge with acquired 

resistance to EGFR TKls and has been linked to reduced anti-tumor activity of these drugs. 

However, the direct cause and effect between EMT and EGFR TKI resistance has not been 

established. In the majority of pre-clinical reports that link loss of sensitivity to anti-EGFR drugs 

to mesenchymal phenotype, a kinase switch also occurs, making it challenging to determine the 

relationship between EMT and emergence of resistance. 
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The notion that epithelial phenotype may play a role in the efficacy of EGFR targeted 

therapies was established when early clinical trials conducted in non-selected NSCLC patients 

reported a positive correlation between tumor E-cadherin levels and efficacy of erlotinib. Several 

groups focused their research on identifying EMT signatures that could predict response to early 

generation TKls in patients with undefined EGFR tumor status. As a result, epithelial phenotype 

in general, and E-cadherin expression in particular, were linked to intrinsic sensitivity to EGFR 

TKls. However, current clinical use of EGFR TKls is limited to EGFR-mutant NSCLC. 

Additionally, it is now clear that EGFR-mutant tumors are more likely to express high levels of E

cadherin, therefore, in the context of non-selected patient cohorts and panels of pre-clinical 

models, the sensitivity to EGFR TKls may be driven not by the epithelial phenotype per se, but 

rather the positive EGFR mutation status that correlates with such phenotype. Therefore, it 

remains unclear whether the EMT signatures derived from cell panels that included both EGFR

wild type and -mutant cell lines and validated in predominantly EGFR-wild type clinical cohorts 

are suitable for the study of EMT as a mechanism of acquired resistance to EGFR TKls in 

EGFR-mutant tumors/cells. 

Loss of E-cadherin is frequently reported and therefore can serve as a marker of 

mesenchymal phenotype in pre-clinical models of acquired resistance to EGFR TKls (Tables 5 

and 6). Conversely, EMT is a complex process with a variety of molecular alterations occurring 

in a cell-specific and time-dependent manner. Such phenotypic plasticity during EMT presents a 

unique challenge in studying its role in EGFR TKI treatment failure. 

4. 1. 1 Development of EGFR-mutant TKI resistant sublines 

Nevertheless, a number of reports rightfully recognize EMT as a common phenomenon 

occurring in multiple models of EGFR-mutant TKI resistant NSCLC. Here, we developed three 

models of acquired resistance to first and third generation EGFR TKls. Although H1975-0R, 
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SH416-ER, and PC9-ER cell lines acquired resistance to EGFR blockade, some level of 

dependence on pro-survival EGFR signaling was maintained in these models, as evident from 

the ability of TKls to induce cell cycle arrest and growth suppression. This, however, is not 

unusual and to be expected, as a number of clinical studies suggest that patients who 

developed resistance to EGFR targeted therapies may still derive benefit from continuation of 

EGFR TKls. Stopping EGFR TKls in these patients may lead to symptomatic progression, or so

called "disease flare" [219-223]. All experiments aimed to investigate growth suppressive 

effects of EGFR TKls were conducted over 9-day period, with vehicle control treated cells 

withdrawn from the TKls for the duration of the studies (rationale for the experimental design is 

further discussed in section 4.2.2). In this case, apparent sensitivity to EGFR TKls in TKl

resistant sublines may, in part, reflect the "disease flair" phenomenon observed in patients upon 

discontinuation of TKls. Therefore, we believe that the models of acquired resistance to EGFR 

TKls presented here capture this clinically-relevant trait. 

Out of three models developed for this project, H1975-0R and SH416-ER cells 

transitioned towards more mesenchymal phenotype, with marked by loss of E-cadherin, gain of 

vimentin, and increased invasiveness. However, only H1975-0R lacked an apparent activation 

of bypass kinase signaling, making it a suitable model for the study of EMT-associated 

resistance to EGFR TKls. It is important to note that in the majority of studies that identify EMT 

co-occurring with bypass signaling, hyper activation or loss of EGFR TKl-induced blockade of 

either AKT or MAPK (Erk1/2) has been reported (Tables 5 and 6). Therefore, to investigate the 

possibility of a kinase switch mechanism of EGFR TKI resistance, we focused on the above two 

targets. A more comprehensive study of the tyrosine kinome in H1975-0R may yet uncover a 

bypass-dependent mechanism of resistance in this model. It is important to note that alongside 

the EMT, SH416-ER cells had hyper activated AKT, which, in contrast to the parental cells, was 

no longer inhibited by erlotinib, suggesting that bypass kinase signaling plays a role in EGFR 
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TKI resistance in this model. Although basal levels of activated AKT were upregulated in 

SH416-ER cells compared to the SH416 parental cells, we did not observe shorter, but rather 

longer doubling time in the resistant cells. It is likely that in the presence of chronic EGFR 

inhibition, hyperactivated AKT is necessary to cope with growth suppressive and pro-apoptotic 

effects of the TKls. In this context, signaling through AKT may be used by the cells to support 

survival and does not translate into hyperproliferative phenotype. 

4.1.2 PRC2 activity and its contribution to epithelial phenotype in EGFR-mutant 

NSCLC 

Although EMT is known to occur frequently as EGFR TKI resistance develops, it is not 

clear why persistent pharmacological inhibition of EGFR over the course of treatment leads to 

emergence of EMT. We therefore sought to determine the molecular changes that may link 

chronic suppression of EGFR signaling with transition towards more mesenchymal phenotype in 

EGFR-mutant NSCLCs. Gene expression analysis in H1975-OR cells, one of the EMT

associated models, revealed significant downregulation of genes related to chromatin 

remodeling, including PRC2 components. Indeed, expression of EZH2 was downregulated in 

these cells. Moreover, H3K27me3 chromatin repressive mark was diminished not only in 

H1975-OR, but also in SH416-ER, a second EGFR TKl-resistant cell line that underwent EMT. 

On the other hand, no such changes were present in PC9-ER cells that maintained epithelial 

phenotype. Pharmacological inhibition of EZH2 methyltransferase activity resulted in 

upregulation of ZEB2 and more invasive mesenchymal phenotype, suggesting that PRC2 

activity plays a role in silencing transcription of pro-mesenchymal factor ZEB2 and supports 

epithelial differentiation in EGFR-mutant NSCLC. Our results are in agreement with a previously 

reported study by Cardenas et al. Expression of repressive H3K27me3 marker was diminished 

in SKOV3 ovarian cancer cells undergoing EMT, while inhibition of EZH2 catalytic activity 

induced expression of several mesenchymal markers, including ZEB2 in the above model [224]. 
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We found a negative correlation between EZH2 and ZEB2 expression in LUAD tumors, 

including those with EGFR activating mutations. High tumor EZH2 expression predicted longer 

PFS and OS in molecularly non-selected LUAD patients. 

Yet, current knowledge on epigenetic regulation of EMT points towards a context 

dependent role of PRC2 in this process. Behrens and colleagues reported significantly higher 

expression of EZH2 protein in TII vs Tl NSCLC, but no difference in expression between TII and 

TIii [225]. A negative contribution of high EZH2 expression to patient survival only in Tl NSCLC 

was previously reported by Kikuchi et al. [226]. Contrary to the above reports, Wan and 

coworkers detected higher EZH2 protein levels in TIii-iV compared to Tl-II tumors in a cohort of 

patients with various histological subtypes of lung cancer [227]. Another study conducted in 

patients with late stage (Tlllb and TIV) NSCLC determined that TIV tumors were more likely to 

be positive for EZH2 than Tlllb tumors [228]. Increased EZH2 protein levels in lymph node and 

brain metastases compared to primary tumors of lung cancer patients have previously been 

reported [225, 227]. The above mentioned reports are in contrast with our findings. However, 

the cohort of patients investigated by Wan et al. included multiple histological subtypes of lung 

cancer while our analysis was performed in a cohort of patients with exclusively 

adenocarcinoma tumor histology. Additionally, all of the above mentioned studies focused on 

protein expression of EZH2 determined by immunohistochemistry and evaluated using various 

semi-quantitative methods. Our analysis was based on the RPPA data provided in the TCGA 

LUAD set, which may be a less biased approach to protein expression quantification. Lastly, 

unlike cohort analyzed by Xu et al., TCGA provisional cohort that we studied predominantly 

consists of early (1-11) stage tumors. Since previous reports indicate apparent disease stage

dependent expression of EZH2, additional studies that explore prognostic value of EZH2 in 

patient cohorts restricted to a specific stage may provide an additional insight into the role of 

EZH2 in lung cancer progression. 
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In the current work, for the first time, we identified a negative correlation between ZEB2 

and EZH2 in EGFR-mutant NSCLC. Intriguingly, EZH2 levels previously have been shown to 

positively correlate with smoking status (p<0.0001) and appear to be higher in KRAS-mutant 

lung tumors when compared to EGFR-mutant lung tumors (p=0.01 for KRAS-mutant, n=68 vs 

EGFR-mutant, n=33; p=0.165 when adjusted for smoking status) [225]. A study conducted in 

colorectal cancer reported an inverse relationship between tumor EZH2 protein expression and 

PFS in patients with wild type KRAS tumors treated with anti-EGFR therapy [229]. 1 Hence, 

EZH2 may play distinct roles in tumors, including NSCLCs, based on their molecular driver 

profile. 

4.1.3 The role of E-cadherin loss in the emergence of EGFR TKI resistance in 

EGFR-mutant NSCLC 

Although PRC2 activity inhibition promoted EMT, it did not result in CDH1 inhibition (data 

not shown) or reduced sensitivity to osimertinib in H1975 cells. On the other hand, majority of 

published studies identify loss of E-cadherin as a common feature associated with the onset of 

resistance. Reduction of E-cadherin was observed in both EMT-associated EGFR TKI resistant 

cell lines developed by us. Therefore, we hypothesized that loss of E-cadherin expression is a 

critical step in acquisition of resistance to EGFR TKls. However, hairpin RNA-induced loss of E

cadherin, similar to results previously reported by Lee et al. in PC9 cells, did not reduce 

sensitivity to osimertinib in H1975 cells [131 ]. Conversely, Weng and colleagues demonstrated 

that depletion of E-cadherin in HCC827 cells led to acquired gefitinib resistance [132]. Such 

discordant results can be due to the use of different models and, therefore, appear to be cell line 

specific. A study of E-cadherin depletion and its contribution to EGFR TKI resistance across 

multiple cell lines would help to further clarify the role of EMT (E-cadherin specifically) in the 

anti-EGFR therapy failure. 

1 Patients were treated with chemotherapy plus cetuximab, an ant-EGFR monoclonal antibody 
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Taken together, the results presented here suggest that EMT may not be a driver of 

EGFR TKI resistance in our models, but rather a "passenger" that arises secondary to other 

molecular changes occurring with acquisition of therapy-refractory phenotype. Nevertheless, 

"driver" or "passenger", EMT is known to co-occur with EGFR TKI resistance and contribute to 

metastatic spread of primary tumors. Hence, it remains an important clinical problem. 

4.1.4 The association between EMT, slow cycling phenotype, and TKI resistance in 

EGFR-mutant NSCLC 

In addition to EMT, cell cycle arrest with prominent loss of E2F transcription factors has 

emerged as a possible contributor to EGFR TKI failure in our TKl-resistant cell lines. Alterations 

in cell cycle regulators, such as cyclin dependent kinases 4 and 6 (CDK4 and CDK6) have been 

implicated in the progression in EGFR-mutant lung cancer. In a cohort of late stage (Ill/IV) 

NSCLC patients whose tumors harbored activating mutations in the EGFR gene, somatic 

alterations in CDK4/6 were associated with significantly shorter PFS (Cox-proportional HR 13.8, 

p=1.4E-11) [230]. Moreover, a high frequency of genomic alterations in cell cycle-related genes 

has also been reported in leptomeningeal metastasis of EGFR-mutant NSCLC when compared 

to matched primary tumors [231]. However, the mechanistic link between EGFR TKI resistance, 

cell cycle dysregulation, and EMT has not been established. Previous studies suggest that 

EGFR interacts with E2Fs to augment their transcriptional activity, and this interaction is 

abrogated by EGFR TKls. Since expression of EZH2 and other members of PRC2 is directly 

regulated by E2Fs, this establishes a connection between chronic EGFR inhibition during 

treatment and transition towards more mesenchymal phenotype via an E2F/EZH2 axis as 

resistance develops (Fig 33A, B). Additional studies that aim to investigate EGFR/E2F/EZH2 

crosstalk and its contribution to the development of mesenchymal phenotype are required and 

currently under way in our laboratory. Nonetheless, the model we propose here can potentially 

explain a common co-occurrence of EGFR TKI resistance and EMT in EGFR-mutant NSCLC. 
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4.2 The use of 1,25(0H)2D3-Based Combination Therapies in EMT-associated 

EGFR TKI resistance 

To our knowledge, no treatment modality directly targeted at EMT as part of EGFR TKI 

resistance phenotype is in current clinical development. Here we demonstrated that a pleiotropic 

agent capable of addressing both EMT and cell cycle distribution, such as 1,25(0H)203, may 

be uniquely suitable for combating disease recurrence in this scenario. 

4.2.11,25(0H)2D3 signaling axis in EGFR-mutant TKI resistant NSCLC 

Activity of 1,25(0H)203 is dependent on VOR expression within the tumor cells. Tumor 

VOR expression has previously been positively correlated with E-cadherin levels. Since 

prominent loss of E-cadherin was detected in our models of EGFR TKI resistance, it was 

important to establish that VOR expression and signaling capacity was still intact. Interestingly, 

there was no apparent correlation between VOR and E-cadherin levels in our EGFR TKl

resistant models. For instance, E-cadherin expression was unchanged in PC9-ER cells, yet 

basal level of VOR protein was reduced in this cell line. On the other hand, H1975-0R cells 

underwent EMT with dramatic loss of E-cadherin, but no change in VOR protein levels. 

Nevertheless, for the first time, we determined that the 1,25(0H)203 signaling axis is preserved 

in EGFR-mutant cells that acquire resistance to EGFR targeted therapeutics. This was evident 

from 1,25(0H)203-dependent VOR stabilization and transcriptional induction of CYP24A 1 and 

CAMP, well characterized direct targets of VOR. 

4.2.2 The role of 1,25(0H)2D3 in epithelial differentiation and cell cycle regulation 

We previously reported that vitamin 03 metabolites are capable of suppressing growth 

of EGFR-mutant treatment na"i"ve NSCLC in vitro and in vivo. Moreover, dietary vitamin 03 

supplementation appeared to suppress growth of HCC827-derived xenografts beyond 
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progression on erlotinib. Since VDR signaling capacity was preserved in EGFR TKl-resistant 

cells, we hypothesized that combining 1,25(OH)2D3 with EGFR TKls may improve efficacy of 

the anti-EGFR therapeutics. Indeed, addition of 1,25(OH)2D3 to osimertinib or erlotinib 

significantly reduced ICS0 and IC80 values for the TKls in cells with acquired resistance to 

these agents. In order to identify the immediate and long term effect of 1,25(OH)2D3 on the 

molecular changes, treatment schedules were designed with final treatment applied 4 hours 

prior to assay termination or cell harvesting. Therefore, 1,25(OH)2D3 driven alterations in 

expression of both direct and indirect targets of VDR are captured by the present work. Gene 

expression analysis of H1975-OR cells demonstrated that 1,25(OH)2D3 increased CDH1 and 

suppressed MMP2 expression, promoting epithelial differentiation in this model. These results 

were also validated in SH416-ER cells. Our RNA sequencing analysis suggests that 

1,25(OH)2D3 did not significantly regulate EZH2 or ZEB2 expression. Therefore, we believe 

that 1,25(OH)2D3 supports epithelial phenotype independent of PRC2 activity, but rather by 

directly inducing transcription of such epithelial markers as CLDN4 and CDH1, known VDR 

targets. 

