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PREFACE 

 

 

This dissertation is structured into six different chapters as outlined in the table of contents 

but centered around the single-cell analysis of colorectal cancer. Chapter I provides 

relevant background knowledge on colonic epithelial and immuno-biology and their roles 

in homeostasis and cancer. Chapter II provides background information on techniques 

used throughout this work. Chapters III-IV are recreated from published literature, 

denoted by the citations at the beginning of each chapter. Briefly, they touch on how we 

have developed and applied technologies (DISSECT) to analyze colonic epithelial tissue 

on the single-cell level in both humans and mice, providing a better understanding for 

more rare cell populations. Chapter V is adapted from a manuscript in preparation when 

this dissertation was submitted and touches on how non-stem and stem cell-driven colon 

tumors retain characteristics of the tumor cell-of-origin. Lastly, Chapter VI provides a 

summary and future directions directly related to chapter V. Figures, tables, and 

corresponding legends from chapters III-IV are recreated from the relevant publications 

stated in the beginning of respective chapters. Figures, tables, and legends in chapter I, 

II, and VI are original. Figures in chapters I and II were created by utilizing 

BioRender.com.  

 1 

Chapter I 

 

BACKGROUND 

 

 

THE COLONIC EPITHELIUM IN HEALTH AND CANCER 

 

 

Colorectal Cancer 

Incidence, diagnosis, and therapy  

Colorectal cancer (CRC) is the third most diagnosed cancer and the third leading cause 

of cancer mortality in the United States (1). Increased surveillance has decreased CRC 

rates over 50, but incidences under 50 have increased by over 2% each year between 

1992 and 2012 (2). Increased onset under 50 could be due to changing diet resulting in 

a perturbed microbiome. Therefore, experts have suggested that screening begins before 

the age of 50, especially if there is a family history or pre-existing gastrointestinal disease 

(3).  

 

Although most CRC diagnosis is through colonoscopy, approximately 90% of individuals 

are symptomatic at diagnosis indicative of advanced disease and a lack of compliance to 

screening (2). The only curative treatment is surgical resection of the primary tumor. Often 

this is the only course of action available to CRC patients with stage 1 and, typically, stage 

2 disease (4). In stage 3 CRC, where there is metastasis to local lymph nodes, resection  



 2 

 

 
 
 
 
 
Fig 1.1. Overview of colorectal cancer progression and treatment. A) Basic staging and progression 
of CRC with their respective treatment options. B) The majority of CRC is MSS initiating with an 
upregulation of Wnt signaling through APC mutations. Over time tumor progression is worsen through 
the acquisition of additional mutations. Figure created with biorender.com 
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precedes adjuvant chemotherapy, which can include a combination of three major drugs 

and/or their derivatives-- Irinotecan, Oxaliplatin, and 5-fluorouracil (Fig 1.1A). Irinotecan 

binds irreversibly to topoisomerase I inducing double-stranded breaks due to 

topoisomerase's inability to unwind DNA (5). Oxaliplatin causes crosslinking of DNA, 

inhibiting DNA repair and synthesis (5), while 5-Fluoruracil leads to fluorinated 

pyrimidines, which initiates DNA-directed cytotoxicity (6). In Stage 4 CRC, defined by a 

presence of distant metastasis, resection of affected organs precedes adjuvant 

chemotherapy and possibly targeted therapies (Fig 1.1A) (7). There are two approved 

targeted therapy categories—(a) VEGF and (b) EGFR inhibitors, which target 

angiogenesis through tyrosine kinase or RAS/RAF signaling pathways, respectively (8). 

While biomarkers for anti-VEGF are lacking, individuals with certain KRAS or BRAF 

mutant tumors cannot receive anti-EGFR therapy (9–11).  

 

In rare cases (approximately 5%), immunotherapy can treat CRC and, compared to 

targeted therapy, results in better patient survival (12–14). Specifically, T cells' presence 

within colorectal tumors is a critical determining factor in whether or not immunotherapy 

will be beneficial. For instance, typically, the immune regulatory molecule programmed 

death-ligand 1 (PDL1) binds the immune checkpoint protein programmed cell death 

protein 1 (PD1) on T cells. PD1 acts as an immune checkpoint guarding against 

autoimmunity through promoting apoptosis of antigen-specific T cells and inhibiting T cell 

cytotoxic activity while reducing apoptosis of regulatory T cells. PD1 checkpoint therapy 

takes advantage of these mechanisms by inhibiting PD1 resulting in increased T cell 

cytotoxic activity (13). While there are clinical trials underway to determine the efficacy of 
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immunotherapy and similar therapeutic combinations in CRC, there is a dire need to 

improve our fundamental understanding of how CRC develops to develop better 

treatment strategies and improve CRC survival rates.  

 

 

Classifying Colorectal Cancer 

There are three ways to classify colorectal cancer (CRC): (a) analyzing epigenetic 

modifications, (b) Tumor Node Metastasis (TNM) staging, and (c) microsatellite status. 

 

 

Epigenetic modifications 

Epigenetic modifications are extra-genetic modifications that affect gene expression by 

altering DNA accessibility and chromatin structure (15). Examples include acetylation, 

histone modifications, and the most common modification, methylation. In 1999, Toyota 

et al. introduced the idea of analyzing CpG islands' methylation as a means to classify 

tumors (15–17). CpG islands are DNA regions that contain a cytosine nucleotide followed 

by a guanine nucleotide. A panel of five islands is analyzed and used for classification 

(15). However, this classification is not well accepted because other classification 

methods, such as microsatellite instability and TNM stage, need to be considered to 

witness any meaningful associations.  
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TNM staging and microsatellite status 

Within the clinic, CRC classification occurs through TNM staging, which takes into 

account three significant characteristics of the tumor: the primary tumor (T), regional 

lymph nodes (N), and distant metastasis (M). These are analyzed on a scale to determine 

tumor staging and treatment options (18). Utilization of TNM staging occurs in conjugation 

with the tumor's microsatellite status resulting in two categories of tumors: microsatellite 

instable (MSI) and microsatellite stable (MSS). MSS tumors make up about 85% of all 

CRCs (19). MSS tumors initiate through an upregulation of WNT signaling via 

adenomatous polyposis coli (APC) mutations, followed by secondary epidermal growth 

factor receptor (EGFR), transforming growth factor-beta (TGFB), and tumor protein P53 

(P53) mutations (Fig 1.1B). Commonly known as the Vogelgram, this carcinogenesis 

pathway was established in 1990 and served as the foundation for other carcinogenesis 

pathways (20). 

 

On the other hand, MSI tumors exhibit genetic hypermutability due to a deficient DNA 

mismatch repair system and account for up to 15% of all CRCs (21). The mismatch repair 

(MMR) system includes six proteins (MLH1, MSH2 MSH3, MSH6, PMS1, and PMS2) that 

interact to identify and repair DNA base mismatches and mutations. The most common 

deficiency in this system is hypermethylation of MLH1 promoters resulting in 1000s of 

mutations found within MSI tumors compared to 100s found in MSS tumors. MSI tumors 

are commonly associated with an influx of immune cells not seen in MSS tumors allowing 

a successful therapy response from immune therapy. Nonetheless, MSS tumors can also 

exhibit an influx of immune cells; therefore, immunoscore may be a better tumor 
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classification method than microsatellite status. Immunoscore analyzes immune cells' 

presence, specifically T cells, within various tumor regions to determine therapy response 

(22). 

 

 

Colon biology 

The colon is the second most distal region of the gastrointestinal tract. Luminal contents 

from the small intestine pass through the cecum and empty into the colon until the 

contents exit via the rectum. While the small intestine is primarily responsible for nutrient 

absorption, the colon is responsible for fluid absorption (23).  

 

There are four layers throughout the gastrointestinal tract: the serosa, muscular layer, 

submucosa, and mucosa. The outermost layer is the serosa which contains connective 

tissue called the adventitia. The serosa besieges the muscular layer and includes inner 

circular and outer longitudinal muscle interspaced with intermuscular space (23). The 

muscular layer surrounds the submucosa layer, a connective tissue layer containing 

blood and lymphatic vessels, nerves, and glands. The innermost layer is the mucosa, 

which lines the digestive tract's lumen and consists of lamina propria, basement 

membrane, and epithelium. The lamina propria is a thin layer of connective tissue 

comprised of immune cells and fibroblasts surrounding the basement membrane (24). 

The basement membrane is an extracellular matrix composed of collagen and laminin 

fibers that support the intestinal epithelium, which lines the colonic lumen (24). The 
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epithelial layer is a unilaminar layer of polarized cells connected by junctions and focuses 

our investigation (24). 

  

The intestinal epithelium is a rapidly renewing tissue layer such that the lining is replaced 

every two to three days in mice and three to five days in humans (25). Within the colonic 

epithelium, there is a cellular hierarchy with stem cells residing at the crypt's bottom (26–

28). As cells move up the crypt, stem cells differentiate into more progenitor and transit-

amplifying cells, ultimately giving rise to fully mature absorptive and secretory cell types 

(Fig 1.2) (26–28). Although cell fate largely depends on intrinsic qualities, extrinsic factors  

can also influence cell specification (26–28). For instance, cell position in the crypt or 

microenvironmental factors, such as microbes, neighboring immune, and epithelial cells, 

can influence cell fate.  

 

One of the defining characteristics that can influence cell fate is the dynamic signaling 

environment within the colon. There is a high presence of Wnt and Notch signaling at the 

bottom of the crypts, decreasing toward the crypts' top (Fig 1.2A). Conversely, at the top 

of the crypts, Bone morphogenetic protein (BMP) and Hedgehog (Hh) signaling are 

relatively high and decrease towards the bottom of the crypts (Fig 1.2A) (29,30). This 

complex signaling environment determines the cellular composition within their range of 

influence. Precisely, an increase of Wnt and Notch signaling results in more stem cells, 

while a decrease in Notch signaling alone or in addition to the decline in Wnt drives cells 

towards a secretory cell fate. On the other hand, a reduction in Wnt and an increase in  
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Fig 1.2. Overview of the colonic crypt make up. A) Basic cellular and signaling make-up of the colon. 
B) Transcription factors that play a role in colonic epithelial cell differentiation. Figure created with 
biorender.com 
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Notch signaling drive absorptive cellular fate (31). In the context of these three cell 

populations, I will touch on their function, characteristics, and how cell fate determination.  

 

 

Stem Cells 

Stem cells are undifferentiated, non-polarized cells capable of giving rise to differentiated 

cell types. Multipotent stem cells can give rise to the entire complement of differentiated 

lineages of the colonic epithelium. They are defined by two principles: a) self-renewal and 

b) multipotency (32). Although the debate of the "true" identity of an intestinal stem cell is 

ongoing, the fate of the stem cell is determined by two interdependent principles: a) 

signaling niche relative to the cell and b) population equilibrium through neutral drift 

(27,33). Stem cells will divide symmetrically but leave their immediate niche due to mitotic 

pressure. This movement exposes cellular progeny to a different signaling environment 

driving them toward a different cell fate. Cells that remain in the immediate niche maintain 

their stem cell nature primarily due to the Wnt signaling ligands from the surrounding 

microenvironment and neighboring cells. These intimate interplays allow for the 

maintenance of stem cells while also differentiating and replenishing apoptotic cells. 

There are two significant stem cell populations within the homeostatic colonic epithelium: 

crypt base columnar cells and the quiescent '+4' stem cell.  
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Crypt base columnar cells 

Crypt base columnar cells (CBCs), discovered by Leblond, Cheng, and Bjerknesare, are 

found at the bottom of the crypts (34). They are actively dividing cells and give rise to the 

majority of the colonic epithelial cells. They express leucine-rich repeat containing G 

protein-coupled receptor 5 (LGR5), an R-spondin receptor that plays a role in canonical 

Wnt signaling. A single-cell study by Biton et al. demonstrated several subpopulations of 

intestinal stem cell populations, termed ISCI, ISCII, and ISCIII, within a continuum of 

proliferative and differentiation states. In particular, ISCIIIs are more proliferative, 

resemble transit-amplifying cells, and possess major histocompatibility complex class 2 

(MHCII) antigen presentation capabilities (35).  

 

 

+4 cells 

On the other hand, a more quiescent, label-retaining cell population discovered in the late 

1950s resides 4-cells above the crypt base. This +4 stem cell population activates upon 

damage conditions, such as radiation or dextran sodium sulfate (DSS) treatment. Three 

markers identify the quiescent '+4' cell: homeobox only protein x (HOPX), telomerase 

reverse transcriptase (TERT), and leucine-rich repeats and immunoglobulin-like domain 

1 (LRIG1) (36–38). Interestingly, LRIG1 expression overlaps between both CBCs and the 

+4 stem cells (38). However, there is a presence of LRIG1 differential expression: non-

glycosylated Lrig1 in +4 cells, glycosylated Lrig1 in CBCs (39). In summation, LRIG1+ 

LGR5+ expression identifies CBCs while LRIG1+LGR5- expression identifies +4 cells.  
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Differentiated cells within the colon 

There are two major subsets of differentiated cells within the colon: the absorptive 

colonocytes and secretory cells consisting of the goblet, deep crypt secretory, tuft, and 

enteroendocrine cells.  

 

 

Colonocytes 

The absorptive colonocytes found at the top of the crypt and the intercrypt table, the 

epithelium between crypts, encompass 80% of all the colonic epithelium cells (40). 

Colonocytes are responsible for water and nutrient absorption through active and passive 

transport. Active transport is the movement of chemicals against their chemical gradient 

from low concentration regions to high concentration. In contrast, passive transport is the 

movement of chemicals from high to low concentration (24). Increased Notch signaling, 

through the transcription factor hairy and enhancer of split-1 (HES1), drives the absorptive 

cellular fate while inhibiting secretory cell fate (Fig 1.2B) (40,41).  

 

 

Goblet cells 

The absence of HES1 drives secretory fate. Specifically, MATH1 (ATOH1), known as the 

master secretory fate regulator, inhibits HES1 expression decreasing specificity to 

colonocytes and driving secretory cell fate (Fig 1.2B) (40). There are four subpopulations 

of secretory cells within the colon. Goblet cells, the largest population of secretory cells, 
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make up approximately 16% of all colonic epithelium cells (24). The transcription factor 

GFI1, downstream of MATH1, determines goblet cell fate by inhibiting other secretory cell 

fates (Fig 1.2B) (41). Goblet cells produce mucins, large glycoproteins critical for barrier 

defense and microbiome regulation, which are essential to providing a separation 

between the microbiome and the epithelial layer. They also secrete trefoil factors to aid 

in tissue repair and are found in other parts of the body, including the respiratory tract, 

eyelids, and tears. Due to these secretion factors, mucin 2 (MUC2) and trefoil factor 3 

(TFF3), along with the presence of mucin droplets, are commonly used to identify goblet 

cells within the epithelium (24).  

 

 

Deep crypt secretory cells 

Deep crypt secretory cells, found between the stem cells at the bottom of the crypts, also 

express goblet cell markers however, their exact function and identity are elusive (42). 

They are distinct from goblet cells through their expression of KIT proto-oncogene 

receptor tyrosine kinase (CKIT) and regenerating islet-derived protein (REG4) (43,44). . 

Moreover, they have similar characteristics as CKIT expressing Paneth cells found in the 

small intestine but also express critical stem cell maintenance factors, including Notch 

ligands DLL4 and DLL1 and EGFR and its ligand EGF. Therefore, the field recognized 

deep crypt secretory cells as Paneth-like cells that serve as precursors to goblet cells 

(43–45).  
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Tuft cells 

Another secretory cell type whose function and classification remains elusive is the tuft 

cell. Until recently, tuft cells were another +4 reserve stem cell, but in 2009 Gerbe et al. 

revealed doublecortin-like kinase 1 (DCLK1) as a tuft cell market and defined this as a 

distinct mature cell population, identifiable by their "tufted" apical membrane (46). 

Interestingly, tuft cell classification as a secretory or absorptive cell is location-dependent 

within the gut. In the colon, tufts cells are secretory, but in the small intestine, they are 

absorptive cells developing independent to the ATOH1 (MATH1) secretory lineage (Fig 

1.2B) (47). Their function is still elusive, but one of their primary roles is to act as immune 

cells providing defense to helminth worm infection (48–50). In the colon, their function is 

even more cryptic. Still, tuft cells are similarly capable of responding to luminal 

microenvironment perturbation as tuft cell frequency increased in germ-free mice after 

introducing microorganisms (51).  

 

 

Enteroendocrine cells 

Lastly, enteroendocrine secretory cells are part of the enteric endocrine nervous system 

driven by Neurogenin 3 (NEUROG3) expression downstream of Atoh1 (Fig 1.2B) (41). 

Marked by Chromogranin A (CHGA), which plays a role in secretory granule formation, 

enteroendocrine cells secrete hormones that regulate glucose homeostasis, satiety, and 

pH balance, as well as gut motility (52).  
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Colon and colon tumor cellular dynamics 

Much attention in the cancer research field has focused on describing cellular functions 

by genetic alterations. However, non-genetic factors can also determine the diversity of 

cellular functional states in an organismal context (53). How these different contexts 

dictate the properties of tumor stem cells remains an area of investigation. Here I will 

discuss how non-genetic factors dictate non-stem cells' dynamics and translate them into 

tumor cell dynamics.  

 

 

Non-stem cell plasticity 

The intestinal and colon epithelia are highly dynamic systems where continuous stem cell 

differentiation replenishes intestinal cell lineages, all with specific prescribed functions. 

This robust process contains several fail-safe mechanisms, where multiple stem cell 

populations, each with different properties, can be called into duty when required. For 

instance, LGR5 expressing stem cells actively proliferate and act as the workhorse for 

epithelial replenishment. Upon damage or elimination of LGR5 expressing stem cells, 

multiple cell populations, each with different proliferative capacities within the 

differentiation continuum, can serve as "facultative" stem cells, exhibiting cellular plasticity 

(54–61). Cellular plasticity is a cell's ability to reversibility adopt diverse cellular identities 

within a phenotype spectrum (62). Three examples include transdifferentiation, 

dematuration, and dedifferentiation (Fig 1.3).  
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Fig 1.3. Plasticity of non-stem cells. Non-stem cells can undergo dematuration, transdifferentiation, 
and/or dedifferentiation under different microenvironmental contexts. Figure created with biorender.com 
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Transdifferentiation 

Transdifferentiation is when one mature somatic cell transforms into another mature 

somatic cell without an intermediate pluripotent or progenitor cell state, usually in 

response to a specific signal (Fig 1.3). For instance, in the stomach, under metaplastic 

states of stress, chief cells transdifferentiate to Spasmolytic Polypeptide-Expressing 

Metaplasia (SPEM), a metaplastic mucous cell lineage (63). This process is also 

commonly associated with dematuration, during which a secretory cell will downregulate 

its secretory apparatus to transition into a new cell type. For example, when chief cells 

transdifferentiate into SPEM, they simultaneously downregulate their zymogen secretion 

machinery and upregulate their mucous granule secretion mechanism. In this process, 

chief cells do not dedifferentiate to a pluripotent, progenitor state before transitioning to 

the new cell state (64).  

 

 

Dematuration 

Dematuration is the downregulation process in cellular phenotype without ultimately 

regaining stem capacity (Fig 1.3) (64). This phenomenon is especially true for secretory 

cells that express scaling factors in later cellular maturation stages. Scaling factors are 

transcription factors that, when turned on, affect a multitude of cells. For instance, when 

the expression of the scaling factor MIST1 occurs, secretory granules develop in various 

immature secretory cells, thus allowing full maturation and secretory function of these 

cells (65). Upon loss or inhibition of this scaling factor, secretory cells lose their secretory 
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granules, unable to function correctly but do not entirely regress to a progenitor-like state; 

therefore, they undergo dematuration.  

 

 

Dedifferentiation 

Dedifferentiation is the process of a mature cell type reverting to a progenitor-like state 

under stress signals (Fig 1.3). These cells regain stem capacity properties (54,66,67). 

Within the colon, both absorptive and secretory cells can regain stem capacity and 

replenish the colonic epithelium upon ablation of LGR5 expressing stem cells. A seminal 

study ablated LGR5 expressing stem cells and found that ALPI expressing absorptive 

progenitors can regain stem capacity and replenish the colonic epithelium (54).  

 

Most studies in the colon investigating the dedifferentiation of mature cell types examine 

secretory cells. For instance, DLL1 expressing early secretory progenitors, which give 

rise to the four principal secretory cells within the colonic epithelium, can regain stem 

capacity under homeostatic and stress-induced through irradiation (55). Similarly, upon 

irradiation, cells expressing ATOH1, a regulator of secretory cell specification, are known 

to regain stem capacity (59). These examples are secretory progenitor cells but 

committed secretory cells can also exhibit dedifferentiation, although at a much lower rate 

than progenitors.  

 

For example, hormone-secreting enteroendocrine cells, marked by NKX2.2, exhibit 

plasticity when stem cells are ablated (68). Moreover, DCLK1 expressing tuft cells exhibit 
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plasticity after irradiation or DSS-mediated damage (69). Interestingly, without absorptive 

cells, secretory cells cannot regain stem capacity after stem cell ablation and vice versa 

(70). This phenomenon suggests that the field is just starting to elucidate the intricate 

processes of the cellular dynamics of non-diseased tissue. Chapter V explores how 

cellular plasticity can relate to tumorigenesis initiation and the retention of the tumor cell-

of-origin signature after tumor formation. 

 

 

Tumor cell dynamics 

Tumor dynamics depend on the cellular distribution in the tumor and microenvironmental 

niche. These interactions' dynamics are best explained in the tumor's clonality, the tumor 

cell of origin and tumor stem cells. 

 

 

Clonality in cancer 

Colorectal cancer is monoclonal, meaning tumors can arise from one cell (71). This event 

is possible through clonal expansion and fitness evolution. For instance, a stem cell X 

can acquire a mutation (Fig 1.4). This mutation gives stem cell X a fitness advantage over 

surrounding stem cells, allowing cell X to divide more quickly and give rise to more 

progeny than other non-mutated stem cells (Fig 1.4). Over time, the progeny of the cell X 

outnumbers the progeny of non-mutated cells in the crypt, resulting in clonal expansion 

of mutated stem cell X at the disadvantage of other stem cells (Fig 1.4). However, there 

is no neoplasia involved until a second mutation occurs in stem cell X (Fig 1.4). When a  
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Fig 1.4. Colorectal cancer is monoclonal. When a mutation occurs in a cell resulting in a fitness 
advantage, the whole crypt will eventually express that fitness advantage. After a second mutation 
occurs, resulting in an even more fit cell, a tumor can form. Figure created with biorender.com 
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second mutation occurs but is not corrected, the same clonality process occurs, ultimately 

leading to a monoclonal tumor (Fig 1.4). It is essential to distinguish between the tumor 

cell-of-origin and tumor stem cell within these tumors to understand how to treat these 

tumors.  

 

 

Tumor cell-of-origin 

The tumor cell-of-origin is the tissue-resident cell that acquires an oncogenic mutation, 

triggering tumorigeneses (Fig 1.5). Parallel to clonality in homeostasis, the tumor cell-of-

origin could be a stem cell capable of giving rise to tumors. Nevertheless, it could also be 

a non-stem cell under optimal conditions (Fig 1.5). All tumor cells, including tumor stem 

cells, are progenies of the tumor cell-of-origin. The tumor cell-of-origin is challenging to 

identify in humans, as there is only a snapshot of the tumor when diagnosed instead of 

the tumor's continuous evolution. On the other hand, engineered mice express mutations 

in particular cell types allowing investigation of the relative tumor cell-of-origin.  

 

Greater than 80% of sporadic CRC cases develop when both APC alleles are inactivated 

(72). It is well-accepted that when such Wnt pathway perturbing event occurs in crypt 

base stem cells, tumors can arise (38,67,73–79). However, Schwitalla et al. laid the 

foundation for non-stem cell-driven tumorigenesis upon oncogenic activation of Wnt 

signaling and damage (67). Other studies have since shown that oncogenic alterations in 

secretory and tuft cells can initiate tumorigenesis (55–57,59). Whether tumorigenesis  
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Fig 1.5. Non-stem and stem cells can serve as tumor cells-of-origin. Figure created with 
biorender.com 
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occurs directly in non-stem cells or through a stem cell intermediate via dedifferentiation, 

these studies still provide different contexts that generate tumor stem cells.  

 

 

Tumor stem cells 

Within the diversity of cell types in a tumor, tumor stem cells represent a significant cell 

population influential to tumor malignancy and patient diagnosis (80,81). Tumor stem cells  

possess stem characteristics to self-renew and maintain the diversity of cell types 

observed within the tumor (80). Several groups have reported various tumor stem cells' 

properties, including the ability to resist cytotoxic therapy, repopulate the tumor, and 

metastasize to distal sites (82–85). Furthermore, recent large-scale data-driven efforts 

from The Cancer Genome Atlas (TCGA) have identified a stemness index associated 

with advanced tumor grade, metastasis, and an altered immune microenvironment in 

various cancer types (86). The tumor stem cell field remains contested, owing, in part, to 

the lack of understanding regarding the origin of different stem-like properties in the 

tumor, but I hypothesize that both non-stem and stem cell driven tumors contain a tumor 

stem cell population that maintains a signature of the tumor cell-of-origin. 

