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ABSTRACT 

 

 

 

 

 

Heterogeneity in Small Cell Lung Cancer 

  

 

 

By 
 

La France Daniels Jr 
 
 

Master of Science in Biology 
 
 

 Small Cell Cancers of the Lung (SCLC) are poorly understood, rare, aggressive 

cancers that arise in many organs. These cancers represent a class of tumors that have 

undergone a reversal in differentiation losing specialized characteristics. In addition, 

theses tumors almost always recur from cells that behave like cancer stem cells. 

Histologically, SCLC are characterized by uniformly small-sized cells with a high 

nuclear to cytoplasmic ratio. Chemotherapy remains the standard form of therapy and 

patients usually exhibit an initial response to treatment. However, almost all patients 

relapse and the overall 5-year survival rate is only around 5%. For this project, I used 

biological tools to better understand the role of heterogeneity of cells in driving small cell 
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cancers of the lung therapeutic resistance. First, I used a 3D lung organoid model of small 

cell lung cancer with an alginate based inverse opal scaffold and populations of cells 

from SCLC cell lines. Second, I used a mouse model of SCLC (p53fl/fl and Rbfl/fl) to 

examine the contribution of epithelial cells versus mesenchymal cells in SCLC tumor 

formation. I found that the 3D lung organoid model morphologically recapitulated the 

tumors seen in patients with sheets of small cells and neural rosette structures. I 

compared the expression patterns of neuroendocrine-specific-protein (NSP) marker 

Synaptophysin, serum marker Chromogranin A, and epithelial marker EpCAM, with 

non-neuroendocrine protein stem cell marker CD44, by immunofluorescence in the 

SCLC cell lines grown in 2D culture against those grown in the 3D lung organoid model. 

I found these markers were expressed in the same pattern in the 3D lung organoid model 

as in the patient tumor tissue but not in 2D cultures. This 3D lung organoid model of 

SCLC holds promise as a tool for elucidating the behavior of different SCLC cell 

populations in tumor initiation and chemotherapeutic resistance. To assess the 

contribution of epithelial cellular subpopulations in SCLC tumor formation, I isolated 

basal stem cells from the mouse tracheae epithelium and seed these cells into a matrigel 

culture for proliferation into tracheae spheres. Tracheae spheres in the next phase of this 

experiment are passaged, cultured and proliferated into differentiated epithelial cell 

populations. These newly differentiated cell populations are then transduced with 

Lentiviral-Cre to remove tumor suppressor genes Rb1 and Trp53. This will propagate the 

formation of SCLC tumors for thorough examination and study to better understand the 

role these heterogeneous subpopulations of cells play in small cell cancers of the lung 

therapeutic resistance
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INTRODUCTION 
 
 Lung cancers are divided histologically into two categories. Small Cell Lung 

Cancer (SCLC) and Non-Small Cell Lung Cancer (NSCLC). Both have distinct histology 

and biomedical features (Johnson 1996). The leading cause of cancer mortality in the 

United States is lung cancer. Approximately 156,000 people are killed annually by this 

disease (Zöchbauer-Müller et al. 2002). Small cell lung cancer, the focus of this study, is 

the deadliest of these two types of lung cancer because of its ability to metastasize early 

and widely (Calbo et al. 2011), and its rapid resistance to chemotherapy (Jahchan et al. 

2016). SCLC is responsible for 15% of all newly diagnosed cases of lung cancer 

worldwide (Abidin et al. 2010) and it occurs exclusively in individuals who extensively, 

smoke cigarettes (Semenova et al. 2015). NSCLC, the other type of lung cancer, accounts 

for 85% of total instances of lung cancer worldwide and is commonly identified in people 

who either presently or previously smoked. It is also the most common type of 

pulmonary cancer identified in people who have never smoked (American Cancer 

Society 2016).  

 Patients diagnosed with SCLC often present with metastasis in many organs. The 

standard treatment for this cancer is chemotherapy with cisplatin or carboplatin and 

etoposide and radiotherapy. However, despite the fact that patients initially respond well 

to treatment the vast majority will relapse, within a year after treatment (Haberland 

2004). SCLC is an extremely aggressive, undifferentiated cancer that originates from the 

precursors of neuroendocrine cells (Alvarado-Luna 2016). This clinical presentation 

alludes to the possibility that this cancer may harbor cells with an innate ability to create 

tumors (Daniel et al. 2009, Leong et al. 2014) or the aggressive, metastatic, 
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chemoresistant potential of SCLC might result from an intrinsic characteristic of a very 

rare population of neuroendocrine cells present in these tumors (Calbo et al. 2011). 

Neuroendocrine cells are specialized cells that make up the neuroendocrine system. They 

receive cell signals and in response release hormones into the blood stream (Wikipedia 

2017).  

 Investigation is needed to understand the mechanisms of widespread metastasis 

and chemotherapeutic resistance in small cell lung cancer and whether there is a 

subpopulation of cells responsible, this study characterized SCLC cell lines for their 

cellular heterogeneity by observing their expression patterns of neuroendocrine and non-

neuroendocrine cell-surface protein markers. SCLC cell lines as they grow in 2D culture 

show a variety of cell types with mixed phenotypes within these cell lines. The cellular 

heterogeneity I observed in these SCLC cell lines could hold the key to explaining the 

clinical behavior of these tumors, to what degree they operate in the metastatic 

environment and identification of a cell of origin that may be a very rare population of 

neuroendocrine cells present in these tumors. Thus, the key question of this study: Does 

cellular heterogeneity in SCLC explain the clinical behavior of these tumors? If so, to 

what degree does it operate in the metastatic environment and can we identify those 

subpopulations with aggressive behavior that could be targeted for therapy?  

 Small cell cancers of the lungs are typically characterized by uniformly, small-

sized cells with a large nucleus to cytoplasmic ratio (Nadal et al. 2014), with tumors 

comprised of cells that vary phenotypically but showing a distinct neuroendocrine or 

mesenchymal marker profile (Calbo et al. 2011). In addition, the most common mutations 

discovered during the pathogenesis of small cell lung cancer are inactivation of tumor 
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suppressor genes Rb1 and Trp53. This is detected in nearly all cases of SCLCs (Gouyer 

et al. 1998, Sekido et al. 2003). Histologically, NSCLC occurs largely in 3-subtypes of 

tissue within the lungs. Squamous cell carcinomas are established mainly in the interior 

(bronchus airways) portions, adenocarcinomas occur in the exterior (pleural space) 

compartments, and large cell carcinoma may occur in all areas of lungs (Sun et al. 2007).  