Since induction of EMT by either E-cadherin knock-down or pharmacological inhibition of 

EZH2 activity did not lead to onset of resistance to EGFR TKls, we hypothesized that 

1,25(OH)2D3 signaling unrelated to pro-epithelial differentiation may be responsible for 

improved efficacy of TKls in combination with 1,25(OH)2D3. Gene expression analysis pointed 

towards cell cycle suppression as a possible explanation of anti-tumor activity of 1,25(OH)2D3 

in combination with EGFR TKls. Addition of 1,25(OH)2D3 to EGFR TKls significantly changed 

the percentage of cells in G0/G1 cell cycle phase in H1975-OR, contributing to improved 

sensitivity to EGFR targeted agents. As discussed in section 4.1.1, all experiments aimed to 

investigate growth suppression and IC50/IC80 values of TKls alone or in combination with other 

interventions (such as 1,25(OH)2D3, GSK126, and sh_CDH1) lasted for a total of 9 days, with 3 
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treatment applications every 72 hours. Such treatment schedule was designed to capture not 

only the acute cytotoxicity, but also any possible cytostatic effects of the tested agents, which 

would not be effectively detected in more conventional 72-hour assays. To accommodate 

prolonged assay duration, cells were seeded at somewhat low density, similar to that usually 

used in colony forming experiments. Therefore, we believe that such experimental design is well 

suited for the study of acquired resistance to EGFR TKls as it combines several experimental 

conditions and test parameters, including cell ability to grow at both low (at the onset of the 

experiment) and high (at the conclusion of the experiment) densities, capturing both cytotoxic 

and cytostatic activity of the tested treatment modalities. We recognize that cell cycle 

suppression may not be the sole mechanism that allows 1,25(OH)2D3 to promote efficacy of 

EGFR TKls, since increase of the cell fraction in G0/G1 phase was modest in magnitude and 

was only observed when 1,25(OH)2D3 was added to EGFR TKI. However, the lack of 

1,25(OH)2D3-dependent EGFR TKI efficacy increase in PC9-ER, cells that maintained VDR 

expression and signaling capacity but harbor mutations in several key cell cycle regulators, 

advocates the critical role of cell cycle arrest in the mechanism of 1,25(OH)2D3 driven 

sensitivity to EGFR TKls. Our proposed model of 1,25(OH)2D3 activity to promote epithelial 

phenotype and cell cycle arrest is presented in Figure 33C. 

With regards to the effect of 1,25(OH)2D3 on EGFR TKl-driven growth suppression in 

the parental cells, we did not detect significant efficacy improvement in SH416 line. This could 

be due to already high sensitivity of the parental cells to the TKls. Additionally, our ICS0 assays 

were designed with the focus on the resistant cell lines and therefore we opted to include more 

numerous concentrations of the TKls on the higher end of the ICS0 curve since that is where we 

predicted to capture the impact of 1,25(OH)2D3. In fact, our preliminary study of the effect of 

dietary vitamin D3 on erlotinib efficacy in HCC827 subcutaneous mouse xenograft model 

demonstrated a trend towards a better acute response to erlotinib in mice supplemented with 
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1 0000IU VO3/kg, suggesting a favorable interaction between EGFR TKls and vitamin 03 

metabolites (discussed in sections 2.2.2 and 2.2.3). Therefore, more comprehensive studies 

that include ICS0 experiments with the aim of dissecting the role of 1,25(0H)2O3 on TKI 

sensitivity in parental cells may still uncover a beneficial interaction between these agents. On 

the other hand, clinical relevance of such an investigation would be questionable, because the 

impact of any sensitizing agent would only be pertinent in the context of EGFR TKI resistance, 

acquired or intrinsic. 

4.3 Orthotopic Lung Xenograft Model of EGFR-mutant TKI-Resistant NSCLC 

To study the effects of vitamin 03 metabolites on EGFR TKI efficacy in the setting of 

acquired resistance to EGFR TKls, an orthotopic model of EGFR-mutant osimertinib-resistant 

NSCLC was developed. The need for an orthotopic model was driven by several factors. First, 

our previous attempts to establish subcutaneous xenografts derived from EGFR TKl-resistant 

cells were unsuccessful, suggesting that take rate and growth of these cells may be acutely 

regulated by the tumor microenvironment. Second, in order to determine the effects of vitamin 

03 metabolites on epithelial differentiation, it is preferential to establish tumors at the 

appropriate site, such as lungs, as tumor metastatic spread from the subcutaneous 

compartment is unlikely to occur. 

Several studies reported establishment of orthotopic lung tumor xenografts in mice 

following implantation protocols that involved either intra-tracheal instillation of cells or surgical 

dissection of lung parenchyma in order to visualize the site of cell deposition [232-234]. The 

above procedures require high level of expertise and are fairly invasive. We developed a novel 

ultrasound-guided mode of implantation. It allowed for precise injection of tumor cells into lung 

parenchyma while keeping the procedure minimally invasive. Utilizing this approach, we 

achieved 100% engraftment rate of parental and 60% engraftment rate of EGFR TKl-resistant 

cells, a much higher tumor take rate than previously observed by us in a subcutaneous 
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xenograft model. Orthotopic tumors maintained their inherent phenotypes, i.e. tumors derived 

from EGFR TKl-na"i"ve H1975 cells remained acutely sensitive to daily dosing with 5mg/kg 

osimertinib, while those derived from osimertinib-resistant H 1975-0R cells remained resistant to 

the drug. The dosing schedule was selected based on available literature reports, where 

5mg/kg M-F osimertinib was shown to be effective at blocking EGFR phosphorylation and 

reducing tumor volumes in subcutaneous xenograft models [235, 236]. As expected, we 

detected near-complete inhibition of pEGFR and rapid tumor burden reduction in mice harboring 

H1975-derived xenografts, confirming high efficacy of the selected osimertinib dosing schedule 

in the treatment-na"i"ve model. Lung tumors derived from H1975-0R cells not only remained 

resistant to osimertinib, but also expressed low levels of E-cadherin and EZH2 compared to the 

tumors derived from the parental cells. Importantly, despite low levels of E-cadherin, VDR was 

expressed in the nuclei of the H1975-0R engrafted cell, making this model suitable for the study 

of vitamin 03 metabolites activity in the context of acquired resistance to EGFR TKls. 

4.4 Novel Findings and Study Significance 

To summarize, the body of work presented here offers several key discoveries that 

advance our current understanding of acquired resistance to EGFR TKls in EGFR-mutant 

NSCLC. These discoveries may ultimately lead to optimization of currently approved treatment 

modalities to improve or prolong response to EGFR targeted therapeutics. We determined that 

EGFR TKl-resistant cells, in addition to undergoing EMT, developed a slow cycling phenotype. 

Moreover, we propose an intriguing model that links EMT to chronic EGFR inhibition via 

E2F/EZH2 crosstalk. Here, we demonstrated that EZH2 inhibition alone was capable of 

promoting invasive mesenchymal phenotype. With regards to the direct EMT regulation of 

EGFR TKI sensitivity, our results suggest that mesenchymal phenotype emerges secondary to 

other drivers of drug resistance, since EMT induced by depletion of E-cadherin or 

pharmacological inhibition of EZH2 had no detrimental effect on EGFR TKI sensitivity in H1975 
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cells. Finally, for the first time, we demonstrated persistent VDR expression and signaling 

capacity in EGFR TKl-resistant cell lines, even in the presence of EMT. We found that 

1,25(0H)2D3 not only induced expression of epithelial markers, but also reinforced cell cycle 

arrest resulting in improved efficacy of EGFR TKls in the above models. Importantly, these 

effects were not cell line or TKl-specific, as they were consistently replicated using H1975-0R 

and SH416-ER cells, osimertinib and erlotinib, respectively. Taken together, out results suggest 

that the use of a pleiotropic agent, such as 1,25(0H)2D3, may be beneficial in addressing a 

complex problem of acquired resistance to EGFR TKls in EGFR-mutant NSCLCs. To test this 

hypothesis in vivo, we developed a novel murine lung orthotopic xenograft model of EGFR

mutant TKI resistant NSCLC. This model is uniquely suitable not only for the study of EGFR TKI 

efficacy, but also for the investigation of EMT in the setting of acquired resistance to the anti

EGFR targeted agents. 
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5. MATERIALS AND METHODS 

5.1 Cell Culture 

EGFR-mutant H1975 (T790M, L858R) and HCC827 (Del19) lung adenocarcinoma cells 

were purchased from American Type Culture Collection (CRL-5908, CRL-2868). EGFR-mutant 

(Del19) PC9 lung adenocarcinoma cells were generously provided by SI Abrams, PhD (Roswell 

Park Comprehensive Cancer Center, Buffalo, NY). EGFR-mutant (Del19) SH416 squamous cell 

lung carcinoma cells were a gift from CM Lovly, MD, PhD (Vanderbilt University Medical Center, 

Nashville, TN). H1975 and SH416 cells were cultured in RPMI 1640 (Corning, 1004-CV) 

supplemented with 10% fetal bovine serum (FBS) (Tissue Culture Biologicals 35-010-CV) and 

1 % penicillin-streptomycin (Corning, 30-002-CI). PC9 cells were cultured in RPMI 1640 

supplemented with 10% FBS, 1 % penicillin-streptomycin (P/S), 7.5% HEPES (Corning, 20-060-

CI), 1 % L-glutamine (Corning, 25-005-CI), 1 % sodium pyruvate (Corning, 25-000-CI), and 1 % 

MEM non-essential amino-acids (Corning, 25-025-CI). EGFR TKl-resistant H1975-OR 

(osimertinib resistant), PC9-ER (erlotinib-resistant), and SH416-ER (erlotinib resistant) sublines 

were generated by culturing parental cells in growth media containing either 0.5µM osimertinib 

(Selleckchem, S7297) or 1µM erlotinib (OSI Pharmaceuticals, OSl-774-01) for ~30 days. 

Treatment media was replaced every 72h. Thereafter, EGFR TKl-resistant cell lines were 

continuously cultured in growth media containing 0.5µM osimertinib (H1975-OR) or 1µM 

erlotinib (PC9-ER and SH416-ER). Cells were maintained at 37°C and 5% CO2. All cell lines 

tested negatively for mycoplasma. 

5.2 Targeted Sequencing of EGFR Exons 19, 20, and 21 

Method for detecting EGFR mutations in NSCLC samples has been described 

previously [237]. Briefly, genomic DNA was extracted using lnvitrogen Charge Switch Kit 

(lnvitrogen, CS-11204) as recommended by the manufacturer and quantified using NanoDrop 

8000 spectrophotometer (ThermoFisher Scientific). 50 ng of genomic DNA per exon was 
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amplified on a C1000 Bio-Rad Thermal cycler using exon 19, 20, and 21 specific primers (Table 

13a). cDNA was resolved on a 2% agarose/TBE gel containing ethidium bromide. cDNA of 

appropriate sizes (Exon 19, 372 nt; Exon 20, 408 nt; Exon 21, 415 nt) was purified using 

Zymoclean gel DNA recovery kit (Zymo Research, D4007). Sanger sequencing of PCR 

products was performed in the genomics shared resource facility at Roswell Park 

Comprehensive Cancer Center. Table 13b lists EGFR exons 19-21 sequencing primers. 

Sequence alignment to RefSeq NG_007726.3 was performed with the help of ClustalW2 

alignment tool (European Bioinformatics Institute, UK). 

5.3 Sulfarhodamine B (SRB) Assay 

SRB assay was widely used in this project to estimate cell number in a variety of 

experiments. The utility and methodology of the assay has been described previously [238]. 

Briefly, cells were fixed with 10% trichloroacetic acid (TCA) (LabChem, LC262301) at 1:2 final 

content of TCA to media for 1 hour at 4°C. TCA was then removed and cells washed with tap 

water 3 times, air dried completely, and stained with 0.57% (wt/vol) SRB dye (Sigma, S1402) in 

1 % (vol/vol) acetic acid at room temperature. The dye was removed, cells washed with 1 % 

acetic acid 4 times, and air dried completely. The dye was solubilized in 1 0mM Tris base and 

the optical density (OD) at 510nm was read on BioTek SYNERGY multimode microplate reader. 

5.4 IC50 and IC80 determination 

Cells were plated in triplicates in complete growth media at 3x103 cells per well in 12 well 

plates and allowed to attach overnight. The next day, cells were treated with increasing 

concentrations of TKls (0-SµM) alone or in combination with 1 00nM 1,25(OH)2D3 or 2.SµM 

GSK 126 (as indicated for each experiment) in growth media supplemented with either 10% 

FBS+1 %PIS or 10%CSS+1 %PIS (HyClone, SH30068.03). Treatments were reapplied every 72 

hours for a total of 9 days, followed by SRB assay to determine the surviving cell fraction. For 
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the sh_CDH1 experiments, cells were treated as above with increasing concentrations of 

osimertinib (0-50nM) in 10%FBS media supplemented with 1 µg/ml puromycin. %growth 

inhibition was determined using the following formula: 

ODsample)
(1 - l * 100% = %growth inhibition

ODcontro 

Growth curves were analyzed and IC50 and IC80 values determined by non-linear regression 

method using GraphPad Prism v?.04 software. For IC80 calculation, top and bottom parameters 

of the curves were constrained to 100 and 0, respectively. In the experiments that investigated 

combination of EGFR TKls and either 1,25(OH)2D3 or GSK126, control samples were treated 

either with or without the above agents. Therefore, during the IC50 and IC80 analysis, the effect 

of each agent as a monotreatment was normalized for. All experiments were conducted 3 times. 

5.5 Cell Cycle Analysis 

Cells were treated with indicated agents for 48h, harvested, and fixed in cold 70% 

ethanol for a minimum of 30min. Cells were stained with 0.05mg/ml propidium iodide (Pl) in 

Krishan buffer (0.1 % sodium citrate, JT Baker, 3646-01; 0.02mg/ml RNAse, lnvitrogen, 12091-

021; 0.05mg/ml propidium iodide, lnvitrogen, P1304MP; 0.2% lgepal, Sigma 1-3021; 1 N NaCL in 

deionized water) for 30min. Samples were filtered through a mesh filter (Corning #352235) and 

Pl fluorescence was detected using BO LSRII or Fortessa flow cytometry analyzer in the flow 

cytometry shared resource facility of Roswell Park Comprehensive Cancer Center. Statistical 

significance was calculated using 2-way ANOVA followed by Tukey's multiple comparison test 

using GraphPad Prism v?.04 software. Experiments were conducted at least twice. 

5.6 Cell Doubling Time Determination 

Cells were plated at 3000 cells/well in 12-well plates in triplicates with a designated plate 

for every harvesting time point. The reference time point (d1) was designated to the first day of 

84 



exponential cell growth (3 days post-seeding). After that, cells were harvested every 72h. 

Relative cell growth was determined by SRB assay using the following formula: 

Absorbance at dx 
b b d = Relative cell growth at dx

A sor ance at 1 

Only the exponential growth phase of each curve was considered for cell doubling time 

calculation. Doubling times were determined using exponential growth and non-linear 

regression analysis within GraphPad Prism v7.04 software. Experiments were conducted 3 

times. 

5.7 Transwell Invasion and Migration Assays 

Matrigel covered transwell invasion chambers with 8µm pores were purchased from 

Fisher Scientific (08-77 4-122). Prior to cell seeding, the transwell inserts were rehydrated as per 

manufacturer's instructions. Briefly, inserts were equilibrated to room temperature for 10-15 

minutes and 500µ1 of warm serum-free, antibiotic-free RPMI 1640 media was added to the 

interior of each insert. Inserts were allowed to rehydrate at 37° in a 5% CO2 cell culture 

incubator for 2 hours. Rehydration media was carefully removed and cells were plated at 3x103 

cells per insert in 100µ1 serum-free growth media. 700µ1 of complete growth media containing 

10%FBS was placed into the lower chamber to act as a chemoattractant. These were 

designated as invasion wells. Additionally, 3x103 cells were plated in 1 ml complete growth 

media in separate wells of the 24-well plate without inserts (directly into the wells). These were 

designated as control wells. For investigation of the effect of EZH2 inhibition on cell invasion, 

cells were maintained in media containing GSK126 at 2.5µM for the duration of the invasion 

assay. 48 hours after plating, cells were removed from the upper chamber of the invasion wells 

with a cotton swab and chambers were returned to their plates with invading cells attached to 

the outer membrane of the invasion chamber. Cells in the control wells and the invasion wells 

were fixed in 10% TCA and SRB assay performed to estimate the cell number. The assay was 
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repeated three times with duplicate wells in each replicate. Absorbance from two wells was 

averaged and averages from three independent experiments were used to calculate invasion 

using the following formulas: 

absorbance invasion (migration) well 
b b l ll = invading (migrated) fraction 

a sor ance contra we 

invading (migrated) fraction experimental condition . . . . . 
--------------------=normalized mvaswn (migration)

invading (migrated) fraction control condition 

For the migration assay, we followed the above protocol, but used uncoated migration 

chambers with 8µm pores (Corning, 3464). 