 

 

The immune system and its role in tumors 

Immune cells derive from hematopoietic stem cells found in the bone marrow 

differentiating from either a common lymphoid or myeloid progenitor, separating them into 

myeloid or lymphoid cells (87).  
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Myeloid Cells 

Myeloid cells are the progeny of a myeloblast progenitor resulting in two significant 

categories of myeloid cells: granulocytes and monocytes. Granulocytes contain digestive 

enzymes that are released upon ingestion of foreign entities and include basophils, 

neutrophils, and eosinophils. On the other hand, monocytes eventually become 

macrophages or dendritic cells, which are also considered professional antigen 

presenting cells (APCs) (87). APCs phagocytose foreign entities and present antigens to 

naïve T cells through the use of major histocompatibility complexes (MHC). MHC class I 

(MHCI) is used to directly initiate the killing of pathogens by activating cytotoxic CD8 T 

cells. APCs utilize MHC class II (MHCII) to induce helper T cells into effector T cells.  

 

Activation of various myeloid cells is a quick process and typically halted upon the stimuli' 

termination (88). However, under pathological conditions like tumorigenesis, persistent 

stimuli result in aberrant phagocytosis and signaling perturbation, leading to an immature 

myeloid cell population termed myeloid-derived suppressor cells (MDSCs). MDSCs 

protect the host from tissue damage due to a heightened immune response associated 

with increased persistent inflammatory stimuli (88). They are a heterogeneous myeloid 

cell population with characteristics resembling macrophages, dendritic cells, and 

granulocytes. Given these characteristics, one set of markers cannot define them, but 

they express various elements seen throughout myeloid cells' differentiation process 

(88,89).  
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Identified by GR1 and CD11B, there are two categories of MDSCs: granulocytic MDSCs 

(G-MDSCs) and monocytic MDSCs (M-MDSCs). Their classification depends on the 

presence of granulocytic or monocytic phenotypic markers. G-MDSCs express high LY6G 

and low LY6C expression and produce reactive oxygen species to suppress immune 

cells. On the other hand, M-MDSCs have high LY6C and low LY6G expression and 

generate nitric oxide to inactivate the immune response. There is a delicate balance in 

myeloid cell-promoting cytokines. When there is an increase in various cytokines, 

including CSF-1, GM-CSF, and G-CSF, indicating inflammatory activation, there is 

increased recruitment and development of innate immune cells like dendritic cells, 

macrophages, and granulocytes. Prolonged or inflated cytokine increases in combination 

with additional cytokines and signaling molecules perturb the normal development of 

innate immune cells leading to increased MDSC accumulation and function (89).  

 

 

Lymphoid cells 

There are three lineages of lymphoid cells: Natural killer cells, B lymphoid cells, and T 

lymphoid cells. Natural killer cells can directly kill cells infected with antigen without further 

sensitization, unlike the T and B cells of the adaptive immune system. Both B and T cells, 

on the other hand, need to be activated before expansion and differentiation. Although 

naïve B and T cells derive from a common lymphoid progenitor, their names originate 

from their maturation location; B cells mature in the bone marrow while T cells mature in 

the thymus. Following maturation, B and T cells circulate the body through the lymph to 
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secondary peripheral lymphoid organs, where they are maintained and encounter 

antigens (87).  

 

 

B lymphocytes 

B lymphocytes also known as B cells, the third type of APC, will directly encounter antigen 

through its B cell receptor (BCR) and undergo activation. Once activated, B cells 

differentiate into three major cell types: plasmablasts for immediate protection, in addition 

to longer-lived plasma cells and memory B cells. Plasmablasts and plasma cells secrete 

antibodies, but plasmablasts are short-lived and secrete antibodies that are less specific 

than antibodies secreted from plasma cells. Memory B cells are dormant B cells that 

circulate the body. Once they reencounter a particular antigen, they initiate a more robust, 

quicker antibody response to counteract the target pathogen.  

 

 

T lymphocytes 

T lymphocyte, also known as T cell, maturation begins with thymocytes differentiating into 

naïve T cells in the thymus. Naïve T cells circulate throughout the body, but once they 

encounter an antigen with a professional APC's help, they become activated and undergo 

clonal expansion and differentiation into effector T cells. There are two significant types 

of effector T cells: cytotoxic CD8 cells and helper CD4 cells. Cytotoxic CD8 cells, also 

known as killer T cells, are activated directly through MHCI and induce killing of the 

infected cells by releasing the cytotoxins perforin, granzymes, and granulysin. On the 
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other hand, antigens expressed through MHCII activate CD4 helper T (Th) cells. This 

activation can also generate T regulatory (T reg) cells, limiting or inhibiting cytotoxic CD8 

response (87).  

 

When an APC presents antigen to T cells, an intricate remodeling process of integrins 

and receptors must occur to activate and remold the naïve T cell into the mature cell type. 

The T cell receptor (TCR)-MHC complex must be bound to the antigen in addition to the 

correct CD4 or CD8 co-receptors. Still, co-stimulatory signals must also be present to 

activate the T cells fully. For instance, B7 molecules expressed on APCs will interact with 

CD28 on T cells to stimulate T cell expansion. Once activated, the co-stimulatory signal 

is modified, leading to further expansion and differentiation of the T cells. CD40 (T cells)- 

CD40L (APCs) is one such interaction. Their interaction results in transcription factor 

synthesis to induce transcription of the IL2 gene and its further secretion. IL2 acts in an 

autocrine fashion, supporting further activation, expansion, and differentiation of T cells 

(90). 

 

CD28 related proteins on activated T cells can modify and sustain the co-stimulatory 

signal throughout the T cell response. For instance, CTLA4 can be expressed on T cells 

and bind to B7 molecules more tightly than CD28, inhibiting T cells' activation. 

Conversely, ICOS, a CD28 related protein, can bind LICOS on APCs, enhancing T cell's 

expansion through IL10 instead of IL2 (91). These proteins are common targets of 

immunotherapy discussed below.  
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After the infection is under control, most T cells die off, but a small subset persists and 

transitions into memory T cells. These T cells downregulate the program of effector T 

cells but remain capable of reactivating effector function if necessary. During this time, 

memory T cells will adapt a self-renewal characteristic driven by IL-7 and 15 signaling 

(92). Conversely, inappropriate T cell activation, either by chronic stimulation or a lack of 

stimulatory signal, results in dysfunctional T cells. Under chronic pathogenesis, like 

cancer, memory T cell development is altered and, instead, T cell exhaustion phenotype 

develops. Specifically, prolonged increased expression of IL10, IL6, TGFB, IDO, and IFNs 

can lead to exhausted T cells. There is a loss of effector functions in T cell exhaustion 

and a breakdown of memory T cell antigen-independent homeostatic function. There is 

upregulation of multiple inhibitory receptors like CTLA4, PD1, LAG3, CD244, CD160, and 

TIM. Moreover, there is a downregulation of co-stimulatory molecules TRAF1 and CD137. 

Furthermore, there is an altered expression of transcription factors and metabolic 

derangements (92). One hallmark of some dysfunctional T cells is the alteration of 

mitochondrial biogenesis and function (93). On the other hand, antigen recognition 

without co-stimulatory molecules inactivate native (or naïve) T cells and induce an anergic 

state, where the inability to secrete IL2 is a defining feature (87,94–96). Both exhausted 

and anergic T cells are characteristics found within tumors. 
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Tumor Immunology 

Tumors can be classified as "hot" or "cold" tumors where hot tumors have high infiltration 

of CD3 and CD8 cells in different regions of the tumors while these populations are absent 

in cold tumors. Utilizing the type, density, and location of these immune cells in the tumors 

is called the immunoscore. When used in conjugation with the TNM scoring metric, it has 

been shown to more accurately predict patient outcomes (97–100). Likewise, hot tumors 

have increased immune checkpoints, including PDL-1, CTLA4, TIM3, and LAG3, 

decreased genomic stability, and increased mutation burden and neoantigens (Fig 1.6). 

Conversely, cold tumors exhibit increased genomic stability and lower immune 

checkpoints, antigen presentation machinery, neoantigens, and mutation burden (101). 

As a result, hot tumors are better candidates for immunotherapy than cold tumors (Fig 

1.6). A popular immunotherapy, immune checkpoint inhibitors, target CTLA4, PD1, and 

PDL1, but the majority of patients with metastatic epithelial cancers treated with 

immunotherapy still do not experience regression (102). On the other hand, cold tumors 

do not readily express easily targetable immune components; therefore, it is dire to 

investigate other cold tumors' features to determine how to treat them via activating the 

immune response or other means. 

 

 

Hallmarks of cancer 

The hallmarks of cancer have undergone recent revision. Initially, in 2000, six hallmarks 

of cancer were established: 1) sustaining proliferative signaling, 2) resisting cell death, 3)  
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Fig 1.6. The tumor immune microenvironment can be manipulated by the tumor and treatments. 
A) Cold tumors present a more anti-inflammatory immune microenvironment allow tumors to thrive, 
while (B) hot tumors exhibit a more cytotoxic microenvironment inhibiting tumor growth. C) 
Immunotherapy can be used to manipulate these environments, but especially takes advantage of the 
hot tumor microenvironment. Figure created with biorender.com 
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evading growth suppressors, 4) inducing angiogenesis, 5) enabling replicative 

immortality, 6) activating invasion and metastasis. More recently, though, four additional 

hallmarks were introduced: 1) Avoiding immune destruction, 2) tumor-promoting 

inflammation, 3) deregulating cellular energetics, 4) genome instability and mutation (Fig 

1.7) (103). While all ten factors are critical for tumor survival, this work's centrality is 

around the tumor immune microenvironment focusing on five hallmarks: resisting cell 

death, inducing angiogenesis, avoiding immune destruction, tumor-promoting 

inflammation, and deregulated cellular energetics. These condense to exploring tumor 

immune escape and the Warburg effect described below. 

 

 

Tumor immune escape 

The tumor microenvironment is an intricate system dictated by the cells' signaling and 

composition within and surrounding the tumor. Since tumors are plastic and unique, the 

field is just starting to understand how the tumor microenvironment functions. One major 

player in this is the signaling and composition of the tumor immune microenvironment. 

The immune composition itself can skew the microenvironment to be anti- or pro-

tumorigenic. For instance, the presence of natural killer cells, CD4+ Th1 cells, cytotoxic 

CD8+ T cells, and inflammatory macrophages within a tumor are typically anti-

tumorigenic (Fig 1.6). On the other hand, the presence of immunosuppressive 

populations like MDSCs, CD4+ regulatory T cells, and anti-inflammatory macrophages 

are pro-tumorigenic (Fig 1.6) (93). The tumor can manipulate the influx of immune cells. 

For one, tumor cells can act as antigen presenting cells, but they lack the co-stimulatory  
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Fig 1.7. Hallmarks of cancer. Figure created with biorender.com 
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molecules found on traditional antigen presenting cells. Therefore, antigen presenting 

tumor cells can promote immune tolerance, promoting tumorigenesis (104). Microbes 

within the tumor can also promote an inflammatory program within the tumor, causing 

expansion of MDSCs and anti-inflammatory M2-like tumor-associated macrophages 

(105). They can also cause the upregulation of immunosuppressive ligands like PDL1 

and CTLA and cytokines like TGFB, all of which play a role in suppressing the activation  

of CD8 cells and increasing suppressive CD4 T cell populations-- like regulatory T cells-

- allowing the tumor to escape immune surveillance (105).  

 

A significant hindrance to effectively treating tumors by manipulating the immune 

microenvironment is the paradoxical roles of lymphoid and myeloid cell populations. 

Depending on the context, these cell types can be alternately tumor-promoting or tumor-

suppressive (87,88,94,96). A principal example of this is in the case of T cell dysfunction. 

At the beginning of an immune response, an increase of myeloid cells is beneficial. T cells 

are activated and can induce apoptosis of targeted cells. If this increase of myeloid cells 

is chronic, though, like in tumors, the T cells become "exhausted," and cytotoxic programs 

become dysfunctional, allowing the tumor to thrive unnoticed. Under these conditions, 

depletion of this myeloid cell population may reactive an antitumor response. 

 

 

Warburg effect 

The Warburg effect occurs when tumor cells upregulate glycolytic catabolism of glucose 

to form lactate under low oxygen conditions or hypoxia (104). Within hypoxic regions, 
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necrosis increases due to a lack of nutrition to cells. Necrosis leads to increased 

potassium released by dying cells, which remodels the activated T cells' epigenome and 

limits T cell effector function. Within hypoxic regions, there is also a lack of glucose due 

to anaerobic glycolysis in tumor cells and increased lactic acid production (104). This lack 

of glucose decreases CD4 and CD8 cells' effector function, ultimately resulting in 

increased T cells and memory T cells (104). Moreover, hypoxic regions of the tumors 

have an influx of macrophages that help produce angiogenesis, mitogenic, and 

associated metastatic cytokines, enabling tumor development. Studies have shown that 

under in vitro hypoxia conditions, MDSCs favor an M2-like tumor-associated macrophage 

phenotype (106). 

 

The field is just starting to understand the dynamics of tumor cells and the tumor 

microenvironment. Throughout this thesis, I characterize these dynamics from a systems 

biology view utilizing single cell technologies. Specially, I explore how signaling pathways 

and cellular composition is altered in tumor subtypes stressing the importance of 

molecular features of tumor compared to pathological classification. Moreover, I explore 

how the tumorigenesis cell-of-origin dictates tumor stem cell characteristics and ultimately 

the cellular composition and microenvironment of the tumor. These investigations require 

single cell technologies to be able to investigate rare cell populations that were previously 

overlooked by more traditional technologies.  
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Chapter II 

 

BACKGROUND 

 

METHODOLOGIES USED FOR SYSTEMS BIOLOGY 

 

Single-cell Technologies 

Many whole-sample techniques assume homogenous cell distributions in tissue systems, 

but conventional proteomic and genetic methods often lack the sensitivity to detect the 

underlying molecular heterogeneity in multi-cellular networks. This lack of sensitivity 

masks the biological significance of rare cell populations. These rare cell populations' 

importance, though, is critical to understanding both steady-state and disease 

pathophysiology. For example, tumor stem cells, relevant throughout this work, are only 

a fraction of a large tumor that can often go undetected by western blots and other "bulk" 

approaches that assume a homogenous cellular distribution. Like stem cells, tumor stem 

cells can regenerate the cellular lineages comprising primary tumors. The field 

hypothesizes that these tumor stem cells can even evade cancer therapy, leading to 

reoccurrence and increasing disease aggression.  

 

To observe rare cell populations, including tumor stem cells, single-cell methodologies 

were developed. These methodologies are conceptually grouped as either blind, non-

candidate approaches and targeted, candidate-based approaches to assay single-cell 

suspensions or dissociated tissues (non-suspension). Each method provides unique 
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insights, and, therefore, utilization of a combination of them will systematically develop a 

complete picture of the underlying tissue. As this approach leads to a plethora of data, 

streamlining the subsequent analysis is a significant hurdle. Given this, multiple pipelines 

and algorithms exist.  

 

 

Non-candidate approaches 

Non-candidate, single-cell approaches are an unbiased way to obtain data because a 

pre-test panel of candidate analytes is not required. The most commonly used non-

candidate approach is single-cell RNA sequencing (scRNA-Seq) (107). Tissues 

subjected to scRNA-Seq are first dissociated into single cells and placed in a fluid 

suspension. Depending on the amount of information needed, project budget, tissue type, 

and technical skills, there are multiple ways to conduct scRNA-Seq (108,109). In this 

work, scRNA-Seq occurs through the In-Drop encapsulation method, which encapsulates 

each cell into a droplet. Upon encapsulation, the cell is lysed and fused with a hydrogel 

microsphere containing unique molecular identifies before being processed into nucleic 

libraries for sequencing (109). A hurdle in utilizing single-cell RNA sequencing is 

processing the sheer volume of data produced. The assessment of thousands of genes 

within thousands of cells occurs; therefore, multiple algorithms and pipelines exist, some 

discussed briefly below.  
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Candidate-based approaches 

Candidate-based approaches require a priori predictions to develop a panel of probes for 

specific tissue features. These approaches include flow cytometry, cytometry time-of-

flight (CyTOF), and multiplexed immunofluorescence. In flow cytometry, there is a mixture 

of fluorescent-conjugated antibodies for cell-specific epitopes and the cell suspension 

(110). The labeled cells flow through the cytometer one at a time, and the cells are sorted 

based on their emission spectra. Analysis of thousands of cells occurs for approximately 

seven different epitopes at one time. However, spectral overlap from the light 

wavelengths limits the number of analytes. The development of CyToF has overcome this 

pitfall. CyToF combines flow cytometry with mass spectrometry by employing metal-

conjugated antibodies instead of fluorescently labeled ones, which increases the possible 

number of simultaneous analytes up to sixty (111).  

 

Flow cytometry and CyTOF require the tissue to be dissociated into single cells and kept 

in a fluid suspension. One caveat to dissociating epithelial tissue is that epithelial cells 

are highly polarized and closely connected with neighboring cells through junctional 

proteins. Once dissociation of the epithelial cells into single cells occurs, these 

characteristics are modified, resulting in data artifacts. We developed a novel fixation and 

dissociation approach called "Disaggregation for Intracellular Signaling of Single 

Epithelial Cells from Tissue (DISSECT)" to preserve the native state of epithelial cells for 

single-cell analysis using mass and flow cytometry (112). DISSECT provides an 

advantage over traditional flow cytometry and CyToF by preserving specialized cell 

characteristics lost in dissociation. Briefly, the tissue is stained, and the antibodies are 
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fixed to the tissue before dissociated into single cells. We have successfully applied the 

DISSECT technique to fresh, frozen, and FFPE tissue samples from mice and humans 

(113,114). Excitingly, these studies demonstrated that DISSECT preserves signaling 

states and might be a superior assay to the traditional gold standard of western blotting 

(112). Furthermore, we can apply this methodology to human FFPE banked colorectal 

cancer samples to understand better colorectal cancer subtypes (discussed in Chapter 

III) (114). Although this technique's application can be to fresh, fresh-fixed, and FFPE 

samples, slight modifications are necessary. A detailed discussion of these modifications 

follows in Chapter IV (113).  

 

With suspension methodologies like flow cytometry and CyTOF, there is a loss of spatial 

understanding of the analytes when dissociation of the tissue into single cells occurs. The 

cells' location and their signaling relative to one another is crucial as it can have dire 

consequences. For instance, the location of immune cells within tumors can determine 

the tumor's classification and treatment. If immune cells are within the tumor, the tumors 

will fall into the MSI category of tumors, and treatment could consist of immunotherapy. 

On the other hand, if immune cells are present just outside the tumor but not within, the 

tumors will fall into the MSS category of tumors, and immunotherapy would be ineffective. 

Suspension methodologies would not consider these immune cells' location, and 

therefore the tumors would be in the same class. However, multiplexed 

immunofluorescence (MxIF) will resolve this ambiguity. MxIF is irritative staining and 

inactivation of fluorophores allowing analysis of up to 60 different analytes on one tissue 

section (115). Since MxIF lacks tissue disassociation, visualization and quantification of 
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tumor cells and their microenvironment are possible, providing context for classifying or 

treating tumors. When conducted at the proper resolution, multiplexed dozens of analytes 

can be quantified for thousands of cells, resulting in high dimensional data. It is advisable 

to utilize multiple single-cell techniques to acquire a thorough understanding of the native 

tissue environment, resulting in a colossal amount of data to analyze. 

 

 

Single-cell data analysis 

With the evolution of single-cell methodologies comes a massive increase in the amount 

of data generated, and as such, analysis of high-dimensional data has become its own 

field. The utilization of dimensionality reduction techniques allows the study of the 

different cell populations and their relationships. These analyses allow visualization of 

high-dimensional (3+) data in 2-dimensional space. The two dimensionality reduction 

techniques used in this work are t-Distributed Stochastic Neighbor Embedding (TSNE) 

and Uniform Manifold Approximation and Projection (UMAP). TSNE is a non-linear 

dimensionality reduction approach. It preserves the data's local structure while de-

emphasizing global structure, resulting in similar points clustering together in an 

unsupervised manner. Because the global structure is not maintained, though, the 

relationship between the clusters is not meaningful (116). UMAP, on the other hand, 

preserves some global structure, ensuring that far away points in high dimensions are still 

far away in low dimensions (117). Because of this, single-cell genomic analyses have 

transitioned to using UMAP over TSNE for dimensionality reduction analyses; therefore, 

the utilization of TSNE occurs in Chapters III-IV and UMAP in Chapter V. 
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Dimensionality reduction is only one way to process, visualize, and analyze the data, 

though. Analysis of the global structure of the data occurs through trajectory analyses. 

There are two main groups of trajectory analyses: non-linear embedding approaches and 

Minimum Spanning Trees (MST). Similar to TSNE, non-linear embedding utilizes non-

linear dimensionality reduction techniques to reduce high-dimensional data into 2- to 3-

dimensional representation. Unlike TSNE, these analyses maintain the data's global 

structure, capturing the data's major structures and progression by compressing and 

elongating it (118). For this work, we utilized MST- based approaches to analyze the 

trajectory. The nodes used in MST represent cells or clusters of cells, while the 

connections represent the data cloud's shape in 2 dimensions. Many MSTs are known to 

be unstable such that multiple runs with the same application result in seemingly random 

results and overfitting smaller datasets. To overcome this, we developed p- Creode (47). 

The p-Creode algorithm is an unsupervised trajectory analysis that generates a unique 

cellular hierarchy placement of cell-state transition trajectories from end states allowing 

to decipher predecessor-progenitor relationships. It differentiates itself by exploiting an 

aggregation of a given number of resampled topologies lessening overfitting effects. It 

has proven robust and successful in several tissue types, including the pancreas and the 

intestine. It also can be modified to fit the user's needs. This work shows its usefulness 

in interpreting tumor cells' ratio derived from LRIG1 and MIST1 expressing cells, as seen 

in Chapter V.  
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Organoid culture 

Regenerative medicine is built on the ability to culture stem cells and differentiate them 

into functional organs in vitro (119). Utilization of this phenomenon occurs in many organ 

systems, but most notably through induced pluripotent stem (iPS) cells. iPS is a technique 

that infects non-stem cells with factors that stimulate a stem cell-like state before 

differentiating into said organs (120). Long term culture of these systems, though, is 

difficult. Then, in 2009 Sato and Cleavers pioneered a long-term in vitro culture system 

where individual LGR5+ stem cells isolated from adult intestinal tissue can form miniature 

intestines in a dish called organoids under the right cocktail (121,122).  

 

One significant advantage of this system over iPSCs is its ability to be maintained long 

term without compromising genomic integrity (123). Moreover, in vitro organoids' 

structure mimics the in vivo intestine with the intestinal lumen in the organoid's center with 

epithelial cells surrounding it. Small intestinal organoids (enteroids) present with a very 

distinct budding structure, with a defined crypt-villus structure. The villus domain, where 

differentiated cells reside, is near the organoids' center, while the crypt domain is toward 

the outside (Fig 2.1) (121). On the other hand, as colonic epithelium lacks villi in vivo, in 

vitro colonic organoids (colonoids) are more spheric, only budding under rare conditions 

(Fig 2.1). Similarly, tumor-derived organoids (tumoroids) are also spherical,  

 41 

 

 
 
 
 
 
 
 
 
 
 
Fig 2.1. Difference between small intestine, colon, and tumor derived organoids. A) Small 
intestinal organoids maintain the crypt-villus structure with differentiated cells in the villi and stem and 
Paneth cells in the crypt. B) Colon and tumor organoids are more spherical, mimicking the absence of 
villi in vivo. Figure created with biorender.com 
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only budding under rare conditions (Fig 2.1). Although ongoing research is necessary, I 

hypothesize that budding in colonic and tumor organoids occur when the rate of division 

within the organoids is different, allowing for slow dividing cells to accumulate near the 

center of the organoids. 

 

Unlike the in vivo intestine, there is a lack of the extracellular matrix; therefore, these 

organoids are cultured in a laminin-rich Matrigel to provide needed support. Moreover, 

the signaling and the immune microenvironment observed in vivo is lacking in vitro, 

providing a unique opportunity to investigate all aspects of intestinal biology ranging from 

development to diseased states, including cancer, through manipulation of culture 

conditions (124–126). For instance, varying concentrations of EGF, WNT3A, the Wnt 

agonist R- spondin, and the BMP antagonist noggin influence the presence and 

distribution of differentiated secretory and absorptive (121). Additionally, investigation of 

host-pathogen and immune-epithelial cell interaction happens through co-culture systems 

by adding immune factors to the base organoid culture (127–129). From a disease 

standpoint, there are currently high throughput screens of drugs and their interaction with 

a patient's tumors to determine which drug combination will result in the best response 

for a patient (130–133). Moreover, organoid systems have filled a void allowing the ability 

to study metastasis of cancer, once difficult to explore (134,135). Specifically, 

manipulation of tumoroids occurs through in vitro expression of mutations. These 

tumoroids can then be that can then be reintroduced to mice to study metastasis 

(134,135). 
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Model Organisms  

Using humans for intestinal biology studies although, ideal, is not realistic. First, there are 

uncontrollable variables like mental state, smoking, or eating habits. Because the 

intestine is a barrier to the outside world, these variables will inevitably affect the 

intestine's inner workings and experiments (136). Consequently, numerous model 

organisms range from primates to Caenorhabditis elegans, but in my opinion, the mouse 

represents the best model system to study intestinal diseases in a systems biology 

manner. Mice are relatively inexpensive, have a vast experimental tool kit, and reflect 

many aspects of human immune and intestinal physiology. Additionally, numerous 

genetic and chemical models are available to study the different gut health and disease 

properties, including stem and non-stem cell function, inflammation, and cancer, 

warranting their substantial use to study intestinal biology (137). Here, I will touch on how 

mouse models are used to study intestinal damage, plasticity through lineage tracing, and 

the two specific Cre mice used in chapter 5: Mist1-CreERT2 and Lrig1-CreERT2.  