 Efforts to identify the molecular mechanisms of SCLC pathogenesis have been 

unsuccessful, and therapeutic protocols have remained unchanged over the past 3 

decades. The medium 5-year survival rate is less than 1% and 7% for prostate and small 

cell lung cancers, respectively (Semenova et al. 2015). These devastating statistics 

underscore the urgent need for investigating the mechanisms underlying these highly 

aggressive cancers. Current research investigating the pathological and metastatic 

mechanisms of SCLC has largely used three methods: Examination of Cancer cell lines 

(Gazdar et al. 2010), tumor tissue (Weiswald et al. 2015) and mouse models (Meuwissen 

2016). However, of the three research methods mentioned, cancer cell lines are most 

widely employed in SCLC research (Gazdar et al. 2010). Unfortunately, there are a few 

disadvantages that accompany the use of cancer cell lines. Their resourcefulness is 

weakened by variations in the relative frequency of different genotypes, changes in 

heritable traits of a cell population over time, ongoing passaging in culture, and 

associated loss of heterogeneity in the small cell lung cancer tumor. In addition, cancer 

cell lines are largely excised from metastatic locations in pleural tissue of the human lung 

and will unlikely maintain a great deal of cellular structure from the initial tumor (Carney 

et al. 1985).  

 Regardless of the drawbacks, cell lines tend to offer more advantages than 
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primary cells for lung cancer research. Cell lines are essentially a pure subpopulation of 

tumor cells minus stromal and inflammatory cells (Staveren et al. 2009). But, large 

populations of stromal and inflammatory cells in lung tumors create significant problems 

with analysis of data and mutation detection. However, favorable cell lines can replicate 

endlessly, thus providing unlimited supplies of cellular material for distribution to 

laboratories world-wide, allowing researchers to make vital comparisons of their data and 

results from similar resources (Gazdar et al. 2010). I employ the use of cell lines in this 

study to address the key question of heterogeneity in SCLC.   

 The second research method employed to investigate the pathogenesis of SCLC is 

the use of tumor tissue. For this study, only the Three Dimensional (3D) bioengineered 

lung tissue model, more commonly referred to as the 3D Lung Organoid Model, 

reference will be referenced. The 3D lung organoid model has been used in small cell 

lung cancer research as a midway point between cancer cell lines and primary tumor 

tissue biopsied from cancer patients (Weiswald et al. 2015). Today, many 3D organoid 

tumor models have been formulated considering the very detailed architecture of the 

tumor microenvironment including associated biological processes involved (Baker and 

Chen 2012). To investigate the pathogenesis of human lung cancer, it is imperative to 

replicate as accurately as possible the complex features of human lung tissue (Sutherland 

1988). The creation of engineered lung organoid tissue allows for a more precise 

reproduction and comprehension of pulmonary pathogenesis, thus providing a better 

understanding of the pathobiological mechanisms and metastatic potential behind this 

tumor (Weiss 2014, Sucre 2016). However, for lung organoid tissue to be a viable 

resource for lung cancer research, organoid tissue must again, replicate the precise 
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anatomical features of the human lung including those cellular populations intrinsic to the 

lungs. Engineers must then be able to scaffold those cellular populations into a suitable 

environmental position. One way to successfully accomplish this is by disassembling 

lung tissue followed by scaffolding the suitable cell populations in 3D (Wilkinson et al. 

2016).  

 The third research method used to investigate the pathogenesis of small cell lung 

cancer is the mouse model. The use of transgenic mice in SCLC research has provided 

valuable insight into the pathobiology of metastasis (Khanna and Hunter 2005) by 

providing researchers with an actual tumor microenvironment to study (Walrath et al. 

2010). Pulmonary tumors in mice are comparable to the physiology, pathogenesis, and 

molecular features of human adenocarcinomas. Therefore, using mouse models for 

investigating pulmonary cancer has proven a necessary tool for interpreting the 

underlying guidelines of pulmonary tumor pathogenesis, but also for the evolution of 

innovative strategies for the detection of markers for lung cancer diagnosis (Meuwissen 

2016). Mouse models of lung tumors, such as lung organoid tissue, needs to replicate in 

precise detail the anatomical features of human lung cancer including intrinsic tumor cell 

populations innate in mammals (Festing et al.1998, Sargent et al. 2002).  

 Mouse models have made a significant contribution to the development of 

methods for targeting gene expression in SCLC research. Two such targets of vital 

importance in SCLC research are tumor suppressor genes Rb1 and Trp53 which in SCLC 

are down regulated (Meuwissen 2003). Mice that are lacking Rb1 and Trp53 exhibit 

significant occurrence of malignant pulmonary tumors with acute morphological and 

phenotypical likeness to human SCLC (Calbo et al. 2011). These tumors, named murine 
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small cell lung carcinoma (MSCLC), spread within pulmonary tissue and give rise to full 

pulmonary metastases (Meuwissen 2003). However, for the successful application of this 

mouse model, the deactivation of tumor suppressor genes Rb1 and Trp53 is necessary for 

initiation of SCLC pathogenesis (Meuwissen 2003).  

 There are various organs within a mouse model suitable for primary human cells 

and metastatic tissue transplantation. For instance, primary leukemia cancers are 

successfully transplanted intravenously into adult mice, but can also be successfully 

transplanted directly into the bone marrow of a viable mouse model (Pearson et al. 2008). 

Primary bladder cancers (Lin et al. 2012), and human ductal breast carcinomas (Valdez et 

al. 2011) develop much more efficiently when implanted in mouse bladder tissue. 

However, it is the mouse kidney capsule model that has proven to be best for the study of 

small cell lung cancer (Shultz et al. 2016). The mouse kidney provides a highly-

vascularized compartment under the renal capsule making for an environment conducive 

for growth and proliferation of primary cells as well as malignant cells and tumor tissue 

(Shultz et al. 2016). As discussed here, employment of the mouse model in SCLC 

research has allowed researchers to further understand the pathobiology of tumor 

development, metastasis, and the processes of the tumor microenvironment (Walrath et 

al. 2010). Understanding the pathological mechanisms of SCLC is vital to finding cures 

but is also important in caring for and treating the millions of patients who suffer from 

this disease. 