5.8 RNA Isolation, cDNA Synthesis, and q-RT PCR 

Cells were lysed in TRI-reagent (Zymo Research, R2050-1-200) and RNA isolated using 

Direct-zol RNA miniprep kit (Zymo Research, R2052). RNA concentration was determined on a 

NanoDrop 8000 spectrophotometer (ThermoFisher Scientific). 20µ1 of cDNA was synthesized 

from 600-750ng of RNA using High Capacity cDNA Reverse Transcription Kit with the addition 

of RNAse inhibitor (Applied Biosystems, 4368814), according to the manufacturer's instructions. 

40-60µ1 RNA-free water was added to the resulting cDNA prior to the qRT-PCR experiments. 

The SYBR green/ROX/qPCR Master Mix kit (ThermoFisher Scientific, K0221 ), and 7300 Real 

Time PCR System (Applied Biosystems) were used for qRT-PCR reactions. We used 1µI of 

cDNA per each reaction and primers at the final concentration of 1 nM. Table 14 lists sequences 

of the qRT-PCR primers used in the study. Relative mRNA levels were determined using the 2-

Mct method. Statistical significance was analyzed using unpaired t-test and data from at least 

two independent experiments in GraphPad Prism v?.04 software. 
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5.9 Protein Extraction and Western Blot Analysis 

Culture medium was removed and cells washed with PBS. Cells were lysed with Triton

X100/SDS lysis buffer supplemented with phosphatase inhibitor cocktail (Calbiochem, 524625) 

and protease inhibitor cocktail (Millipore, 539134) directly in the wells, lysates collected into 

microfuge tubes, and incubated on ice for 30min with vortexing every 1 0min. Supernatant 

fractions containing protein extracts were transferred into clean tubes after 15min centrifugation 

at 14000rpm and 4 °C. Protein concentration was analyzed using Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, 23225). 5-45 µg of total proteins/sample or 3-15µ1 of total histone 

extracts were resolved on pre-cast Criterion Tris-HCL protein gels (BioRad, 3450010, 3450019). 

Analysis was performed using at least two independent replicates. 

5.1 O Histone Isolation and H3K27me3 Analysis 

Cells were collected following the usual trypsinisation and pelleting protocol. The cells 

were resuspended in room temperature PBS at 2x106 cells/ml, and 1ml of cell suspension was 

placed on ice to be used for histone extraction. EpiQuick total histone extraction kit (Epigentek, 

OP-0006) was used according to the manufacturer's instructions. Specifically, cells were 

pelleted at 1000rpm at 4 °C for 5min, resuspended in 100µ1 of pre-lysis buffer, and incubated at 

4 °C for 30min with gentle rocking. Cells were then pelleted at 1 0000rpm for 1 min at 4 °C and 

supernatant discarded. Pellets were resuspended in 200µL of lysis buffer, incubated on ice for 

30min, and centrifuged at 12000rpm at 4 °C for 5min. Supernatant fractions containing the 

histone extracts were transferred into clean tubes, supplemented with 60µ1 of balance-OTT 

buffer, and stored at -80°C. Total H3 and H3K27me3 contents were determined by western blot 

analysis. 
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5.11 Western Blot Antibodies and Detection Reagents 

The following primary antibodies were used for western blotting: 13-Actin (Santa Cruz 

Biotechnology, sc-1616; at 1 :3000 dilution), total Akt (Cell Signaling Technology (CS), 9272; at 

1 :1000 dilution), pAKT(Ser473) (CS, 9271; at 1 :1000 dilution), E-cadherin (BOTransduction 

Laboratories (BO), 610181; at 1 :3000 dilution), total EGFR (CS, 4405; at 1 :3000 dilution), 

pEGFR (Tyr1068) (CS, 2234; at 1 :1000 dilution), EZH2 (CS, 5246; at 1 :1000 dilution), Histone 3 

(Abeam, ab1791; at 1:10000 dilution), Histone 3 trimethyl Lys27 (Millipore, 07-449; at 1:500 

dilution), pMAPK (ERK1/2) (Thr202/Tyr204) (9101; at 1 :1000 dilution), a-Tubulin (Millipore, 05-

829; at 1 :5000 dilution), vimentin (BO, 550513; at 1 :1000 dilution); VOR (ThermoFisher 

Scientific, MA1-710; at 1:1000 dilution). The following secondary western blot antibodies were 

used: anti-mouse lgG HRP-linked (GE Healthcare, NA931; at 1 :5000 dilution), anti-rabbit lgG 

HRP-linked (GE Healthcare, NA934; at 1 :5000 dilution). Bands were detected using lmmobilon 

Crescendo Western HRP substrate (Millipore, WBLUR0500). 

5.12 RNA Sequencing 

RNA sequencing was performed at the genomics shared resource facility at Roswell 

Park Comprehensive Cancer Center. Sequencing libraries were prepared with the TruSeq 

Stranded Total RNA kit (lllumina Inc, 20020596), from 300ng total RNA according to the 

manufacturer's instructions. Briefly, total RNA was depleted of rRNA, fragmented and primed for 

cONA synthesis. Fragmented RNA was reverse transcribed into first strand cONA, followed by 

removal of the template and replacement strand synthesis with incorporation of dUTPs to 

generate ds cONA. AMPure XP beads (Beckman Coulter, A63881) were used to separate the 

ds cONA from the second strand reaction mix, resulting in blunt-ended cONA. Os cONA was 

prepared for hybridization onto a flow cell by adding a single 'A' nucleotides to the 3' ends and 

ligation of indexing adapters containing single 'T' nucleotides. Libraries were amplified by PCR, 

purified using AMPure XP beads, and validated for appropriate size on a 4200 TapeStation 
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D1000 Screentape (Agilent Technologies, Inc.). The DNA libraries were quantitated using KAPA 

Biosystems qPCR kit, and pooled together in an equimolar fashion, following experimental 

design criteria. Each pool was denatured and diluted to 2.4pM with 1% PhiX control library 

(lllumina, FC-110-3001) added. The resulting pools were loaded into the 150 cycle NextSeq 

high output Reagent cartridge (lllumina, FC-404-2002) for 75 cycle paired end sequencing, and 

sequenced on a NextSeq500 following the manufacturer's recommended protocol (lllumina 

Inc.). 

5.13 Bioinformatics 

Raw FASTQ files were mapped onto the hg38 human genome using Kallisto RNAseq 

quantification program [239] and gene level counts were obtained summarizing transcript 

information with the TX import R package [240]. Gene expression levels were used to perform 

principal component analysis (PCA) and unsupervised hierarchical clustering [241 ]. Gene set 

enrichment and leading edge analyses were performed using the Broad Institute GSEA 3.0 

application [201]. RNA sequencing expression data were compared to the following molecular 

signature databases (MSigDB v6.2): gene ontology (GO) gene sets (CS) and chemical and 

genetic perturbations (CGP). To identify the overlap between PRC2 activity and EMT, gene sets 

listed in Tables 9 and 10 were subjected to the leading edge analysis using GSEA 3.0 

application. For the leading edge and enrichment map generation, gene sets with the FDR q 

value of <0.25 and p value <0.05 were considered. Enrichment maps were constructed using 

Cytoscape v3.6.1 software and Enrichment map plugin [203]. Edge cutoff similarity value was 

set to 0.5 for GO categorical clustering. After the clusters were constructed, the cutoff value was 

set to 1.0 to reduce the number of visible edges and improve the clarity of enrichment maps for 

figure presentation. Cytoscape Autoannotate application was used for gene set clustering, 

followed by manual curation of the clusters and annotations based on the Gene Ontology (GO) 

categories. Top 25 rankings were assembled from the lists of significantly regulated genes 
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within core enrichments for corresponding gene sets. Genes were sorted according to the 

GSEA enrichment score normalized to the number of gene sets each gene appeared in. 

5.14 TCGA Provisional LUAD Cohort Data Analysis 

ZEB2 mRNA and EZH2 protein expression and survival data in the TCGA provisional 

LUAD set were downloaded from cBioPortal. Only the subset of tumors with available OS and 

PFS data (n=191) were considered for analysis. Tumors were divided into quartiles (Q1-Q4) 

based on their EZH2 protein levels determined by RPPA. Tumors with lowest expression were 

assigned to Q1, while tumors with the highest expression were assigned to Q4. Statistical 

analyses were performed using GraphPad Prism v?.04 software. ZEB2/EZH2 co-expression 

was analyzed using unpaired t-test (non-selected LUAD) and Pearson's correlation analysis 

(EGFR-mutant subset). OS and PFS were analyzed using Kaplan-Myer estimate. All statistical 

analyses were performed using GraphPad Prism v?.04 software. 

5.15 EGFR TKI and 1,25(0H)2D3 Treatments 

Erlotinib was purchased from OSI Pharmaceuticals (OSl-774-01 ), osimertinib was 

purchased from Selleckchem (S7297). 1,25(OH)2O3 was kindly provided by Dr. Johnson at 

Roswell Park Comprehensive Cancer Center. For protein and RNA isolation, cells were plated 

at ~40-50% confluence in complete growth media and allowed to attach overnight. The next 

day, the growth media was replaced with 10% CSS supplemented media containing 1 00nM 

1,25(OH)2O3, 1µM erlotinib, 500nM osimertinib, combination of 1,25(OH)2O3 and a TKI at the 

above concentrations, or vehicle control (DMSO for TKls or Ethanol for 1,25(OH)2O3). For 

protein analysis, cells were treated for a total of 24 hours, with treatment reapplication 4 hours 

before the harvest. For RNA analysis, the cells were treated for a total of 96 hours, with 

treatment reapplication at 48- and 92-hour (4 hours before the harvest) time points. For cell 

cycle analysis, cells were treated in 10%CSS media with the above concentrations of 
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1,25(OH)2D3, TKls, combination of the two agents, or vehicle control for a total of 48 hours. 

Statistical significance was determined using unpaired t-test and data from at least two 

independent experiments. 

5.16 GSK126 Treatments 

H1975 and SH416 cells were maintained in growth medium containing 2.5µM GSK126 

(Xcessbio Biosciences Inc., M60071-2) or vehicle control (DMSO) for 14 days. Media was 

replaced every 72 hours and cells were passaged as necessary. At the end of the 14-day 

treatment period, cells were plated at 70-80% confluence in the presence of 2.5µM GSK126 or 

vehicle control, and cells were harvested for RNA and protein analysis 48 hours after the last 

GSK126 application. For the invasion assay, cells were plated in the presence of GSK126 or 

vehicle control. For the determination of H3K27me3 status, cells were harvested 48 hours after 

the last GSK126 application. 

5.18 shRNA-Mediated E-cadherin Knockdown 

Lentiviral particle production and infection was performed in the genomics shared 

resource facility at Roswell Park Comprehensive Cancer Center. Briefly, sh_CDH1_834 (clone 

ID V2LHS_ 14834, sequence CTGTTGGTGTCTTTATTAT), sh_CDH1_838 (clone ID 

V2LHS_ 14838, sequence GTCGTAATCACCACACTGA), non-targeting control vector, psPAX2 

(Addgene, 12259), pMD2.G (Addgene, 12260), and lipoD293 (SignaGen Laboratories, 

SL 100668) were used to produce lentiviral particles in HEK293T cells. H1975 cells were 

infected using the following "spinfection" protocol. Cells were plated in a 6-well plate at 80% 

confluency and allowed to attach overnight. The next day, regular growth media was removed 

and cells were incubated with viral supernatant (1 ml/well) for 30min at 37°C. Regular growth 

media (1 ml/well) was then added to the cells, and the plate was spun in a micro titer rotor at 

1800 rpm for 45 minutes at room temperature, followed by 6h incubation at 37°C. Infection 
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media was then replaced with regular growth media and cells were incubated overnight at 37°C. 

The next day, cells were passaged and allowed to attach. Growth media was replaced with 

selection media containing 1 µg/ml puromycin. 

5.19 Animal Studies 

In vivo studies were carried out under IACUC approved protocols within laboratory 

animal resource at Roswell Park Comprehensive Cancer Center. 

5. 19. 1 Combination of dietary vitamin D3 and erlotinib in vivo 

Diets containing 25IU vitamin O3/kg and 1 0000IU vitamin O3/kg were purchased from 

Research Diets Inc (New Brunswick, NJ). Erlotinib was prepared in aqueous solution of 1 % 

DMSO, 0.5% carboxymethylcellulose sodium (Sigma, C9481 ), and 15% trapsole (Cyclodextrin 

Technologies Development Inc.). To determine the effect of dietary vitamin 03 on response and 

progression free survival of erlotinib in EGFR-mutant NSCLC, HCC827 cells harboring mutation 

in the EGFR gene (Del19) were used to establish subcutaneous xenografts in nude mice as 

previously described [179]. Female nude mice (n=36; Harlan Laboratories) were placed on 

research diet containing 25IU vitamin 03 to establish vitamin 03 deficiency. After 6 weeks on 

the diet, mice were subcutaneously injected in the rear flank with HCC827 cells (5x106
). Once 

tumors were palpable, mice were stratified to either stay on 25IU/kg vitamin 03 diet (vitamin 03 

deficient, n=22) or receive 10000IU/kg vitamin 03 diet (vitamin 03 supplemented, n=14). We 

allowed circulating vitamin 03 levels to readjust for 1 week and initiated daily intraperitoneal 

injections with either erlotinib 12.Smg/kg (5 days a week, n=10 and n=11 for deficient and 

supplemented diet, respectively), or vehicle control (n=9 vitamin 03 deficient mice). Tumors 

were harvested 48h after treatment initiation (n=3 per group, acute response) or after reaching 

the volume of at least 1000mm3 (outgrowth). Tumors were measured with digital calipers weekly 

and volumes determined using the following formula: 
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Length * Width 2 

= Tumor volume 
2 

Where length is the longest dimension and the width is the shortest dimension of the tumor. 

Body weights were monitored weekly. Serum 25(OH)D3 levels were determined by 

radioimmunoassay (RIA) (Heartland Assays, Ames, IA). Study design is presented in Figure 1. 

5.19.2 Orthotopic mouse tumor xenograft studies 

Study 1. Nude mice (n=15) were orthotopically injected into the lower portion of the right 

lung using a 23-guage needle under the guidance of ultrasound with H1975 parental cells at 

1x106 cells in 25µ1 of 50% PBS and 50% Matrigel (BO Biosciences catalog #356237) (vol/vol). 

On day 26 animals were stratified to receive vehicle control (0.5% HPMC, Sigma, H7509) or 

osimertinib at 5mg/kg, 5 times a week (M-F) by oral gavage for the duration of the study. Tumor 

growth was monitored by MRI once a week in the Translational Imaging Shared Resource at 

Roswell Park Comprehensive Cancer Center using 4.7 T/33-cm horizontal bore magnet (GE 

NMR Instruments) that incorporated a removable gradient coil insert (G060; Bruker Medical 

Inc.) and generated a maximum field strength of 950 mT/m with a custom-designed, 35-mm 

radiofrequency transmit-receive coil. During the imaging, animal body temperature was 

maintained at 37°C using an air heater system (SA lnstrumentslnc.). Animals were placed prone 

on a magnetic resonance-compatible sled (Dazai Research Instruments) within a carrier tube 

and positioned to ensure placement of the thoracic region of the mice in the isocenter of the 

magnet. Global shimming was performed at the beginning of imaging to ensure optimal field 

homogeneity. Preliminary scout images were acquired on the sagittal plane for localization and 

for determination of subsequent slice prescriptions. Coronal T2-weighted (T2W) images were 

acquired with the following parameters: field of view (FOV), 4.8 x 3.2 cm; matrix, 256 x 192; 

slice thickness, 1.00 mm; effective echo time (TEeff), 41 msec; repetition time (TR), 2500 msec; 

number of averages, 4. In total, 21 slices were acquired across the thoracic region to cover the 
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entire lung area. The duration of the imaging session for each animal, including induction of 

anesthesia, positioning, and set up, was approximately 20 minutes. After image acquisition, raw 

image sets were transferred to a processing workstation and processed using the medical 

imaging software Analyze (AnalyzeDirect, version 10.0). Tumor volumes (mm 3
) were calculated 

from the manually traced tumor area in each acquired slice and the slice thickness. Animal body 

weights were monitored every day the first week post implantation, and once a week thereafter. 