 

 

Damage in model organisms 

Chronic intestinal damage and inflammation, typically seen as inflammatory bowel 

disease, increases colorectal cancer risk up to six times (138). Given this, studying 

intestinal damage and inflammation in mice is imperative. Coincidentally, there are two 

main categories to impose damage and increase inflammatory signaling in mouse 

models: genetically modified mice and chemically induced inflammation. Kontoyiannis et 
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al. produced a genetically modified mouse by inserting an AU-rich element into the Tnf-

alpha gene, resulting in stabilizing the mRNA and overproduction of TNF-alpha protein. 

This modification results in small intestinal inflammation mimicking inflammatory bowel 

disease (139). A pitfall to this model is how quickly mice get sick, resulting in decreased 

ability to reproduce. Additionally, they commonly lack inflammation in the colon, and the 

amount of inflammation is heavily influenced by the microbe as we have seen less severe 

disease in different mouse facilities. Because of this, the most common way to induce 

damage to inflict an immune response in the colon is to utilize dextran sodium sulfate 

(DSS). DSS is a heparin-like polysaccharide dissolved in the drinking water (140). 

Although groups report damage throughout the colon, there is more extensive damage in 

the distal and mid colon than the proximal colon (141–144). It can also be used across 

numerous model organisms, although the mechanism of action can differ. For example, 

DSS causes direct damage to the basement membrane by being trafficked across the 

Drosophila intestinal enterocytes. On the other hand, in mice, DSS damages the 

junctional proteins holding neighboring epithelial cells together (145). DSS can also be 

overlaid on top of oncogenic mutations to drive tumorigenesis. For instance, the 

introduction of Azoxymethane, a procarcinogen that causes DNA damage, before DSS 

(AOM/DSS) induces colitis-associated cancer (140). Furthermore, as seen in Chapter V, 

DSS can be used after the initiation of the Cre-lox system to study the plasticity of cells 

in addition to tumorigenesis. 
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Cellular plasticity can be determined by lineage tracing 

The experimental gold standard to determine a cell's multipotency is through lineage 

tracing using a genetically regulated label. Seminal work in this field used vital dyes or 

isotopically labeled cells to determine if they possessed stem capacity and the ability to 

give rise to progeny (146). A cell is multipotent when all the colonic epithelium lineages 

inherit the label, resulting in the long-term production of marked cell lineages in a given 

tissue that exhibits self-renewal. 

 

This technique eventually advanced to the modern-day Cre-lox system, which allows for 

spatial and temporal control of lineage tracing activity. A particular cell of interest is 

genetically engineered to express an inheritable reporter, and a CRE recombinase 

enzyme is attached to a ligand-specific receptor. When the ligand, tamoxifen, is present, 

it binds the receptor, initiating CRE recombinase to translocate to the nucleus, recognize, 

and induce site-specific recombination typically at lox-P sites, sites on bacteriophage P1, 

which consists of 34 base pairs. Lox-P sites flank stop codons of a ubiquitously expressed 

gene, such as Rosa26. Excision of the STOP codon results in reporter expression 

inherited by the initial cell of interest's progeny. Long-term lineage tracing is then 

observed in stem cells' progeny 28 days post-CRE activation in the colon (Fig 2.2).  

 

This system is regularly used under homeostatic conditions but more recently has been 

used under damage conditions to determine whether mature cell types regain stem cell 

function (Fig 2.2). Examples of damage-inducing agents commonly used are irradiation,  



 46 

 

 
 
 
 
 
 
 
 
Fig 2.2. Lineage tracing is the gold standard to determine cellular plasticity. A) Stem cell mediated 
lineage tracing results in long term reporter expression while B) non-stem cell driven lineage tracing 
does not. C) Non-stem cell driven lineage tracing under damage results in long term lineage tracing. 
Figure created with biorender.com 
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diphtheria toxin, and dextran sodium sulfate (DSS). These agents are hypothesized to 

damage the available pool of actively dividing stem cells, allowing differentiated cell types 

to revert to a stem cell state and replenish the colonic epithelium.  

 

Lineage tracing can also give insight into tumor-initiating potential. For instance, lineage 

tracing can be initiated from a known cell type after tumor formation to determine that 

particular cell's plasticity characteristics (147). This is not all-inclusive, though, as it is 

devised from candidate cell markers, and the tumor is an evolving system continually 

changing. Addressing this, mutation-induced marks during DNA replication suggest that 

only a small population of tumor stem cells largely self-renew and expand only when 

necessary (33). 

 

For this work, we utilize lineage tracing in Chapter V to help characterize Mist1-expressing 

cells, specifically can Mist1 expressing cells exhibit multipotential stem cell capacity under 

homeostatic or damage conditions. Furthermore, we utilize the Cre-lox system to induce 

tumorigenesis from non-stem cells through Mist1-CreERT2 and stem cells through Lrig1-

Cre ERT2. 

 

 

Mist1-CreERT2 

Muscle, Intestine, and Stomach expression 1 (MIST1/ BHLHA15) is a 197 amino acid 

class A basic helix-loop-helix (bHLH) transcription factor that binds E-box regulatory 

elements at the -CANNTG- core consensus sequence as a homo- or heterodimer with 
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other bHLH proteins (148). MIST1 expression occurs in exocrine secretory cells like the 

Paneth cells of the small intestine, the acinar cells of the pancreas, or the zymogenic 

cells of the stomach (148). bHLH transcription factors are involved in the differentiation of 

several different kinds of tissue types, including the exocrine and endocrine pancreas, 

neuronal cells, B lymphocytes, and skeletal muscle (149). As the name suggests, these 

transcription factors contain two necessary regions: a basic region responsible for DNA 

binding and a helix-loop-helix region that supports protein dimerization (148).  

 

Pin et al. published one of the first known mouse models studying Mist1 and its in vivo 

roles and expression levels (150). They developed a Mist1 knockout mouse through the 

use of LacZ, replacing the Mist1 coding region. They found that Mist1 is expressed early 

in the developing pancreas but is not necessary for cellular fate. Specifically, Mist1 is 

essential for the complete maturation of acinar cells within the pancreas. In the absence 

of Mist1, there is disorganization of the acinar cellular structure and disrupted exocytosis 

signaling from acinar cells.  

 

Although Mist1 characterization occurred in the pancreas and stomach, at the start of 

the investigation shown in Chapter V, there was one study to our knowledge describing 

Mist1 in the intestine as a possible secretory progenitor cell (148). Since then, 

Hayakawa et al. showed that MIST1 expressing cells are secretory progenitors that 

exhibit plasticity and serve as colonic tumor cells-of-origin under DSS damage (151). In 

Chapter V, we expand on this by exploring the TSCs within non-stem and stem cell-

driven tumors. Specially, we reveal reduced stem capacity but increased class II antigen 
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presentation ability for non-stem cell (Mist1) driven TSCs compared with stem cell 

(Lrig1) driven TSCs, which resulted in a favorable immune microenvironment skewed 

towards active cytotoxic response in Mist1-driven tumors. 

 

 

Lrig1-CreERT2 

Leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1) is a transmembrane 

protein that contains an extracellular region of 15 leucine-rich domains and three 

immunoglobin domains (152). It is a negative regulator of the receptor tyrosine kinase 

signaling pathways ErbB. There are four members of the ErbB family of receptor tyrosine 

kinases (EGFR, ErbB2, 3, and 4) that LRIG1 will form a complex with, promoting receptor 

ubiquitination increasing basal and ligand simulated rates of receptor degradation (153). 

When binding of these RTKs occur, there is kinase activation, autophosphorylation, and 

triggering of multiple intracellular growth signaling pathways. Therefore, in cancer, LRIG1 

is a tumor suppressor as upregulation of RTK pathways is a common occurrence.  

 

LRIG1 is a quiescent stem cell in multiple organs, including the skin, hair follicle, and 

throughout the gastrointestinal system from the oral mucosa to the intestine (154–157). 

Specifically, in the intestine, there are different forms of Lrig1, each expressed in a 

different stem cell subset. The glycosylated form of Lrig1 is expressed in quiescent stem 

cells, while non-glycosylated Lrig1 expression occurs in actively dividing stem cells (39). 

We utilize Lrig1-Cre in Chapter V as a control for Mist1-CreERT2 lineage tracing and as the 

cell of origin for stem cell-driven tumorigenesis. 



 50 

 

There is no one “silver bullet” to be able to fully characterize and understand a disease 

state. Each technique and model has its pros and cons, but when used together, they 

create a holistic understanding of the disease state. It is for this reason, I utilize a 

combination of systems biology techniques including single cell techniques like 

multiplexed imaging, DISSECT-CyTOF, and scRNA-Seq and in vitro organoids on 

multiple models to better understand the molecular characteristics and mechanistic 

insights of colorectal cancer.  
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 Chapter III 

 

 

IMPAIRED COORDINATION BETWEEN SIGNALING PATHWAYS REVEALED IN 

HUMAN COLORECTAL CANCER USING SINGLE-CELL MASS CYTOMETRY OF 

ARCHIVAL TISSUE BLOCKS 

 

 

Recreated from: Simmons, AJ, Scurrah, CR, McKinley, ET, Herring, CA, Irish, JM, Washington, 

MK, Coffey, RJ, Lau, KS. Impaired coordination between signaling pathways revealed in 

human colorectal cancer using single-cell mass cytometry of archival tissue blocks. Sci 

Signal, 2016. 

 

 

Introduction  

A distinguishing feature of cancer and other diseases of dysregulated homeostasis is the 

expanded degree of intra-tissue cellular heterogeneity (21,158–160). Heterogeneous cell 

populations arise from an aberrant differentiation process where cells adopt semi-mature 

or new progenitor states on the Waddington landscape (161). Cellular heterogeneity has 

been demonstrated to present a significant challenge for treating these diseases, as 

therapies targeting one cell type may not be effective in another (162). Furthermore, rare 

cell populations, such as tumor stem cells (33,163), can adopt specialized, deleterious 

functions, including therapeutic resistance and metastatic ability (164–168). The 
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phenotypic state of a cell is governed by its genetics and environment; information from 

these sources are integrated by signaling and transcriptional networks into cellular 

behaviors. Investigations of cellular heterogeneity immensely benefit from single-cell 

analysis (169,170). However, it is not trivial to interrogate multi-pathway signaling 

activities at single-cell resolution since cellular signaling states can be destabilized 

outside the native tissue context (112,171,172).  

 

A tried and true approach for preserving tissue morphology, and even cellular signaling 

states, is the procedure of formalin fixation coupled to paraffin embedding (FFPE). FFPE 

has been a standard practice in clinical analysis of tissues for nearly a century, and its 

ability to preserve tissues at ambient temperatures has been widely demonstrated (173). 

Due to the effectiveness of FFPE for preserving tissue, large repositories of clinically-

annotated patient samples have been collected over the years. These banks are valuable 

resources for scientific insight when coupled to next-generation analytical approaches 

(174,175). Specifically, one of our goals is to conduct single-cell signaling analysis on 

FFPE tissues to address cellular heterogeneity. In order to achieve this, careful measures 

must be taken to undo the effects of formalin crosslinking in order to access cells, 

proteins, and nucleic acids for sophisticated analyses.  

 

To comprehensively assess the phenotypic state of cells, evaluating the activity of a 

single pathway is not sufficient. Recently, several approaches have been described for 

measuring protein parameters from FFPE tissue in a multiplex fashion. The majority of 

these advances have been microscopy-based approaches for imaging tissue sections 
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that are ~5 μm in thickness. Approaches that enable multiplexing protein measurements 

include iterative rounds of fluorescence imaging (115,176–178) or metal-based detection 

(179,180). To achieve single-cell resolution, single or multiple cell border markers are 

used in conjunction with sophisticated image processing algorithms to extract single cell 

objects from images (181). Oblique sectioning and imperfect segmentation of partial cells 

can lead to inaccurate quantification, making these approaches semi-quantitative at best. 

Furthermore, either due to the iterative nature of cyclic immunofluorescence or rastering 

of samples for imaging mass-spectrometry, these approaches are low throughput and 

require multiple days/weeks of analysis to fully sample a given specimen. Given their 

space-resolving capabilities, we surmise that these techniques will be very powerful when 

combined with a primary strategy that confers feasibility to analyze a large number of 

samples with higher quantitative accuracy. 

 

Our lab has recently reported a relatively rapid mass cytometry-based strategy for 

profiling signaling protein modifications at the single-cell level from solid tissues (112). 

This strategy, named DISSECT (Disaggregation for Intracellular Signaling in Single 

Epithelial Cells from Tissue), involves rapid, short fixation of freshly-isolated tissue to 

maintain native signaling in intact epithelia, and then a series of coupled procedures for 

staining and dissociation prior to mass cytometry analysis. The present study examines 

whether the same approach can be applied to FFPE-preserved tissues, given that FFPE 

preservation also involves the use of a formaldehyde fixative. In this report, we present 

an optimized procedure for dissociating single cells from FFPE-preserved solid tissues 

while maintaining their intact signaling states for mass cytometry analysis. We conducted 
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a proof-of-concept study on a small of cohort of human normal colon and colorectal 

cancer (CRC) FFPE specimens to sample signaling pathway heterogeneity at the single-

cell level. Our results indicate that in normal colonic tissues, signaling pathways are 

organized into modules according to surface-to-crypt differentiation status. This modular 

organization is undermined in CRC. In addition, examining tumor samples in combination 

with genomic markers such as microsatellite and mutational status reveals distinct single-

cell cancer phenotypes. This hypothesis-generating study demonstrates FFPE-DISSECT 

coupled to mass cytometry analysis on archival tissues, with the aim to extend to large 

cohort studies from solid tumor repositories for classify tumors in conjunction with 

genomic, transcriptomic, epigenomic, and proteomic characterization. 

 

 

Results 

A method to disaggregate single epithelial cells from archived tissue blocks that 

preserves cell type and signaling markers 

We established a single-cell disaggregation approach for FFPE tissues (FFPE-DISSECT) 

combining heat-induced antigen retrieval with the whole mount staining and dissociation 

steps of DISSECT (Fig 3.1) (112,182). The steps of DISSECT were incorporated to 

enable epithelial signaling state preservation during the disaggregation process. We 

confirmed single-cell retrieval from FFPE tissues by both bright-field and 

autofluorescence imaging (Fig 3.2A, B). As with DISSECT, because tissue was kept intact 

until the end of the protocol, cell loss due to pre-analytic processing was minimized. Thus, 

we routinely yielded 5000-10000 cells (7503 +/- 2830 cells) per square millimeter of tissue  
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Fig 3.1. Schematic of the FFPE-DISSECT process for preserving native epithelial signaling. Thick 
curls were sectioned from FFPE blocks, antigen retrieved, and then processed following the steps of 
the DISSECT procedure. 
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Fig 3.2. Imaging of single cell suspensions prepared by FFPE-DISSECT from embedded mouse 
intestinal tissue by (A) brightfield and (B) autofluorescence. Whole columnar epithelial cells isolated 
as single cells can be seen. 
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from a single 50 μm section. From the approximate area occupied per sample, we 

estimated that we yielded routinely on the order of a million cells per 50 μm tissue 

section.We first determined the preservation of cell identity markers for classifying 

epithelial cell types using our approach on murine intestinal tissue embedded by FFPE. 

Up until tissue dissociation, CLCA1 (chloride channel accessory 1) and CK18 (cytokeratin 

18), markers for goblet and secretory cells, displayed substantial co-localization in whole- 

mount immunofluorescent staining, as expected (Fig 3.3). DCLK1 (doublecortin like 

kinase 1), a marker of tuft cells, labeled a separate population of CK18-/CLCA1- cells. 

Upon dissociation, these relationships remained intact in single epithelial cells (Fig 3.4A). 

Furthermore, the correct subcellular localization of proteins within cells can be visualized 

in the absence of scattered light or convolution from neighboring cells, i.e., CK18 staining 

of cytoskeletal structures and CLCA1 staining of mucous granules (Fig 3.4B). We then 

quantitatively verified marker co-expression using multi-parameter flow cytometry. CK18+ 

cells and CLCA1+ cells were independently gated. Back-gating of CK18+ and CLCA1+ 

cells revealed that they largely fell within an overlapping population, with CK18 marking 

a wider population of cells due to its ability to label other cells in the secretory lineage (Fig 

3.4C, Fig 3.5A). These results demonstrated that cell types can be discerned in 

dissociated epithelial cells after FFPE-DISSECT.  

 

More importantly, we determined that single cells retained their native signaling states 

post-dissociation using FFPE-DISSECT. To activate signaling pathways in vivo, we 

exposed the murine intestinal epithelium to TNF-α (tumor necrosis factor alpha) via 

intravenous administration, as we have done previously (183,184). Duodenal tissues from  
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Fig 3.3. Whole mount staining of embedded mouse intestinal tissue prepared by FFPE-
DISSECT prior to single cell disaggregation. Cell type markers (CK18, CLCA1, DCLK1) are 
imaged. 
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Fig 3.4. FFPE-DISSECT enables the identification of cell types and quantification of phospho-
protein signaling activities. (A) IF imaging of dissociated cells from FFPE murine intestinal tissues 
prepared by FFPE-DISSECT, stained for cell type markers CK18, CLCA1, and DCLK1. (B) IF imaging 
of a single epithelial cell stained for nucleic acid, CK18, and CLCA1. (C) Flow cytometry bi-plots of the 
mouse ileum prepared by FFPE-DISSECT. Manual gating of goblet cells by CK18 and CLCA1, and tuft 
cells by DCLK1. CK18 and CLCA1 singular positive cells are back-gated to a bi-axial plot not used for 
the original gating to demonstrate that the cells comprise an overlapping goblet cell population. (D) IF 
imaging of intact FFPE intestinal tissues as 5 µm sections, compared to single cells prepared by FFPE-
DISSECT, stained for p-CJUN (early signal) and p-STAT3 (late signal) in response to TNF-α at the 
appropriate time points. (E) Quantification of p-CJUN and p-STAT3 from single-cell suspensions 
generated from murine duodenal tissues, prepared immediately by DISSECT (green), or FFPE-
embedded and then by FFPE-DISSECT (magenta), followed by flow cytometry. Median intensities 
calculated from single cell distributions are displayed for comparisons. Tissues were harvested at 
specified time points after TNF-α administration. Error bars represent standard error of the mean (SEM) 
from n=3 animals and data scales are Z-score values derived from mean centering and variance scaling 
of each set of time course experiment. 
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Fig 3.5. Fluorescence cytometry of samples prepared by FFPE-DISSECT. (A) Flow cytometry bi-
plots of the mouse duodenum prepared by FFPE-DISSECT. Manual gating of goblet cells by CK18 
and CLCA1, and tuft cells by DCLK1. CK18 and CLCA1 singular positive cells are back-gated to a bi-
axial plot not used for the original gating to demonstrate that the cells comprise an overlapping goblet 
cell population. (B) Phospho-flow analysis of p-CJUN (early signal) and p-STAT3 (late signal) of the 
murine duodenum in response to TNF-α at specified time points. Single cells were prepared either 
immediately by DISSECT, or FFPE-embedded and then by FFPE-DISSECT. 
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the same animal were assessed as FFPE tissue sections or single cells generated by 

FFPE-DISSECT. Immunofluorescence imaging of tissue sections revealed that p-CJUN 

(an early TNF-α-induced signal) was upregulated at 0.5 hours post TNF-α exposure, and 

p-STAT3 (a late signal) was upregulated at 2 hours post TNF-α (Fig 3.4D). Imaging of 

single cell suspensions prepared by FFPE-DISSECT from serial sectioning of the same 

tissue block also revealed activation of the two signaling pathways at the appropriate time 

points compared to vehicle control (Fig 3.4D). We quantitatively compared signaling data  

from single-cell suspensions prepared by the validated DISSECT approach from freshly 

isolated tissues (112), with those prepared by FFPE-DISSECT from embedded tissues. 

Using the median intensity calculated from single cell distributions evaluated by flow 

cytometry (Fig 3.5B), we confirmed that both DISSECT and FFPE-DISSECT generated 

comparable signaling data for both p-CJUN and p-STAT3 with similar dynamics (Fig 

3.4E). These results demonstrated the ability of FFPE-DISSECT in preserving signaling 

states of p-CJUN and p-STAT3 in single epithelial cells disaggregated from FFPE tissues.  

 

 

Quantitative assessment of mass cytometry signaling analysis on FFPE tissue  

In clinical practice, excised tissues requiring gross pathological examination may not be 

immediately fixed. Reports have documented the effects of ischemia and other factors on 

the degradation of protein signals in other tissues such as breast (185). To examine the 

effects of post-excision time outside of the body on signaling in the intestinal epithelium, 

we harvested intestinal tissues from mice, and fixed the tissue either immediately, 30 

minutes post-excision, or 1 hour post-excision. Following standard FFPE processing, we 
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examined changes in constitutively active signaling pathways at homeostasis, for 

example, p-ERK mostly in the crypt and p-S6 mostly at the tip of the villus. We performed 

such analysis for a wide variety of markers across a wide breadth of signaling pathways 

that we will examine in human patients (Fig 3.6). For the intestinal epithelium, there was 

minimal degradation of these signals for up to one hour from the time of harvesting the 

tissue. We further verified that the length of fixation time, for up to 72 hours, has minimal 

effect on the detection of representative signaling markers in FFPE (Fig 3.7). 

 

As we have successfully assessed the validity of FFPE-DISSECT on selected signaling 

markers, we next sought to systematically and quantitatively validate our approach over 

a broad range of signaling pathways. We used mass cytometry as a multiplex technique 

to quantify a broad range of signaling markers from single cell suspensions, comparing 

between FFPE-DISSECT preparations from embedded tissues and DISSECT 

preparations from fresh tissues. Single-cell signaling data obtained by DISSECT have 

previously been rigorously validated against those generated by conventional bulk 

approaches such as immunoblotting (112). Mice were stimulated with TNF-α and 

duodenal tissues were harvested over a time course to sample a quantitative range of 

signaling levels. Harvested tissues were then divided: 1) to either be freshly processed 

by DISSECT, or 2) to be embedded and then processed by FFPE-DISSECT. Mass 

cytometry analysis was performed on both sets of tissues (isolated from the same animal) 

using the same panel of metal-conjugated reagents for signaling markers (Table 3.1). The 

normalized median intensities of distributions of signaling markers were used as a direct 

comparison between DISSECT and FFPE-DISSECT preparations (Fig 3.8). The  
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Fig. 3.6. Signals are preserved for up to 1-hour post-excision. Immunofluorescence imaging of 
basal signals for all phospho-protein signaling markers used in the human study (Table 3.3) in FFPE 
murine tissues with a post-excision time of up to one hour for simulating possible tissue preparation 
conditions in the human study. Murine duodenal tissues were harvested, and then either fixed 
immediately, or stored in RPMI for 30 or 60 minutes (as per Cooperative Human Tissue Network 
standard operating procedure) prior to fixation and FFPE processing. Crypts, villi, or both displayed 
according to signal localization. Arrows represent individual positive cells. Images are representative of 
3 experiments. Scale bars as indicated.  
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Fig. 3.7. Fixation time does not affect signaling marker detection in FFPE. IF imaging of murine 
duodenal tissues stimulated by TNFα for 30 mins that were in fixative for the indicated time. 
Representative cytoplasmic (p-P38, p-ERK) and nuclear (p-CJUN, p-CREB) signals.  
 