 Treatment of Lung Cancer is critical for preservation of the life of patients. An 

effective but comprehensive treatment program uses a well-organized protocol to 

categorize the various stages of malignancy along with prognoses. The traditional 
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approach for treatment of lung cancer begins with chemotherapy, using drugs such as 

cisplatin or carboplatin and etoposide and radiotherapy. Although patients often have an 

initial positive response, the majority relapse within one-year with the survival rate at an 

estimated 40%, including a 5-year survival rate of under 5% (Haberland et al. 2004). 

Therapy for SCLC often uses a combination of various types of treatments. To date, 

chemotherapy, radiation therapy, and surgery make up the bulk of the treatment protocol 

for SCLC. A cancer patient’s treatment options depend upon understanding the nature of 

the cancer and its level of malignancy, consideration of side-effects from cancer drugs, 

and evaluating the patient’s overall prognosis of health (Turrisi et al. 2006).  

 SCLC expresses surface markers of neuroendocrine differentiation, unlike 

NSCLC (Lynch et al. 1997, Kelley et al. 1997).  I therefore characterized human SCLC 

cell lines for cellular heterogeneity by immunofluorescent staining for neuroendocrine 

and non-neuroendocrine cell-surface protein marker expression. The cell-surface protein 

markers detailed here demonstrate great significance in the detection of neuroendocrine 

and non-neuroendocrine differentiation of small cell cancers of the lungs (Pujol et al. 

2003). Synaptophysin, is a protein molecule having a molecular weight of 38 kilo 

Daltons and is localized in the membrane compartment of neuronal presynaptic vesicles. 

This neuroendocrine-specific protein (NSP) marker is widely disseminated within the 

cancer lesions of both neurons and neuroendocrine cells, therefore making it an effective 

wide-ranging neuroendocrine marker (Gould et al. 1986). Furthermore, synaptophysin 

shows strong localization in neuroendocrine vesicles of cells and tumors. However, 

immunostaining is presently dispersed in the cytoplasmic regions of tissue (Lloyd 2003). 

Synaptophysin was originally thought to have affinity for only neuroendocrine tissue, 
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but, Immunoreactivity assays show synaptophysin in cells and tumors of adrenal cortical 

adenomas and carcinomas. Additionally, studies show synaptophysin originates from a 

family of vesicle proteins present in small synaptic vesicles, nerve terminals, and 

neuroendocrine cells (Elferink and Scheller 1995 and Zanner et al. 2002).  

 NCAM originates from a group of membranous glycoproteins present 

predominately in cerebral and muscle tissue (Cunningham et al. 1987, Jin et al. 1991). As 

a cell surface protein marker, NCAM has been identified on an assortment of 

differentiated tissues, modulating adhesion between neurons and nerve muscle 

interactions. Furthermore, NCAM expression is an indication of neuroendocrine 

differentiation and therefore serves as an excellent marker for SCLC tumors (Ledermann 

et al. 1994).  EpCAM is expressed pathologically in epithelial tissue, like carcinomas, but 

shows no expression in tumors of the mesoderm and ectoderm, such as neurogenic 

neoplasms, sarcomas, melanomas, or lymphomas (Momburg et al. 1987). A significant 

expression of EpCAM is associated with an attenuation in survival status for breast and 

ovarian cancer patients (Spizzo et al. 2004, 2006). However, an exclusion is made in the 

incident of kidney cell carcinomas, where EpCAM expression correlates with an increase 

in cancer patient longevity (Seligson et al. 2004).  

 In comparison to typical epithelia, where EpCAM expression is mainly on the 

basal layer of the cell membrane, EpCAM dissemination differs in carcinoma, contingent 

upon the type of cancer. In intestinal cancer, well differentiated glandular cancer cells are 

identified by consistent basolateral delivery of EpCAM, whereas temperately 

differentiated glandular cancer cells typically express EpCAM in membranous, 

cytoplasmic, and luminal tissue (Ogura et al. 1998). (Xie et al. 2005), recently provided 
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corroborating evidence that EpCAM is disseminated differently in malignant intestinal 

material, including squamous cell cancer, and glandular cancer. These interpretations 

may have analytical value in the positive recognition of cancer type (Trzpis et al. 2007).  

 Chromogranin A (CgA) has been implicated in regulating the development of the 

secretory granule pathway and thought to be released simultaneously with amines and 

neuropeptides. When detected in tumor tissue, Chromogranin A is often associated with a 

poor diagnosis regarding SCLC. Moreover, chromogranin A is ubiquitous in 

neuroendocrine tissue and cells making it a suitable cell-surface marker for SCLC 

diagnosis (Onganer et al. 2005). A variety of cell-surface protein markers are employed 

in the characterization of cancer stem-cells (CSCs) many of which have been previously 

recognized in several types of lung cancer to include SCLC. However, for this study the 

only CSC marker acknowledged is CD44 (Wang et al. 2013). CD44 functions as a 

multifunctional transmembrane glycoprotein. In pulmonary cancer cells its expression is 

presumably associated with CSC modalities of these pulmonary cancer cells (Wang et al. 

2013). A study conducted by Roudi et al. (2014) showed that CD44 was expressed in 

greater capacity in NSCLC in contrast to SCLC. Furthermore, within NSCLC, CD44 was 

expressed more so in squamous cell carcinomas (SCC) when contrasted with Adeno-

carcinomas (ADC). Higher CD44 expression was linked to stronger cancerous tumors 

which in turn correlate to unfavorable diagnosis in SCC, and the lower expression levels 

of CD44 was identified in differentiated ADCs (Roudi et al., 2014). Therefore, CD44 is 

an effective non-neuroendocrine marker for the detection of NSCLCs within SCLC cell 

lines for this study.  

 Vimentin is a member of the intermediate filament (IF) lineage of proteins (Satelli 
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and Li 2013). Its expression profile is detected in the bronchial epithelium of both fetus 

and adults; however, it is limited primarily to basal and columnar cells in adults. 

Expression of vimentin is detected in lung cancers and in distinguished adeno-carcinomas 

and large cell carcinomas (Upton et al. 1986). However, in NSCLC, over-expressed 

vimentin is presented as an unfavorable predictor for survival of NSCLC patients after 

surgery (Al-Saad et al. 2008). Currently, a diagnosis of SCLC is usually determined at 

the final stages of metastasis. However, early diagnoses may increase chances of 

successful treatment. Thus, the addition of an early novel detection protocol for SCLC 

will save lives and help to prolong longevity of patients suffering from this destructive 

tumor (Tarvinder and Sharma, 2004). I conducted three experiments to answer the 

question Does cellular heterogeneity in SCLC explain the clinical behavior of these 

tumors? If so, to what degree does it operate in the metastatic environment and can we 

identify those subpopulations with aggressive behavior that could be targeted for 

therapy?  