Mice were anesthetized in the CO2 chamber and euthanized by hepatic artery severing. This 

method was chosen to preserve the integrity of the trachea for formalin inflation of the lungs 

during harvesting procedure. Study design is presented in Figure 29. 

Study 2. Nude mice (n=5) were injected into the lower portion of the right lung using a 

23-guage needle with H 1975-OR cells at 5x105 cells in 25µ1 of 50% PBS and 50% Matrigel 

(vol/vol) as described in study 1. Oral gavage with osimertinib at 5mg/kg five times a week (M-F) 

was initiated one week after implantation and continued for the duration of the study. Body 

weight and MRI tumor volume evaluations were performed once a week following the procedure 

described above. Mice were euthanized and lungs collected following the protocol established in 

study 1. Study design is presented in Figure 31. 

5.20 lmmunohistochemistry (IHC) 

IHC was performed on formalin fixed paraffin embedded (FFPE) tissues sections using 

the Envision technique, Dako Real EnVision Detection System and Peroxidase/DAB+ (Dako, 

K4011) according to the manufacturer's protocol. Briefly, the Sµm FFPE sections were 

deparaffinized with xylene followed by rehydration with a descending grades of ethanol. Heat 

mediated antigen retrieval was conducted at 95-98°C for 30 min with 10 mM citrate buffer (pH 

6.0). The endogenous peroxidase blocking solution (Dako, S2023) was used to block the 

endogenous peroxidase activities followed by a serum-free protein blocker (Dako, X0909) for 1 

hour at room temperature. FFPE sections were incubated with the following primary antibodies: 
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VDR (Thermo Fisher Scientific; MA1-710; at 1:500 dilution), EZH2 (CS, 5246, at 1:1000 dilution) 

and E-Cadherin (CS, 3195; at 1 :800 dilution), pEGFR(Tyr1068) (CS, 2234; at 1 :50 dilution). For 

slides that stained with VDR primary antibody, the unconjugated Rabbit Anti-Rat lgG Antibody 

(Vector Laboratories, Al-4001) was applied for 30 minutes at room temperature. Then, slides 

were incubated with the anti-rabbit secondary antibody (Dako, K4011) for 30 minutes at room 

temperature. Diaminobenzidine (DAB) (Dako, K3468) was applied for 5 minutes at room 

temperature for visualization. Finally, the FFPE sections were counterstained with Harris 

hematoxylin, dehydrated with ethanol, cleared with xylene, and mounted. The FFPE sections 

were digitalized using ScanScope XT system (Aperio Technologies). 
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Figure 1. The effect of dietary vitamin D3 on erlotinib response in an EGFR-mutant NSCLC 
subcutaneous mouse xenograft model: Study design 

A. Nude mice (n=36) were placed on vitamin D3 deficient research diet (25IU VD3) for 6 weeks 
to establish vitamin D3 deficiency (weeks -6 to 0). At week 0, mice were subcutaneously 
injected with 5x106 EGFR-mutant HCC827 lung adenocarcinoma cells. Tumors were allowed to 
reach the volume of at least 300mm3 (weeks 0-6). After the tumors were established, mice were 
stratified to either remain on the vitamin D3 deficient diet or receive vitamin D3 supplemented 
diet (10000IU VD3). Serum vitamin D3 levels were allowed to re-adjust for 1 week (week 6-7), 
followed by a baseline harvest of serum and tumors (25IU VD3, n=3; 1 0000IU VD3, n=3) and 
treatments with either vehicle control (25IU VD3+vehicle, n=9) or 12.Smg/kg erlotinib, M-F (25IU 
VD3 +Erl, n=1 0; 1 0000IU VD3+Erl, n=11 ). 48 hours after the first treatment, 3 tumors and 
serum samples per treatment group were collected (acute response). The remaining mice were 
maintained on the assigned diets and treatments for the duration of the study (weeks 7-21). 
Mice were euthanized, tumor and serum samples were collected as tumors reached the volume 
of at least 1000mm3 (outgrowth). 1 B. Body weights were recorded weekly after tumor cell 
inoculation. No toxicity was associated with either of the treatments or diet regimens. 

1 One mouse was euthanized at tumor volume of ~800mm3 due to rapid increase in tumor burden 
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Serum 25(OH)D (ng/ml, ±SD) 

25IU 10000IU 

Baseline 3.37, ±0.75 60.4 , ±16.7 

Acute response 2.83, ±0.31 63.0, ±7.47 
Outgrowth 4.20, ±1 .78 53.1, ±12.2 
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Figure 2. Dietary vitamin D3 successfully modifies serum levels of 25(0H)D3 with no effect on 
the intratumoral expression of VDR in HCC827 subcutaneous tumor xenografts 

A. Circulating levels of 25(0H)D3 were determined prior to treatment initiation (baseline), 48h 
after the first treatment (acute response), and at the conclusion of the study (outgrowth). Vitamin 
D3 supplementation was associated with higher levels of serum 25(0H)D3. B-G. Tumor 
sections from vitamin D deficient (n=3, B-D) and replete (n=3, E-G) mice were stained for VDR 
one week after the diet switch (baseline), prior to erlotinib treatment. All tumors, regardless of 
the dietary regimen, were positive for VDR, with strong nuclear staining pattern in 5 out of 6 
tumors examined (B-D, F-G), and moderate nuclear staining in 1 out of 6 tumors (E). Each 
image represents an individual tumor. 
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Figure 3. Dietary vitamin D3 intake improves acute response to erlotinib 

A , B. Tumor volumes were measured at baseline and 48 hours after the first treatment (acute 
response). Response definitions were based on the following criteria: PD, progressive disease, 
at least 20% increase in tumor volume from baseline; PR, partial response, at least 30% 
reduction in tumor volume from baseline; SD, stable disease, change in tumor volume between 
20% increase and 30% reduction from baseline. Partial response to erlotinib within 48h of 
treatment initiation was achieved in 2 out of 6 animals maintained on 1 0000IU VD3. C.D. H&E 
evaluation of the tumors confirmed early onset of response to erlotinib in mice maintained on 
1 0000IU VD3 diet, as evident from large necrotic portions of the tumors. Each image represents 
individual tumor. 
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Figure 4. Vitamin 03 status determines tumor growth rate beyond progression 

A. No significant change in PFS was noted between erlotinib-treated mice that received either 
25IU VD3 or 1 0000IU VD3 (8 weeks vs 8.5 weeks, respectively). B. Throughout the duration of 
the study, 4 out of 8 vitamin 03 supplemented mice experienced complete response to erlotinib 
(CR, absence of measurable tumor), with 1 of the complete responders maintaining tumor-free 
status until study completion. One vitamin 03 deficient mouse experienced complete response 
that lasted 4 weeks but eventually progressed. C. Dietary vitamin 03 significantly improved 
efficacy of erlotinib beyond disease progression as indicated by slower tumor growth rate in 
1 0000IUVD3+Erl treatment group when compared to 25IU VD3+Erl treatment group. SD, stable 
disease, defined as less than 30% decrease or 20% increase in tumor volume from baseline; 
PR, partial response, defined as at least 30% decrease in tumor volume from baseline; CR, 
complete response, defined as no detectable tumor; PFS, progression-free survival, defined as 
period of time from treatment initiation to at least 20% increase in tumor volume from maximum 
response; **, p<0.01 
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Figure 5. Prolonged exposure to EGFR TKls produces EGFR TKl-resistant cells 

A. H1975 cells were treated with 0.SµM osimertinib every 72h for at least 30 days to produce 
H1975-OR cells.Band C. SH416 (B), and PC9 (C) cells were treated with 1µM erlotinib every 
72h for at least 30 days to produce SH416-ER (B) and PC9-ER (C) cells. Cells were considered 
to be EGFR TKI resistant when ICS0 and IC80 values for corresponding TKls were at least 10 
times greater than those detected in the corresponding parental cells (D). 
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Figure 6. No evidence of bypass activation as a mechanism of resistance to osimertinib is 
found in H 1975-OR cells 

Cells were treated with either 0.5µM osimertinib (H1975 and H1975-OR, A) or 1 µM erlotinib 
(SH416, SH416-ER, B; PC9, PC9-ER, C) for 24h and expression of EGFR and its downstream 
effector molecules was investigated by western blot. Although total EGFR expression was 
downregulated in EGFR TKl-resistant cell lines, the ability of the TKls to inhibit EGFR 
phosphorylation was maintained in all three models. A. Osimertinib did not change 
phosphorylation status of AKT but inhibited activation of MAPK in both H 1975 and H 1975-OR 
cells. B, C. Basal levels of pAKT and pMAPK were increased in SH416-ER and PC9-ER cells. 
Erlotinib partially blocked activation of AKT in the erlotinib resistant cells and failed to inhibit 
phosphorylation of pMAPK in PC9-ER cells (C). The above observations point towards 
activation of kinase switch in SH14-ER and PC9-ER, but not in H1975-OR cells. * Loading 
controls used: 13-Actin for H1975/H1975-OR, PC-9/PC9-ER; a-Tubulin for SH416/SH416-ER 
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Figure 7. RNA sequencing experiment design and bioinformatics workflow 

H1975 and H1975-OR cells were treated with either vehicle control or 100nM 1,25(OH)2D3 
every 48h for 96h total, followed by RNA isolation and quality assessment. Sequencing libraries 
were prepared from 300ng total RNA and cDNA synthesized. Sequencing was performed on the 
NextSeq500 system. Raw FASTQ files were mapped onto the hg38 human genome using 
Kallisto RNAseq quantification program. Gene expression levels were used to perform principal 
component analysis (PCA) and unsupervised hierarchical clustering . RNA expression data were 
used to perform gene set enrichment analysis (GSEA) with the help of GSEA v3.0 software 
(Broadlnsitute) and Molecular Signature Database v6.2 (MiSigDB). The following gene set 
collections were utilized: Gene Ontology (GO) gene sets (CS), Curated gene sets: Chemical and 
Genetic Perturbations (CGP). Cytoscape 3.6.1 software and Enrichment Map application were 
used to construct enrichment maps of significantly enriched GO sets with further in-depth 
analysis of selected functional clusters. Leading edge analysis of selected CGP sets enriched in 
H1975 and H1975-OR cells was performed using GSEA v3.0 software (Broadlnsitute). Findings 
were validated by qRT-PCR, western blot, and functional assays. 
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Figure 8. Quality assessment analysis of the RNA sequencing results identified 3a sample as a 
deviation from the norm 

Hierarchical clustering (A) and principal component analysis (B) revealed 3a as an atypical 
sample that strongly deviated in gene expression pattern from other samples in the same 
treatment group, as well as other samples in the same cell line. Therefore, sample 3a was 
excluded from further gene set enrichment analysis. 
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Sarria_ Epithelial_ Mesenchymal_ Genes up-regulated in MCF10A cells (breast cancer) 
Transition_Up grown at low (mesenchymal phenotype) compared to 

those grown at high (epithelial , basal-like phenotype) 
confluency 

Table 11. EMT-related curated (CGP) gene sets represented within GSEA of H1975-0R 
cells treated with 1,25(0H)2D3 

Gene set title according to the1 MSigDB v6 .2, CGP collection of 
the curated gene sets. Brief 
descriptions of the significantly 
enriched gene sets are provided in 
Tables 8-12. 

Statistical analysis shows normalized3 Enrichment score (ES) represents enrichment score (NES), false
the degree to which the gene set is discovery rate (FDR), and nominal p
overrepresented, or enriched, in a value (p) for the enrichment. NES
particular phenotype. Positive ES value is determined by adjusting ES
indicates enrichment, or to account for gene set size and
upregulation, of the gene set in the correlation between the gene set and
first phenotype and downregulation the expression set (i.e. how closely
in the second phenotype. Negative the RNA sequencing results fit the
ES indicates enrichment of the specific gene set). 
gene set in the second phenotype 
and downregulation in the first 
phenotype. 

,-rff975_-o-R:------H19-i5:oR\ 6 Leading edge subset. This is the 
..~..1,25(0H)2D3 ) \ subset of genes that contribute most e,... -... ---------------- \\ to the enrichment score. 

2 Phenotype labels define the cell lines ~ 
or treatment conditions that were 5 Hits. Represent genes that are common 
compared in the GSEA. In this case, between the gene set and the RNA 
the two phenotypes under investigation expression results under analysis. 
are H1975-0R cells treated with 
1,25(0H)2D3 (left, first phenotype) or 
vehicle control (right, second 
phenotype). 

Interpretation
7 Sarrio_Epithelial_Mesenchymal_Transition_Up gene set is significantly enriched in H1975-0R cells 

treated with vehicle control when compared to cells treated with 1,25(0H)2D3 as indicated by the 
negative NES. This set includes the genes that are up-regulated in breast cancer cells with 
mesenchymal phenotype when compared to those with epithelial phenotype. The enrichment in H1975-
0R vehicle treated cells as compared to 1,25(0H)2D3 treated cells indicates that 1,25(0H)2D3 
downregulates the expression of the pro-mesenchymal genes (as defined by the gene set) in H1975-
0R cells. 

Figure 9. A guide to interpreting GSEA enrichment plots 

Key components of the enrichment plot are described in 1-6; an example of the results 
interpretation is provided in 7. 
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Figure 10. Enrichment map of upregulated (red) and down regulated (blue) GO categories in 
H1975-0R cells 

Significantly enriched gene sets are represented by colored dots. Gene sets are grouped into 
clusters (circles) based on the description of ontological categories to illustrate up- and down
regulated biological processes in H1975-0R cells. Several categories related to muscle 
morphogenesis and mesenchymal differentiation were found to be upregulated in H1975-0R 
cells, indicating transition towards a more contractile mesenchymal phenotype in this model. 
Additionally, broad downregulation of cell cycle-related and chromatin organization-related 
pathways was detected. Functional clusters highlighted in bold were subjected to further in
depth analysis. 
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Figure 11. H 1975-OR cells possess slow cycling phenotype 

A. Top 25 core enrichment genes within the Cell cycle process GO cluster shown in Fig 10. B. 
Enrichment plots of select cell cycle-related CGP sets that were enriched in H 1975 cells. 
Complete list of significantly enriched EMT-related CGP gene sets is presented in Table 8. 
NES, normalized enrichment score; FDR, false discovery rate. 
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(p<0.05) (p<0.05) (p=0.3) 

Figure 12. Slow proliferating phenotype occurs in two out of three models of acquired 
resistance to EGFR TKls 

A. Flow cytometry analysis of cell cycle distribution revealed a significant increase in G0/G1 
(adj. p<0.05) and decrease in S (adj. p<0.05) fraction of H1975-OR cells compared to their 
parental counterparts. B. Several genes integral for cell cycle progression and proliferation were 
found to be downregulated in H1975-OR cells. mRNA expression levels in H1975 parental cells 
are set to 1 and represented to by the dotted line. C-F. Cell doubling times are significantly 
increased in H21975-OR (p<0.05) and SH416-ER (p<0.05) cells when compared to the 
corresponding parental models. Only exponential growth parts of the curves were considered 
for doubling time calculations. **, p<0.01; ****, p<0.0001. Experiments were performed three 
times. 
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Figure 13. H1975-OR cells acquired mesenchymal phenotype associated with loss of CDH1 
and gain of ZEB1/2 and MYOCD expression 

A. Top 25 core enrichment genes upregulated in H1975-OR within Muscle morphogenesis, 
Muscle contraction, and Mesenchymal differentiation GO clusters shown in Fig 10. Bold font 
indicates genes common to at least two clusters. Star marks the gene common to all three 
clusters. B. Enrichment plots of EMT-related CGP datasets significantly enriched in H1975 
parental (Onder_CDH1_ Targets_DN and Aigner_ZEB1_ Targets) and H1975-OR 
(Onder_CDH1_Targtets_UP). Complete list of significantly enriched EMT-related CGP gene 
sets is provided in Table 9. 
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Figure 14. EGFR TKI resistance is associated with EMT 