 65 

 

 

 
 
 
 
 
 
Fig 3.8. Comparison between mass cytometry data generated by FFPE-DISSECT and the 
validated DISSECT method on the same intestinal tissue. Murine duodenal harvested from specified 
time points post TNF-α administration were split in two, with one half processed immediately by 
DISSECT (green), and the other half FFPE-embedded and then processed by FFPE-DISSECT 
(magenta). Both sets of tissues were analyzed by mass cytometry with the same cross-reacting 
signaling antibody panel. Dynamic signals are presented as TNF-α stimulation time courses, and 
enriched in either (A) crypts or (B) villus. (C) Correlation analysis combining all villus signaling markers, 
comparing mass cytometry data generated by DISSECT against FFPE-DISSECT. Quantitative data 
from different time points were used to generate a range of variation for correlation analysis. Error bars 
represent SEM from n=3 animals and data scales are Z-score values derived from mean centering and 
variance scaling of each set of time course experiment. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 
0.0001 
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DISSECT approach was optimized for scraped mucosa, and thus, the data generated 

were enriched for villus signals. In contrast, tissue sectioning enabled sampling of the 

entire epithelium for FFPE-DISSECT. Thus, crypt enriched signals, such as p-RB, p-

4EBP1, and p-P38 (Fig 3.9A), did not show good concordance between the two methods 

due to the de-emphasis of crypt signals in DISSECT preps (Fig 3.8A). Crypt proliferative 

signals (p-4EBP1 and p-RB) generated by FFPE-DISSECT showed an initial dip and a  

subsequent increase after TNF-α exposure, mirroring the proliferative response of the 

intestinal epithelium to TNF-α (184). Examining villus-enriched signals, a strong 

correlation between data generated by DISSECT and FFPE-DISSECT was observed (Fig 

3.8B). Quantitative correlation analyses using villus-enriched signals resulted in a highly 

significant correlation (R=0.85, p<0.0001) of mass cytometry data generated by DISSECT 

against FFPE-DISSECT (Fig 3.8C). Including crypt-enriched signals resulted in a slightly 

lower correlation (R=0.76, p<0.0001) (Fig 3.9B). We further verified FFPE-DISSECT and 

compared median signals obtained to those obtained by IF imaging (Fig 3.9C, D) and 

quantitative immunoblotting (Fig 3.9E, F), comparing across different cohorts of mice 

similarly stimulated with TNF-α as a time course. Again, FFPE-DISSECT compared 

favorably. By using FFPE-DISSECT in conjunction with mass cytometry, valid, single-cell 

level signaling data can be obtained from embedded epithelial tissues.  
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approach. TNF-α triggers apoptosis and extrusion of duodenal epithelial cells upon hours  

 
 
 
 
Fig 3.9. Villus signals are more enriched in DISSECT, whereas crypt signals are better 
represented in FFPE-DISSECT. (A) IF imaging of p-P38, p-4EBP1, p-RB at homeostasis in murine 
duodenal FFPE sections. (B) Correlation analysis combining all signaling markers (both villus and 
crypt), comparing mass cytometry data generated by DISSECT against FFPE-DISSECT. Error bars 
represent SEM from n=3 animals and data scales are Z-score values derived from mean centering 
and variance scaling of each set of time course experiment. 
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Cell type-specific signaling reveals increased secretory cell sensitivity to basal and 

TNF-α-induced signaling  

In addition to examining the average over epithelial distributions, we sought to determine 

how different cell populations in the small intestine respond to TNF-α using our single-cell  

of induction (183,184,186) . Our previous study demonstrated that the onset of apoptosis 

occurs at 1 hour after intravenous administration of exogenous TNF-α, and thus, mass 

cytometry data enabled by FFPE-DISSECT were obtained from duodenal tissues at this 

time point. t-distributed stochastic neighbor embedding (t-SNE (116)) analysis on 15-

channel signaling and cell identity data revealed a CC3+ population of apoptotic epithelial 

cells (Fig 3.10A, for markers - Table 3.1). This dying cell population has a distinct signaling 

signature, including the downregulation of p-ERK and upregulation of p-P38 (Fig 3.10A, 

B, and replicates: Fig 3.11), as reported previously. We previously showed that p-ERK 

upregulation in neighboring cells surrounding the apoptotic cell is a contact-dependent 

survival mechanism preventing large-scale barrier defects in the gut (112). We then 

further evaluated cell-type-specific signaling by integrating signals from the entire TNF-α 

time course in cell populations expressing cell-type-specific markers (CLCA1+ goblet 

cells, CHGA+ - chromogranin A enteroendocrine cells, CK+/CLCA1-/CHGA- 

enterocytes). Goblet cells generally have increased signaling across most pathways 

assayed, whereas enteroendocrine cells selectively upregulate certain pathways when 

compared to enterocytes (Fig 3.10C and Fig 3. A). The relative differences in signaling 

between cell types can be reproduced by DISSECT on freshly isolated tissue, again 

confirming the validity of our new approach (Fig 3.10C and Fig 3.S8A). Furthermore, the 

upregulation of p-ERK, p-ATF2, and p-4EBP1 in goblet cells, and of only p-ATF2 in  

 69 

 

 
 
 

 
 
 
 
 
 
 
Fig 3.10. Cell-specific signaling in the murine duodenal epithelium. (A) t-SNE analysis of mass 
cytometry data from the mouse duodenum exposed to TNF-α for 1 hr, prepared by FFPE-DISSECT. 
Color overlaid represents the relative quantification of cleaved caspase 3, p-ERK, and p-P38 events, 
respectively. Labelled cells: apoptotic – CC3+ (3.07%), TA cells – p-4EBP1+ (4.13%), goblet – CLCA1+ 
(5.44%), enterocytes - CKAE+, CLCA1-, CHGA-. Numbers on right axis represent min and max value 
of the color scale. (B) Bi-plots of CC3 with p-ERK or p-P38, demonstrating negative correlation in the 
former and positive correlation in the latter. (C) Signaling specific to epithelial cell types (enterocyte- 
CKAE+, CLCA1-, CHGA-, goblet – CLCA1+, enteroendocrine – CHGA+) calculated by integrating signal 
values over the entire TNF-α time course, comparing mass cytometry data generated by DISSECT 
against FFPE-DISSECT. Error bars represent SEM from n=3 animals and data scales are Z-score 
values derived from mean centering and variance scaling over data values for the three cell types for 
each method. (D) IF imaging to confirm cell type-specific signals (p-ERK, p-ATF2, p-4EBP1) at 
homeostasis. 
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Epitope Clone 

CKAE1/3 CKAE1/AE3 

p-4EBP1 (T37/46) 236B4 

p-RB (1207/811) D20B12 

p-S6 (S240/244) D68F8 

p-ATF2 (T71) 11G2 

p-P38 (T180/Y182) D3F9 

p-STAT3 (Y705) D3A7 

p-CJUN (113) D47G9 

p-RSK (T359/S363) D1E9 

p-CREB (S133) 87G3 

p-ERK1/2 (T202/Y204) D13.14.4E 

p-EGFR (Y1068) D7A5 

ChrgA Polyclonal 

CLCA1 EPR12254-88 

C-Caspase 3 (N-175) Polyclonal 
 
 
 
 
 
 
Table 3.1. Mouse antibody reagent panel 
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Fig 3.11. Replicates over multiple animals depicting relationships between apoptosis and 
signaling pathways using t-SNE and bi-plots. 
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Fig 3.S8. Cell type-specific signaling in the murine duodenal epithelium. (A) A subset of signals 
specific to epithelial cell types (enterocyte- CK20+, CLCA1-, CHGA-, goblet – CLCA1+, 
enteroendocrine – CHGA+) calculated by integrating signal values over the entire TNF-α time course, 
comparing mass cytometry data generated by DISSECT against FFPE-DISSECT. (B) Replicate IF 
imaging to confirm cell type-specific signals (p-ERK, p-ATF2, p-4EBP1) at homeostasis. (C) Baseline 
signals specific to epithelial cell types, comparing mass cytometry data generated by DISSECT 
against FFPE-DISSECT. Error bars represent SEM from n=3 animals and data scales are Z-score 
values derived from mean centering and variance scaling over data values for the three cell types for 
each method. 
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enteroendocrine cells was corroborated by immunofluorescent imaging (Fig 3.10D and 

Fig 3.S8B). These differences were also observed at basal level without TNF-α 

stimulation, perhaps demonstrating the importance of these signaling pathways in the 

identity of these cells (Fig 3.S8C). Here, we focus on the role of p-ERK in goblet cell 

identity.  

 

MEK-ERK signaling is canonically activated by upstream Ras activation. The members 

of the Ras family of small GTPases (KRAS4A, KRAS4B, NRAS, HRAS) share N-terminal 

sequence identity and in vitro effector binding, but have distinct subcellular membrane 

distribution due to differences in post-transcriptional modifications in their C- terminal 

hypervariable regions (187). Thus, different Ras isoforms can engage in different 

signaling effectors, such as Raf, PI3K, and Ral, which can lead to different phenotypic 

manifestations. Mutationally activated KRAS in the intestinal epithelium induces hyper-

proliferation, whereas active NRAS does not (188). Given that both activated KRAS(188) 

and NRAS(186,189) in the intestine can sensitize downstream MEK-ERK towards 

activation in different circumstances, we surmise that MAPK-induced goblet cell identity 

may be a common feature of Ras activation. Villin-Cre driving an activated KRAS 

(KRasLSL-G12D/+) allele in the intestinal epithelium increased the number of goblet cells (Fig 

3.13), but also induced hyperplasia as documented previously (188,190). The same 

induction scheme with activated NRAS (NRasLSL-G12D/+) did not result in hyperplastic 

growth. Surprisingly, NRAS activation led to a similar increase in goblet cells (Fig 3.13), 

a phenotype that has not been connected to NRAS activation until now. Furthermore, in 

accordance with the role of p-ERK in promoting enterocyte survival, goblet cells have x  
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fresh tissue assays and produce biological insights, supporting its feasibility for 

 
 
 
 
 
 
Fig 3.13. RAS induction of MEK-ERK signaling induces goblet cell identity. (A) IF imaging of 
goblet cells by CLCA1 staining in Villin-Cre/+ control, Villin-Cre/+; KRasLSL-G12D/+, and Villin-Cre/+; 
NRasLSL-G12D/+ murine duodenal and ileal epithelial. (B) Quantification of the ratio of area occupied by 
CLCA1 staining versus nuclear staining in the villus (with a correction factor for the size of a goblet 
granule against the size of a nucleus). Error bars represent SEM from n=3 animals. * P ≤ 0.05, ** P ≤ 
0.01, *** P ≤ 0.001, **** P ≤ 0.0001 
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enteroendocrine cells was corroborated by immunofluorescent imaging (Fig 3.10D and 

Fig 3.S8B). These differences were also observed at basal level without TNF-α 

stimulation, perhaps generating meaningful single-cell signaling data from embedded 

tissues.  

 

 

Human CRCs present with dysregulated signaling and differentiation 

One of the goals for FFPE-DISSECT application to embedded tissue is to enable single-

cell signaling analysis on human patient tissue repositories stored as FFPE blocks. To 

that end, we procured a cohort of clinically-annotated colonic tissue samples from the 

Western Division of the Cooperative Human Tissue Network (CHTN), situated at the 

Vanderbilt University Medical Center. After discarding samples with low cellularity 

(<10%), our cohort included 7 normal colon control samples and 13 (6 MSI and 7 MSS) 

primary CRC samples. Control colon samples were collected from a variety of conditions 

unrelated to CRC (e.g., adjacent normal from diverticulitis). According to our time-to-

fixation optimization, we only selected samples with a post-excision time of <1 hour, a 

parameter tracked by CHTN. Clinical and pathological attributes of the CRCs, including 

the microsatellite and KRAS/BRAF mutational status, were summarized (Table 3.2). A 

board-certified pathologist further examined the hematoxylin & eosin stains of these 

samples to confirm tumor histology (Fig 3.14). A panel of cross-reacting antibodies 

against signaling proteins and cell type markers were prepared for mass cytometry 

analysis (Table 3.3). These reagents have been verified to stain human tissues by 

immunofluorescence imaging (Fig 3.15), and to be on-target previously (112). Mass  
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Table 3.2. Summary pathological characteristics of human colon cancer samples 

ID Age Sex Metastatic Stage Grade KRAS BRAF MSI status Tumor Site PET (h)
33468 57 M Yes IIIC G2 U U MSS Sigmoid 1

33469 75 M No II G2 U U MSS Cecum and ileocecal valve 0.5

33470 56 F Yes IV G3 G12V WT MSS Cecum 1

33471 81 F No IIA G2 U V600E MSI-H Left colon 0.5

33472 47 M Yes III G3 U V600E MSI-H Cecum 0.5

33473 80 M U IIA G2 WT WT MSS Sigmoid colon 0.5

33474 78 F U IIA G2 U V600E MSI-H Hepatic flexture 0.5

33475 58 M Yes IIIB G2 U U MSS Right colon 0.5

33476 65 M Yes IV U U WT MSI-H Cecum 0.75

33478 35 M Yes IIIC G2 WT U MSS Sigmoid colon 0.5

33479 40 M U IIA G2 U WT MSI-H Hepatic flexture 0.5

33482 71 M Yes IIIC G2 G12C WT MSS Lower pole 0.5

33483 82 M Yes IIIB G3 U V600E MSI-H Right colon 0.5
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Fig 3.14. Hematoxylin and eosin of MSS and MSI CRCs showing tissue areas occupied by 
tumors.  
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Table 3.3. Human antibody reagent panel 

Epitope Clone
CK18 C-04

CD117 (KIT) 104D2

p-EGFR (Y1068) D7A5

p-4EBP1 (T37/46) 236B4

p-RB (S807/811) D20B12

p-S6 (S240/244) D68F8

CD8 C8/144B

Vimentin D21H3

p-P38 (T180/Y182) D3F9

p-CJUN (S73) D47G9

p-STAT3 (Y705) D3A7

p-RSK (T359/S363) D1E9

Pan-CK C11

p-CREB (S133) 87G3

p-ERK1/2 (T202/Y204) D13.14.4E

Ki-67 B56

CHGA Polyclonal

CK20 D9Z1Z

CLCA1 EPR12254-88

C-Caspase 3 (N-175) Polyclonal
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Fig 3.15. Signaling in human normal colon and CRC. IF imaging of p-P38, p-S6, p-P90RSK, p-
CJUN, and p-ERK1/2, with full representation of the surface-to-crypt axis. 
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cytometry following FFPE-DISSECT was performed on this cohort of human colon and 

CRC samples. Because actual tumors comprised only of a minor fraction of tissues 

resected (Fig 3.14), we decided to focus specifically on epithelial/cancer cells which are 

marked and can be gated by PCK (pan-cytokeratin) (Fig 3.16A, B). From mass cytometry 

data, we quantitatively assessed the percentage of different epithelial cell types in various 

differentiation states from normal colon versus CRC tissues within the epithelial 

compartment. As expected, terminally differentiated cells (CK20+ - cytokeratin 20) were 

significantly decreased in CRC compared to normal colon (Fig 3.17A and Fig 3.16A). 

Furthermore, goblet cells (CLCA1+) and enteroendocrine (CHGA+) cells were also 

significantly decreased (Fig 3.17B, C and Fig 3.16C). However, we discovered that a 

portion of protein markers representing signaling pathway activation were downregulated 

in CRC (Fig 3.17D and Fig 3.15). This result was paradoxical given that cancer is mostly 

driven by mutations that ultimately activate signaling pathways. However, there is 

evidence from in vivo studies that demonstrate the upregulation of negative feedback 

mechanisms when MAPK signaling pathways are mutationally activated only in the 

context of CRC (191). For instance, mutational activation of KRAS in CRC paradoxically 

results in the downregulation of p-ERK due to the upregulation of MKP3 ERK 

phosphatase (188). Furthermore, as shown in our mouse studies, there are substantial 

signaling activities in differentiated cells and these cells are largely absent in CRC (Fig 

3.10C, D). To verify that the reduction in signaling of these pathways did not result from 

poor penetration of fixative, we were able to detect similar stain intensities of multiple 

signaling markers in the peripheral and central regions of the same tumors, for tumors  
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Fig 3.16. Differentiation in human normal colon and CRC. (A) IF imaging of PCK, which marks all 
epithelial cells, and CK20, which marks differentiated epithelial cells in normal colon and CRC. (B) 
Mass cytometry-generated bi-plot of PCK vs. CK20 on normal colon overlaid with cell density. 
Schematic of epithelial (tumor) cell gating by PCK (green) and CK20 (red) for further analysis. (C) 
Manual gating of goblet cells by CLCA1 and enteroendocrine cells by CHGA for normal colon and 
CRC. 
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Fig 3.17. Mass Cytometry analysis of human colorectal cancer specimens prepared by FFPE-
DISSECT. Percentage of (A) CK20+ fully differentiated epithelial cells, (B) CLCA+ goblet cells, and (C) 
CHGA+ enteroendocrine cells in the normal human colon compared to CRC. Error bars represent SEM 
from n>7 different patient specimens. Inset depicts manual gating of differentiated cells by CK20. (D) IF 
imaging of signaling markers (p-CJUN, p-S6, p-ERK, p-P38, CC3) comparing normal colon and CRC. 
(E) t-SNE mapping of mass cytometry data generated from human colon, MSS or MSI CRC specimens, 
overlaid with signaling and selected differentiation markers. Numbers on right axis represent min and 
max value of the color scale. The same scales were used between all samples. Proportional 
downsampling to 20,000 cells was performed for more equivalent representation since some samples 
have a small representation of actual tumor cells. On average 60,000 cell events were collected per 
sample. 
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Fig 3.18. Evidence of fixative penetration. (A) Demonstration of IF imaging of whole tumors at the 
periphery or center. Stitched image and staining for p-S6. (B) Representative images of signaling 
markers detected at the periphery and the center of the same tumors. 
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displaying positive signals (Fig 3.18). These results, all obtained from one sampling of 

tissue, suggested that differentiation is impaired in CRC, and these changes are 

associated with reduced signaling through certain pathways. 

 

 

Modular organization of signaling pathways is disrupted in human CRC 

Using t-SNE analysis to visualize multidimensional single-cell data from normal and CRC 

tissues, we observed defined organization of signaling pathways in normal colon tissues 

at single-cell level. The activation level of signaling proteins in different pathways formed 

distinct patterns on t-SNE maps (Fig 3.17E, for markers – Table 3.3); in one specimen, 

signaling markers formed a counter-clockwise arrangement in association with surface-

to-crypt status marked by cytokeratins. These patterns can be broken down into a 

modular architecture: p-CJUN correlated with CK20+ differentiated cells, PCK, p-S6, and 

p-RSK shared similar expression patterns, and p-ERK, p-P38, p-4EBP1, and p-CREB 

formed another module correlating to less differentiated crypt cells. These modules can 

also be revealed by calculating the pairwise correlation between signaling markers over 

individual cells, and using correlative distances for hierarchical clustering per sample (Fig 

3.19A). Qualitatively, the components within each module were consistent between 

normal colon samples, signifying robust organization of signaling pathways between 

cellular populations. The level of correlation between signaling pathways over single cells 

was reduced in both MSS and MSI CRC samples, signifying the usage of heterogeneous 

modes of signaling pathway regulation between individual cells in a tumor (Fig 3.17E, Fig  
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Fig 3.19. Insights into the heterogeneous organization of signaling pathways in CRC from single-
cell data. (A) Heatmap and hierarchical clustering derived from pairwise correlative distances between 
signaling markers calculated over all single cells in a sample. A high pairwise correlation signifies two 
pathways are regulated in the same way in all cells. Representative colon, MSS, and MSI samples are 
shown. (B) The mean value of all pairwise correlations between signaling markers calculated per 
sample, comparing between normal colon, MSS, and MSI. Error bars represent SEM from n>6 different 
patient specimens. (C) Baker’s gamma correlation coefficient comparing the similarity between 
hierarchical clustering trees computed between all samples within each group (colon, MSS, MSI). Error 
bars represent SEM from n>6 different patient specimens. (D) t-SNE maps of mass cytometry data 
generated from a MSI-BRAFV600E mutant tumor compared to MSS or MSI-BRAF wild type tumors 
overlaid with CK20 and CC3. Numbers on right axis represent min and max value of the color scale. 
The same scales were used between all samples. (E) Percent CK20+ or CC3+ cells comparing MSI-
BRAFV600E mutant tumors compared to tumors of other genotypes. Dotted line represents the 2% 
threshold, and inset is the number of samples passing the threshold. (F) t-SNE maps of mass cytometry 
data generated from a MSS-KRASG12 mutant tumor compared to a MSS-KRAS wild type tumor 
overlaid with p-ERK, Ki67, and CLCA1. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001 
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 correlations signify similar regulatory mechanisms between any pair of pathways utilized 

 
 
 
 
 
Fig 3.20. Analysis of the organization of signaling pathways in human specimens. (A) Pairwise 
comparisons between hierarchical clustering trees with calculated Baker’s gamma correlation 
coefficient for normal colon and MSS CRC. Colored blocks represent signaling modules as 
determined by clustering on signaling markers. (B) Heatmaps generated by pairwise correlations 
between signaling markers calculated over all samples, disregarding single-cell data but instead using 
the median values generated from single-cell distributions. Heat represents correlation >0.7.  
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3.18A). Furthermore, modular organization of signaling pathways from hierarchical 

clustering was not preserved from sample to sample in CRC, implying significant 

intertumoral heterogeneity in signaling pathway regulation (Fig 3.20A). In place of 

qualitative assessment of signaling heterogeneity on a sample-per-sample basis, we 

quantitatively assessed intratumoral and intertumoral heterogeneity over all the samples. 

We evaluated signaling markers measured in a pairwise fashion, with the notion that high 

by all cells. On a per sample basis, this metric can be represented by the total intensity 

on a correlative distance heat map (Fig 3.19A). Normal colon samples have significantly 

higher total correlation compared to MSS and MSI CRC samples, denoting the loss of 

signaling regulation homogeneity between cells in CRC (Fig 3.19B). We quantitatively 

evaluated intertumoral signaling heterogeneity by assessing the degree by which 

signaling modules are reused between samples. For this, we took advantage of tools built 

previously to assess the similarity between dendrograms to evaluate the degree similarity 

between the structures of hierarchical clustering trees (192). We used the Baker’s 

Gamma Correlation coefficient (193), a metric that is insensitive to the height of the 

branches but only to the position of each branch, to calculate pairwise similarities between 

hierarchical trees generated for each sample (Fig 3.20A). The mean Gamma Correlation 

pairwise coefficient showed a significant decrease in value between normal colon and 

MSS and MSI CRC samples, suggesting that normal colons reuse similar signaling 

modules across different samples more so than CRCs (Fig 3.19C). Using bulk (average) 

data to perform the same analysis resulted in different interpretations, again, with normal 

colon samples having high correlation between sets of signaling markers, MSS samples 

having reduced correlation, and MSI samples having correlation between different sets 
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of markers (Fig 3.20B). This difference may be due to the loss of single-cell resolution 

where markers expressed in different cells are considered to be in the same compartment 

as a sample average. These results demonstrated, in a quantitative fashion, that 1) cells 

within normal colon have shared regulatory mechanisms between pathways but not for 

cells in CRC samples (intratumoral heterogeneity), 2) organized signaling modules are 

reused between normal colon samples but not between CRC samples (intertumoral 

heterogeneity).  

 

We next examined whether single-cell signaling properties of tumors are associated with 

molecular characteristics (Table 3.2). All microsatellite unstable (MSI) tumors in our set 

with a BRAFV600E mutation (4/4) presented with no CK20+ differentiated cells, whereas 

all other tumors (MSS or MSI with wild type BRAF – 0/9) presented with some degree of 

differentiation (Fig 3.19D, E). Furthermore, MSI-BRAF mutant tumors all had (4/4) some 

degree of CC3+ apoptotic cells, whereas only a minority of other tumors (3/9) exhibited 

this phenotype (Fig 3.19D, E). For MSS tumors specifically, a KRAS G12 mutation 

conferred downregulation of p-ERK, increased proliferation (Ki67), and upregulation of 

CLCA1+ goblet cell specification compared to KRAS wild type tumors (Fig 3.19F). These 

results provided evidence that molecular properties, not pathological details, correlate 

with single-cell signaling phenotypes in CRC.  
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Discussion 

There is an ongoing effort to use next-generation genomic, epigenomic, transcriptomic, 

and proteomic data to predict tumor outcomes and responses to therapy (194). However, 

the degree of behavioral diversity within a tumor may be just as important, since different 

cellular populations may respond to drugs differently and cooperate to produce emergent 

behaviors. FFPE-DISSECT enables the analysis of single cell signaling activities in 

archival human tissues. Whereas large academic centers have access to various 

methods for human tissue preservation, such as flash freezing, most community hospital 

settings only have access to FFPE. These untapped, large human tissue resources can 

now be mined at the single-cell level for building appropriately powered models to inform 

how heterogeneity contribute to tumor behavior and how cellular diversity changes in 

response to treatment.  

 

There are several caveats to using FFPE-DISSECT, which fall under the same limitations 

as other FFPE applications. First, the range of antibodies that actually work in FFPE 

tissues is reduced compare to freshly isolated tissues, because not all conformationally 

blocked antigens can be retrieved. We somewhat alleviated this problem by only using 

antibodies that are well-validated (e.g., by knockdown in human cell lines or mouse 

tissues) and are widely used in the field for FFPE applications. This problem can perhaps 

be further addressed in the future by better antibody generation practices. For example, 

a higher success rate for the generation of antibodies for FFPE applications may be 

achieved by using fixed proteins as immunogens instead of native peptides. Second, the 

veracity of a stain of a human FFPE section due to tissue degradation comes into 
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question. The preservation of signals, specifically of signaling proteins, is sensitive to the 

amount of time the tissue has been outside the body (185). Furthermore, storage 

conditions of FFPE block, such as temperature and humidity, may introduce variability in 

the results (195). Standardized operating procedures regarding post-excision time, 

fixation, and storage, such as those adopted by CHTN, are required to decrease the 

variability introduced during the tissue preparation step. Third, mass cytometry, although 

multiplexed, still remains a candidate-based method, and the biological insights derived 

are only as informative as the biomarker panel allows. A well-known shortcoming of 

immunohistochemistry techniques is the reliance on cell-type specific markers and 

morphology to identify cell types, whereas these properties may be altered by 

concomitant loss of architecture, infiltration of host cells, and dedifferentiation in 

dysplastic tissue. While we appreciate that cell identities in cancer may not reflect those 

of normal tissue, the use of multiplex marker panels, specifically those of signaling that 

represent the functional state of a cell, can allow for the inference of the lineage of origin 

of cancer cells with unknown identities. Using multiplex single-cell data with comparative 

algorithms such as Citrus (196), one can determine the similarity of cancer cells to 

reference signatures of normal cell types in marker space. Furthermore, candidate-based 

single-cell approaches can be coupled with single-cell RNA sequencing (197), and even 

other unbiased bulk-based methods to become a powerful discovery tool. There is high 

potential impact for characterizing unidentified transitional cells in cancer, as they may 

have altered properties that contribute to malignancy, and more importantly, may be 

targetable by therapy. All of the above limitations are inherent to FFPE applications in 

general, and should be considered and be controlled for at the study design phase.  
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The ability to query signal transduction in a cell-type specific or even at a single-cell level 

is a defined strength of our approach. The prevalent methods to detect and quantify 

signaling proteins remain to be bulk approaches such as Western blots and ELISA 

(184,198), which assume cellular homogeneity and are not always suitable for tissue 

analysis. With these approaches, positive signals in small subsets of cell are washed out 

by larger populations, and the cellular sources of positive signals cannot be determined. 