 First, I looked at Small Cell Lung Cancer (SCLC) cell lines for their expression 

pattern of the neuroendocrine cell-surface protein markers Synaptophysin, Chromogranin 

A, EpCAM, and the non-neuroendocrine cell-surface protein marker, CD44. From 

immunofluorescence staining, I expect a significant variation in cell-surface protein 

marker expression amongst those SCLC cell lines with a mixed adherent large cell and 

suspended small cell phenotype in comparison to those cell lines with only a suspended 

small cell, phenotype. In addition, cell lines with an adherent large cell phenotype should 

show a significant expression of non-neuroendocrine cell-surface markers. I do not 

anticipate neuroendocrine cell surface marker expression in these adherent large cells.  



!
!

!
!

11!

 Next, I compared the expression patterns of neuroendocrine and non-

neuroendocrine cell-surface protein markers by immunofluorescence in SCLC cell lines 

grown in 2D culture, 3D lung organoid model, and SCLC patient tumor tissue. I expect to 

see a positive expression of neuroendocrine cell-surface markers in SCLC cell lines 

grown in 2-D within the non-adherent populations in culture. However, findings from 

assays, conducted by fellow lab personnel has revealed that there are distinct populations 

of cells within the SCLC cell lines, namely CD44 high EpCAM low NCAM negative, 

CD44 medium EpCAM high NCAM medium, and CD44 low EpCAM high NCAM high. 

Therefore, there may be varying expression levels of neuroendocrine markers 

chromogranin A and synaptophysin within these populations.  

 Lastly, after identifying heterogeneous subpopulations of cells within the SCLC 

cell lines I determined their capacity for tumor formation in vivo using a mouse model of 

small cell lung cancer called the (p53fl/fl and Rbfl/fl) mouse. I examined the contribution of 

epithelial cells in small cell lung cancer tumor formation. By isolating basal stem cells 

from the mouse tracheal epithelium and seed these cells into a matrigel culture for 

proliferation into tracheae spheres that have stem cell properties (see figure 6). These 

cells are then injected subcutaneously into an immunocompromised mouse model for 

small cell lung cancer tumor formation. Similar experiments will be performed with 

mesenchymal cells from these transgenic mice. I anticipate that this experiment will 

provide data on the functional importance of neuroendocrine vs epithelial vs 

mesenchymal cells in the development of small cell lung cancer. I expect to find 

heterogeneity within these small cell lung cancer tumors in the hope of finding a rare 

population of neuroendocrine cells present leading to a cell of origin in these tumors that 
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could explain the aggressive, metastatic, chemoresistant potential of this tumor (Calbo et 

al., 2011).  
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MATERIALS AND METHODS 

Culturing small cell lung cancer (SCLC) cell lines 

Small cell lung cancer cell lines H524, H209, H1436, H1963, H2171, and H2227 were 

obtained from American Type Culture Collection (ATCC). As recommended by the 

ATCC, the media for H524, H209, H1963 was prepared as follows: 500 mL of RPMI 

1640 (Gibco Life Technologies) + 1 mL of primocin (Invivogen) + 50 mL of Fetal 

Bovine Serum (Gibco Life Technologies). The media for H1436, H2171, H2227 was 

prepared 500 mL of DMEM/F12 50:50 (Gibco Life Technologies) with the following 

additives: hydrocortisone (10 nM, Sigma), insulin (5 µg/mL, Sigma), transferrin (10 

µg/mL, Sigma), β-estradiol (10 nM, Sigma), sodium selentine (30 nM, Sigma), 25 mL of 

FBS (Gibco Life Technologies), 1 mL of primocin (Invivogen), and 12.5 mL of glutamax 

(Gibco Life Technologies). The media was exchanged two times weekly, and the cells 

were cultured at a 1:3 ratio when 80 % confluency was reached. 

 

Poly-L-lysine coating of glass slides for cytospinning 

The surface of each glass slide was cleaned by incubation in an acidic alcohol solution 

(1% HCL in 70% Ethanol) while on a shaker for 1 hour at room temperature. The slides 

were air dried overnight at room temperature, or in an oven at 60° C for 1-2 hours. Glass 

slides were kept at room temperature for 5 minutes and then were incubated in poly-l-

lysine (0.3 %, Sigma-Aldrich) dissolved in distilled water. The slides were dried at 60 °C 

for 1 hour or at room temperature overnight. The slides were washed with running 

distilled water for 30 seconds and then allowed to drip dry. The slides were then washed 

in the relevant cell culture media for cell plating. 
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Cytospinning of non-adherent cells 

Non-adherent SCLC cells (20,000 per slide) were cytospun onto glass slides (Fisher) 

treated with Poly-L-lysine at 1000 rpm for 5 minutes using a cytocentrifuge (Cytospin 3, 

Shandon). The cells were fixed with a 4% PFA solution at room temperature for 10 

minutes. Sample slides were washed for 5 minutes at room temperature with 1X TBS 

containing 0.1% Tween-100 (TBST), three times. The resulting slides were processed 

through an immunofluorescence protocol as described below. 

 

3D lung organoid model 

The 3D model for small cell lung (SCLC) cancer was developed using an alginate based 

inverse opal scaffold and populations of cells from SCLC cell lines.  At a 1:1 ratio, 4 

million SCLC cells (ATCC) and Human Fetal Lung Fibroblasts (FLFs) (Advanced 

Bioscience Resources, Alameda, CA) in media, were simultaneously placed in a rotating 

4ml HARV bioreactor vessel (Synthecon, Houston, TX, http://www.synthecon.com) with 

1 millileter of functionalized alginate beads. Alginate beads were generated using an 

electrostatic droplet generator (custom) operated on a 3% medium viscosity alginate 

solution (Sigma-Aldrich, St. Louis, MO, https://www.sigmaaldrich. com). Cells adhere to 

and evenly coat the beads. The cell coated beads are then centrifuged in a 96 well plate. 

The fibroblasts contract and pull the beads and SCLC cells together, creating spontaneous 

aggregation for 3D lung organoid formation (Wilkinson, D, et al., 2016). Organoid tissue 

was affixed to sectioning blocks at UCLA Translational Pathology Core Laboratory 

(TPCL). The organoid tissue was then sectioned at 50 µm, affixed to glass micro-slides 

and processed n=10 micro-slides through the immunofluorescence protocol described 
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below. 