EGFR-mutant parental and TKl-resistant NSCLC cell lines were treated with vehicle control, 
0.SµM osimertinib (H1975 and H1975-OR, A), or 1 µM erlotinib (SH416, SH416-ER, B; PC9, 
PC9-ER, C) for 24h and expression of E-cadherin and vimentin was investigated by western 
blot. Down regulation of E-cadherin and upregulation of vimentin was detected in H1975-OR and 
SH416-ER cells. D, E. H1975-OR and SH416-ER cells acquired morphological appearance 
consistent with mesenchymal phenotype. F. PC9-ER cells acquired more epithelial appearance 
compared to PC9 parental cells. G. Parental and TKl-resistant cells were subjected to transwell 
invasion assay. Consistent with morphological and molecular changes, H1975-OR and SH416-
ER cells acquired more invasive phenotype compared to the corresponding parental cell lines. 
No change in levels of E-cadherin, vimentin, and decrease in invasion was detected in PC9-ER 
cells. *, p<0.05; **, p<0.01; ***, p<0.005. Western blot experiments were performed at least 
twice with similar results. Representative images are shown. Invasion assays were performed 
three times with two wells for each cell line in every replicate. 
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Figure 15. PRC2 activity is suppressed in H1975-OR cells 

A. Top 25 core enrichment genes within the Chromatin organization GO cluster shown in Fig.1. 
Expression of EZH2 (bold), a key enzymatic component of PRC2 is significantly downregulated 
in H 1975-OR cells. B. Enrichment plots of PRC2-related gene sets enriched in H 1975 
(Benporath_SUZ12_ Targets) and H1975-OR (Kamminga_EZH2_ Targets, 
Nuytten_EZH2_ Targets_DN). Complete list of significantly enriched CGP gene sets related to 
PRC2 activity is provided in Table 10. 
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Figure 16. Expression of key PRC2 components and enzymatic activity of the complex is 
suppressed in EMT-associated models of acquired resistance to EGFR TKls 

A. qRT-PCR analysis of the key components of PRC2 in EGFR TKl-resistant NSCLC cells. 
mRNA expression in parental cells is set to 1 (dotted line) and relative mRNA levels in EGFR 
TKl-resistant cells are presented as 2-Mct of the parental cells. Significant downregulation of 
EZH2 was detected in H1975-OR cells. Expression of SUZ12 and EEO was repressed in 
SH416-ER cells. Consistent with these changes, we observed reduced levels of H3K27me3 
marker in the above cell lines, indicating dampened methyltransferase activity of the complex in 
the EGFR TKl-resistant cells that acquired more mesenchymal phenotype (B). EZH2 levels 
were increased in PC9-ER cells but did not upregulate enzymatic activity of PRC2 (A, B right 
panels). *, p<0.05; **, p<0.01; ***, p<0.005. All experiments were performed three times. 
Representative images of western blots are shown. 
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Figure 17. Dysregulation of PRC2 activity is linked to EMT in H1975-OR cells 

Leading edge analysis of PRC2- and EMT-related CGP gene sets enriched in H1975 (A) and 
H1975-OR (B) cells demonstrated downregulation of a number of epithelial (A) and upregulation 
of mesenchymal (B) markers in association with downregulation of PRC2 activity .. Gene set 
titles are listed on the left side of the matrices, gene symbols are listed across the bottom of the 
matrices .. Colored squares indicate contribution of a specific gene to the core enrichment of the 
corresponding gene set.. Expression of genes marked in bold was validated by qRT-PCR 
analysis of three independent biological replicates (C, D) .. mRNA expression in the H1975 
parental cells is set to 1 (dotted line) and relative mRNA levels in H1975-OR cells are presented 
as 2-Mct of the parental cells .. **, p<0 .. 01; ***, p<0 .. 005; #, p<0 .. 0001 .. qRT-PCR was performed 
using RNA from three independent biological replicates .. 
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Figure 18. Inhibition of EZH2 histone methyl transferase activity promotes transition towards 
mesenchymal phenotype in EGFR-mutant NSCLC 

A. H1975 and SH416 cells were treated with 2.SµM GSK126 for 14 days and expression of 
H3K27me3 was determined by western blot. In both models we observed GSK126-dependent 
reduction of H3K27me3 marker. B. EZH2 inhibition significantly increased ZEB2 and reduced 
EPCAM transcript levels in both cell lines. Additionally, MMP2 was increased in SH416 cells 
treated with GSK126. C. Transition towards more mesenchymal phenotype was confirmed by 
transwell invasion assay. Cells treated the EZH2 inhibitor became more invasive compared to 
the cells treated with vehicle control (represented by the dotted line). D, E. EZH2 inhibition 
exerted minimal growth suppressive effect as a mono treatment and did not change the 
sensitivity to osimertinib in H1975 cells. ICS0 experiment was performed over a 9-day treatment 
period with osimertinib-containing media replacement every 72 hours. *, p<0.05; ****, p<0.0001. 
Red, mesenchymal marker; blue, epithelial marker. All experiments were performed three times. 
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Figure 19. EZH2 tumor protein levels negatively correlate with ZEB2 transcript expression and 
predict survival in lung adenocarcinoma patients 

EZH2 expression data in lung adenocarcinoma (LUAD) TCGA provisional cohort was 
fragmented into quartiles, with quartile 1 (Q1) representing the lowest and quartile 4 (Q4) the 
highest tumor EZH2 protein levels. A. Tumors that expressed high levels of EZH2 have 
significantly reduced levels of ZEB2. B. EZH2 inversely correlates with ZEB2 transcript levels in 
EGFR-mutant subset of LUAD TCGA provisional cohort. C, D. High levels of tumor EZH2 
predict longer progression-free survival (PFS) and overall survival (OS) in LUAD provisional 
cohort. ***, p<0.005 
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Figure 20. EGFR TKI resistant cells maintain 1,25(OH)2D3 signaling capacity 

A-C. EGFR TKI resistant cells were treated with vehicle control, 1 00nM 1,25(OH)2D3, 1µM 
erlotinib (SH416-ER and PC9-ER), 0.5µM osimertinib (H1975-OR), or combination of 
1,25(OH)2D3 and the corresponding EGFR TKI for 24h. VDR expression in the resistant cells 
was compared to that of the parental counterparts. VDR was downregulated in SH416-ER and 
PC9-ER cells compared to the parental lines, but unchanged in H1975-OR cells. As expected, 
treatment with 1,25(OH)2D3 increased VDR protein levels in all cells lines under investigation. 
D, E. EGFR TKI resistant cells were treated with 1 00nM 1,25(OH)2D3 for a total of 96h and 
expression of VDR target genes was determined by qRT-PCR. 1,25(OH)2D3 significantly 
increased transcript levels of CAMP in SH416-ER and PC9-ER cells and CYP24A 1 in all three 
TKI resistant models, indicating that 1,25(OH)2D3 signaling capacity was preserved in EGFR 
TKI resistant cells. **, p<0.01; ****, p<0.0001. Western blot analysis was performed at least 
twice with similar results. Representative images are shown. qRT-PCR was performed using 
RNA from three independent biological replicates for each cell line. 
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Figure 21. 1,25(OH)2D3 restores sensitivity to EGFR TKls in EMT-associated models of 
acquired resistance to EGFR targeted therapies 

A-C. H1975, SH416, and PC9 cells and the corresponding TKI resistant sublines were treated 
with vehicle control, 1µM erlotinib (SH416/SH416ER and PC9/PC9-ER) or 0.5µM osimertinib 
(H1975/H1975-OR), 100nM 1,25(OH)2D3, or combination of the above agents every 72h for a 
total of 9 days. The number of surviving cells at day 9 in each treatment group was normalized 
to that in the control group (shown as a dotted line at 1.0). 1,25(OH)2D3 as a monotreatment 
produced modest in magnitude but statistically significant growth suppressive effect in H1975, 
H1975-OR, and SH416-ER cells. Moreover, combination of EGFR TKls with 1,25(OH)2D3 
resulted in greater and significantly different suppression of cell growth in H 1975, H 1975-OR 
and SH416-ER cells when compared to the TKls alone. 1,25(OH)2D3 was ineffective at 
suppressing cellular growth as a monotreatment or in combination with erlotinib in both PC9 and 
PC9-ER cells. D-F. H1975-OR and SH416-ER cells were treated with increasing concentrations 
of the corresponding EGFR TKls alone or in combination with 1,25(OH)2D3 every 72h for a total 
of 9 days. 1,25(OH)2D3 restored sensitivity to osimertinib in H975-OR and erlotinib in SH416-
ER cells as indicated by the reduction in TKls' IC50 and IC80 values. Each assay was 
performed three times. 
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Figure 22. 1,25(OH)2D3 does not alter EGFR effector signaling cascades 

H1975-OR (A) and SH416-ER (B) cells were treated with vehicle control, 1 00nM 1,25(OH)2D3, 
EGFR TKls (0.SµM osimertinib for H1975-OR or 1 µM erlotinib for SH416-ER), or combination of 
the above agents for 24h and the expression of pAKT and pMAPK was evaluated by western 
blotting. No change in activation of either of the investigated targets was noted with the addition 
of 1,25(OH)2D3. These data indicate that the ability of 1,25(OH)2D3 to promote sensitivity to 
EGFR TKls was independent of the EGFR downstream signaling cascades. *, 13-Actin was used 
as loading control for H1975-OR cells; a-Tubulin was used as loading control for SH416-ER 
cells. The assays were performed tree times with similar results. Representative images are 
shown. 
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Figure 23. Enrichment map of upregulated (red) and down regulated (blue) GO categories in 
H1975-0R cells treated with 1,25(0H)2D3 

Significantly enriched gene sets are represented by colored dots. Gene sets are grouped into 
clusters (circles) based on the description of ontological categories to illustrate up- and down
regulated biological processes in H1975-0R cells treated with 1,25(0H)2D3. Categories related 
to epithelial differentiation were found to be upregulated by 1,25(0H)2D3. Additionally, we found 
downregulation of cell cycle-related pathways in cells treated with 1,25(0H)2D3. Functional 
clusters highlighted in bold were subjected to further in-depth analysis. 
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Figure 24. 1,25(0H)2D3 promotes epithelial phenotype in H1975-0R cells 

A. Top 25 core enrichment genes within the Membrane component, Cell adhesion, and 
Epithelial differentiation GO clusters shown in Figure 23. Genes that are common to at least two 
of the abovementioned functional clusters are highlighted in bold. B. Enrichment plots of select 
EMT-related CGP sets that were enriched in H1975-0R treated with vehicle 
(Sarrio_Epithelial_ To_Mesenchymal_ Transition_UP) or 1,25(0H)2D3 (Gotzmann_Epithelial_ 
To_Mesenchymal_ Transition_DN, and Aigner_ZEB1_ Targets). Complete list of significantly 
enriched EMT-related CGP gene sets is presented in Table 11. 
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Figure 25. 1,25(OH)2D3 supports epithelial phenotype in EMT-associated models of acquired 
resistance to EGFR TKls 

Expression of select epithelial (blue) and mesenchymal (red) markers was investigated in 
H1975-OR (A) and SH416-ER (B) cells treated with 1,25(OH)2D3 for 96h. Significant increase 
in CDH1 and decrease in MMP2 transcript levels were detected in both models. mRNA 
expression in cells treated with vehicle control is set to 1 (dotted line) and relative mRNA levels 
in cells treated with 1,25(OH)2D3 are presented as 2-Mct of the vehicle treated cells. C. 
1,25(OH)2D3 upregulated E-cadherin protein expression in H1975-OR cells. This induction 
persisted in the presence of EGFR TKI. *, p<0.05; **, p<0.01; ***, p<0.005. Loading controls 
used: 13-Actin for H1975/H1975-OR, a-Tubulin for SH416/SH416-ER. All experiments were 
performed three times. Representative western blot images are shown. 
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Figure 26. Depletion of E-cadherin does not change sensitivity to osimertinib in H1975 cells 

H1975 cells were transduced with non-targeting control shRNA, or with one of the CDH1-
targeting shRNAs (sh_CDH1_834 or sh_CDH1_838). A. E-cadherin levels were determined by 
western blot. While sh-CDH1_838 effectively reduced expression of E-cadherin, sh_CDH1_834 
had no effect on E-cadherin levels, but unexpectedly increased expression of EGFR. B. 
Reduction of E-cadherin levels by sh_CDH1_838 conferred more migratory phenotype, but did 
not change the sensitivity to osimertinib (C). *, p<0.05. All experiments were performed three 
times. 
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Figure 27. 1,25(0H)2D3 reinforces slow cycling phenotype in H1975-0R cells 

A. Top 25 core enrichment genes within the Cell cycle process GO cluster shown in Fig 23. 
Every top 25 gene was enriched in at least 4 gene sets constituting the cluster. B. Enrichment 
plots of select cell cycle-related CGP sets that were enriched in H1975-0R treated with vehicle, 
indicating 1,25(0H)2D3-driven downregulation of the genes within the gene sets. Complete list 
of significantly enriched cell cycle-related CGP gene sets is presented in Table 12. 
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Figure 28. 1,25(OH)2D3 promotes cell cycle arrest in EMT-associated models of EGFR TKI 
resistance 

A. 1,25(OH)2D3 in combination with osimertinib significantly increased fraction of H1975-OR 
cells in the G0/G1 phase of the cell cycle (adj. p<0.005 vs vehicle). B. 1,25(OH)2D3 failed to 
promote cell cycle arrest in PC9-ER cells. C. Doubling time was significantly increased in 
SH416-ER cells treated with combination of 1,25(OH)2D3 and erlotinib (p<0.05). Detailed 
statistical analysis of relative growth at day 7 is provided in Appendix 3. 
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Figure 29. H1975 orthotopic xenograft study design 

A. H 1975 cells were injected into the lower right lobe of the lung of female nude mice under the 
guidance of ultrasound. Tumors were allowed to grow for 4 weeks before treatments with either 
vehicle or osimertinib (5mg/kg, M-F) were initiated and continued for the duration of the study. 
Tumor volumes were monitored by weekly MRI. B. Body weights were monitored every day for 
2 days immediately after the implantation and once a week after day 7 post implantation. 
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Figure 30. H1975 orthotopic tumors are sensitive to osimertinib 

A. H&E staining of the normal lung and the H1975 lung tumor. B. Osimertinib potently inhibited 
activation of EGFR in H 1975 orthotopic xenografts. Vehicle treated tumors express high levels 
of membrane and cytoplasmic pEGFR (B, top panel), while tumors treated with osimertinib lost 
their expression of pEGFR (B, bottom panel). C-E. H1975 orthotopic tumors remain sensitive to 
osimertinib. Significant reduction in tumor volumes was detected within a week from osimertinib 
treatment initiation (C, E). Tumor burden progressively increased in animals treated with vehicle 
control (C, D). D, E. Serial MRI images showing lung tumors in a single animal from the vehicle 
control group (D) or osimertinib treatment group (E) over the period of 21 days. Treatments 
were initiated at day 28 (depicted with a dotted line). 
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Figure 31. H 1975-0R orthotopic xenograft study design 

A. H1975-0R cells were injected into the lower right lobe of the lung of nude mice under 
ultrasound guidance. Mice were allowed to recover from the procedure for 7 days and treatment 
with osimertinib (Smg/kg, M-F) was initiated and continued for the duration of the study. Tumor 
volumes were monitored by weekly MRI. B. Body weights were monitored once a week. C. H&E 
staining of H1975-0R orthotopic tumor. D. H1975-0R orthotopic tumors express high levels of 
VDR in cell nuclei. 
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Figure 32. H 1975-0R orthotopic tumors maintained EZH2'0 w/E-cadherin 10 w phenotype and 
remained resistant to osimertinib 

A. Tumor expression of EZH2 and E-cadherin in H1975- and H1975-0R-derived orthotopic 
tumors was determined by immunohistochemistry. Consistent with our in vitro findings, H1975-
0R tumors expressed low levels of E-cadherin and EZH2, compared to the tumors established 
from the H1975 parental cells. B, C. We observed progressive increase in tumor burden in 
animals harboring tumors derived from H1975-0R cells during chronic treatment with 
osimertinib, indicating that these tumors maintained resistance to the EGFR targeted therapy. 
C. Serial MRI images showing H1975-0R tumor development over 7 weeks in a single animal. 
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Figure 33. A model of EGFR/E2F/EZH2 crosstalk 

A. EGFR-mutant TKI sensitive cells express high levels of epithelial markers, such as E-cadherin, EPCAM, and Claudin 4, and low levels of 
mesenchymal marker ZEB2. In the absence of TKI, activated mutant EGFR interacts with E2F1/2 factors to enhance their transcriptional activity 
(i). This enhances expression of PRC2 components and positive regulators of cell cycle (ii). High levels of PRC2 activity lead to enhanced tri
methylation of histone 3 at lysine 27 (H3K27me3) (iii) . H3K27me3 is a well -characterized chromatin-repressive mark. Deposition of H3K27me3 
inhibits transcription of pro-mesenchymal factor ZEB2 (iv) . ZEB2 has been known to negatively regulate transcription of such epithelial molecules 
as EPCAM. Therefore, while PRC2 methyltransferase activity maintains low levels of ZEB2, EPCAM is expressed normally (v). High levels of 
EPCAM allow the cells to retain cell-cell adhesions, characteristic of epithelial phenotype (vi). B. Over the course of TKI treatment, chronic 
inhibition of EGFR disrupts interaction with E2F1/2 factors (i), leading to downregulation of cycling genes and PRC2 components (ii). 
Consequently, as the H3K27me3 marker is not maintained (iii), ZEB2 transcription is de-repressed (iv) . ZEB2 downregulates expression of a 
number of epithelial markers, including EPCAM (v) . Decreased expression of epithelial markers promotes transition towards more mesenchymal 
phenotype (vi) . C. 1,25(0H)2D3 binds to VDR (i) to initiate transcription of E-cadherin and Claudin 4 independently of PRC2/ZEB2 axis (ii) . 
Additionally, 1,25(0H)2D3 in combination with EGFR TKls deepens cell cycle arrest and promotes EGFR TKI efficacy (iii) . 