For imaging applications in tissues, cell-type specific signaling is usually evaluated with 

low multiplexity, for instance, looking at one signaling marker with one cell type marker. 

More recent advances, as mentioned above (115,176–180), allow for higher multiplexity 

but at the expense of feasible application on large sample sets. FFPE-DISSECT coupled 

to mass cytometry is a relatively rapid method for performing multiplex single-cell 

signaling analysis. It can be used for proposing interesting signaling markers that can be 

followed up with imaging, as we have done in this study. 

 

The major assumption of FFPE-DISSECT, which begins with archival tissue blocks, is 

that the tissues are handled properly during the pre-analytical fixation steps. This 

assumption is widely made in the histopathology field, especially in tissue microarray or 

cohort studies where hundreds of samples are collected from different sources (199). 

Improperly fixed tissue will inevitably lead to invalid downstream analyses. To mitigate 

artefacts arising from this source, a standardized SOP was adopted for processing all 

tissues in this study. First, tissue thickness was limited to 5 mm, which according to 

common references (ref), should allow efficient penetration of fixation within one hour. 
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Second, fixative was incubated with a magnetic stirrer to maximize diffusion. Third, the 

fixation time was standardized at 24 hours. Last, and most importantly, a board-certified 

pathologist has reviewed the histology of tissue along with quality assurance-quality 

control data. Histological characteristics indicating poor fixation quality/inadequate 

fixative penetration include: 1) processing observations based on nuclear staining and 

appearance of cytoplasm, 2) scratches or hatching of the specimen during microtomy, 3) 

section disintegrating or pulling apart, 4) smudging or unusual staining, 5) other unusual 

artefacts, 6) stutter, 7) degree of autolysis, and 8) cells showing crenation. Samples 

indicative of fixation problems were not included in this study. Aside from pre-analytical 

evaluation, additional steps can be taken to identify potential artefacts after data 

collection. These include: 1) imaging tissue section from the same tissue block to ensure 

concordance (% of host cell infiltrating, relative intensity of markers) with single-cell data, 

2) imaging single-cell suspensions to ensure disaggregation into single cells, 3) 

evaluating proper conjugation of antibodies by staining with both the conjugated and the 

unconjugated clone coupled to a secondary detection system, 4) assessing detection 

specificity by identifying CyTOF events that are positive for all markers. Many of these 

artefacts arise from the FFPE process, and we remain hopeful that widespread adoption 

of standardized procedures and additional technological advances will minimize these 

issues in the future.  

 

Our approach illuminated differential signaling patterns in different cell types (enterocytes, 

goblet cells, and enteroendocrine cells), with the conclusion that secretory cells in general 

are more sensitive to basal and TNF-α-induced signaling. Goblet cells have the highest 
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signaling propensity, with upregulation of many pathways compared to enterocytes. 

Specifically, goblet cells upregulate p-ERK. We have identified p-ERK as a survival 

mechanism against TNF-α-induced apoptosis, and accordingly, goblet cells were also 

resistant to TNF-α-induced apoptosis (112). Furthermore, EGFR is an receptor upstream 

of p-ERK that plays critical roles in growth, survival, and differentiation in the stem cell 

niche (200). Following this line of logic, we established a link between Ras activation and 

goblet cell metaplasia in the intestinal epithelium. This is the first time that NRAS 

activation is connected to this phenotype to our knowledge. Demonstrating the casual 

effect of this pathway, ERK signaling downregulation has been documented to suppress 

goblet cell specification. Heuberger et al. have shown that epithelial specific SHP2 

knockout suppresses p-ERK signaling and goblet cell differentiation by modulating TCF4 

isoform switching and WNT-dependent transcription (201). This effect on goblet cells can 

be rescued by gain-of-function in MEK1. A more recent report by De Jong et al. has also 

shown that the knockout of both ERK1 and 2 downregulates goblet cell differentiation 

(202). Goblet cells were reduced, but not completely ablated in these studies, suggesting 

that there are redundant mechanisms to maintain goblet cell number. Using a multiplex 

cell-type specific approach, we propose other candidate signaling pathways, such as p-

ATF2, that may act in synergy with p-ERK to control goblet cell specification.  

 

Cellular heterogeneity is an important topic in cancer biology from both genetic and cell 

biology perspectives. Differential signaling between cells is a form of heterogeneity that 

controls cellular behaviors, but is relatively unexplored. Gerdes et al. reported that 

pathway relationships between signaling components identified from cell lines may not 
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hold true in human tissues when observed at single-cell level (115). Here, we identified 

signaling pathways that organize into a modular architecture associated with surface-to-

crypt identity in the normal colonic epithelium. Consistent correlation between pathways 

over single cells represent regulatory mechanisms that are recurrently used by all cells in 

the tissue. Maintenance of modular architecture between samples reflects homogenous 

organization of signaling pathways. Quantifying these two properties using mass 

cytometry single-cell data suggest that both intra- and inter- tissue heterogeneity is 

increased in CRC regarding signaling regulation. Heterogeneity in cancer signaling 

reflects the relaxation of constraints that allows a cancer cell to sample a wider state 

space. These constraints can be physical or biochemical, from disorganization of tissue 

architecture to rewiring of signaling networks. In turn, a cell can adopt novel behaviors 

and functions outside of normal cellular behaviors, such as epithelial-to-mesenchymal 

transition (203). 

 

The RAS-RAF-MEK-ERK MAP kinase cascade plays a major role in the pathogenesis of 

CRC. Activating KRAS and NRAS mutations are found in ~50% of all CRC, while 

activating BRAF mutations are found in ~10% of CRC (204–206). Mutations in KRAS and 

downstream BRAF have been shown to be a biomarker for resistance to upstream anti-

EGFR therapies, as expected (207,208). However, downstream MEK inhibition has been 

shown to have limited efficacy in CRC with KRAS and BRAF mutations (209,210). While 

acquired resistance mechanisms, such as upregulation of ERBB family members and 

BRAF gene amplification (211,212), have been revealed in cell lines, an alternative 

explanation for the lack of efficacy of MEK inhibitors in the clinic may simply be that MAPK 
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signaling downstream of KRAS and BRAF mutations is not upregulated in CRC tissue, 

as shown in the current study. Unlike cell lines (213), activating KRAS and BRAF in vivo 

results in negative feedback that upregulates ERK phosphatase expression (191). 

Channing Der’s group has observed that nuclear ERK phosphorylation in human CRC is 

not correlated to KRAS and, to a lesser extent, BRAF mutational status (214). Mouse 

models also revealed that KRAS activation in normal epithelium activates p-ERK, but this 

effect is inhibited in the context of cancer (188). These results support that tissue and 

disease contexts strongly govern the influence of genetics on the output of signaling 

pathways. 

 

Although some argue for the redundant function of KRAS and BRAF mutations in MAPK 

signaling by their mutual exclusion (215), the cancer phenotypes induced by these 

mutations are vastly different. KRAS mutations mostly occurs in the common sporadic 

CRC pathway known as CIN (chromosomal instability), while BRAF mutations mostly 

occurs in the CIMP (CpG Island Methylator Phenotype) pathway (216,217). 

Hypermethylation of the MLH1 gene results in diminished DNA repair and induces a MSI-

high phenotype distinct from that caused by mismatch repair gene mutations (such as in 

Lynch’s syndrome) (218,219). Thus, BRAF mutations are seen in a majority of MSI 

tumors and rarely in MSS tumors (220). BRAF mutant pathology is also distinct from 

traditional adenocarcinomas, adopting a serrated morphology (206). Although 

microsatellite instability is often a good prognosis due to the infiltration of active immune 

cells (21,221), patients with BRAF mutant tumors have relatively poor overall survival 

despite their MSI status (219,222). These properties may be due to the lack of 
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differentiation in BRAF mutant MSI tumors, resulting in a large number of “stem-like cells” 

, as seen in this study and reported in others (161,223), which confers resistance to 

conventional therapies. Perhaps, increased sensitivity to apoptosis in these tumors, as 

marked by CC3 positivity, can be exploited as a therapeutic option. In our hands, KRAS 

mutation in MSS tumors is suggested to result in downregulation of p-ERK, upregulation 

of goblet cells, and increased proliferation, all in different cell populations. A weakness in 

our study is the low number of samples in each grouping, especially if we further partition 

samples by molecular details. Our intent here is to provide a proof-of-concept application 

of FFPE-DISSECT on human CRCs, and the hypotheses generated with this small cohort 

will need to be confirm in a larger set of tumors. However, given that our approach can 

be applied to FFPE blocks, one can have access to much larger repositories of 

retroactively collected samples that can power any study. FFPE-DISSECT coupled to 

mass cytometry applied to archival samples is a powerful tool to generate large amounts 

of single-cell data with acceptable throughput. These data are complementary to other 

precision medicine efforts to molecularly characterize solid tumors for arriving at subtypes 

that can predict prognosis and therapeutic response.  

 

 

Methods 

Mouse Experiments  

All animal experiments were performed under protocols approved by the Vanderbilt 

University Animal Care and Use Committee and in accordance with NIH guidelines. Mice 

were stimulated with TNF-α as a time course, and their duodena (proximal small intestine) 
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were collected for analysis as previously described (183,184). For DISSECT, a previously 

published protocol was used (112). For FFPE embedding, tissues were fixed in formalin 

for 24 hours prior and then were subjected to standardized embedding procedures. 

Tissues were incubated in RPMI when outside of the body for extended time.  

 

 

Human Tissue Acquisition  

Human normal colon and colorectal cancer tissues were obtained under protocols 

approved by Vanderbilt University through the Cooperative Human Tissue Network 

(CHTN). Clinical and pathology reports were attached to each sample prior to de-

identification of patient information. An optimized CHTN collection SOP was used. Briefly, 

specimen sizes were limited to 5 mm in diameter and fixed for 24 hours in magnetically 

stirred formalin (to facilitate diffusion), after which the specimen was embedded with a 

standardized FFPE protocol. The time from which the specimen was excised from the 

patient to the fixative (during which the tissue was examined by the pathologists or their 

assistants) was recorded as the post-excision time (PET). Specimens with substantial 

tumor cell content determined by haematoxylin and eosin staining were selected for 

analysis. Overall, 7 normal colon samples and 13 CRC samples were selected. 

 

 

DISSECT Disaggregation on FFPE Tissues  

50µm sections were freshly cut from each block and placed in 1.5mL microcentrifuge 

tubes (Fisher). Samples were heated to 65˚c for 25 minutes to melt wax, then washed 3 
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times with 1mL of histoclear for 8 minutes each. Tissues were then rehydrated in 2 

washes each of 100%, 70% and 50% ethanol, then 3 washes of PBS. Samples were 

washed for 10 minutes in PBS with 0.3% Triton X-100, then washed a final time in PBS 

before incubation in the HIAR buffer (DAKO). Samples were incubated in the buffer under 

high heat and pressure for 20 minutes (actively heating for the first 4 minutes), followed 

by 20 minutes cooling of the bench. Samples were then washed 3 addition times in PBS 

and stored at 4˚ until staining. Tissues were blocked at room temperature (RT) for 30 

minutes in 2.5% donkey serum (Jackson ImmunoResearch) in PBS and stained overnight 

at RT with antibodies diluted in the same buffer. Additional blocking with carefully chosen 

serum combinations were applied if secondary antibodies were used. After appropriate 

washing, samples were incubated for 30 minutes in 4% PFA to crosslink antibodies to 

their targets. Samples were washed, and then incubated for 25 minutes at 37˚C in 200µL 

PBS with 1mg/mL each of collagenase (Calbiotech) and dispase (Life Technologies). 

Tissues were passaged 5-10 times through a 27ga needle to mechanically dissociate 

them into single cells. Cells were incubated with a nuclear intercalating agent prior to 

analysis.  

 

 

Cytometry Analyses  

For both fluorescence cytometry and mass cytometry, cells were initially gated using DNA 

content (Hoescht – fluorescence cytometry) or intercalator (Iridium – mass cytometry) 

following established procedures to identify intact single cells and eliminate cell doublets 

and clusters from analysis (112,224,225). Single cells were then analyzed for intensity of 
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antibody conjugates. Fluorescence cytometry was performed on a BD LSRII with 5 lasers 

and mass cytometry was performed on a Fluidigm-DVS CyTOF 1 instrument. Epithelial-

specific analysis was achieved by gating cells positive for pan-Cytokeratin (PCK). 

 

 

Immunofluorescence Imaging  

FFPE tissues were sectioned at 5 μm and processed using standard immunohistological 

techniques, stained with appropriate primary or primary/secondary antibodies. DISSECT-

processed tissues were also imaged pre- and post- disaggregation in a whole-mount 

format. Slides were imaged using a Zeiss Axiophot fluorescence/brightfield microscope 

with a Zeiss Axiocam with 5 channel imaging capabilities. Quantitative analysis of goblet 

cells in the villus was performed on ImageJ using the particle analysis module. Ratios of 

areas occupied between the CLCA1 channel and nuclear channel were calculated with a 

correction factor for the typical size of a goblet granule against the typical size of a 

nucleus.  

 

 

Quantitative Immunofluorescence Imaging and Immunoblotting of Signaling 

Proteins  

The same antibody clones were used for FFPE-DISSECT-CyTOF. Quantifications were 

performed as before, outlined in (112). 
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Antibody Reagents  

See Tables 1 and 3. All signaling antibodies were previously validated and used in mass 

cytometry applications (112).  

 

 

Data Analysis  

t-SNE analysis was performed using the viSNE implementation on Cytobank.org following 

established single-cell analysis workflows (226–228). Gating for cell types was performed 

by considering a first decade (101) threshold for cell type specific markers. Unpaired t-

tests and correlation analyses were performed using Prism (Graphpad). Multiple 

comparison tests were performed with ANOVA with Tukey post-hoc test (Graphpad). 

Correlative distances and heat maps were generated using MATLAB (Mathworks). 

Hierarchical clustering and dendrogram analysis were performed using the dendextend 

package in R (192). 
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Chapter IV 

 

 

SINGLE- CELL MASS CYTOMETRY OF ARCHIVED HUMAN EPITHELIAL TISSUE 

FOR DECODING CANCER SINGALING PATHWAYS 

 

 

Recreated from: Scurrah, CR, Simmons, AJ, Lau, KS. Decoding cancer cell signaling 

pathways by single-cell mass cytometry. Methods Mol Biol. 2019. 

 

 

 

Introduction  

Analytic techniques have rapidly progressed to single-cell resolution, enabling assays that 

address cellular diversity within tissues. These approaches can characterize the 

increasingly appreciated heterogeneities that manifest in complex diseases. For instance, 

many cases of cancer are distinguished by intratumoral infiltration of immune, endothelial, 

mesenchymal, and endothelial cells. These microenvironmental influences, coupled to 

genetic alterations, present a landscape of diverse cancer cell states. Specifically, rare 

cell populations, such as tumor stem cells, possess specialized deleterious functions. 

Tumor stem cells frequently resist standard of care or targeted therapies, repopulate 

tumors during relapse, and contribute to distal metastases that eventually kill patients 

(66,229–231). Addressing rare cancer cell populations, as well as microenvironmental 
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infiltrates that modify prognosis, has become a necessity for better understanding cancer 

cell dynamics and devising more effective therapeutic strategies. 

 

Until recently, results from single-cell analysis of epithelial cells have been skewed by the 

process of isolating individual cells from the native tissue context, which involves 

separating cells from the basement membrane and breaking cell-cell contacts (232). 

Cellular junction disruption perturbs the characteristic polarity of epithelial cells and 

subsequently alters native morphology and signaling, which results in substantial artifacts 

during downstream analysis (112,171,172). Our lab developed a technique, called 

DISSECT, to prevent these alterations by applying fixative to whole tissue to preserve 

cells in their native contexts prior to staining and dissociation. Single-cell suspensions 

from these preparations can be analyzed by mass cytometry (CyTOF), an advanced flow 

cytometry approach where heavy metal-tagged antibodies are utilized in place of 

fluorochrome-labeled ones to enable highly multiplexed measurements of protein 

expression (233). We have previously demonstrated the application of DISSECT-CyTOF 

on fresh samples and FFPE specimens (112,114). FFPE has been a standard practice in 

clinical pathological analysis of tissues for almost a century (234). Because its use in the 

long-term preservation of tissue morphologies has been widely demonstrated, large 

repositories of patient samples exist today. However, cryopreservation is now widely 

regarded as a superior method for tissue storage due to the preservation of sensitive 

antigens and nucleic acids that do not survive the process of formalin fixation, 

dehydration, and paraffinization. Here, we present detailed protocols for the application 

of DISSECT to fresh, FFPE, as well as cryopreserved tissue specimens. These 
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procedures will allow single-cell signaling analysis of epithelial tissue and enable new 

insights for epithelial-derived diseases and solid cancers. 

 

 

Materials  

2.1 Common reagents to all DISSECT procedures 

1. 1X phosphate-buffered saline (1X PBS), without Ca+ and Mg+. 

2. Deionized water (DI H2O). 

3. 15 mL and 50 mL conical tubes. 

4. 1 L containers. 

5. 1.5 mL Eppendorf tubes. 

6. Cytometry tubes with 35-μm cell strainer caps. 

7. Water bath set at 37 °C. 

8. Rocker to apply gentle motion to samples.  

9. Vortex. 

10. Desktop centrifuge. 

11. Minifuge. 

12. Flow Block- 2.5% donkey serum in 1X PBS: Add 1.25 mL of normal donkey serum 

[Jackson ImmunoResearch] into a 50 mL conical tube. Add 1X PBS to a final 

volume of 50 mL. 

13. 1% Triton X-100 in 1X PBS: Add 500 µL of Triton-X 100 [Sigma; Cat: T8787] into 

a 50 mL conical tube. Add 1X PBS to a volume of 50 mL. 
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14. 1% Triton-X 100 in H2O: Add 500 µL of Triton-X 100 into a 50 mL conical tube. 

Add DI H2O to a final volume of 50 mL. 

15. 10% Sodium Dodecyl Sulfate (SDS) in H2O: Add 25 mL of 20% SDS to a 50 mL 

conical tube. Add DI H2O to a volume of 50 mL. 

16. XX Detergent-1% saponin, 0.05% Triton-X 100, and 0.01% SDS in 1X PBS: Weigh 

and add 0.5 g of saponin [Sigma] to a 50 mL conical tube. Add 2.5 mL of 1% Triton 

X-100 in 1X PBS and 50 µL of 10% SDS to the 50 mL conical tube. Add 1X PBS 

to a final volume of 50 mL. 

17. 27.5 gage needles. 

18. 1 mL syringes.  

19. 0.5% Bovine Serum Albumin (BSA) in 1X PBS: Weigh and add 0.25 g of BSA into 

a 50 mL conical. Add 1X PBS to a final volume of 50 mL. Dissolve. 

20. 4% Paraformaldehyde (PFA) stored at 4 °C. 

21. 0.01% Triton-X 100 in 1X PBS: Add 10 mL of 1% Triton X-100 in 1X PBS into a 1 

L container and add 1X PBS to a final volume of 1000 mL.  

22. 0.003% Triton-X 100 in 1X PBS: Add 150 µL of 1% Triton X-100 in 1X PBS solution 

into a 50 mL conical tube and add 1X PBS to a volume of 50 mL. 

23. 0.003% Triton-X 100 in DI H2O: Add 10 mL of the 1% Triton X- 100 in DI H2O into 

a 1L container and add DI H2O to a volume of 1000 mL. 

24. Dissociation solution-1 mg/mL of collagenase and dispase in 1X PBS: Collagenase 

[CalBio; Activity: 1260 U/mg] and dispase [Gibco; Activity: 1.73 U/mg] are each 

dissolved in DI H2O at 100 mg/mL and frozen in 50 µL aliquots at –20 °C. (See 

Note 1) The day of the procedure, prepare the working solution by adding 2 µL of 

 105 

both collagenase and dispase to the same 1.5 mL Eppendorf tube followed by 200 

µL of 1X PBS. 200 µL of dissociation solution is necessary per sample therefore 

scale accordingly.  

25. Hemocytometer. 

26. Ir Intercalator: 1000X (125 μM) intercalator [Fluidigm; Cat: 201192A] is aliquoted 

at 25 μL each in 1.5mL Eppendorf tubes and stored at –20 °C. To prepare a 50X 

stock solution, add 500 μL of 1X PBS to a 25 μL aliquot. (See Note 2). The day of 

procedure, prepare a 1X working solution by adding 2 µL of the 50X stock solution 

to 100 µL of 1X PBS in a 1.5 mL Eppendorf tube. 100 µL of intercalator is 

necessary per sample, therefore, scale accordingly. 

27. Normalization Beads: The day of the procedure, prepare a 1X bead solution by 

adding 1000 µL of a 10X stock solution of normalization bead [DVS; Cat: 201078] 

to a 15 mL conical tube. Add DI H2O until a volume of 10 mL. This volume is used 

for 5-10 samples; therefore, adjust accordingly.  

28. Antibodies: Refer to Table 4.1. 

29. Mass cytometer (Fluidigm).  

30. Data in this manuscript were analyzed using Cytobank (http://www.cytobank.org). 

 

 

2.2 FFPE-DISSECT 

1. Heat block at 65 °C. 

2. Pressure cooker that has a warm and heat setting along with a timer [Cuisinart; 

Model: EPC-1200PC].  
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Tag Target Cat# Clone 

154Sm CD45 3154001B H130 

156Gd PDGFRb 3156018A 18A2 

158Gd CDH1 (E-CAD) 3158018B DECMA-1 

162Dy Pan-Keratin 3162027A C11 

165Ho ITGb3 3165010B VI-PL2 

167Er CD11b 3167011B ICRF44 

168Er Ki67 3168007B B56 

170Er CK20 CS13063 D9Z1Z 

174Yb CK8/18 3174014A C51 
 
 
 
 
 
 
 
 

Table 4.1. Analytes measured in a human cryopreserved colon specimen for this study. 
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3. Histoclear [National Diagnostics; Cat:5989-27-5]. 

4. 100% ethanol (Histology grade). 

5. 70% ethanol: Add 700 mL of 100% ethanol into a 1L glass jar and add DI H2O to 

a final volume of 1000 mL. 

6. 50% ethanol: Add 500 mL of 100% ethanol into a 1L glass jar and add DI H2O to 

a final volume of 1000 mL. 

7. 1X antigen retrieval buffer-1X DAKO solution: Prepare the day of the procedure, 

by adding 1mL of a 10X DAKO target retrieval solution (pH 6) [Agilent; Cat: 

S169984-2] into a 15 mL conical. Add DI H2O to a final volume of 10 mL. 1.5 mL 

solution per sample is necessary therefore adjust accordingly. 

8. 0.3% Triton X-100 in 1X PBS: Add 15 mL of the 1% Triton X-100 in 1X PBS solution 

into a 50 mL conical tube and add 1X PBS to a volume of 50 mL. 

 

 

2.3 Cryo-DISSECT and DISSECT on fresh tissue 

1. Acetone stored at –20 °C in a 50 mL conical. 

 

 

Methods 

For FFPE applications, standard procedures for FFPE embedding were assumed 

to be followed. In summary, resected tissue is immediately fixed in formalin overnight (16-

24 h), followed by dehydration, clearing, and embedding in paraffin. For cryopreservation, 

resected tissue is immediately embedded in Optimal Cutting Temperature compound 
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(OCT) and stored at –80 °C in mold cassettes. For fresh tissue, follow the DISSECT 

protocol to 3.1.3, then switch to the Cryo-DISSECT protocol starting at 3.3.5. For FFPE 

specimens, follow the FFPE-DISSECT protocol to 3.2.20, then switch to the Cryo-

DISSECT protocol starting at 3.3.17. For cryopreserved specimens, follow the Cryo-

DISSECT protocol. An overview of the protocols is shown in Fig 4.1A. Be sure to process 

and analyze the samples in due time (see Note 3). 

 

 

3.1 Starting DISSECT from fresh tissue 

1. Isolate tissue and divide it into small (<1mm) portions. 

2. Fix tissue in 4% PFA for 20 min at room temperature (RT). 

3. Follow the Cryo-DISSECT protocol from 3.3.5.  

 

 

3.2 Starting DISSECT from FFPE tissue (FFPE-DISSECT) 

1. Cut 2-5 50 µm curls using a microtome and put them into a 1.5 mL Eppendorf 

tube (will appear similar to Fig 4.1B) (see Note 4). 

2. Incubate tubes of FFPE curls on heat block at 65 °C for 25 min. 

3. Add 1 mL of histoclear to each pre-warmed tube. Vortex and check the tubes to 

determine if paraffin wax is melted (see Note 5). If paraffin wax is not melted, 

incubate tubes containing histoclear and curls for 8 min on the heat block at 65 

°C. If paraffin wax is melted, incubate tubes containing histoclear and curls for 8 

min at RT (see Note 6).  
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2.  

 

 
 
 
 
 
 
Fig 4.1. Overview of methodologies. (A) Cryopreserved or fresh tissue undergoes fixation followed 
by acetone and detergent incubation, while FFPE tissue initially undergoes rehydration and antigen 
retrieval. Both protocols merge for block, staining, signal fixation and dissociation. Under each step is 
the equipment used for performing the techniques, while tissue states are diagramed above the steps. 
Samples are normalized by: (B) number of curls before fixation, (C) tissue volume before dissociation, 
(D) and number of cells after dissociation prior to cytometry analysis. 
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4. Pellet tissue at 2000 xg for 2 min and remove supernatant. Repeat twice at RT  

(see Note 7 prior to rehydration and antigen retrieval).  