Immunofluorescence 

The slides were heated at 60 °C for 1 hour on a slide warmer. The samples were 

incubated in the following solutions for rehydration: 15 minutes in Xylene twice, 5 

minutes in 100% ethanol twice, 5 minutes in 95% ethanol twice, 5 minutes in 70% 

ethanol twice, and 5 minutes in distilled water twice. Antigen retrieval was carried out in 

a microwave for 10 minutes, using 1mM EDTA. The samples were cooled on ice for 10 

minutes and then washed once with distilled water. Samples were permeabilized with 

TBS containing 0.1 % Tween-100 (TBST) and 0.25% of 0.5M EDTA for 10 minutes at 

room temperature. The slides were washed once with 1X TBST for 5 minutes at room 

temperature. Protein block solution (Dako) was added and sample slides were incubated 

at room temperature for 1 hour. Primary antibodies mixed with protein block solution 

were added to the slides and the samples were incubated for 1 hour at room temperature.   

Primary antibodies used on various slides: rabbit anti-EPCAM (Abcam, Ab71916), 

mouse anti-NCAM (Abcam, Ab9018), rabbit anti-Chromogranin A (Abcam, Ab45179), 

rabbit anti-Synaptophysin (Abcam, Ab32127), and mouse anti-CD44 (Dako, M708). 

Sample slides were washed for 5 minutes at room temperature with 1X TBST, three 

times. Secondary antibodies in protein block solution were added to sample slides and 

incubated for 1 hour at room temperature. Secondary antibodies were used on the 

appropriate slides: Alexa Fluor 488 anti-rabbit (Life Technologies, A21206), Alexa Fluor 

488 anti-mouse (Life Technologies, A21202), Alexa Fluor 594 anti-rabbit (Life 

Technologies, A21207), Alexa Fluor 594 anti-mouse (Life Technologies, A21207), 

Alexa Fluor 647 anti-rabbit (Life Technologies, A31573), and Alexa Fluor 647 anti-
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mouse (Life Technologies, A21236).  N=10 Sample slides were washed for 5 minutes at 

room temperature with 1X TBST and this was repeated three times. Sample slides were 

mounted using Vectashield containing DAPI (Vectorlabs). Images were obtained using 

confocal microscopy. 

 

Basal Cell Isolation 

A mouse model of SCLC (p53fl/fl and Rbfl/fl) was bred to examine the contribution of 

epithelial cells versus mesenchymal cells in small cell cancer of the lungs tumor 

formation. P53f/f, Rb1f/f, and WT Mice were euthanized with Isoflurane inhalation 

anesthetic (Butler Schein #029404). Mouse tracheae were dissected out and collected in a 

sterile petri dish with collecting media, DMEM-Ham’s F-12 (Corning Cellgro, #15-090-

CV). Under a dissecting microscope, tracheae were cleaned and all other tissue was 

removed. Tracheae were then enzymatically digested by placing them in an eppendorf 

tube with 1mL of dispase (16 units) and incubated for 30 minutes at room temperature. 

DNase (0.5mg/ml) was then added to the tube and incubated for an additional 20 minutes 

at room temperature. Tracheae were then removed and placed in fresh collecting media in 

a sterile petri dish, and the surface epithelium (basal cells) stripped off. With a pipette, 

stripped epithelium was transferred into a 50ml conical tube and spun down at 1,000 x g 

at 4°C. The supernatant was removed, 0.1% Trypsin-EDTA (Gibco Life Technologies) 

was added to the conical tube, and the tube was incubated for 30 minutes in a 37°C water 

bath. After incubation, a 1000 µl pipette and tip was used to aspirate the solution up and 

down to break up the pellet and clumps to form a single cell suspension.  
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In vitro sphere forming culture 

A 1:1 mixture of growth factor reduced Matrigel (Corning #354234) and DMEM-Ham’s 

F-12 (Corning Cellgro, #15-090-CV) media containing 50,000 plus mouse trachea, Basal 

cells were dispersed evenly onto a 24-transwell plate and incubated at 37°C in an 

incubator. Media was changed every other day and 100 µl of new matrigel was added 

once a week as needed. 
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Experimental Design 

Aim 1. Characterize SCLC cell lines for cellular heterogeneity. 

Experiment:  

Immunostaining of SCLC cell lines in 2D culture with primary and secondary antibodies: 

Assess cell lines for positive or negative expression of neuroendocrine or non-

neuroendocrine markers. 

 
Aim 2. Compare the expression patterns of cell surface protein markers in SCLC cell 

lines grown in 2D to those grown in 3D lung organoid model to cells growing in patient 

tumor tissue 

Experiment: 

Immunostaining of SCLC cell lines in 2D culture, 3D lung organoid model, and patient 

tumor tissue with primary and secondary antibodies. 

Compare expression patterns in SCLC cell lines for positive or negative expression of 

neuroendocrine or non-neuroendocrine markers and similarities amongst the three tissue 

types. 

 
Aim 3. Assess the relative contribution of epithelial cellular subpopulations in SCLC 

tumor formation. 

Experiment: 

Basal cell extraction from mouse tracheae. 

Seeding of basal cells onto matrigel culture  

Administer media for tracheae sphere growth and proliferation. 
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RESULTS  
 

Characterization of SCLC cell lines for their expression of cell surface protein 

markers.  

Small cell cancers of the lung are characterized morphologically as a cell having a very 

small size with a large nucleus and predominately cytoplasm. Small cell lung cancer cell 

lines used in all experimental assays for this study show heterogeneity in their growth 

patterns in 2D culture. These cell lines show a variety of cell types and mixed 

phenotypes. Some cell lines comprise both large floating aggregates of small cells in 

suspension and smaller aggregates of adherent large cells while other cell lines consist of 

either small cell aggregates and single cells in suspension, adherent large cell aggregates 

and single large cells. SCLC tumors are amalgamated with both small and large cell 

carcinomas with a small percentage of larger cells that morphologically profile as a non-

small cell carcinoma. 