TABLES 

Table 1. Histopathologic classification of lung cancer 

Histological type and Predom inant Morphologic features 
subtype anatomical 

location ( of 
tumors) 

Small Cell Carcinoma Central Small cells, high nucleus-to-
(SCLC) cytoplasm ratio, granular nuclear 

chromatin, ill-defined cell borders. 

Non-small cell 
carcinoma (NSCLC) 

Adenocarcinoma Peripheral Mucin producing cells with 
(ADC) glandular differentiation 

Lepidic Neoplastic cells line the 
alveolar spaces with no 
disruption to the alveoli; 

Glandular formations, 
neoplastic cells distributed inAcinar 
2-dimentional sheets; 

Fibrovascular cores fill alveolar 
Papillary spaces, tumor cells replace 

the alveolar lining; 

Solid sheets of tumor cells with 
nuclear pleomorphism; 

Solid Tumor cells form 
projections/tufting without 
fibrovascular cores 

Micropapillary 

Squamous cell Central lntercellular bridges, keratin pearls 
carcinoma 
(SQCC) 

Large cell Peripheral Large polygonal cells, prominent 
carcinoma (LCC) nucleoli, absence of small cell or 

glandular differentiation 

Immunohistochemistry 
markers 

Synaptophysin 

Chromogranin 

CD56 

TTF-1 

Napsin A 

P63 

P40 

CKS/6 

Diagnosis of 
exclusion; ~60% of 
LCCs can be 
reclassified using 
ADC and SQCC 
panels 

129 



Table 2. Major genetic alterations in lung cancer 

Gene o/omut in o/omut in o/omut in 
ADC SQCC SCLC 

EGFR 14 4 3.6 

ALK 7.8 3 7.3 

MET 8.2 3 1.8 

BRAF 10 4.5 <1 

PIK3CA 7 15.7 2.7 

STK11 17 4 6.4 

KRAS 32.6 1.1 <1 

TP53 46.5 94 93.6 

PTEN 1.3 8 6.4 

RB1 4 6.7 78.2 

Mut, mutation 

ADC, adenocarcinoma 

SQCC, squamous cell carcinoma 

SCLC, small cell lung cancer 

Major tumorigenic drivers in each histological subtype are highlighted in bold 
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Table 3. Summary of clinical trials related to the FDA approval status of the select EGFR TKls 

Study title 

Multi-Institutional Randomized Phase II Trial 
of Gefitinib for Previously Treated Patients 
with Advanced Non-Small-Cell Lung Cancer 
(IDEAL) 

Gefitinib plus best supportive care in 
previously treated patients with refractory 
advanced non-small-cell lung cancer: results 
from a randomized , placebo-controlled , 
multicenter study (ISEL) 

Erlotinib in Previously Treated Non-Small-
Cell Lung Cancer. BR.21 trial 

First Line IRESSATM Versus 
Carboplatin/Paclitaxel in Asia (IPASS) 

Erlotinib versus standard chemotherapy as 
first-line treatment for European patients with 
advanced EGFR mutation-positive non-small-
cell lung cancer (EURTAC) 

Phase Ill Study of Afatinib or Cisplatin Plus 
Pemetrexed in Patients With Metastatic Lung 
Adenocarcinoma With EGFR Mutations 
(LUX-Lung 3) 

First-line gefitinib in Caucasian EGFR 
mutation-positive NSCLC patients: a phase-
IV, open-label, single-arm study (IFUM) 

190TiP: ELUXA 1: Phase II study of Bl 
1482694 (HM61713) in patients with T790M-
positive NSCLC after treatment with an 

Patient cohort 

NSCLC patients with 
one or two prior 
chemotherapy regimens 

Locally advanced or 
metastatic NSCLC 
patients refractory to 
chemotherapy 

Stage IIIB or IV NSCLC 
with prior chemotherapy 

Asian stage IIIB and IV 
NSCLC patients 

Stage Ill or IV EGFR 
mutant NSCLC patients 

Stage IIIB or IV EGFR 
mutant lung 
adenocarcinoma 
patients 

Caucasian stage II IA, 
IIIB, and IV EGFR 
mutant NSCLC patients 

EGFR mutant NSCLC 
patients who 
progressed on an 

Intervention arms 

Gefitinib 250mg or 500mg 
daily 

Gefitinib 250mg daily or 
placebo plus supportive 
care 

Erlotinib 150mg daily or 
placebo 

Gefitinib 250mg daily or 
platinum-based 
chemotherapy regimen 

Erlotinib 150mg daily or 
platinum-based 
chemotherapy regimen 

Afatinib 40mg daily or 
platinum-based 
chemotherapy regimen 

Gefitinib 250mg daily until 
progression 

Olmutinib (HM61713) 
800mg daily until 

Outcome 

ORR of 18.4% and 19.0%, 
OS 7.6mo and 8.0mo in 
250mg and 500mg arms, 
respectively 

OS of 5.6mo vs 5.1 mo in 
gefitinib and placebo, 
respectively, p=0 .087 

OS of 6. ?mo vs 4. ?mo in 
erlotinib and placebo, 
respectively, p<0 .001 

ORR of 43% vs 32.2% in 
gefitinib and chemotherapy 
arms, respectively, p<0.001; 
ORR of 71 .2% vs 47.3%, 
p<0.001 in EGFR mutant 
subgroup 

PFS of 9.7mo vs 5.2mo in 
erlotinib and chemotherapy, 
respectively, p<0 .0001 

PFS of 13.6mo vs 6.9mo in 
afatinib and chemotherapy, 
respectively, p=0.001 

ORR of 69.8%; PFS of 
9.7mo 

Reference 

Fukuoka et al, J Clin 
Oneal, 2003 

Thatcher et al, 
Lancet, 2005 

Shepherd et al, The 
N Eng J Med, 2005 

Mok et al, The N Eng 
J of Med, 2009 

Rosell et al, Lancet 
Oneal, 2012 

rl 
M 
rl 

Sequist et al, J Clin 
Oneal, 2013 

Douillard et al, Br J of 
Cancer, 2014 

Park et al, J of 
Thoracic Oneal, 2016 



EGFR TKI 

Rociletinib in EGFR-Mutated Non-Small-Cell 
Lung Cancer; T790M positive status required 
for the phase II portion of the study (Tiger-X) 

Phase II AZD9291 Open Label Study in 
NSCLC After Previous EGFR TKI Therapy in 
EGFR and T790M Mutation Positive Tumors 
(AURA2) 

AZD9291 Versus Platinum-Based Doublet-
Chemotherapy in Locally Advanced or 
Metastatic Non-Small Cell Lung Cancer 
(AURA3) 

AZD9291 Versus Gefitinib or Erlotinib in 
Patients With Locally Advanced or Metastatic 
Non-small Cell Lung Cancer (FLAURA) 

NSCLC, non-small cell lung cancer 

TKI, tyrosine kinase inhibitor 

ORR, objective response rate 

OS, overall survival 

PFS, progression-free survival 

EGFR TKI and T790M 
positive 

EGFR mutant NSCLC 
patients who 
progressed on an 
EGFR TKI 

EGFR T790M positive 
stage 11IB and IV 
NSCLC patients who 
progressed on an 
EGFR TKI 

EGFR T790M positive 
stage 11IB and IV 
NSCLC patients who 
progressed on an 
EGFR TKI 

EGFR mutant 
treatment-na"i"ve NSCLC 
patients 

progression 

Rociletinib 500mg, 
625mg, or 750mg twice 
daily 

Osimertinib 80mg daily 

Osimertinib 80mg daily or 
platinum-based 
chemotherapy regimen 

Osimertinib 80mg + 
placebo daily or standard 
of care ( erlotinib 150mg 
daily, gefitinib 250mg 
daily) + placebo 

N/A 

ORR of 59% and PFS of 
13.1 mo in T790M-positive 
patients 

ORR of 70% and Duration of 
response of 11 .4mo 

PFS of 10.1 mo vs 4.4mo in 
osimertinib vs chemotherapy 
arms, p<0.001 

PFS of 18.9mo vs 10.2mo in 
osimertinib vs standard of 
care arms, p<0.001 

Sequist et al, The N 
Eng J of Med, 2015 

Goss et al, The 
Lancet Oneal, 2016 

Mok et al, The N Eng 
J Med, 2017 

Soria et al, The N 
Eng J Med, 2018 

N 
M 
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Table 4. Ongoing clinical trials to address acquired EGFR TKI resistance 

Pathway Agent 

VEGF/VEGFR Apatinib 

Anlotinib 

Endostar 

Bevacizumab 

Vandetanib 

HGF/cMET INC280 

Volitinib 

Tepotinib 

JNJ-61186372 

AZD6094 

MP0250 

MAPK j3-elemene 

MEK1/2 Selumetinib 

Trametinib 

PD1 Pembrolizumab 

Nivolumab 

MEDl4736 

JS001 

Pl3K BKM120 

mTOR Sapanisertib 

JAK/STAT AZD4205 

ltacitinib 

AXL DS-1205c 

BGB324 

TP-0903 

BTK lbrutinib 

Hsp90 Onalespib 

AUY922 

Bcl-2 Navitoclax 

HER2 Tesevatinib 

Trastuzumab 

HER3 U3-1402 

Phase 

I 

II 

11/111 

II 

I 

1/11 

I 

1/11 

I 

I 

1/11 

II 

1/11 

1/11 

II 

II 

Ill 

II 

I 

I 

1/11 

1/11 

I 

1/11 

I 

1/11 

1/11 

1/11 

I 

II 

II 

I 

Trial ID 

NCT03050411 

NCT03461185 

NCT02350361 

NCT02971501 

NCT01586624 

NCT02335944 

NCT02374645 

NCT01982955 

NCT02609776 

NCT02143466 

NCT03418532 

NCT03123484 

NCT02025114 

NCT03076164 

NCT03242915 

NCT03256136 

NCT02454933 

NCT03513666 

NCT01570296 

NCT02503722 

NCT03450330 

NCT02917993 

NCT03255083 

NCT02424617 

NCT02729298 

NCT02321540 

NCT02535338 

NCT01259089 

NCT02520778 

NCT02616393 

NCT03505710 

NCT03260491 
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EGFR BPl-15086 I 

BPl-7711 I 

AC0010 I 

Necitumumab I 

DBPR112 I 

Durvalumab I 

YH25448 1/11 

Alflutinib I 

ASK120067 1/11 

lcotinib I 

HS-10296 1/11 

NCT02914990 

NCT03386955 

NCT02330367 

NCT02496663 

NCT03246854 

NCT02143466 

NCT03046992 

NCT02973763 

NCT03502850 

NCT02960607 

NCT02981108 
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Table 5. Summary of the EMT-associated early generation EGFR TKI resistance studies 

Study Model , TKI EMT features Mechanisms of Possible bypass Intervention (features affected) 
resistance identified 
eliminated 

Uramoto, 2010 and Clinical cases, gefitinib Fibronectin , vimentin MET, pMET, T790M N/A 
2011 pAKT 

Chung , 2011 Clinical case, erlotinib Vimentin , E-cadherin MET, T790M None N/A 

HCC827, CL-387785 Vimentin , E-cadherin MET, T790M, None N/1 

SNAIL, TW/ST1 , CDH2, pRTK array 
CDH1; Mig, Inv 

Sequist, 2011 Clinical cases, erlotinib, Vimentin , E-cadherin Mutation profile of None N/A 
gefitinib 13 genes 

Suda, 2011 H4006ER, erlotinib E-cadherin MET, T790M, pAKT, pERK Etinostat 
plGF1R 

(E-cadherin expression , GS); 

PD0325901 (pERK inhibition , GS) 

Zhang , 2012 HCC827ER, erlotinib Vimentin , Mig pMET, plGF1 R AXL, pAKT, pERK AXL siRNA, MP-470, XL-880 (AXL 
L.[)inhibition , Mig , TKI sensitivity); ('() 

rl 

VIM siRNA (Mig , TKI sensitivity) 

Sakuma, 2013 HCC827GR, gefitinib E-cadherin , EPCAM, MET, T790M AXL AXL siRNA (no change in TKI 
Vimnetin sensitivity);

H4006GR, gefitinib 
Chloroquin (GS) 

Autophagy 

Della Corte, 2015 HCC827GR, gefitinib E-cadherin , Vimentin , AXL SMO, GLl1 LDE225+Vismodegib (SMO 
and 2017 Snail, Mig , Inv (Hedgehog (Hh) inhibition , Vimentin expression , GS); 

signaling), pAKT, 
siGLl1 (no change in Mig, Inv, or TKIpMAPK 
sensitivity) 

Hashida, 2015 HCC827 AR 1, afatinib E-cadherin , Vimentin , MET, T790M NOTCH1, FGFR1 , Docetaxel (resistant) 
ZEB1 ALDH1A1, ABCB, 

Bortezomib (GS) pAKT 



Hwang, 2017 HCC827GR, gefitinib 

HCC827, gefitinib 

Li , 2017 PC9GR, gefitinib 

PC9, gefitinib 

Lee, 2017 HCC827GR, gefitinib 

PC9GR, gefitinib 

PC9, gefitinib 

Weng , 2018 HCC827/IR, gefitinib 

HCC827, gefitinib 

N/A;not applicable 

N/1 ; not investigated 

Mig ; migration 

Inv; invasion 

GS; growth suppression 

CDH1, EPCAM, VIM, 
TWIST1 , Mig, Inv 

N/A 

E-cadherin , Vimentin , 
Snail , Slug , Zeb1 , Mig , Inv 

N/A 

E-cadherin , N-cadherin , 
Vimentin , CLDN4, 
CLDN7, ZEB1, ZEB2 

N/A 

E-cadherin , Vimentin , Mig 

N/1 

N/A 

N/1 

N/A 

MET, T790M 

N/A 

T790M (previously 
reported) 

pAKT, pERK, VGF 

N/A 

plGF1 R, pNF-kB 

N/A 

N/I 

N/A 

pAKT, pERK, 
HDAC1 (previously 
reported) , pSrc 

sh_ VGF (TKI sensitivity) 

Ectopic TWIST1 or VFG (TKI 
resistance, EMT) 

Picropodophyllin (plGF1 R inhibition , 
Mig , Inv, GS) 

Exogenous IGF1 (TKI resistance, 
EMT, pERK) 

TKI withdrawal (TKI sensitivity, E-
cadherin , EPCAM, Vimentin 
expression); 

Ectopic SNAIL or SLUG (EMT, TKI 
resistance) ; 

Ectopic TWIST (EMT, no change in 
TKI sensitivity) 

si_COH1 (Vimentin , N-cadherin 
expression , no change in TKI \.D 

sensitivity) rl 
('() 

sh_ VIM (sensitivity); sh_Hakai 
(sensitivity) ; JMF3086 (reduction in 
pSrc, sensitivity) 

sh_COH1 (resistance) 



Table 6. Summary of the EMT-associated third generation EGFR TKI resistance studies 

Study Model, TKI 

Galvani, 2015 H1975CR, CNX-2006 

Tang , 2016 H1975OSIR, osimertinib 

McGowan, 2017 H 1975OR, osimertinib 

Nukaga,2017 H 1975COR, rociletinib 

H 1975AZDR, osimertinib 

Song, 2017 H1975R2, WZ4002 

H1975, WZ4002 

N/A; not applicable 

N/1; not investigated 

Mig; migration 

Inv; invasion 

EMT features 

E-cadherin, CLDN4, 
CLDN7, EPCAM, ZEB1, 
Reduced Migr, Inv 

TIMP2, MMP2, Migr, Inv 

E-cadherin 

E-cadherin , Vimentin, 
lntegrin-131 

ZEB1 , E-cadherin , 
Vimentin 

N/A 

Possible bypass 
eliminated 

pAKT, pERK, AXL 

N/I 

N/I 

KRAS G130 

N/I 

pAKT, pERK 

Possible bypass 
identified 

pNF-kB, pVEGFR1/2 

pAKT, pERK, pSrc, 
pFAK 

AXL, YAP 

pSrc, pAKT 

ZEB1 dependent BIM 
loss 

N/A 

Intervention 

(features affected) 

TPCA1 (NF-kB inhibition , TKI 
sensitivity) 

Navitoclax (Bc12 inhibition , GS) 

si_YAP (TKI sensitivity) 

Bosutinib (pSrc inhibition, TKI 
sensitivity) 

si_ZEB1 (BIM expression , TKI 
sensitivity) 

Ectopic TWIST activation 
(ZEB1 , BIM expression , TKI 
sensitivity 

r--
('() 

rl 



Table 7. Serum 25(OH)D Concentrations Guidelines* 

nmol/L ng/ml Status 

<30 <12 Vitamin D3 deficiency 

30 to 12 to <20 Vitamin D3 inadequacy 
<50 

~50 ~20 Vitamin D3 sufficiency 

>125 >50 Vitamin D3 potential toxicity 

* Institute of Medicine, Food and Nutrition Board. Dietary Reference Intakes for Calcium and Vitamin D. 
Washington , DC: National Academy Press, 2010. 