5. Suspend tissue in 1mL of 100% ethanol, vortex and incubate at RT for 8 min. Pellet 

tissue at 2000 xg for 2 min or allow it to settle and carefully remove  

supernatant. Repeat once.  

6. Suspend tissue in 1 mL of 70% ethanol (see 2.2.5), vortex and incubate at RT for 

8 min. Pellet tissue at 2000 xg for 2 min or allow it to settle and carefully remove 

supernatant. Repeat once.  

7. Suspend tissue in 1 mL of 50% ethanol (see 2.2.6), vortex and incubate at RT for 

8 min. Pellet tissue at 2000 Xg for 2 min or allow it to settle and carefully remove 

supernatant. Repeat once.  

8. Suspend tissue in 1 mL 1X PBS. 

9. Pellet tissue at 2000 xg for 2 min and remove supernatant. Repeat twice. If sample 

is greater than 300 µL when pelleted, split up sample into individual tubes. 

10. While washing samples, make a 1X DAKO antigen retrieval buffer (see 2.2.7) and 

heat the solution with a loosened lid in pressure cooker on the “keep warm” setting. 

11. Suspend tissue in 0.3% Triton X-100 (see 2.2.8). Incubate at RT for 10 min. 

12. Pellet tissue at 2000 xg for 2 min and remove supernatant.  

13. Suspend tissue in 1 mL 1X PBS. 

14. Pellet tissue at 2000 xg for 2 min and remove supernatant.  

15. Suspend tissue in 1mL of hot 1X antigen retrieval buffer. Place tubes with lids open 

in rack in pressure cooker, lock lid, and set for 4 min at high pressure. Leave tubes 

in pressure cooker for 20 min total. 
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16. Remove tubes from pressure cooker and allow 20 min to cool on the bench at 

room temperature. After this step, tissue should assume new appearance and be 

much easier to pellet because any agar will have melted away. 

17. Pellet tissue at 2000 xg for 2 min and remove supernatant.  

18. Suspend tissue in 1 mL 1X PBS and transfer to a new pre-labeled tube. 

19. Pellet tissue at 2000 xg for 2 min and remove supernatant. Repeat twice. Tissue 

can be stored at 4 °C on 1X PBS until use. 

20. Follow the Cryo-DISSECT protocol from 3.3.17. 

 

 

3.3 Starting DISSECT from frozen tissues (Cryo-DISSECT) 

1. Store tissues at –80 °C until processing. 

2. Cut 2-5 50 µm sections using a cryostat at –20 °C (Fig 4.1B) (see Note 4).  

3. Place sections into a 1.5 mL Eppendorf tube and keep at –20 or –80 °C until 

needed. 

4. If necessary, thaw samples into 4% PFA for 20 min at RT (see Note 8). 

5. Pellet tissue at 2000 xg for 2 min and remove supernatant (for general advice, see 

Notes 9 and 10).  

6. Suspend tissue in 1 mL 1X PBS; incubate for 5 min. 

7. Pellet tissue at 2000 xg for 2 min and remove supernatant. Repeat twice. Wash 

more times for longer periods if OCT remains in the sample (see Note 6).  

8. If sample is greater than 300 µL when pelleted, split up sample. 
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9. Pellet tissue at 2000 xg for 2 min and remove supernatant (see Notes 7 and 11 

prior to acetone).  

10. Vortex sample vigorously to ensure that the tissue does not remain pelleted. 

11. Add 1 mL of acetone that was kept at –20 °C, vortex briefly, and immediately place 

the tube into a minifuge. 

12. Spin for approximately 10-20 seconds at 2000 xg to pellet tissue.  

13. Pour off acetone and let dry for approximately 30 seconds.  

14. Suspend tissue in 1 mL of XX detergent solution (see 2.1.16). 

15. Gently vortex or agitate for 30 min at RT. 

16. Pellet tissue at 2000 xg for 2 min and remove supernatant. Add 1mL of 1X PBS. 

Repeat once. Tissue can be stored at this step at 4 °C in 1X PBS for a few days 

if needed.  

17. Suspend tissue in 300 µL of Flow Block (see 2.1.12) (Fig 4.1C). 

18. Incubate tubes upright for 30 min with gentle rocking. 

19. Add 1mL of 1X PBS. 

20. Pellet tissue at 2000 xg for 2 min and remove supernatant.  

21. Suspend tissue in 100 µL of primary antibodies in Flow Block. 

22. Incubate overnight, upright, covered (or in a dark room), with gentle rocking. Be 

sure to confirm that stain has penetrated by microscopy (Fig 4.2A) (see Note 12). 

23. Add 1 mL of 1X PBS. 

24. Pellet tissue at 2000 xg for 2 min and remove supernatant. Repeat twice. 

25. If needed, suspend tissue in secondary antibody in 100-200 µL of Flow Block. 

26. Incubate for 1 h covered with gentle rocking. 
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27. Add 1 mL of 1X PBS. 

28. Pellet tissue at 2000 xg for 2 min and remove supernatant. Repeat twice. 

29. To fix signals, suspend tissue in 4% PFA. 

30. Incubate for 30 min with gentle rocking. 

31. Add 1 mL of 1X PBS. 

32. Pellet tissue at 2000 xg for 2 min and remove supernatant. Repeat twice. 

33. Enzymatic dissociation: Suspend tissue in 200 µL dissociation solution (see 

2.1.24) (see Note 13).  

34. Incubate for 1 h in the 37 °C water bath. For FFPE tissue, incubate for 20 min. 

35. Add 800 µL of 0.003% Triton X-100 in 1X PBS (see 2.1.22). 

36. Mechanical dissociation: passage tissue through a 27.5 gage needle connected 

to a 1mL syringe 5-10 times until solution is cloudy and most the tissue is 

dissociated. 

37. To remove large debris and undigested material, filter cells through a 35 µm-nylon 

mesh filter. This can be done with a tube cap filter (designed for a 5 mL flow 

cytometry tube) directly into a clean 1.5 mL Eppendorf tube (Fig 4.1D). 

38. Pellet cells at 5000 xg for 5 min and remove supernatant. 

39. Suspend cells in 100 µL of 0.5% BSA (see 2.1.29) in PBS overnight at 4 °C if not 

running immediately. If running immediately, go to next step.  

40. Add 1 mL 0.003% Triton X-100 in 1X PBS. Single cells can be imaged via 

fluorescently labelled secondary antibodies to confirm staining (Fig 4.2B) (see 

Note 12). 

41. Pellet cells at 5000 xg for 5 min and remove supernatant. 
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Fig 4.2. Immunofluorescence validation at different stages of processing. (A) Whole mount tissue 
staining before dissociation. (B) Single cell suspension after dissociation. Columnar epithelial 
morphologies are observed.  

 115 

42. Suspend cells in 100 µL of intercalator (see 2.1.26). 

43. Incubate for at least 20 min and at most 48 hh. 

44. Add 1 mL of 0.003% Triton X-100 in 1X PBS. 

45. Pellet cells at 5000 xg for 5 min and remove supernatant. 

46. Add 1 mL of 0.003% Triton X-100 in DI H2O (see 2.1.23). 

47. Determine the number of cells in each sample by loading 10 µL onto a 

hemocytometer.  

48. Pellet cells at 5000 xg for 5 min and remove supernatant. Leave samples on ice 

in the dark until they are ready to load. 

49. Re-suspend cells in a volume of normalization bead solution (2.1.27) to achieve 

a concentration of 2.5-5 x 105 cells/mL, or, if cell density is insufficient, into the 

minimum sample volume for the instrument (usually 350-450 µL). 

50. Transfer to a 5 mL filter top tube immediately before loading on the CyTOF. 

(Alternatively, fluorescent flow cytometry can be used with replacing the 

intercalator with a DNA dye such as Hoechst). 

51. After samples are finished running on the CyTOF instrument, FSC data files can 

be uploaded to Cytobank.org for analysis. Optionally, these files can be 

normalized using elemental beads (235).  

52. The intact cell population is determined through a bivariate plot comparing cell 

length and Ir intercalator (channel 193 or 191). Once the cell population is 

identified, elemental beads can be gated out via metals 151 and 175 (and others). 

The cell population can then be analyzed by bivariate plots for marker expression 

and further sub-population classification (Fig 4.3).  
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Fig 4.3. Bivariate plot strategies for analyzing cell populations from Cryo-DISSECT mass 
cytometry data of the human colon. Cells were gated as objects with positive staining of Ir 
intercalator and exceeding a certain ion cloud size. Elemental normalization beads were further 
excluded in the 155 and 175 channels from cell objects. Within the cell object population, epithelial 
cells were PCK-positive, while PCK-negative cells represented non-epithelial cells, a population of 
which was CD45+ leukocytes. Amongst epithelial cells, differentiated cells (on the luminal surface) 
were identified by CK20 expression while proliferative cells were marked by Ki67 expression. Amongst 
leukocytes, myeloid (monocyte and others) cells were marked by CD11b, while proliferative 
leukocytes were marked by Ki67.  
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53. Different cell populations can also be identified by t-distributed stochastic neighbor 

embedding (t-SNE) analysis, allowing the visualization of multidimensional data  

in 2-D space. Overlaying different markers on a t-SNE map allows for the 

identification of cell clusters by their properties (Fig 4.4). (see Note 14).  

 

 

Notes 

1. Once thawed, collagenase and dispase aliquots are good for at least a month 

stored at 4 °C. 

2. The 50X Ir Intercalator stock solution is good for at least 6 months stored in the 

dark at 4 ˚C between uses.  

3. Samples should be processed to completion within a week of thawing or de-

paraffinization. As with any mass cytometry experiment, to avoid the possibility of 

cross-labeling between heavy metals and antibodies, run samples within 24 h of 

staining. DISSECT samples can be more prone to cross-labeling artifacts due to 

the level of processing required.  

4. Under some circumstances, cutting 50 µm sections from FFPE- or cryo-blocks can 

present problems with crumbling. Weigh paper (or something similar) can be used 

to collect tissue fragments which do not remain in the curl and fall during cutting. 

Cutting can be made easier by trimming down the amount of embedded material 

with a razor blade. Too many curls in 1 tube during de-paraffinization can result in 

incomplete wax removal and rehydration. The initial melted or thawed embedding 

material should be less than 250 µL in volume. Samples can be pooled after  
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Fig 4.4. t-SNE analysis of cell populations from Cryo-DISSECT mass cytometry data of the 
human colon. Heat overlays (low to high) represent the Arcsinh-transformed expression level of 
indicated proteins determined by mass cytometry. Cell populations (color-coded gates) were manually 
identified on the t-SNE plot based on marker expression, as detailed in Fig 4.3. 
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retrieval if necessary. 

5. Tissues in histoclear may refuse to settle and even swirl around in the tube in  

response to electrostatic charges from gloved fingers in near contact. This can 

make removal of solution without disturbing the tissue pellet difficult. There are a 

number of ways this could be overcome. For instance, biopsy bags have been 

used with some success, but they tend to wick and carry solutions over between 

washes, and it can be difficult to recover the tissue from the mesh (182). Larger 

volumes or different types of tubes may also help, though it's important to choose 

materials with respect to their resistance to histoclear. Even polypropylene tubes 

are somewhat damaged by histoclear, so it is helpful to change tubes after the 

tissue is hydrated. Furthermore, it is recommended to avoid spinning tissues faster 

than 5000 xg to prevent tissue from pelleting too densely or being damaged. If 

tissue is still not settling, carefully remove the histoclear, rotating and tilting the 

tube to allow for liquid to move away from tissue as it sticks to the side of the tube. 

If tissues are still difficult to pellet and aspirate before antigen retrieval, it is 

suggested to prepare excess antigen retrieval solution, and buffer exchange it onto 

the tissue (add a volume, carefully remove as much as possible, then add another 

volume). It may be helpful to repeat (with hot buffer) after antigen retrieval as well, 

as it is possible to still find wax precipitating in the cooling solution.  

6. The first washes of both procedures are intended to remove the embedding matrix 

(paraffin for FFPE-DISSECT and OCT for Cryo-DISSECT), and subsequent 

staining is dependent on its complete removal. Because of this, users should 

normalize samples such that each tube contains a comparable amount of matrix, 
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and split any samples that may contain too much material. Washes can be 

lengthened or added to assist in removal of the embedding matrix. If possible, 

embedding material should be reduced prior to the cutting of sections by trimming 

the tissue block.  

7. Before beginning antigen retrieval (FFPE-DISSECT) or acetone (Cryo-DISSECT) 

procedures, sample should be normalized such that each tube contains roughly 

the same pelleted volume of tissue. This can be done by splitting or pooling like 

samples, and ensures that all samples consistently experience the same 

concentration of reagents. Likewise, samples should be normalized by cell number 

(determined in 3.3.47) through dilution immediately before loading onto CyTOF for 

analysis.  

8. For cryopreserved tissue, it is important to make a distinction between tissue which 

has or has not been fixed prior to freezing. It is recommended to fix tissue for no 

longer than 1 h if doing so prior to freezing. Curls cut from tissue that has never 

been fixed will need to be fixed gently in a large volume of 4% PFA while 

undergoing thawing for 20 min before further PBS washes. Users should follow 

cryopreservation guidelines concerning the use of sucrose and freezing speeds 

that are appropriate for their tissue of interest, and cut 5-10 µm sections for slides 

(in addition to thick sections for cytometry) to verify that morphology and cell 

integrity have been properly preserved.  

9. Always check the lid and sides of tubes between washes for adherent tissue. If 

tissue is sticking to the side, adding Triton-X 100 or BSA to the 1X PBS may help 

to release it. It is advised to use Triton-X 100 below its critical micelle concentration 
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in a wash to reduce its capacity to damage lipids (236). Incubating tubes upright 

ensures the tissue remains submerged. Once hydrated in 1X PBS with Triton-X 

100, tissues tend to pellet much easier.  

10. If tissue is difficult to pellet, for any given incubation or wash, aspirate the most 

difficult samples first. This would leave a large residual volume for the first sample 

to avoid tissue loss. All other samples should be aspirated to that volume to 

normalize wash efficiency. Add an additional wash or two of the given buffer for all 

samples to compensate for the large residual volume at each step. This ensures 

that (a) samples are treated the same and (b) samples are given enough buffer 

exchanges to sufficiently wash the tissue. 

11. The acetone and XX detergent wash sequence utilized for Cryo-DISSECT is 

somewhat time and temperature sensitive. To ensure that samples are handled 

consistently, prep them in batches of 4-6 samples maximum. It is crucial not to 

begin with too much tissue: a residual 1X PBS volume as little as 100 µL can dilute 

the acetone and prevent cells from pelleting properly, resulting in tissue loss or 

difficulty decanting.  

12. Users with immunohistochemistry or immunofluorescent staining on FFPE and 

cryopreserved tissues are well-suited to perform these procedures, as many 

quality control steps involve imaging. It may be helpful for users to modify the 

buffers, antigen retrieval, and staining conditions to those where the staining can 

be visualized in imaging (either FFPE- or Cryo-DISSECT). Generally, antibodies 

that work in the respective imaging applications have a better chance of working 

in FFPE- or Cryo-DISSECT coupled to cytometry. Validation of antibodies should 



 122 

occur before any experiment. Additionally, it is important and advantageous to 

validate the presence of signals at every step by checking a portion of the sample 

suspension on the microscope with a fluorescently-labeled secondary antibody 

(Fig 4.2). 

13. The enzymatic and mechanical dissociation procedure may require optimization to 

accommodate different tissues, fixations, and antigen retrieval techniques. While 

a variety of tissues have been successfully processed using the dissociation 

solution described above, the duration has varied significantly. FFPE intestinal 

tissue, presumably due to the high level of processing, dissociates much faster (20 

min dissociation) than the same tissue that has only been lightly fixed (1h 

dissociation time). FFPE tissue that has been hydrated, but not antigen retrieved, 

however, will not dissociate. To optimize dissociation, multiple digests of the same 

tissue should be set up and mechanical dissociated at selected time points to 

identify the best conditions. Tissues should mostly pass through the syringe after 

some light trituration (moving the plunger a short distance in and out 10-20 times 

quickly). For lightly fixed mouse intestinal tissue, the muscle normally does not 

dissociate and is filtered out. Samples should become cloudy with cells after 5-10 

full-volume passages with a syringe, and mostly single cells bearing intact 

morphology should be observed under the microscope (Fig 4.2B). For some 

tissues, pipetting alone may be enough to separate cells. 

14. The human colon tissue analyzed here has two major cell populations: epithelial 

and non-epithelial cells. Within epithelial cells, there are distinct absorptive, 

secretory, and progenitor cell populations, while in the non-epithelial cells myeloid 
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and megakaryocyte cell populations can be observed.  
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Chapter V 

 

 

TUMOR STEM CELLS ARISING FROM A NON-STEM ORIGIN MAINTAIN A 

DIFFERENTIATED PHENOTYPE AND MODULATE T CELL ACTIVITY 

 

 

Recreated from: Scurrah CR, Chen B, Markham N, Simmons AJ, Southard-Smith A, 

Macedonia MC, Washington K, Liu Q, Goettel JA, Coffey RJ, Lau KS. Tumor stem cells 

arising from a non-stem origin maintain a differentiated phenotype and modulate T cell 

activity (In preparation).  

 

 

 

Introduction 

Within the diversity of cell types in a tumor, tumor stem cells (TSCs) represent an 

important cell population for malignancy and patient prognosis (80,237). TSCs possess 

stem capacities to self-renew and maintain the diversity of cell types within the tumor (80). 

Various reports have also described additional properties of TSCs to resist cytotoxic 

therapy, repopulate the tumor, and metastasize to distal sites (83–85,231). Furthermore, 

recent large-scale data-driven efforts from The Cancer Genome Atlas (TCGA) have 

identified a stemness index associated with advanced tumor grade, metastasis, and an 
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altered immune microenvironment in various cancer types (86). An unanswered question 

critical to understanding the biology of TSCs is the origin of their stem-like properties. 

 

Much effort of the cancer research field has been devoted to the prescription of cellular 

functions to genetic alterations (238,239). However, the diversity of functional cell state 

can also be determined by non-genetic factors (53). A specific context by which tumor 

stem-like properties can be prescribed is the tumor cell-of-origin. The tumor cell-of-origin 

is the original, normal cell where the tumor initiating event, such as an oncogenic 

mutation, occurred. All tumor cells, including TSCs, are progenies of the tumor cell-of-

origin. Greater than 80% of sporadic colorectal cancer (CRC) cases develop when both 

alleles of APC are inactivated (72), and it is well-accepted that when such Wnt pathway 

perturbing events occur in stem cells, tumors can arise (67,74–77,240–242). However, 

there exists multiple gut epithelial cell populations that can be activated as fail-safe 

mechanisms for maintaining homeostasis under various damaging conditions. Lgr5-

expressing crypt base columnar (CBC) stem cells actively proliferate and act as the 

source of continuous epithelial renewal. Upon different types of damage, various cell 

populations within the differentiation continuum can regain stem-like properties and serve 

as “facultative” stem cells (54,56–60,243,244). How each of these facultative stem cell 

populations differ from traditional stem cells in terms of proliferation rates, stem capacity, 

and biased differentiation towards certain lineages remains to be studied. Furthermore, 

their potential for tumorigenesis compared to traditional stem cells have not been 

elucidated.  
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Tumorigenesis from a non-stem cell route has been proposed, where neoplastic cells at 

upper parts of the crypts are observed to be genetically distinct from the non-neoplastic 

stem cells residing at the bottom of the crypts in human patients (245). There have also 

been elegant mouse studies that demonstrate tumorigenesis can indeed occur from non-

CBCs (56,57,59,67,243). Since some cells in the tumor eventually regain stem-like 

properties, the route of non-stem cell tumorigenesis can be considered to be through a 

facultative stem cell pathway. What has not been shown previously is whether and how 

tumor cells, and specifically TSCs, arising from different cellular origins behave differently. 

To address this question, we initiated tumors in the murine colon from Lrig1-expressing 

stem cells and Mist1-expressing non-stem cells using the same genetic event - bi-allellic 

loss of function of Apc. We characterized TSCs of the resulting tumors from the different 

origins, revealing differences in stem capacity and antigen presentation ability, which 

contributed to a favorable immune microenvironment skewed towards active cytotoxic 

response and away from immune suppression in non-stem cell-driven tumors. These 

results suggest that the cell-of-origin of tumorigenesis provides a specific context by 

which TSCs are generated, which dictates their interactions with the tumor 

microenvironment.  

 

 

Results 

Mist1-expressing cells are non-stem cells that exhibit minimal stem capacity under 

damage 
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To examine whether Mist1-expressing cells exhibit stem capacity, we performed lineage 

tracing under homeostatic and damage conditions using Mist1CreERT2/+; Rosa26LSL-EYFP/+ 

mice, compared to Lrig1CreERT2/+; Rosa26LSL-EYFP/+ mice. Cre recombinase activity was 

induced with intraperitoneal injection of tamoxifen for 3 consecutive days to activate EYFP 

expression in Cre-expressing cells and all of its progenies (Fig 5.1A). Consistent with the 

well-documented characterization of Lrig1+ stem cells (240), individual crypt epithelial 

cells were labeled 24 hours after activation of lineage tracing in Lrig1-expressing cells 

(Fig 5.2A, and Fig 5.1B), and entire crypt labeling persisted long-term for up to 28 days 

(Fig 5.2A-B and Fig 5.1B), demonstrating the self-renewal capacity and multipotency of 

the labeled stem cells. Entire crypt labeling was not observed when the same experiment 

was performed in Mist1CreERT2/+; Rosa26LSL-EYFP/+ mice. While individual cells were initially 

labelled, these cells were completely lost from the epithelium at 28 days after induction 

(Fig 5.2A-B, and Fig 5.1B), signifying the turnover of non-stem cells during epithelial 

renewal. Cells in the lamina propria, most likely long-lasting plasma cells that express 

high levels of Mist1, still retained label after 28 days (refs. 29,30; Fig 5.2A, Fig 5.1B). To 

determine the stem capacity of Mist1-expressing cells in a damage context, we introduced 

2.5% Dextran Sodium Sulfate (DSS) into drinking water after tamoxifen administration to 

exclude the possibility of inflammation- induced upregulation of Mist1 in stem cells, and 

evaluated lineage tracing as a time course post-cessation of DSS (Fig 5.1A). Long-term 

lineage tracking was also not observed in this condition (Fig 5.2A-B, and Fig 5.1C). A 

previous report has documented lineage tracing from Mist1-expressing colonic epithelial 

cells using a mT/mG reporter upon DSS damage (151). Given the difference in lineage  
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Fig 5.1: Mist1-expressing cells exhibit minimal stem capacity under homeostatic or damage 
conditions. (A) Experimental timelines of homeostatic and DSS damage-induced lineage tracing. (B-
C) Representative IF images of long term (28 day) lineage tracing driven from stem (Lrig1CreERT2) and 
non-stem (Mist1CreERT2) cells with different reporters at (B) homeostasis and with (C) DSS damage.  
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Fig 5.2. Mist1-expressing cells exhibit minimal stem capacity under homeostatic or damage 
conditions. (A) Representative IF images of short term and long term (rows: 24 hours and 28 days, 
respectively) lineage tracing in the colon using Lrig1CreERT2/+; R26RLSL-EYFP/+, Mist1CreERT2/+; R26RLSL-

EYFP/+, and Mist1CreERT2/+; R26RLSL-EYFP/+ with DSS mouse models (columns). (B) Quantification of lineage 
traced glands at 28 days at homeostasis or with DSS-damage from stem (Lrig1) and non-stem (Mist1) 
cells using different reporters. Error bars represent SEM from n=3 animals for each condition, ***p-
value< 0.001. 
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reporter performance due to differential epigenetic silencing (248–250), we repeated the 

damage-induced lineage tracing experiment in Mist1CreERT2/+; Rosa2mT/mG/+ mice (Fig 

5.1A). A background level of crypts exhibited lineage tracing 28 days post DSS cessation, 

significantly lower than Lrig1-expressing cells even with a more favorable reporter (Fig 

5.2B, and Fig 5.1C). Short term induction revealed that the reporter labelled a significant 

portion of epithelial cells in Mist1CreERT2/+; Rosa2mT/mG/+ mice (Fig 5.3A), demonstrating 

that the paucity of long-term labeled crypts was not due to the rarity of initially labelled 

cells. These results implicate that Mist1-expressing epithelial cells are non-stem cells 

during homeostasis, and their stem capacity as facultative stem cells is significantly lower 

than that of Lrig1-expressing stem cells.  

 

 

Mist1-expressing cells are secretory progenitor cells in the colonic epithelium 

We next investigated the identity of colonic Mist1-expressing cells, which we have shown 

to be non-stem cells under homeostasis and have not been characterized in the colon. 

Mist1 is an important bHLH transcription factor that modulates intracellular scaling of 

secretory cells throughout the body (251). Once cell fate is determined, Mist1 expression 

leads to expansion of the endoplasmic reticulum for protein production, and machinery 

for secretory vesicular docking and release (252). Since Mist1 expression is necessary 

for proper acinar, chief, and Paneth cell maturation in the gastrointestinal tract (252,253), 

we hypothesized that Mist1-expressing cells is also in the secretory lineage of the colon. 