   

H524 H1963 H2227

H2171 H209 H1436

Figure 1. Phenotype of SCLC cell lines in 2D culture. 
At 10X magnification small cell lung cancer cell lines used in experimental assays. Cell lines 
show variations in growth patterns.
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SCLC cells in culture were immunostained with primary antibodies Synaptophysin, 

EpCAM and Chromogranin A and detected with secondary antibodies, AlexaFluors 488 

in green and 594 in red. Results of immunostaining show a high percentage of SCLC 

cells growing in 2D culture significantly express the neuroendocrine-specific protein 

(NSP) marker synaptophysin (Figure 2, panel a), whereas a low percentage of SCLC cells 

express neuroendocrine serum marker, chromogranin A (Figure 2, panel b), and a high 

number of SCLC cells expressed epithelial marker EpCAM (Figure 2, panel c). Dapi 

reactivity shown in blue in the nucleus of the cell in (Figure 2 all panels). The positive 

expression of markers synaptophysin and chromogranin A show within this cell line there 

are cells with a neuroendocrine profile and the positive expression of marker EpCAM 

show cells with an epithelial profile also reside within this cell line. These findings 

confirm there is cellular heterogeneity within the SCLC cell line.   

 

 

Figure 2. SCLC cells in 2D culture express Synaptophysin, EpCAM, and Chromogranin A. 
At 10X magnification stained, panels a and b show high reactivity in cells to synaptophysin and 
EpCAM. Panel c shows low reactivity in cells to chromogranin A. 

Chromogranin A
DAPI 50 µm

EPCAM
DAPI 50 µm

Synaptophysin
DAPI 50 µm

a b c
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Expression comparison of cell surface protein markers in SCLC cell lines grown in 
2D to those grown in 3D lung organoid model to cells growing in patient tumor 
tissue 

SCLC cells grown in the 3D lung organoid model show a similar expression pattern for 

primary antibodies much like that of cells growing in patient tumor tissue. SCLC cells 

grown in 2D culture show a different expression pattern to primary antibodies than tumor 

tissue and 3D lung organoid model. Antibodies detected by Alexa Fluor 488 in green and 

Dapi shows reactivity in cell nucleus in blue. Results of the expression comparison 

experiment show a very high reactivity to primary antibody neuroendocrine-specific 

protein (NSP) marker Synaptophysin and very similar expression patterns from cells 

growing in patient tumor tissue (Figure 3, Panel a) and cells grown in the 3D lung 

organoid model (Figure 3, panel c). Cells grown in 2D culture (Figure 3, Panel b), show 

low reactivity to primary antibody synaptophysin and a very different expression pattern 

from that of the 3D lung organoid model and patient tumor tissue. Cells growing in 

patient tumor tissue (Figure 4, Panel a) show high reactivity to primary antibody 

neuroendocrine serum marker, Chromogranin A and similar expression patterns very 

much like cells grown in the 3D organoid model (Figure 4, panel c). Cells grown in 2D 

culture (Figure 4, panel b) show very low reactivity to primary antibody chromogranin A 

and very different expression patterns than that of 3D lung organoid model and patient 

tumor tissue. Results show the 3D lung organoid model replicates patient tumor tissue 

and will make a valuable tool for studying small cell cancers of the of lung chemo-

resistance.  
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Synaptophysin
DAPI 

Synaptophysin
DAPI 50 µm 50 µm

Synaptophysin
DAPI 50 µm

Figure 3. SCLC cell line expression of Synaptophysin in the 3D organoid is more similar to 
patient tumor tissue than 2D culture. 
At 10X magnification stained a.) Small cell lung cancer patient tumor tissue, b.) SCLC cell line 
grown in 2D culture and c.) SCLC cell line grown in 3D lung organoid model.

a b c

Chromogranin A
DAPI 

Chromogranin A
DAPI 50 µm

Chromogranin A
DAPI 50 µm 50 µm

Figure 4. SCLC cell line expression of Chromogranin A in the 3D organoid is more like patient 
tumor tissue than 2D culture. 
At 10X magnification stained a.) Small cell Lung cancer patient tumor tissue, b.) SCLC cell line 
grown in 2D culture and  c.) SCLC cell line grown in 3D lung organoid model 

a b c
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The reactivity of primary antibodies epithelial marker EpCAM, and non-neuroendocrine 

protein stem cell marker CD44 in SCLC cells grown in the 3D lung organoid model were 

compared, to SCLC cells grown in patient tumor tissue. Cells growing in patient tumor 

tissue (Figure 5, Panel a), show high reactivity to primary antibody CD44 but low 

reactivity to primary antibody EpCAM. Cells grown in 3D lung organoid model (Figure 

5, panel b), show low reactivity to primary antibodies CD44 and EpCAM. Dapi reactivity 

is expressed in blue in the cell nucleus (Figure 5, Panel a and b). Both tissue types do 

however, show very similar growth patterns of SCLC cells. Furthermore, expression of 

these markers show cells with a non-neuroendocrine profile and epithelial, mesechymal 

phenotype exist in these SCLC cell lines. In addition, the 3D lung organoid model 

successfully mimics patient tumor tissue and therefore holds promise for elucidating the 

behavior of cancer stem cells in SCLC.  

 

 

 

50 µm

DAPI
EPCAM
CD44

DAPI
EPCAM
CD44 50 µm

Figure 5. SCLC cell line expression of EPCAM and CD44 in the 3D organoid is similar to patient 
tumor tissue. 
At 10X magnification stained a.) Small cell lung cancer patient tumor tissue and b.) Small cell lung 
cancer cell line grown in 3D lung organoid model.

a b
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Tumor formation in vivo using an immunocompromised mouse model 

Results of mouse tracheae basal stem cell isolation assay showed successful seeding, 

growth, and proliferation of mouse tracheae spheres in matrigel culture. Time course of 

mouse tracheal spheres show cell growth and sphere formation evident day 3 (Figure 6, 

Panel a). Day 6 (Figure 6, Panel b), cells have doubled in size. Day 12 (Figure 6, Panel c) 

cells have again doubled in size and a pronounced cytoplasm is present. Day 15 (Figure 

6, Panel d) cells have tripled in size.  