1 nmol/L = 0.4 ng/ml 
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Table 8. Cell cycle-related curated (CGP) gene sets represented within GSEA of H1975-0R cells 

Gene set 

Chang_ Cycling_ Genes 

Kong_E2F3_ Targets 

Graham_ Normal_ Quiescent_ vs_ Normal_ Dividing_ On 

Fischer_DREAM_ Targets 

Ren_Bound_by_E2F 

Chiang_ Liver_Cancer_Subclass _Proliferation_ Up 

Marson_ Bound_ by_ E2F4 _ Unstimulated 

lshida_E2F _targets 

Fischer_ G2 _ M_Cell_ Cycle 

Whitfield_ Cell_ Cycle_ Literature 

Markey_RB1 _Acure_LOF _Up 

Yu_MYC_ Targets_Up 

Benporath_Proliferation 

Brief description 

Fibroblast serum response genes showing periodic expression 
during the cell cycle ; excluded from the core serum response 
signature 

Genes up-regulated in MEF cells (embryonic fibroblasts) at 
16hr after serum stimulation and knockdown of E2F3 

Genes down-regulated in quiescent vs dividing CD34+ cells 
isolated from peripheral blood of normal donors 

Genes bound and regulated by the DREAM complex 
according to multiple genome-wide datasets 

Genes whose promoters were bound by E2F1 and E2F4 in the 
primary fibroblasts Wl-38, by ChlP on chip assay 

Top 200 marker genes up-regulated in the 'proliferation' 
subclass of hepatocellular carcinoma (HCC); characterized by 
increased proliferation , high levels of serum AFP, and 
chromosomal instability 

Genes with promoters bound by E2F4 in unstimulated 
hybridoma cells . 

Genes up-regulated in MEF cells (embryonic fibroblast) after 
expression of E2F1 or E2F2 

Cell cycle genes with peak expression in G2/M check point 

A list of known cell cycle regulated genes that was compiled 
from the literature by the authors 

Genes up-regulated in adult fibroblasts with inactivated RB1 
by Cre-lox: acute loss of function (LOF) of RB 1 

Genes up-regulated in B cell lymphoma tumors expressing an 
activated form of MYC 

Set 'Proliferation Cluster' : genes defined in human breast 
tumor expression data 

NES 

-2.82 

-2.78 

-2.69 

-2.67 

-2.63 

-2.62 

-2.59 

-2.56 

-2.50 

-2.45 

-2.44 

-2.41 

-2.39 

P value 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

FDR 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0-, 
(Y) 

rl 



Molenaar_Targets_of_CCND1 _and_CDK4_Dn Genes commonly down-regulated in SK-N-BE cells -2.35 0.00 0.00 
(neuroblastoma) after RNAi knockdown of CCND1 and CDK4 

Reichert_Mitosis_LIN9_ Targets Genes with known mitosis function that were down-regulated -2.30 0.00 0.00 
in MEF cells (embryonic fibroblast) upon knockout of LIN9 

Whitfield_ Cell_ Cycle_ G2 Genes periodically expressed in synchronized Hela cells -2.27 0.00 0.00 
(cervical carcinoma), with peak during the G2 phase of cell 
cycle 

Eguchi_Cell_Cycle_RB1 _Targets RB1 target genes involved in cell cycle regulation : genes -2.23 0.00 0.00 
down-regulated by doxorubicin only in cells expressing RB1 

Benporath _ Cycling_ Genes Genes showing cell-cycle stage-specific expression -2.19 0.00 0.00 

Fischer_ G 1 _S_Cell_ Cycle Cell cycle genes with peak expression in G1/S check point -2.17 0.00 0.00 

Kauffmann_ DNA_ Replication_ Genes Genes involved in DNA replication , compiled manually by the -2.14 0.00 9.53E-06 
authors 

Whitfield_ Cell_ Cycle_ G2 _ M Genes periodically expressed in synchronized Hela cells -2.09 0.00 1.76E-05 
(cervical carcinoma), with peak during the G2/M phase of cell 
cycle 

Whitfield_ Cell_ Cycle_ G 1 _S Genes periodically expressed in synchronized Hela cells -2.09 0.00 1.74E-05 0 
(cervical carcinoma), with peak during the G1/S phase of cell s;j" 

rl 

cycle 

Whitfield_ Cell_ Cycle_ S Genes periodically expressed in synchronized Hela cells -2.09 0.00 1.70E-05 
(cervical carcinoma), with peak during the S phase of cell 
cycle 

Scian_Cell_Cycle_ Targets_of_ TP53_and_ TP73_Dn Cell cycle genes down-regulated in H1299 cells (lung cancer) -2.06 0.00 9.41 E-05 
after overexpression of either P53 or P73 

Markey _RB 1-Chronic _Up Genes up-regulated in MEF cells (embryonic fibroblasts) -2.03 0.00 1.32E-04 
isolated from RB 1 knockout mice: chronic loss of function 
(LOF) of RB1 

Chicas _RB 1 _Targets_ Senescent Genes up-regulated in senescent IMR90 cells (fibroblast) after -1.94 0.00 8.11 E-04 
knockdown of RB1 

Sheperd_ BMYB _ Morpholino _ On Human orthologues of genes down-regulated in zebra fish -1.88 0.00 2.22E-03 
after knockdown of BMYB by morpholino 



Chicas_ RB 1_Targets_ Growing 

Shepard_BMYB_ Targets 

Kalma_E2F1 _Targtes 

Georges_Cell_Cycle_MIR192_ Targets 

Olsson_E2F3_ Targets_Dn 

Hernandez_Mitotic_ Arrest_ by_Dcetaxel_ 1 _Dn 

Dang_ Targets_Up 

Bild_ MYC _ Oncogenic _ Signature 

Chicas_RB1 _Targets_Low_Serum 

Schuhmacher_MYC_ Targets_Up 

Kannan_ TP53_ Targets_Dn 

lwanaga_E2F1_ Targets_lnduced_by_Serum 

Lei_MYB_ Targets 

Genes up-regulated in growing IMR90 cells (fibroblast) after 
knockdown of RB1 by RNAi 

Human orthologues of BMYB target genes in zebra fish, 
identified as commonly changed in the BMYB loss of function 
mutant crb ('crush and burn') and after knockdown of BMYB by 
morpholino 

DNA replication genes up-regulated in a Rat-1a cell line 
(fibroblast) by expression of E2F1 

Experimentally validated direct targets of MIR192 microRNA; 
MIR192 caused cell cycle arrest in HCT116 cells (colon 
cancer) 

Genes down-regulated in the 5637 cell line (bladder cancer) 
after knockdown of E2F3 

Genes down-regulated in MCF7 cells (breast cancer, normal 
TP53) undergoing mitotic arrest and apoptosis after treatment 
with 100 n M docetaxel 

Genes up-regulated by MYC and whose promoters are bound 
by MYC, according to MYC Target Gene Database 

Genes selected in supervised analyses to discriminate cells 
expressing c-Myc from control cells expressing GFP 

Genes up-regulated in IMR90 cells (fibroblast) grown under 
low serum conditions and after knockdown of RB1 

Genes up-regulated in P493-6 cells (Burkett's lymphoma) 
induced to express MYC 

Primary down-regulated targets of TP53 in the H 1299 (lung 
cancer) cell line 

Genes up-regulated in REF52 cells (embryonic fibroblast) by 
expression of E2F1 that were also induced at 16 hr after 
serum stimulation 

Myb-regulated genes in MCF7 (breast cancer) and lung 
epithelial cell lines overexpressing MYBL2, MYBL 1 or MYB 

-1 .86 0.00 

-1.78 0.00 

-1 .78 1.53E-03 

-1.76 3.70E-03 

-1.75 1.30E-03 

-1 .68 1.34E-03 

-1 .67 0.00 

-1.65 0.00 

-1 .63 3.56E-03 

-1.62 2.42E-03 

-1 .61 1.11E-02 

-1.49 4.1 E-02 

-1.47 3.08E-03 

2.72E-03 

8.30E-03 

8.71 E-03 

1.07E-02 

1.16E-02 

2.62E-02 

2.98E-02 

3.64E-02 

4.24E-02 

4.45E-02 

5.11 E-02 

rl 
s;j" 
rl 

1.17E-01 

1.33E-01 



Dang_ Regulated_ by_ MYC _Up 

Menssen_MYC_ Targets 

Fernandez_Bound_ by_MYC 

Molenaar_ Targets_of_CCND1_and_CDK4_Up 

Perez_ TP53_and_ TP63_ Targets 

Fridman_Senescence_Up 

NES, normalized enrichment score 

FDR, false discovery rate 

Genes up-regulated by MYC according to the MYC Target 
Gene Database 

Genes up-regulated by adenoviral expression of c-MYC in 
HUVEC cells (umbilical vein endothelium) 

Genes identified by ChlP within the high-affinity group of MYC 
targets 

Genes commonly up-regulated in SK-N-BE cells 
(neuroblastoma) after RNAi knockdown of CCND1 and CDK4 

Genes up-regulated in HMEC cells (primary mammary 
epithelium) upon expression of both of TP53 and the 
transcriptionally active isoform of TP63 off adenoviral vectors 

Genes up-regulated in senescent cells 

-1.44 4.29E-02 

-1.39 4.87E-01 

-1 .37 3.30E-02 

1.97 0.00 

1.90 0.00 

1.59 0.00 

1.56E-01 

1.99E-01 

2.1 BE-01 

2.68E-02 

3.76E-02 

1.32E-01 

N 
s;j" 
rl 



- - - -

- - - - -

Table 9. EMT-related curated (CGP) gene sets represented within GSEA of H1975-0R cells 

Gene set 

Onder_CDH1_ Targets_2_Dn 

Aigner_ZEB1_ Targets 

Vantveer Breast Cancer Metastasis Dn 

Sung_ Metastasis_ Stroma _ Dn 

Charafe Breast Cancer Luminal vs 

Mesenchymal_ Up 

Jaeger_ Metastasis_ On 

Onder_CDH1 _Targets_ 1_Dn 

Wu_Cell_ Migration 

Cromer_ Metastasis_ On 

McBryan_Pubertal_ TGFl31 _Dn 

Lim_Mammary_Stem_Cell_Dn 

Onder_CDH1_ Targets_2_Up 

Schuetz_ Breast_ Cancer_ Ductal_l nvasive -
Up 

Onder_CDH1_ Targets_3_Up 

Brief description 

Genes downregulated in HMLE cells after CDH1 knockdown by siRNA 

Genes up-regulated in MDA-MB-231 cells (breast cancer) after 
knockdown of ZEB1 by RNAi. 

Genes whose expression is negatively correlated with distant metastasis 
developing in breast cancer patients 

Genes down-regulated in metastatic vs non-metastatic stromal cells 
originated from either bone or prostate tissues 

Genes up-regulated in luminal-like breast cancer cell lines compared to 
the mesenchymal-like ones 

Genes down-regulated in metastases from malignant melanoma 
compared to the primary tumors 

Genes downregulated in immortalized nontransformed mammary 
epithelium (HMLE) cells after expression of dominant-negative form of 
CDH1 

Genes inversely associated with migration rate of 40 human bladder 
cancer cell lines 

Downregulated genes in metastatic vs non-metastatic head and neck 
squamous cell carcinoma (HNSCC) 

Pubertal genes down-regulated by TGF/31 

Genes consistently down-regulated in mammary stem cells both in mouse 
and human species 

Genes upregulated in immortalized nontransformed mammary epithelium 
(HMLE) cells after CDH1 knockdown by siRNA 

Genes up-regulated in invasive ductal carcinoma (IDC) relative to ductal 
carcinoma in situ (DCIS, non-invasive) 

Genes up-regulated in immortalized nontransformed mammary epithelium 
(HMLE) cells after loss of E-cadherin function achieved either by RNAi 

NES 

-2.08 

-1 .94 

-1 .91 

-1.86 

-1 .91 

-1 .80 

-1 .59 

-1 .54 

-1 .53 

-1.44 

-1.46 

2.21 

1.88 

1.79 

P value 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

1.09E-03 

1.30E-02 

3.88E-02 

1.02E-03 

0.00 

0.00 

6.41 E-03 

FDR 

3.42E-05 

6.90E-04 

1.12E-03 

2.74E-03 

1.32E-03 

5.92E-03 

5.74E-02 

8.51 E-02 

8.99E-02 

1.54E-01 

1.40E-01 

8.00E-03 

4.14E-03 

5.96E-02 

(Y) 
s;j" 
rl 



knockdown or by expression of a dominant-negative form of CDH1 

Bequest_ Stem_ Cell_ Up Genes up-regulated in freshly isolated CD31- (stromal stem cells from 1.78 0.00 6.12E-02 
adipose tissue) versus the CD31 + (non-stem) counterparts 

Lim_Mammary_Stem_Cell_Up Genes consistently up-regulated in mammary stem cells both in mouse 1.65 0.00 1.01 E-01 
and human species 

Onder_CDH1 _Targets_ 1_Up Genes upregulated in immortalized nontransformed mammary epithelium 1.61 0.00 1.12E-01 
(HMLE) cells after expression of dominant-negative form of CDH1 

Vecchi_ Gastric_ Cancer_ Advanced - Genes upregulated in advanced vs early gastric cancer 1.59 0.00 1.25E-01 

vs_Early_Up 

Jechlinger_Epithelial_ to_ Genes up-regulated during epithelial to mesenchymal transition (EMT) 1.60 1.15E-02 1.26E-01 

Mesenchymal_ Transition_Up 
induced by TGFl31 in the EpH4 cells (mammary epithelium cell line 
transformed by HRAS) 

Sung_ Metastasis_ Strom a_Up Genes up-regulated in metastatic vs non-metastatic stromal cells 1.57 0.00 1.38E-01 
originated from either bone or prostate tissues 

Labbe_ TGFl31 _Targets_Up Up-regulated genes in NMuMG cells (mammary epithelium) after 1.41 3.0?E-02 2.27E-01 
stimulation with TGFl31 

NES, normalized enrichment score 
s;j" 
s;j" 
rl 

FDR, false discovery rate 



Table 10. PRC2-related curated (CGP) gene sets represented within GSEA of H1975-0R cells 

Gene set 

Kamminga_EZH2_ Targets 

Nuytten_EZH2_ Targets_Dn 

Meissner_Brain_HCP _With_H3K27me3 

Kondo_EZH2_ Targets 

Benporath_PRC2_ Targets 

Benporath_ES_With_H3K27me3 

Benporath_SUZ12_ Targets 

NES, normalized enrichment score 

FDR, False discovery rate 

Brief description 

Genes positively correlated with EZH2 expression according to 
GeneNetwork database 