To determine the identity of Mist1-expressing cells, we examined secretory cell marker 

co-expression with reporter by immunofluorescence in the colonic  
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Fig 5.3: Mist1-expressing cells are secretory progenitors. (A) Representative IF image of reporter 
co-expression with Muc2 in Mist1CreERT2/+; R26RmTmG/+ 10 days after initiation of lineage tracing at 
homeostasis. Quantification of (B) EYFP reporter expressing cells, (C) different cells marked by cell 
type markers, and (D) double positive cells co-expressing reporter and marker, in Mist1CreERT2/+; 
R26RLSL-EYFP/+. Error bars represent SEM from n=3 animals, *p-value<0.05. Dots represent fields of 
view. (E) Proportion of reporter-expressing cells co-expressing secretory cell type markers. (F) Scheme 
of a modified DISSECT protocol for sorting fixed reporter expressing cells (G) Gating strategies for 
sorting reporter and non-reporter expressing cells for sequencing. (H-J) More biological replicates of Fig 
5.4B. Combined t-SNE embedding of bulk RNA sequenced Mist1 mTmG (H) and EYFP (I-J) expressing 
cells (solid circle in red) with n=3 reference murine colonic scRNA-seq dataset (colored dots from 
different mice). Goblet (green) and enteroendocrine (magenta) cell populations are delineated by dotted 
lines. (K) Protein expression of genes with non-specific expression in the colonic epithelium to match 
the differential gene expression analysis in Fig 5.4E (obtained via https://www.proteinatlas.org/). 
Contribution from Chen B, Simmons AJ, Southard-Smith A, Lau KS 
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epithelium of Mist1CreERT2/+; Rosa26LSL-EYFP/+ mice 24 hours post-induction, where 

individually labeled cells are detected. Reporter expression was found in MUC2 and 

CHGA-expressing goblet and enteroendocrine cells, respectively, but not in the DCLK1+ 

tuft cells (Fig 5.4A-B, and Fig 5.3B-E). Reporter was found to be co-expressed more often 

with CHGA than MUC2 (Fig 5.4A-B), suggesting a skewing towards the enteroendocrine 

fate. These results suggest that Mist1-expression may mark a common progenitor to 

enteroendocrine and goblet cells within the colonic secretory cell lineage.  

 

To confirm their secretory identity in an unbiased manner, we conducted transcriptomic 

analysis of reporter-expressing cells in the colonic epithelium of Mist1CreERT2/+; Rosa26LSL-

EYFP/+ and Mist1CreERT2/+; Rosa26mT/mG/+ mice 24 hours post-induction. We used a modified 

fixation-dissociation protocol (113) for intracellular staining to flow sort reporter-

expressing cells and then prepared libraries using a modified MARIS (Method for 

analyzing RNA following intracellular sorting) protocol (254) for bulk RNA-sequencing of 

small numbers of fixed cells (Fig 5.3F-G). The bulk transcriptomes of reporter-expressing 

cells were then co-embedded with single-cell RNA-sequencing (scRNA-seq) data from 

the colonic epithelium where epithelial cell types can be resolved and annotated. 

Bootstrapped t-Distributed Stochastic Neighbor Embedding (t-SNE) revealed that 

reporter-expressing cells co-embed with Chga+ enteroendocrine and Muc2+ goblet cells 

at various frequencies, but not with other epithelial cell types (Fig 5.4C-D and Fig 5.3H-

J). To further confirm the secretory identity of Mist1-expressing cells, we evaluated critical 
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Fig 5.4. Mist1-expressing cells are secretory progenitors. (A) Representative IF images of reporter 
co-expression with cell type specific markers, DCLK1 for tuft cells, MUC2 for goblet cells, and CHGA 
for enteroendocrine cells, after 24 hours of lineage tracing in Mist1CreERT2/+; R26RLSL-EYFP/+ mouse colons. 
Arrows point to single positive (green/red) or double positive (yellow) cells. (B) Quantification of double 
positive cells compared to single positive cells for each marker. Each dot represents a field of view. 
Error bars represent SEM from n=3 animals, *p-value<0.05, and ***p-value<0.001. (C) Combined t-SNE 
embedding of bulk RNA sequenced Mist1 reporter (mTmG)-expressing cells (solid circle in red) with 
n=3 reference murine colonic scRNA-seq dataset (colored dots from different mice). Goblet (green) and 
enteroendocrine (magenta) cell populations are delineated by dotted lines. (D) Quantification of Mist1 
reporter (EYFP or mTmG)-expressing cells co-embedding with different cell types using boot-strapped 
t-SNE runs. n=3 independent experiments. (E) Differential gene expression of cell type markers (left) 
and transcription factors (right) comparing reporter-expressing cells with non-expressing cells, both flow 
sorted for EPCAM. n=3 independent experiments. Contribution from Chen B, Simmons AJ, Southard-
Smith A, Lau KS 
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cell type marker and transcription factor expression in Mist1 reporter-expressing cells. 

There is a significant increase of Muc2, Clca1, Chga, and Reg4, and a moderate increase 

of Dclk1, all secretory cell type markers in the colon compared to unsorted epithelial cell 

controls (Fig 5.4E). Krt20, a marker of cellular differentiation, is also increased compared 

to controls (255), while Tnfrsf13b, Slc4a7, Atg4a, Dctc, and Neto2, known to be expressed 

indiscriminately in colonic epithelial cells (Fig 5.4E, and Fig 5.3K), are comparatively 

enriched in unsorted cells. There is an increase of the master secretory cell transcription 

factor Atoh1 (47,256,257) in Mist1 reporter-expressing cells (Fig 5.4E). Consistent with 

expression of cell type markers, the tuft cell specific transcription factor Pou2f3, is 

moderately increased while enteroendocrine and goblet cells differentiation transcription 

factors Neurog3 and Gfi1, respectively, are significantly increased compared to controls 

(ref. 44; Fig 5.4E). Moreover, reporter expressing cells have increased expression of 

enteroendocrine specific transcription factors Pax6, Syn, Hnf1a, Hnf1b, Cdx2, Gata6, 

Neurod1 and Pax 4 (refs. 44–47; Fig 5.4E), transcription factors determining goblet cell 

and enteroendocrine fates Foxa1 and Foxa2, and goblet cell-specific transcription factor 

Klf4 (refs. 45,46; Fig 5.4E). These results reveal Mist1 reporter-expressing cells to be 

secretory progenitor cells subsuming both goblet and enteroendocrine fates, but may be 

biased towards enteroendocrine differentiation. 
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Fig 5.5: Damage-induced non-stem cell and stem cell driven colonic tumors have similar 
histologies. Experimental timelines of damage-induced tumor induction in (A) Mist1CreERT2/+; 
Apc2lox14/2lox14 and (B) Lrig1CreERT2/+; Apc2lox14/2lox14 models. (C-D) Swiss rolls depicting the entire colon of 
the two tumor models, respectively, and DSS treated control (same genotypes without induction). 
Contribution from Markham N, TPSR, DHSR 
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Fig 5.6. Damage-induced non-stem cell and stem cell driven colonic tumors have similar 
histologies but different cellular makeups. Representative H&E (A) and b-catenin IHC (B) of distal 
(top) and proximal (bottom) colons isolated from induced Mist1CreERT2/+; Apc2lox14/2lox14 mice (first column, 
n=4 animals; low grade dysplasia), uninduced Mist1CreERT2/+; Apc2lox14/2lox14 controls (second column, 
n=3; no dysplasia), induced Lrig1CreERT2/+; Apc2lox14/2lox14 mice (third column, n=4; advanced dysplasia), 
and uninduced Lrig1CreERT2/+; Apc2lox14/2lox14 controls (fourth column, n=3; no dysplasia), all 28 days after 
DSS. (C) Combined UMAP embedding of epithelial scRNA-seq data generated from colonic tissues, 
with each panel displaying data points from each condition (n=3 animals per condition – columns: control 
colons 28 days after DSS, untreated controls, Mist1 tumors, and Lrig1 tumors). Overlays indicate Leiden 
clustering labeled by cell populations. (D) Overlay of specific markers on UMAPs. Contribution from 
Markham N, Chen B, Simmons AJ, Southard-Smith A, Lau KS, TPSR, DHSR 
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Mist1-expressing and Lrig1-expressing cells both give rise to colonic tumors with 

biallelic recombination of Apc in the presence of damage 

Previous work has shown that committed secretory cells can serve as facultative stem 

cells upon damage and give rise to tumors (54,56,57,59,66,67). We showed that Mist1-

expressing cells are likely committed secretory progenitors in the colon, and thus, we 

induced tumorigenesis using biallelic recombination of Apc (Mist1CreERT2/+; Apc2lox14/2lox14) 

followed by 2.5% DSS damage, with this model serving as a non-stem cell-of-origin tumor 

model (Fig 5.5A). In comparison, we induced the same genetic event in stem cells using 

Lrig1CreERT2/+; Apc2lox14/2lox14 mice via focal 4-hydroxytamoxifen delivery into the colon wall, 

followed by DSS damage (Fig 5.5B). Biallelic loss of function of the Apc gene coupled to 

DSS damage resulted in tumors from both stem (Lrig1+) and non-stem (Mist1+) cells-of-

origin (Fig 5.6A-B, and Fig 5.5C-D). Mist1+ cell-derived tumors (Mist1 tumors) were 

observed in both the proximal and distal colon, while Lrig1+ cell-derived tumors (Lrig1 

tumors) were observed only in the distal colon due to the focal induction (Fig 5.6A-B). 

Blind histological assessment of Mist1 and Lrig1 tumors collected after 28 days of 

induction revealed that Lrig1 tumors are high-grade dysplastic lesions while Mist1 tumors 

are classified as low grade (Table 5.1). These results demonstrate that while both Mist1-

expressing non-stem cells and Lrig1-expressing stem cells can initiate tumors in the 

colon, Lrig1 tumors are more advanced in a shorter time frame. 
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Mist1 tumor cells have reduced stem capacity compared to Lrig1 tumor cells 

While Mist1 tumors and Lrig1 tumors exhibit different grades, their gross histopathological 

features appear similar by eye. To identify cellular and molecular features differentiating 

the two tumor types, we applied scRNA-seq on harvested tumor tissues, along with two 

control conditions (colons after DSS recovery and untreated normal colons). Combined 

UMAP analysis of the epithelial compartment of the four conditions revealed that the 

cellular distributions of colons recovered from DSS largely overlap with those of untreated 

normal colons, consistent with full return to homeostasis after 28 days of recovery from 

DSS (Fig 5.6C-D, and Fig 5.7A-B). Tumors with only Apc loss-of-function mutations, 

including those in our study, are early stage adenomas, and they maintain a differentiation 

hierarchy with clear absorptive and secretory cell lineages (Fig 5.6C-D, and Fig 5.7A-B). 

Two salient cellular features differentiate tumor from normal epithelial tissues. First, tumor 

cells of the secretory lineage contain a unique subpopulation of Lysozyme (Lyz1)-

expressing Paneth-like cells distinct from deep crypt secretory cells of the normal colon, 

consistent with lysozyme re-expression in neoplastic/metaplastic human colonic tissues 

(refs. 49–51; Fig 5.6D, and Fig 5.7B). Second, tumors possess distinct stem cell 

populations, which we term tumor stem cells (TSCs), with upregulated Lgr5 expression 

and expression of Vim not found in normal colonic stem cells (Fig 5.6D). These results 

highlight the similarities and differences between epithelial cells of the normal colon and 

early neoplastic lesions driven by Apc mutation.  

 

To characterize TSCs arising from Mist1 non-stem and Lrig1 stem cells, we performed p-

Creode analysis on scRNA-seq data in order to evaluate the output of differentiated cells 
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Genotype Mist1CreERT2/+; Apc2lox14/2lox14 Lrig1CreERT2/+; Apc2lox14/2lox14 

Mouse # 547 154 261 3134 3211 3212 3213 1978 1982 3468 3606 3455 3452 1985 

Treatment Tamoxifen; DSS DSS 4OH Tamoxifen; DSS PBS; DSS 

Grade of 
dysplasia 2 2 2 2 0 0 0 4 4 4 4 0 0 0 

 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1 Stem cell driven tumors are a higher grade than non-stem cell driven tumors. Histological 
scoring of tissues of multiple biological replicates of Mist1- and Lrig1- tumors along with uninduced 
controls. 0: none; 1: unicrypt; 2: low; 3: high, 4: advanced. Contribution from Washington K 
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Fig 5.7 Damage-induced non-stem cell and stem cell driven colonic tumors have different cellular 
makeups. (A) Combined UMAP embedding of epithelial scRNA-seq data generated from colonic 
tissues, as in Fig 5.6C. Overlay represents different biological replicates (mice) to demonstrate minimal 
batch effects. (B) Overlay of cell type markers on UMAPs. Contribution from Chen B, Simmons AJ, 
Southard-Smith A, Lau KS 
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from the TSCs of the two tumor types. Comparative analysis between the two p-Creode  

maps showed that Lrig1 TSCs are highly represented compared to Mist1 TSCs, as 

denoted by the sizes of nodes representing comparative cell density (Fig 5.8A). In 

contrast, Mist1 TSCs have stronger secretory lineage outputs (tuft and goblet cells) 

compared to Lrig1 (Fig 5.8A). Paneth-like cells, which support stem cells (44,200) and 

can be directly differentiated from stem cells (243), are overrepresented in Lrig1 tumors 

(Fig 5.8A). We also performed a supervised cellular proportion analysis on Mist1 and 

Lrig1 tumors to confirm these quantitative results. K-means was used to partition the 

continuous cell state space into non-overlapping clusters, and the clusters were then 

grossly grouped into four groups based on canonical markers expression: secretory, 

absorptive, stem, or transitioning (Fig 5.9A). Within these groups, we calculated the 

proportion of clusters that are represented by Mist1 tumor cells versus Lrig1 tumor cells 

(Fig 5.9B). Transitioning, secretory, and absorptive groups are skewed towards Mist1 

tumors, with 60%, 71%, and 60% of the clusters overrepresented by Mist1 tumor cells, 

respectively (Fig 5.8B). In contrast, the stem cell group was overwhelmingly represented 

by Lrig1 tumor clusters, with 100% of the clusters being Lrig1-skewed (Fig 5.8B). These 

results imply that Lrig1 TSCs have either increased stem cell maintenance capacity or 

proliferation, while Mist1 TSCs have increased propensity to differentiate. Intestinal and 

colonic stem cells differentiate by first transitioning into transit amplifying cells, which 

proliferate at higher rates (264). A larger portion of Mist1 TSCs express gene signatures 

of the cell cycle (Fig 5.9C), suggesting that the overrepresentation of Lrig1 TSCs is due 

to increased stem capacity and not proliferation. To evaluate the intrinsic stem capacity 

of the two TSC types from scRNA-seq data (265). CytoTRACE, when applied to normal  
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Fig 5.8. Stem cell driven tumors have additional stem capacity compared to non-stem cell driven 
tumors. (A) p-Creode trajectory map of Lrig1 (left) and Mist1 (right) tumors constructed from scRNA-
seq data. Size of node corresponds to the comparative cellular density of that cell lineage between 
tumor types. n=3 scRNA-seq datasets for each condition. (B) The fraction of Lrig1 or Mist1 tumor cells 
within K-means clusters identified as stem, secretory, transitioning, or absorptive, generated from 
scRNA-seq. (C) CytoTRACE score, a measure of stemness, for Lrig1 and Mist1 TSCs calculated from 
scRNA-seq. ****p<0.0001. (D) Normalized gene expression of Myc, Ctnnb1, Krt18, and Krt8 for Lrig1 
and Mist1 TSCs from scRNA-seq. ****p<0.0001. (E) Normalized organoid formation efficiency of single 
cells isolated from Lrig1 tumors, Mist1 tumors, and control colons. Each dot represents a well of 24-well 
plate. Error bars represent SEM from n=4 animals per tumor, 2 for control, ****p<0.0001, **p<0.01. (F) 
Representative images of 1 well of organoid formation of single cells isolated from Lrig1 and Mist1 
tumors. Contribution from Chen B, Simmons AJ, Southard-Smith A, Lau KS 
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, we applied CytoTRACE, a metric for scoring differentiation potential on a per cell basis 

 
 
Fig 5.9: Stem cell driven tumor have increased stem capacity compared to non-stem cell driven 
tumors. (A) K-mean clustering displayed as a combined t-SNE embedding of epithelial cells from Lrig1 
and Mist1 tumors. (B) The ratio of Lrig1 tumor cells to Mist1 tumor cells of each cluster (numbered) 
shown in A grouped by gross cell type classification. (C) Normalize metagenes for different cell cycle 
phases of Lrig1 and Mist1 TSCs. (D) CytoTRACE score overlay on UMAP of untreated control colonic 
epithelium to delineate stem cell capacity and differentiation. Contribution from Chen B, Simmons AJ, 
Southard-Smith A, Lau KS 
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colon data, is consistent with the expected view of epithelial differentiation, with stem cells 

having the highest CytoTRACE score, diminishing through transitioning cells towards 

colonocytes and goblet cells (Fig 5.9D). Lrig1 TSCs have a significantly higher 

CytoTRACE score than Mist1 TSCs, implicating that Lrig1 TSCs have higher stem 

capacity on a per cell basis (Fig 5.8C). We also evaluated individual genes that define the 

epithelial stem cell differentiation continuum. Stem cell associated genes, Myc and 

Ctnnb1, are upregulated in Lrig1 TSCs, while differentiated cell associated genes, Krt8 

and Krt18, are upregulated in Mist1 TSCs (Fig 5.8D). Taken together, these properties 

are consistent with the cell-of-origin of dictating TSC phenotype, with Lrig1 TSCs, derived 

from stem cells, having higher stem capacities, and Mist1 TSCs, derived from non-stem 

secretory cells, having more propensity for secretory differentiation. 

 

To experimentally validate the difference in stem capacity of the two TSC types, we 

performed organoid formation assays from single tumor cells. Organoid forming culturing 

conditions enable cells with stem cell characteristics to continuously self-renew and 

differentiate, resulting in robust generation of organoids. Cells with less stem capacity 

must first meet the right conditions to revert back to a stem state, resulting in decreased 

organoid formation (60). Lrig1 tumor cells formed significant more organoids than Mist1 

tumor cells (Fig 5.8E, and 8F). These results support our single-cell analysis and 

demonstrate the difference in stem capacity between TSCs derived from different origins. 
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Mist1 tumor stem cells exhibit increased ability to present antigens and activate T 

cells compared to Lrig1 tumor stem cells 

Previous work has shown that Lgr5+ small intestinal stem cells can be classified into 3 

subpopulations (ISCI, ISCII, ISCIII) that exist on a gradient of stem capacity. ISCII and 

ISCIII possess more differentiation characteristics and were found surprisingly to present 

antigens (35). Because TSCs from Mist1 tumors and Lrig1 tumors exhibit different stem 

capacity, we hypothesize that TSCs derived from different origins also have different 

abilities to present antigen, in turn, affecting the tumor microenvironment. We derived 

metagenes from the Biton et al. study and compared these signatures between Mist1 and 

Lrig1 TSCs. Lrig1 TSCs exhibit a higher ISCI score, while Mist1 TSCs exhibit a higher 

ISCII and ISCIII score, again reflecting differences in stem capacity and differentiation 

characteristics (Fig 5.10A). Gene set enrichment analysis comparing Mist1- with Lrig1- 

TSCs demonstrated significant enrichment of genes associated with immune-mediated 

processes expressed in Mist1 TSCs, with antigen presentation being one of the top hits 

(Fig 5.11A-B). Remarkably, Mist1 TSCs have an increased expression of MHC class II 

antigen presentation machinery, both at the metagene level and at the single-cell level, 

consistent with their classification into the ISCII/III subgroups (Fig 5.10B-C, and Fig 

5.12A). Control and damage-recovered stem cells of the normal colon have higher MHCII 

and ISCII/III metagene scores than either TSC types, suggesting that suppression of 

antigen presentation may correlate with dysplastic progression (Fig 5.12B-C).  
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Fig 5.10. Mist1 TSCs express MHC II machinery and present antigens. (A) Normalized metagene 
expression of ISCI, ISCII, and ISCIII for Lrig1 and Mist1 TSCs derived from scRNA-seq. ****p<0.0001, 
***p<0.001. (B) Individual MHCII gene expression at the single-cell level. (C) Normalized MHCII 
metagene expression for Lrig1 and Mist1 TSCs. ****p<0.0001. (D) Representative flow cytometry plots 
of DQ-OVA+Ia-Ie+ epithelial cells comparing antigen processing and presentation abilities between 
Lrig1- and Mist1- tumoroids. (E) Quantification of C. Error bars represent SEM from n=6 animals per 
condition, **p<0.01. Contribution from Simmons AJ, Southard-Smith A, Goettel JA, Lau KS 
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Fig 5.11: Mist1 TSCs have enrichment of genes associated with immune- mediated processes. 
GSEA top categories and selected enrichment plots generated using (A) KEGG or (B) Gene Ontology 
Molecular Function. Contribution from Chen B, Simmons AJ, Southard-Smith A, Lau KS 
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Fig 5.12: Mist1 TSCs exhibit more MHCII mediated antigen processing and presenting 
machinery. (A) Pseudo-bulk gene expression analysis of selected MHCII genes for Lrig1 and Mist1 
TSCs, and goblet and transitioning cells from the respective tumors. Normalized metagene for (B) MHCII 
expression and (C) ISC categories of control colons 28 days after DSS, untreated controls, Mist1 
tumors, and Lrig1 tumors. n=3 biological replicates per group, ****p<0.0001. (D) Representative flow 
cytometry plot of DQ-OVA+Ia-Ie+ cells from untreated control colonoids. Contribution from Simmons 
AJ, Southard-Smith A, Goettel JA, Lau KS 
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To demonstrate that expression of MHC class II machinery actually reflects function, we 

performed in vitro antigen processing and presentation assays in Lrig1- and Mist1- tumor  

derived organoids (tumoroids). Tumoroids were maintained in stem cell maintenance 

media and exposed to the MHCII antigen DQ-Ovalbumin (DQ-OVA). We assayed for the 

ability of cells to endocytose and proteolytically degrade the antigen, which results in 

green fluorescence. Additionally, the presentation of antigens at the cell surface can be 

evaluated by Ia/Ie surface staining. Using flow cytometric analysis, Mist1-driven 

tumoroids were shown to process and present more OVA antigens than Lrig1-driven 

tumoroids (Fig 5.10D-E, and Fig 5.12D). These results are consistent with MHCII gene 

expression of TSCs and suggests increased interaction of Mist1 TSCs with the immune 

system compared to Lrig1 TSCs. 

 

To show that increased MHCII antigen presentation actually results in differential effects 

on T cells, we performed in vitro antigen-specific T cell activation assays. Mist1- or Lrig1-

derived tumoroid cells were loaded with OVA peptide and then co-cultured with naïve 

OTII CD4+ T cells, which specifically recognize OVA peptide through a MHCII 

mechanism. T cells were then cytometrically assayed for proliferation through CellTrace 

violet, indicative of their activation states. OTII T cells co-cultured with Mist1-derived 

tumoroids showed higher proliferation than those co-cultured with Lrig1-driven tumoroids 

(Fig 5.10F, and Fig 5.12E). Taken together, these results demonstrate that TSCs derived 

from different origins have different abilities to process and present antigens, leading to 

differential T cell activation. In turn, increased antigen-specific T cell activation by Mist1 

TSCs may present a more active, favorable immune microenvironment. 
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Fig 5.13. Mist1 tumors have a cytotoxic immune microenvironment while Lrig1 tumors are 
immunosuppressive. (A) Combined UMAP embedding of scRNA-seq data of immune cells generated 
from colonic tissues, with colored dots representing cells from different conditions. n=3 scRNA-seq 
datasets for each condition. (B) Overlays indicating Leiden clustering labeled by cell populations. 
Quantification of general immune cell types (C) and specific lymphocyte populations (D) within Lrig1 
(left) and Mist1 (right) tumors. Contribution from Chen B, Simmons AJ, Southard-Smith A, Lau KS 
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Fig 5.13. Continued (E) Overlay of specific markers on UMAPs delineating immunosuppression or 
cytotoxicity in myeloid and lymphoid cell lineages. (F) Representative MxIF images of Lrig1 (left) and 
Mist1 (right) tumors with markers delineating T cells (top) and myeloid cells (bottom). (G) Normalized 
quantification of CD3+ and CD3+CD8+ cells per tumor area in Lrig1 and Mist1 tumors. Each dot 
represents a field of view. Error bars represent SEM from n=3 animals per group, ****p<0.0001, 
**p<0.01. Contribution from Chen B, Simmons AJ, Southard-Smith A, Macedonia MC, Lau KS 
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Fig 5.14: Immune cell type specific markers. Combined UMAP embedding of non-epithelial cells from 
Lrig1 and Mist1 tumors. Overlays are immune cell type specific markers. Contribution from Chen B, 
Simmons AJ, Southard-Smith A, Lau KS 
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Fig 5.15: Tumor specific myeloid cell specific markers. Combined Lrig1 and Mist1 tumor Umaps 
showing selected gene expression. Contribution from Chen B, Simmons AJ, Southard-Smith A, Lau KS 
 



 154 

The Mist1 tumor microenvironment is skewed towards anti-tumor, adaptive 

responses while Lrig1 tumors possess a suppressive myeloid environment 

Antigen presentation is associated with a favorable cytotoxic immune microenvironment, 

as seen in tumors with high mutational loads. High MHCII antigen presentation can 

directly activate CD8 T cells through cross-presentation (266,267), as well as amplify 

cytotoxic response through CD4+ T helper cells (Th1; refs. 59–61). Because Mist1 TSCs 

have an increased ability to present antigens and activate T cells compared to Lrig1 

TSCs, we surmised that Mist1 tumors should exhibit a more immuno-active 

microenvironment. From our scRNA-seq data, we observed that Lrig1 tumors are 

overrepresented by myeloid cells, defined by Fcgr3 (CD16) and Itgam (CD11b), 

compared to Mist1 tumors (Fig 5.13A-D, and Fig 5.14-15). Lrig1 tumors have increased 

tumor associated macrophages (TAMs), known to promote tumor progression, and can 

be identified in our dataset by Csf1r, Mrc1 (CD206), Adgre1 (F4/80), and Cd68 (ref. 62; 

Fig 5.13A-D, and Fig 5.15). These cells express markers of immune suppressive TAMs, 

as identified in recent human CRC studies, including Sepp1 (272), Spp1 (Osteopontin; 

refs. 64,65), C1qc (275), and anti-inflammatory Apoe (ref. 67;  Fig 5.15). Furthermore, 

Lrig1 tumors have increased infiltration of myeloid cells that cannot be classically defined 

but resembled myeloid derived suppressive cells (MDSCs; Fig 5.13A-D, and Fig 5.14). 