 

 

Day 3 100 µm Day 6 100 µm

Figure 6A. Matrigel sphere cultures 
Shown interval progression of mouse basal tracheae spheres in matrigel culture. a.) Day 3 and b.) 
Day 6 

a b
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100 µm100 µmDay 12 Day 15

Figure 6B. Matrigel sphere culture 
Shown interval progression of mouse basal tracheal spheres in matrigel culture. a.) Day 12 and b.) 
Day 15. Red arrow denotes very pronounced cell cytoplasm.

a b
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DISCUSSION 

 Small Cell Lung Cancer tumors may harbor cells with tumorigenic fitness (Daniel 

et al. 2009, Leong et al. 2014) or possibly the aggressive, metastatic, chemoresistant 

potential of small cell cancers of the lung is due to an intrinsic characteristic of a very 

rare population of neuroendocrine cells present in these tumors (Calbo et al., 2011). The 

cellular heterogeneity of small cell lung cancer cell lines was characterized in this study 

by immunostaining for their expression pattern of neuroendocrine and non-

neuroendocrine cell-surface protein markers. The results of the first experiment show 

there was indeed a variation in cell types within these cell lines. Previous studies with 

small cell cancers of the lungs show these cell lines always reveal cellular heterogeneity 

in 2D culture, with the majority of cells growing as tightly bundled, floating aggregates 

of small cells and a smaller portion of adherently growing large cells. The growth ratio of 

adherent cells is contingent upon adequate oxygen supply, proper nutrition, and cellular 

confluency (Kahn et al., 1991). Furthermore, there is a notable percentage of 

mesenchymal cells naturally occurring in SCLC cell lines which indicate small cell lung 

cancer tumors consist of heterogeneous subpopulations of tumor cells with either an 

epithelial or mesenchymal phenotype which might contribute to the aggressive metastatic 

potential of this tumor (Krohn et al., 2014).  

 These characteristics of small cell lung cancer cell lines make determining the 

number of different cell types within these cell lines challenging and will require the use 

of additional cell-surface protein markers along with fluorescence-activated cell sorting 

(FACS) to accurately identify the various cell subpopulations. Prior studies using cell 

surface markers and FACS in lung cancer research have provided valuable information in 
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the characterization of cell types in lung cancer cell lines and tumors. Experiments 

conducted in lung cancer, stem cell research have presented evidence for the existence 

and characterization of cancer stem cells of the lung using precise cell surface markers, 

such as CD44, CD133 and CD90 (Wang et al., 2013). Another lung cancer study used 

cell surface markers EpCAM, CD24 and CD44 to identify populations of tumor-

propagating cells (TPCs) in human small cell cancers of the lungs (Jahchan et al., 2016), 

and FACS was used to analyze the expression profile of marker CD44 in clonal cell lines 

that show either a neuroendocrine small cell or non-neuroendocrine large cell phenotype 

(Calbo et al., 2011). The origin of small cell lung cancer has not been demarcated, 

however the existing hypothesis postulates that small cell lung cancer tumors originate 

from neuroendocrine cells or neuroendocrine progenitor cells of the lungs (Park et al. 

2011). This hypothesis is bolstered by immunofluorescence studies that show small cell 

lung cancer tumor, expression patterns of neuroendocrine markers like chromogranin A, 

neuron-specific enolase, synaptophysin, and EpCAM (Park et al. 2011).  

 Lung disease is the ranked number 1 killer of human beings world-wide. Whether 

it be emphysema, asthma, pneumonia, cancer, or any of the other ailments afflicting 

human lung tissue. The leading causes of illness amongst humans is lung disease. (NIH. 

NHLBI. 2012). Unfortunately, progress in therapeutic drug development is at a 

disadvantage, due to a lack of human models of lung pathogenesis (Moeller et al. 2008 & 

Selman et al. 2001). To date in vitro models of lung tissue presents an appealing and 

plausible possibility to study lung architecture, growth, function and pathogenesis, 

however a model must be able to replicate the precise structural integrity of human lung 

tissue. Organoids are three-dimensional structures developed from several types of stem 
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cells (pluripotent embryonic, induced pluripotent and adult) and supported by an 

extracellular matrix that contain organ-specific cell types whose 3D arrangement and 

interactions represent those of human organ tissue (Nadkarni et al., 2016). The most 

widely used 3D microenvironment for organoid construction in cancer research are 

hydrogels. They are hydrophilic, crosslinked, three-dimensional networks of polymer 

chains that can absorb great amounts of water. When filled to capacity with water, 

hydrogels become soft and rubbery, very much resembling organ tissue (Kleinman et al., 

2005).  

 Presented in this study is a technique for synthesizing human lung organoid tissue 

that uses an alginate-based hydrogel scaffold to provide bulk and mechanical structure to 

many of the cell types used innate to lung tissue. The cells are collected into precise 

anatomical locations within the alginate scaffolding, allowing cells to communicate and 

self-organize, replicating the intricate microenvironment of the lungs. Furthermore, with 

this novel system, lung organoid tissue can be created bio-compatible and specific for 

patients because of the specific arrangement of various groupings of cells into a naturally 

arising native lung geometry (Wilkinson et al. 2016). Several techniques for the synthesis 

of 3D organoid tissue have previously been developed. One technique in particular is the 

air-liquid interface (ALI) culture model. This model is widely used for human bronchial 

epithelial (HBECs) cell lines to produce Bronchiolar organoids (Bals et al., 2004 and 

Fessart et al., 2013). This model is also noted for sustaining epithelial cells in a polarized 

apical-basal arrangement and allowing for the process of cilliogenesis (Vaughn et al., 

2006 and Bérubé et al., 2010).  

  The second experiment cells and tissue were immunostained with neuroendocrine 
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and non-neuroendocrine antibodies to examine the expression profile of SCLC cell lines 

grown in 2D culture, the 3D lung organoid model, and patient tumor tissue. This 

experiment was designed to assess the efficiency of the 3D lung organoid model in 

replicating the architecture of small cell lung cancer tumor tissue with related cell types. 

Results from comparisons made amongst these tissue types show antibodies were 

expressed in the same pattern in the 3D lung organoid tissue as in the patient tumor tissue 

but not in 2D culture. Results validate the efficiency of the 3D lung organoid model in 

replicating SCLC tumor tissue and providing a microenvironment suitable for growing 

multiple cell types to include pulmonary fibroblasts and SCLC cell lines relative to the 

small cell lung cancer tumor. This organoid model will make an effective tool for the 

study of SCLC tumor metastasis and chemotherapeutic resistance.  