Genes downregulated in PC3 prostate cancer cells after EZH2 knock 
down by siRNA 

Genes with high-CpG-density promoters (HCP) bearing the H3K27 
tri-methylation (H3K27me3) mark in brain 

Genes upregulated in PC3 prostate cancer cells after EZH2 knock 
down by siRNA 

Genes bound by PRC2 complex in human embryonic stem cells 
(HESCs) 

Genes possessing the trimethylated H3K27 (H3K27me3) mark in 
their promoters in human embryonic stem cells , as identified by ChlP 
on chip 

Genes bound by SUZ12 in human embryonic stem cells (HESCs) 

NES 

-2.43 

-1 .96 

-1 .78 

1.41 

1.42 

1.42 

1.63 

P value 

0.00 

0.00 

1.18E-03 

0.00 

0.00 

0.00 

0.00 

FDR 

0.00 

5.30E-04 

1.81 E-02 

2.26E-01 

2.26E-01 

2.27E-01 

1.11 E-01 
L.[) 
s;j" 
rl 



Table 11. EMT-related curated (CGP) gene sets represented within GSEA of H1975-0R cells treated with 1,25(0H)2D3 

Gene set 

Rhodes_ Undifferentiated Cancer-

Sarrio_Epithelial_Mesenchymal_ Transition_Up 

Bidus_Metastasis_Up 

Zhang_ Breast_ Cancer_Projenitors _ Up 

Nakamura_ Tumor_ Zone _Peripheral_ vs_ Central_ Up 

Engelmann_ Cancer _Projenitors _ Dn 

Jaeger_ Metastasis_ On 

Gildea Metastasis 

Gotzman _ Epithelial_ Mesenchymal_ Transition_ On 

Aigner_ZEB1_ Targets 

Onder_CDH1_ Targets_2_Dn 

Brief description 

Genes commonly up-regulated in undifferentiated cancer 
relative to well-differentiated cancer, based on the meta-
analysis of the OncoMine gene expression database 

Genes up-regulated in MCF10A cells (breast cancer) 
grown at low (mesenchymal phenotype) compared to 
those grown at high (epithelial , basal-like phenotype) 
confluency 

Genes up-regulated in endometroid endometrial tumors 
from patients with lymph node metastases compared to 
those without the metastases 

Genes up-regulated in cancer stem cells isolated from 
mammary tumors compared to the non-tumorigenic cells 

Up-regulated genes in peripheral zone of human 
pancreatic cancer growing in the pancreas of nude mice 
compared to that of the tumor from the central zone 

Down-regulated genes in the cancer progenitor (stem) 
cells corresponding to side population (SP) MCF7 cells 
(breast cancer) positive for MUC1 

Genes down-regulated in metastases from malignant 
melanoma compared to the primary tumors 

Top genes down-regulated in metastatic (T24T) vs non-
metastatic (T24) bladder cancer cell lines 

Genes down-regulated in MMH-RT cells (hepatocytes 
displaying an invasive, metastatic phenotype) during 
epithelial to mesenchymal transition (EMT) 

Genes up-regulated in MDA-MB-231 cells (breast cancer) 
after knockdown of ZEB1 

Genes down-regulated in HMLE cells (immortalized 
nontransformed mammary epithelium) after E-cadherin 
(CDH1) knockdown by RNAi 

NES 

-2.37 

-2.17 

-1 .99 

-1 .54 

-1.49 

1.91 

1.8 

1.68 

1.67 

1.51 

1.5 

P value 

0.00 

0.00 

0.00 

0.00 

2.06E-03 

1.86E-03 

0.00 

1.61 E-02 

0.00 

3.33E-02 

0.00 

FDR 

2.36E-5 

1.21 E-04 

1.84E-
03 

1.14E-01 

1.40E-01 

3.03E-02 \.D 
s;j" 
rl 

5.59E-02 

9.28E-02 

9.39E-02 

1.69E-01 

1.77E-01 



- -

McBryan_Pubertal_ TGFl31 _0n 

Mili_Pseudopodia _ Haptotaxis _ On 

Zucchi Metastasis On 

Charafe _ Breast_ Cancer_Luminal_ vs_ Mesenchymal_ Up 

Sarria_ Epithelial_ Mesenchymal_ Transition_ On 

NES, Normalized enrichment score 

FDR, false discovery rate 

Pubertal genes down-regulated by TGFl31 1.5 

Transcripts depleted from pseudopodia of NIH/3T3 cells 
(fibroblast) in response to haptotactic migratory stimulus 
by fibronectin , FN1 

1.5 

The 50 most down-regulated genes in primary invasive 
breast ductal carcinoma (IOC) or lymph node metastases, 
compared to normal mammary epithelium 

1.49 

Genes up-regulated in luminal-like breast cancer cell 
lines compared to the mesenchymal-like ones 

1.46 

Genes down-regulated in MCF1 OA cells (breast cancer) 
grown at low (mesenchymal phenotype) compared to 
those grown at high (epithelial , basal-like phenotype) 
confluency 

1.4 

2.44E-02 

0.00 

3.45E-02 

0.00 

4.36E-02 

1. 78E-01 

1.77E-01 

1.84E-01 

1.94E-01 

2.24E-01 

r--
s;j" 
rl 



Table 12. Cell cycle-related curated (CGP) gene sets represented within GSEA of H1975-0R cells treated with 1,25(0H)2D3 

Gene set 

lshida_E2F _ Targets 

Chang_ Cycling_ Genes 

Whitfield_ Cell_ Cycle_ Literature 

Fischer_DREAM_ Targets 

Yu_MYC_ Targets_Up 

Ren_Bound_By_E2F 

Fischer_ G 1 _S _ Cell_ Cycle 

Marson_ Bound_ by_ E2F4 _ Unstimulated 

Eguchi_Cell_Cycle_RB1 _Targets 

Tang_Senescence_ TP53_ Targets_Dn 

Markey_RB1_Acute_LOF _Up 

Molenaar_Targets_of_CCND1 _and_CDK4_Dn 

Kauffmann_DNA_Replication_ Genes 

Whitfield_Cell_Cycle_S 

Brief description 

Genes up-regulated in MEF cells (embryonic fibroblast) after 
expression of E2F1 or E2F2 

Fibroblast serum response genes showing periodic 
expression during the cell cycle ; excluded from the core 
serum response signature 

A list of known cell cycle regulated genes that was compiled 
from the literature by the authors 

Target genes of the DREAM complex 

Genes up-regulated in B cell lymphoma tumors expressing 
an activated form of MYC 

Genes whose promoters were bound by E2F1 and E2F4 in 
the primary fibroblasts Wl-38, by Ch IP on chip assay 

Cell cycle genes with peak expression in G1/S check point 

Genes with promoters bound by E2F4 in unstimulated 
hybridoma cells 

RB1 target genes involved in cell cycle regulation: genes 
down-regulated by doxorubicin only in cells expressing RB1 

Genes up-regulated in Wl-38 cells (senescent primary 
fibroblasts) after inactivation of TP53 by GSE56 polypeptide 

Genes down-regulated in adult fibroblasts with inactivated 
RB 1 by Cre-lox: acute loss of function (LOF) of RB 1 

Genes commonly down-regulated in SK-N-BE cells 
(neuroblastoma) after RNAi knockdown of CCND1 and 
CDK4 

Genes involved in DNA replication , compiled manually by 
the authors 

Genes periodically expressed in synchronized Hela cells 
(cervical carcinoma), with peak during the S phase of cell 

NES 

-2.79 

-2.52 

-2.46 

-2.45 

-2.41 

-2.36 

-2.36 

-2.26 

-2.23 

-2.21 

-2.14 

-2.11 

-2.06 

-2.04 

P value 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

FDR 

0.00E+00 

0.00E+00 

0.00E+00 

0.00E+00 

0.00E+00 

0.00 

0.00E+00 

0 

0.00E+00 

00 
s;j" 
rl 

0.00 

7.74E-05 

-1 .60E-04 

6.28E-04 

7.39E-04 



Chicas_RB 1 _Targets_ Growing 

Fischer_ G2 _ M_Cell_ Cycle 

Reichert_Mitosis_LIN9_ Targets 

Shepard_BMYB_ Targets 

Vernell_ Retinoblastoma _Pathway_ Up 

Benporath _ Cycling_ Genes 

Whitfield_ Cell_ Cycle_ G 1 _S 

Whitfield_ Cell_ Cycle_ G2 _ M 

Kalma_E2F1_ Targets 

Scian _ Cell_ Cycle_ Genes_ of_ T53 _ andTP73 _ Dn 

Kauffmann_DNA_Repair_ Genes 

Georges_ Cell_ Cycle_ Mir192 _ Targtes 

Whitfield_ Cell_ Cycle_ G2 

cycle 

Genes up-regulated in growing IMR90 cells (fibroblast) after 
knockdown of RB1 by RNAi 

Cell cycle genes with peak expression in G2/M check point 

Genes with known mitosis function that were down-
regulated in MEF cells (embryonic fibroblast) upon knockout 
of LIN9 

Human orthologues of BMYB target genes in zebra fish , 
identified as commonly changed in the BMYB loss of 
function mutant crb ('crush and burn') and after knockdown 
of BMYB by morpholino 

Cluster 1: genes up-regulated by RB1 , CDNK2A, and one of 
the E2Fs (E2F1, E2F2, or E2F3) 

Genes showing cell-cycle stage-specific expression 

Genes periodically expressed in synchronized Hela cells 
(cervical carcinoma), with peak during the G1/S phase of 
cell cycle 

Genes periodically expressed in synchronized Hela cells 
(cervical carcinoma), with peak during the G2/M phase of 
cell cycle 

DNA replication genes up-regulated in a Rat-1a cell line 
(fibroblast) by expression of E2F1 

Cell cycle genes down-regulated in H1299 cells (lung 
cancer) after overexpression of either P53 or P73 

Genes involved in DNA repair, compiled manually by the 
authors 

Experimentally validated direct targets of Ml R 192 
micro RNA; MIR 192 caused cell cycle arrest in HCT116 cells 
(colon cancer) 

Genes periodically expressed in synchronized Hela cells 
(cervical carcinoma), with peak during the G2 phase of cell 

-2.04 

-2.04 

-2.04 

-2.04 

-1 .99 

-1.94 

-1 .92 

-1 .88 

-1.82 

-1 .81 

-1 .79 

-1 .79 

-1 .72 

0.00 7.93E-04 

0.00 7.25E-04 

0.00 8.02E-04 

0.00 8.12E-04 

0.00 1.70E-03 

0.00 3.24E-03 

0.00 4.40E-03 

0-, 

0.00 7.09E-03 s;j" 
rl 

2.07E-03 1.36E-02 

5.71E-03 1.50E-02 

0.00 1.95E-02 

2.00E-03 2.09E-02 

0.00 3.31 E-02 



cycle 

CHicas_RB1 _Targets_Low_Serum Genes up-regulated in IMR90 cells (fibroblast) grown under -1 .70 0.00 3.94E-02 
low serum conditions and after knockdown of RB1 by RNAi . 

Olsson_E2F3_Targets_Dn Genes down-regulated in the 5637 cell line (bladder cancer) -1 .61 1.03E-02 7.73E-02 
after knockdown of E2F3 by RNAi. 

Martinez_TP53_ Targets_Dn Genes down-regulated in mice with skin specific knockout of 1.54 0.00 1.56E-01 
TP53 

Martinez_RB1_and_ TP53_ Targets_Dn Genes down-regulated in mice with skin specific double 1.53 0.00 1.64E-01 
knockout of both RB 1 and TP53 by Cre-lox 

Perez_ TP53_ Targets Genes up-regulated in the HMEC cells (primary mammary 1.49 0.00 1.82E-01 
epithelium) upon expression of TP53 off adenoviral vector 

NES, normalized enrichment score 

FDR, false discovery rate 

0 
L.[) 
rl 



Table 13a. List of EGFR PCR primers 

Exon Forward , 5'-3' 

19 GCAATATCAGCCTTAGGTGCGGCTC 

20 CCATGAGTACGTATTTTGAAACTC 

21 CTAACGTTCGCCAGCCATAAGTCC 

Table 13b. List of EGFR sequencing primers 

Exon Forward , 5'-3' 

19 CCTTAGGTGCGGCTCCACAGC 

20 GAAACTCAAGATCGCATTCATGC 

21 CGTGGAGAGGCTCAGAGCCTGGCATG 

Reverse, 5'-3' 

CATAGAAAGTGAACATTTAGGATGTG 

CATATCCCCATGGCAAACTCTTGC 

GCTGCGAGCTCACCCAGAATGTCTGG 

Reverse, 5'-3' 

CATTTAGGATGTGGAGATGAGC 

GCAAACTCTTGCTATCCCAGGAG 

CATCCTCCCCTGCATGTGTTAAAC 
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Table 14. List of qRT-PCR primers and sequences 

Gene Forward, 5'-3' 

CYP24A1 GCACAAGAGCCTCAACACCAA 

CAMP TTCAAGAAGGACGGGCTGGTGAAG 

CDH1 TGGACCGAGAGAGTTTCCCT 

EPCAM GCTGGAATTGTTGTGCTGGTTA 

CLDN4 TCTCCTCTGTTCCGGGTAGG 

ZEB2 GCGGAAACAAGGATTTCAGGGAGA 

MMP2 GGCTGTGTTCTTTGCAGGGAATGA 

EZH2 ACATCCTTTTCATGCAACACC 

EEO GGCGGAGGAATATGTCCGAG 

SUZ12 GCCTTTGAGAAGCCAACACA 

AURKA ACCGTGGGGGATATCTCAGT 

CCNB1 TGAATGGACACCAACTCTACAACA 

CDK1 GCGGAATAATAAGCCGGGATCT 

GAPDH CTCCTCTGACTTCAACAGCG 

Reverse, 5'-3' 

AGACTGTTTGCTGTCGTTTCCA 

GTCCTGGGTACAAGATTCCGCAAA 

ACGACGTTAGCCTCGTTCTC 

AAGATGTCTTCGTCCCACGC 

CGTCCATCCACTCTGCACTT 

TGTCGCAGAAGGGAACTGCTTT 

TGGGGAAGCCAGGATCCATTTTCT 

GCTCCCTCCAAATGCTGGTA 

AGCGTCATCATTCTCGTCTCC 

AGCTGCAAATGAGCTGACAA 

GAGTGAGACCCTCTAGCTGT 

TGCCACAGCCTTGGCTAAAT 

CATGGCTACCACTTGACCTGT 

GCCAAATTCGTTGTCATACCAG 
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APPENDIX 

Stage IV SCLC 

PD-L 1 expression test 

I 
~50% <50% • HighTMB 

't t t 
Pembrolizumab Pt-based Cht Nivolumab 

+/-
Pembrolizumab 

l t l 
Progression Progression Progression 

t t 't 
Pt-based ChT SSC Pt-based ChT 

1. Stage IV SCLC treatment algorithm. Pt, platinum; ChT, chemotherapy; TMB, tumor 
mutation burden; BSC, best supportive care 
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Stage IV NSCLC 

Molecular tests 

I 
I I 

Positive Negative 

t t 
Targeted therapy PD-l 1 expression test 

I
t 

Progression ~50% <50% • HighTMB 

t t t t 
Pt-based ChT Pembrolizumab Pt-based Cht Nivolumab 

l 
+/-

l
Pembrolizumab 

Bevacizumab 

t 
Progression Progression Progression 

t t t 
Pt-based ChT BSC Pt-based ChT 

2. Stage IV NSCLC treatment algorithm. Pt, platinum; ChT, chemotherapy; TMB, tumor 
mutation burden; BSC, best supportive care 

Vehicle 1,25(OH)2O3 Erlotinib 1,25(OH)2O3 
+Erlotinib 

Vehicle NA p<0.05 p<0.01 p<0.0001 
1,25(OH)2O3 p<0.05 NA p=0.53 p<0.01 

t:.rIotInib p<U.U1 p--=U.b;5 NA p<U.U1 

3. Statistical analysis of SH416-ER relative cell growth at day 7 (related to Figure 28C)1 

1 Data were analyzed using one-way ANOVA with multiple comparison 
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