 The 3D lung organoid model for this study is different from the previously 

mentioned organoid model in that it provides for aggregation of many individual cell 

types including pulmonary fibroblasts, and small cell lung cancer cell lines that overlay 

the scaffolding of bead components forming an extended lung tissue network. The 

alginate beads and cells are vital components to the successful application of this 3D 

organoid model. The cells adhere to the beads and then to one another forming artificial 

lung tissue. Other methods using the scaffold technique require that cells be perfused into 

a decellularized lung scaffold (Calle et al. 2015 and Ren et al., 2015) or transplantation of 

cell types into a biodegradable, gel-foam sponge (Andrade et al., 2007 and Singh et al., 

2013). Although decellularized lung tissue may provide the most suitable scaffolding for 

cells, lung tissue must come from donations that are far and few between and then there 

is the problem with the scaffold being of different tissue from the host, eliciting a severe 
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immune response from the hosts immune system that may lead to inflammation, fever 

and ultimately rejection of scaffold material (Ren et al. 2015). This study’s organoid 

model evenly disseminates cell types throughout the entire scaffold by first individually 

coating alginate beads with cells by placing them both simultaneously into a rotational 

bioreactor and rotating them for a period of time. By cell coating beads first, this 

instigates inter-bead aggregation and subsequent contraction leading to organoid tissue 

formation (Wilkinson et al. 2016).  

 A wide variety of materials used in artificial scaffolding to include hydrogels, gel-

foam sponge and decellularized lung have been created for the purpose of lung tissue 

regeneration. The organoid implants manufactured from these materials must achieve an 

organized three-dimensional architecture, capable of replicating the detailed 

microenvironment of the lungs well suited for growing multiple cell types. This study 

used an alginate-based hydrogel scaffold to provide bulk and mechanical structure to the 

number of cell types found in small cell lung cancer tumors. Performing immunostaining 

expression of cell surface protein markers synatophysin and chromgrnin A identify the 

presence of suspended neuroendocrine small cell populations, expression of EpCAM 

identify the presence of adherent epithelial cell populations and CD44 expression 

identifies the presence of adherent mesenchymal, large cell populations within these 

SCLC cell lines. Another study showing how well gel-foam sponge supports lung cells as 

a scaffolding material. Seeded sponges with mixed fetal rat lung cells, incubated for 7 

days, and then implanted them into adult rat lungs. Performing immunohistochemical 

staining this study used different cell surface markers to identify cell types in mixed fetal 

rat lung cells. Clara Cell Secretory Protein Antibody (CCSP) was used to identify Clara 
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progenitor cells in the bronchioles, Pro-surfactant Protein C (proSP-C) was used to 

identify type II alveolar epithelial cells found within the sponges and a positive staining 

of CD45 identified leukocytes in sponge material (Andrade et al., 2007).  

 Finally, a study assessing the regenerative properties of functional lung 

vasculature by seeding the vascular compartment of decellularized rat and human lung 

scaffolds with human endothelial and perivascular cells derived from induced pluripotent 

stem cells. In adult lung vasculature, expression of cell surface markers CD31 and KDR, 

identifies the presence of endothelial cells, expression of CD140b identifies the presence 

of pericytes, and expression of CD45 (!-SMA) and calponin identifies the presence of 

smooth muscle tissue in the lung vasculature (Ren et al., 2015). These findings highlight 

the vast majority of cell types innate to human and mammalian lung tissue identified by 

way of cell surface markers in study of lung pathogenesis.      

  For the third experiment I used a in vivo model of small cell lung cancer called 

the (p53fl/fl and Rbfl/fl ) mouse to explore the contribution of epithelial, cell populations in 

SCLC tumor formation. Small cell lung cancer is a devastating disease for which there is 

no cure. The (p53fl/fl and Rbfl/fl )  mouse model shows the simultaneous loss of tumor 

suppressor genes Rb1 and Trp53 in the mouse lungs causes a prevalence of small cell 

lung cancer very similar in characteristic to human SCLC (Meuwissen 2003). I 

successfully isolated basal stem-cells from the mouse tracheae epithelium and grew these 

cells into tracheae spheres in a matrigel culture. However, this experiment was not 

without challenge as I observed several problems with the growth of tracheae spheres in 

matrigel culture to include a very low yield of basal stem cells isolated from mouse 

tracheae. A literature search revealed tracheae sphere requirements for maximizing cell 
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populations varied from that of basal stem cells. Basal Stem cells must be harvested with 

a different media than needed for tracheae sphere proliferation.  I therefore optimized 

conditions for cell culture with MTEC plus media for tracheae spheres and MTEC media 

for basal stem cells. This resulted in a rapid increase of growth and proliferation of basal 

stem cells into tracheal spheres reflecting the normal and genetically altered phenotypes 

in culture. Tracheae sphere are most advantageous for culture and regeneration into 

differentiated epithelial cell populations at day 8 in culture, after day 8 tracheae spheres 

begin to disassociate and die. A new serum free media is needed to culture these new 

differentiated epithelial cells and it is at this point in the process these cells are viable 

candidates for transfection with a lentivirus to remove tumor suppressor genes Rb1 and 

Trp53 making the cells susceptible to small cell lung cancer tumor pathogenesis. I was 

unsuccessful in regenerating differentiated epithelial cell populations in culture due to 

inefficient media.  

 For this study, I set out to accomplish three aims. My first characterize small cell 

cancers of the lung cell lines for cellular heterogeneity. In culture, these cell lines show 

heterogeneity in their growth patterns. The first Experiment I immunostained small cell 

lung cancer cell lines grown in 2D culture with neuroendocrine cell surface protein 

markers Synaptophysin, chromogranin A and EpCAM. This cell line showed an high 

expression pattern for EpCAM and synaptophysin but a very low expression pattern for 

chromogranin A revealing heterogeneity in these cell lines. My second aim Compared the 

expression patterns of cell surface protein markers in SCLC cell lines grown in 2D 

culture, vs those grown in the 3D lung organoid model, vs cells growing in patient tumor 

tissue. The second experiment I immunostaining SCLC cell lines in 2D culture, 3D lung 



!
!

!
!

33!

organoid model, and patient tumor tissue with neuroendocrine markers Synaptophysin, 

chromogranin A, EpCAM and non-neuroendocrine marker CD44. Comparisons made 

between the three tissue types show similar expression patterns in 3D organoid and 

patient tumor tissue but different expression patterns in 2D cultured SCLC cells. My third 

aim I choose to assess the contribution of epithelial cell subpopulations in small cell lung 

cancer tumor formation. The third experiment I extracted basal stem cells from the 

tracheae of a (p53fl/fl and Rbfl/fl) mouse model and seeded these basal cells onto a matrigel 

culture for growth and proliferation into tracheae spheres. I successfully grew tracheae 

spheres in matrigel culture.  
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