MDSCs are specific to tumors, retain characteristics of macrophages, dendritic cells, and 

granulocytes, and suppress the function of immune cells to create a suppressive 

environment for the tumor to flourish (89). Monocytic MDSCs have been defined 

previously by scRNA-seq (277) and our MDSC-like cells express similar markers (Il4ra, 

Clec4e, Clec4d, Ifitm1, Junb, Pla2g7, Ccr2, Spp1; refs. 70,71; Fig 5.15). Specifically, 
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mixed expression of M1 (Nos2 - iNos) and M2 (Arg1, Arg2) was detected in this 

subpopulation, characteristic of MDSCs (refs. 72,73; Fig 5.13E). MDSCs were thought to 

arise from chronic, dysregulated IL6 signaling that reinforces an immature state (89,282). 

Lrig1 tumor MDSC-like cells express components of the Il6 signaling pathway such as Il6 

and Jak2, Cebpb (C/EBPbeta) transcription factor downstream of cytokine signaling 

(283,284), as well as suppressors of cytokine signaling (Socs3, Cish) expressed as 

feedback mechanisms to active signaling (refs. 73,74; Fig 5.13E, and Fig 5.15). 

Consequently, inflammatory genes are also enriched in this population (Il1b, Ptgs2 

(Cox2), Nfkb1, Tnf; ref. 68), as well as secreted factors (Cxcl2, Vegfa) shown previously 

to further promote immune suppression (refs. 66,77; Fig 5.15-S10). At last, this population 

also expresses classic immuno-suppressive markers such as (Cd274, Havcr2, Prdm1, 

Id2, Nfil3; refs. 1,78–81; Fig 5.13E, and Fig 5.16). On the granulocytic side, Lrig1 tumor 

neutrophils contain a subset that expresses Cd274 (PDL1), which are absent in Mist1 

tumors (ref. 82; Fig 5.13E). These expression profiles imply that Lrig1 tumors possess an 

immune environment skewed towards suppression characterized by higher 

representation of MDSC-like cells compared to Mist1 tumors. In line with the immune-

suppressive environment, Lrig1 tumors include a population of dysfunctional T cells that 

is absent in Mist1 tumors. T cell dysfunction can result from anergy or exhaustion that 

ultimately results in immunosuppression (95,291–293). These cells are CD4+ T cells that 

express immunosuppressive markers, the most prominent being Pdcd1 (PD1; ref. 80), 

Ctla4 (294), Prdm1 (295), and Havcr2 (TIM3; ref. 89; Fig 5.13A-E, and Fig 5.16). Other 

markers that implicate a suppressed phenotype include Socs3 and Cish downstream of 

JAK-STAT signaling and Id2 downstream of TGFβ signaling (Fig 5.13E,  
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Fig 5.16: Immunosuppressive and T cell specific markers. Combined Lrig1 and Mist1 tumor Umaps 
showing selected gene expression. Contribution from Chen B, Simmons AJ, Southard-Smith A, Lau KS 
 

 157 

and Fig 5.15-16). TGFβ and cytokine signaling can lead to RORα-dependent tumor-

promoting inflammation, evident in this population by Rora and Il17a expression (ref. 86; 

Fig 5.16). Maintained Il2ra and Stat5 expression during T cell dysfunction has also been 

reported while dysfunctional T cell Ifng secretion maintains a muted immune response 

(refs. 83–86; Fig 5.16). Furthermore, Il2ra and Ahr, markers for Tregs (272,298), and 

target genes part of the Foxp3 regulon are upregulated in subpopulation, indicating 

immune suppression (Fig 5.13E, and Fig 5.16).  

 

Conversely, Mist1 tumor T cells are overrepresented by CD8+ cytotoxic cells (Fig 5.13A-

E). These cells cluster with intraepithelial lymphocytes (IEL) from control colons and 

express IEL markers Itgae and Trdc (TCRdelta; refs. 92,93; Fig 5.16); IELs exhibit 

cytotoxic functions against epithelial cells compromised by pathogens (301). These cells 

express Gzma and Gzmb that play key roles in cytotoxicity (Fig 5.13E, and Fig 5.16), 

markers of T cell activation (Cd38, Tcf7, Lef1, Il7r), and the killing effectors Klre1 (302), 

Cd244 (when expressed at the appropriate level; ref. 96), Nkg7, Klrd1, and Xcl1 (ref. 63; 

Fig 5.16). Klf2 expression is also detected in these active cells that regulate the homing 

and memory potential of CD8 T cells (ref. 97; Fig 5.16). These expression profiles 

implicate that these Mist1 tumor-enriched CD8+ T cells are active and primed for 

cytotoxicity. 

 

Recent studies have shown the importance of spatial localization of immune cells in 

controlling tumor response (22). To validate scRNA-seq findings and to visualize the 

localization of these immune cells, we utilized multiplexed immunofluorescence imaging 
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to quantify lymphocytes and myeloid cells that infiltrated into the tumor and excluded 

those that reside in the peritumor space (Fig 5.17A). In Mist1 tumors compared to Lrig1 

tumors, there is a significantly higher number of tumor-infiltrating cytotoxic T cells 

(CD3+/CD8+), but not helper T cells (CD3+/CD4+), leading to a higher overall CD3+ T 

cell count (Fig 5.13F-G, and Fig 5.17B). Conversely, Lrig1 tumors have a higher infiltration 

of B220+ B cells, consistent with scRNA-seq data, and their CD11b+ and CD11c+ 

myeloid cells also trend higher (Fig 5.13F-G, and Fig 5.17B). These results are consistent 

with scRNA-seq data and implicate that Mist1 tumors have an immune microenvironment 

skewed towards cytotoxicity, more similar to tumors with high mutational burden, while 

Lrig1 tumors have characteristics of myeloid suppression and T cell dysfunction.  

 

 

Discussion 

Here, we show that Mist1-expressing cells are secretory progenitor cells with minimal 

stem capacity under damage conditions compared to traditional colonic stem cells. 

Moreover, tumors derived from Mist1-expressing cells maintain characteristics of the cell-

of-origin that are different from tumors derived from Lrig1-expressing cells. These 

differences are evident in TSC stem capacity and antigen presentation ability contributing 

to a favorable immune microenvironment skewed towards an active cytotoxic response 

and away from immune suppression in Mist1 tumors. We reveal Mist1-expressing cells 

to be a common secretory cell progenitor biased towards enteroendocrine cells. MIST1 

(BHLHA15) is a transcription factor found in secretory cells in the GI, such as intestinal 

Paneth cells, pancreatic acinar cells, gastric chief cells, and plasma cells (148,150,305). 
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Fig 5.17: Lrig1 tumors are immunosuppressive. (A) Representative quantification of MxIF images 
using protein expression (top) to create masks (bottom) for image quantification. (B) Representative 
images for tumor infiltrating immune cells in Lrig1 versus Mist1 tumors. (C) Additional quantification of 
immune cells from MxIF. Error bars represent SEM from n=3 animals, **p-value<0.01. Dots represent 
fields of view. Contribution from Macedonia MC, Lau KS 
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Recognized as an endoplasmic reticulum scaling factor, MIST1 controls the expansion of 

the protein production and trafficking machinery in cells specialized in the secretion of 

protein products. (150,251). Our damage-induced lineage tracing demonstrates that 

Mist1-expressing cells have minimal stem capacity under damage conditions. These 

results are consistent with other facultative stem cells. Hayawaka et al utilized the Mist1-

driver with the tdTomato reporter to obtain a ~1% traced colonic glands under DSS-

damage conditions. Under irradiation damage, Dll1-expressing early secretory 

progenitors lineage trace approximately ~2% of duodenum crypts while Dclk1-expressing 

tuft cells exhibit lineage tracing in less than ~1% of small intestinal and colonic crypts after 

irradiation or DSS-mediated damage, respectively (69). Moreover, Alpi-expressing 

absorptive progenitors lineage trace ~0.5% duodenum crypts when Lgr5-expressing stem 

cells are ablated (20), while Nkx2.2-expressing enteroendocrine cells, rarely lineage 

traced under damage (68). While these frequencies are significantly less than the 41.07% 

lineage traced colonic crypts from stem cells similar to our results, there are reports where 

significant numbers of crypts are lineage traced, for example, from Paneth cells when the 

intestine is damaged by doxorubicin (58). These differences can be attributed to biological 

differences between small intestinal and colonic cell populations, as well as differential 

abilities of different types of damage to induce different cell populations to fulfill the 

facultative stem cell role.  

 

A major question remains: are different facultative stem cell types identical to each other 

and to traditional stem cells? Comparative transcriptomic profiling suggests that 

facultative stem cell populations are distinct. For instance, Alpi-expressing cells that 
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acquire stem capacity upon damage still express absorptive-specific genes and have 

enrichment of apoptosis and damage protective genes (20). This suggests that while non-

stem cells may acquire stem capacity and resemble traditional stem cells in some 

phenotypic behaviors, they retain some epigenetic identity of its origins (307). Does the 

identity of a facultative stem cell, then, affect the resultant tumor originating from it? Our 

work and others have shown that stem and non-stem cell-driven tumors are histologically 

indistinguishable (67,151). However, our study demonstrates that differences between 

TSCs from different cell-of-origins are molecularly distinct. Mist1 TSCs have decreased 

stem capacity and increased propensity for secretory cell differentiation compared to 

Lrig1 TSCs, demonstrating that a remnant signature of the cell-of-origin is maintained 

through tumorigenesis. Decreased stemness of TSCs correlates with increased MHCII-

mediated antigen presentation capabilities, consistent with recent reports describing 

these properties in different healthy intestinal stem cell populations (35). What remains to 

be addressed is whether antigen presentation ability is an intrinsic quality related to TSC 

differentiation or an extrinsic quality dependent on differential regulation of the immune 

microenvironment that subsequently influences stem cells. While the most direct 

explanation is intrinsic regulation driven by stem cell state as suggested by Biton et al., 

the intestine is a dynamic organ under constant perturbations from microbes and damage 

that stimulate the local immune microenvironment to interact with epithelial cells. IFN 

gamma signaling is a major microenvironmental pathway that induces MHCII expression 

via a JAK/STAT transcriptional program in various cell types (308). This pathway can 

interact non-autonomously with TSCs to reinforce antigen presentation, given that the 

tumor microenvironment is inflammatory. Extrinsic vs intrinsic regulation of MHCII in TSC 
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warrants further study in experimental systems that separately examine tumor cells and 

the microenvironment. These include tumoroid systems that can exclude or reconstitute 

the microenvironment, or transplant of tumor cells into mice with defined immune 

systems. 

 

MHC antigen presentation regulates tumor cell interaction with the immune system. Thus, 

we have also revealed that non-stem cell-driven tumors with antigen presenting TSCs 

have more cytotoxic immune microenvironments than stem cell-driven tumors, which 

have more immune suppressive microenvironments. We show that muted cytotoxic 

microenvironments found in stem cell-driven tumors are accompanied by an influx of 

myeloid derived suppressor cells (MDSCs). MDSCs result from persistent inflammatory 

stimuli commonly observed in tumors, and they are a heterogeneous myeloid cell 

population with characteristics of macrophages, dendritic cells, granulocytes, and 

immature monocytes. They release reactive oxygen and nitrogen species and anti-

inflammatory cytokines that suppresses the immune microenvironment which leads to T 

cell dysfunction (88,89). Immunotherapy has recently been approved for a wide variety of 

cancers but their efficacy is optimal in tumors with an intact immune response (309). It 

was previously shown that CRCs that have high mutational loads and are microsatellite 

instable (MSI) have better prognoses due to active immune surveillance (21,310). Current 

clinical practices also preselect MSI CRC patients to be candidates for immunotherapy 

treatment (22). The rationale behind these clinical decisions is that a high mutational 

burden creates a large antigenic load. Large numbers of “non-self” antigens get presented 

to adaptive immune cells, which then act to eliminate tumor cells. However, a recent study 
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by the Galon group showed that the MSI status of CRC does not predict patient survival, 

but instead, the immunoscore – a quantitative metric for immune cell infiltration – is a 

better predictor (22). Moreover, autophagy has recently been identified as a mechanism 

to downregulate antigen presentation machinery, which in turn suppresses the cytotoxic 

tumor microenvironment and promote progression of pancreatic tumors (311). Thus, the 

level of neoantigens is not a sufficient correlate to a cytotoxic immune response; the 

quality of antigen presentation is also an important contributing factor. Our work reveals 

that the origin of tumorigenesis may provide an important context by which the antigen 

presentation machinery of TSCs can be regulated, and sheds light on the mechanism of 

adaptive immune response suppression in tumors.  

 

 

Methods 

Murine lineage tracing  

For homeostatic lineage tracing studies, Lrig1CreERT2/+;Rosa26LSL-EYFP/+ mice were injected 

intraperitoneally (i.p.) for 3 consecutive days with 2.5 mg tamoxifen (Sigma; T5648) in 

corn oil, while Mist1CreERT2/+;Rosa26LSL-EYF/+P were injected i.p. for 3 consecutive days with 

5 mg tamoxifen. Mice were euthanized 24 h, 10 days, and 28 days later. For damage-

induced lineage tracing, Mist1CreERT2/+;Rosa26LSL-EYFP/+ and Mist1CreERT2/+;Rosa26mT/mG/+ 

mice were injected i.p. for 3 consecutive days with 5 mg tamoxifen, and were then 

administered 2.5% DSS (TdB Consultancy; Batches DB001-37, DB001-42) in drinking 

water for the following 6 days. After cessation of DSS, mice were euthanized 24 h, and 

28 days later.  
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Induction of tumorigenesis using different promoters 

Mist1CreERT2/+;Apc2lox14/2lox14 were injected i.p. for 3 consecutive days with 5 mg tamoxifen 

in corn oil, and were then administered 2.5% DSS in drinking water for the following 6 

days, prior to a 9-day rest period, followed by a second round of DSS. 

Lrig1CreERT/+2;Apc2lox14/2lox14 were injected with 0.01µM 4-hydroxytamoxfin (Sigma; H6278) 

through colonoscopy-guided orthotropic injections into the mucosal lining of the distal 

colon (312), and were then administered a 2.5% DSS solution in the drinking water for 

the following 6 days. Control mice received PBS injections followed by DSS. Mice were 

euthanized approximately 28 days following Cre induction.  

 

 

Immunofluorescence and histological imaging 

Upon euthanasia of an animal, colonic tissue was removed, washed with 1X DPBS, 

spread longitudinally onto Whatman paper and fixed in 4% PFA (Thermo Scientific; 

J19943K2) overnight. Fixed tissues were washed with 1X DPBS, swiss-rolled, and stored 

in 70% EtOH until processing and paraffin embedding. Tissues were sectioned at 5 mm 

thick onto glass slides. Slides were processed for deparaffinization, rehydration, and 

antigen retrieval using citrate buffer (pH 6.0) for 20 minutes in a pressure cooker at 105°C 

followed by a 20-minute bench cool down. Endogenous background signal was reduced 

by incubating slides in 1% H2O2 (Sigma, 216763) for 10 minutes, before blocking for 30 

minutes in 2.5% Normal Donkey Seurm (NDS) in 1X DPBS prior to antibody staining. 

Primary antibodies against GFP (1:1000; Novus; NB600-308SS), MUC2 (1:100; Santa 
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Cruz; sc15334), CHGA (1:100; Santa Cruz; sc1488), and DCAMKL1 (1:100; Abcam; 

ab109029) were incubated on the slides in a humidity chamber overnight, followed by 

three washes in PBS, and 1 hour incubation in Hoechst 33342 (1:10000; Invitrogen; 

H3570), and compatible secondaries (1:500; Life Technologies) conjugated to AlexaFluor 

(AF)-48, or AF-647. Slides were washed in 1X DPBS, mounted in Prolong Gold 

(Invitrogen; P36930) and imaged using a Zeiss Axio Imager M2 microscope with 

Axiovision digital imaging system (Zeiss, Jena GmBH, Germany). Multiplexed imaging 

was performed by using a multiplex iterative staining and fluorescence-inactivation 

protocol, as previously described (McKinley et al, 2017, 2019), and imaged on an 

Olympus X81 inverted microscope (20X magnification) with a motorized stage. For 

multiplexed imaging, antibodies against CD3 (1:100; ThermoScientific; RM-9107-50), 

CD8 (1:100; Invitrogen; 14-0808-80), CD4 (1:100; Invitrogen;14-9766-80), CD11b-AF647 

(1:100; Abcam; ab204471), CD11c (1:100; Biolegend; 117301), CD45/B220-AF647 

(1:100; Biolegend), and b-Catenin- AF555 were used.  

 

For histological analysis, slides were processed and stained for hematoxylin and eosin 

and b-catenin using standard approaches. Blind scoring was conducted by a pathologist 

(Dr. Kay Washington) using brightfield microscopy and a standard grading scale for 

dysplasia. 
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Image quantification 

For lineage tracing, the number of fully labelled crypts against total number of crypts was 

quantified.  

 

For cell type quantification, manual delineation of the colonic epithelium was performed 

to generate masks for specific markers. ImageJ was used to automatically count cells 

with single marker expression, and marker/reporter co-expression. These numbers were 

then normalized to the area occupied by a nuclear mask to generally mark the amount of 

tissue imaged. 

 

Quantitative multiplexed image analysis was performed as described previously by 

epithelium masking, single-cell segmentation, and calculating median intensity for each 

marker with respect to the whole cell, plasma membrane, cytoplasm, and nucleus 

(51,313,314). 

 

 

Single-cell dissociation 

Tissue used for other studies were enriched for epithelium by chelating in 2 mM 

EDTA/EGTA, 0.5mM DTT in 1X DPBS at 4 degrees Celsius on a rotating shaker for 1 

hour 15 min followed by 2 min of shaking in 1X DPBS. Tissues were then gently passaged 

through a syringe and then dissociated into single cells with a cold-activated protease 

(1 mg/mL) and DNase I (2.5 mg/mL) mixture in 1x DPBS for 25 min on a rocker at 4 
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degrees Celsius. Multiple washes with 1X DPBS were then conducted, and cell viability 

was determined by counting Trypan Blue positive cells. 

 

 

Organoid formation assays 

Cell number was normalized and plated onto 24 wells plates in Matrigel overlaid with 

Intesticult (Fisher scientific, NC0879988). After one week, the number of organoids was 

counted using The GelCount™ system by Oxford Optronix. The number of organoids 

formed in each well was normalized to the number of single cells plated to determine 

organoid formation.  

 

Antigen processing and presentation assay and activation of T cells 

Organoids were formed and cultured for one week in Matrigel and Intesticult. Then, 

organoids were collected and reseeded without Matrigel in 100 mg/mL DQ-Ovalbumin 

(Thermo Fisher Scientific, D12053) in Intesticult for approximately 24 hours. After 24 

hours, organoids were fixed, stained overnight with antibodies against GFP and Ia/Ie-

AF647 (1:100; Biolegend, 10760 ), and analyzed using a BD LSRII 5-laser flow cytometer. 

Flow data were analyzed using Cytobank (315). To analyze activation of naïve T cells, 

crypts were plated on 24 or 6 well plates in Matrigel discs overlaid with Intesticult. 

Approximately, one week later, organoids were collected, dissociated into single cells and 

reseeded without Matrigel in 100 ug/mL of Ovalbumin peptide (Anaspec, OVA323-339) 

in Intesticult for approximately 24 hours. Following 24 hours, naïve OTII T cells were 
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added to the tumor cell/Ova peptide mixture for 3 days or 5 days. T cells were sorted and 

analyzed through flow cytometry and cell trace violet. See Biton et al. for more detail. 

 

 

MARIS bulk sequencing of reporter expressing cells 

After chelation but prior to single-cell dissociation, tissue was processed with a modified 

fixation/dissociation protocol (254). Briefly, tissue was fixed for 15 min (0.1% Saponin in 

4% PFA, RNAse-inhibitor), washed (0.1% Saponin in 1X DPBS RNAse-inhibitor), and 

stained overnight with primary antibodies against GFP and EPCAM (1:100; Santa Cruz 

Biotech; Sc-53532) in wash buffer. The following day, samples were washed with 1X 

DPBS, followed by an 1-hour incubation with compatible secondary antibodies in wash 

buffer. Samples were subsequently fixed followed by mechanical disassociation into 

single cells before flow sorting using BD FACSAria III.  

 

After sorting, total RNA was isolated from the flow sorted cells using the RecoverAll Total 

Nucleic Acid Isolation kit (Ambion), starting at the protease digestion stage of the 

manufacturer-recommended protocol similarly to Hrvatin et al (254). The initial protease 

digest was scaled to the number of the cells post-sorting. Complementary DNA (cDNA) 

was generated from 160 ng of total RNA with Poly A priming using Maxima H minus 

reverse transcriptase (ThermoFisher). The poly A capture primers used were the identical 

to unconjugated primers used for inDrop scRNA-seq in order to generate cDNA libraries 

comparable to the reference scRNA-seq datasets for downstream integrative analysis 

(316). RNA-seq libraries were prepared as in Southard-Smith et al. (317) and sequenced 

 169 

on the NextSeq 500 (Illumina) as described below. To integrate with scRNA-seq datasets, 

the resulting bulk RNA-seq dataset was treated as a single cell datapoint, and normalized 

and processed accordingly (318). 

 

 

Single-cell RNA-sequencing 

Single cells were encapsulated and barcoded using the inDrop platform (1CellBio) with 

an in vitro transcription library preparation protocol (316). Briefly, the CEL-Seq work flow 

entailed (1) reverse transcription (RT), (2) ExoI digestion, (3) SPRI purification (SPRIP), 

(4) Second strand synthesis, (5) T7 in vitro transcription linear Amplification, (7) SPRIP, 

(8) RNA Fragmentation, (9) SPRIP, (10) primer ligation, (11) RT, (12) SPRIP, (13) library 

enrichment PCR, and (14) SPRIP (47). Each sample was estimated to contain 

approximately 3,000 encapsulated cells. Following library preparation, the samples were 

sequenced using Nextseq 500 (Illumina) using a PE 75 sequencing kit in a customized 

sequencing run. After sequencing, reads were filtered, sorted by their barcode of origin, 

and aligned to the reference transcriptome using the inDrops pipeline. Mapped reads 

were quantified into UMI-filtered counts per gene, and barcodes that corresponded to 

cells were retrieved based on previously established methods (316). 

 

 

Single-cell data analysis 

Epithelial and non-epithelial cells were analyzed separately. Thus, the datasets of each 

condition were normalized and subsequently integrated using the Harmony algorithm. We 
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visualized the single-cell transcriptomic landscape using Uniform Manifold Approximation 

and Projection (UMAP). Cell clusters were determined through unsupervised Leiden 

clustering through the Scanpy python toolkit. To further analyze epithelial cell populations, 

k-means clustering was utilized via Matlab to separate the data into cell identity 

categories: stem/ tumor stem cells, transitioning, secretory, absorptive. Secretory cells 

were further separated into goblet, tuft, and Reg4+ clusters. The ratio of Mist1 and Lrig1 

tumor cells per cluster were determined through Matlab. The stem/TSCs data were used 

for CytoTRACE (https://cytotrace.stanford.edu/), differential gene expression (Myc, 

Ctnnb1, Krt18, and Krt8), gene ontology, and metagene analyses. Pseudo-bulk analysis 

was done by averaging the single cell data per cluster (combining biological replicates) 

and normalizing it per gene across datasets used. Immune cell populations were further 

subclustered using the Leiden algorithm. Lrig1 and Mist1 tumors were analyzed 

separately to determine the proportional representation of each of the observed immune 

cell populations. 

 

 

Statistics 

Unpaired t-tests, One-sample t-tests, Mann-Whitney U-tests, and 1-way ANOVA tests 

were performed using Prism (Graphpad).  
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Declaration of approval for animal experiments  

All animal experiments were performed under protocols approved by the Vanderbilt 

University Animal Care and Use Committee and in accordance with NIH guidelines. 
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Chapter VI 

 

 

SUMMARY AND FUTURE DIRECTIONS 

 

 

Summary 

Throughout this thesis, we investigated tissue heterogeneity on the single cell level in 

normal and disease states of human and mouse intestine. To do so we improved upon 

our previously published Disaggregation for Intracellular Signaling in Single Epithelial 

Cells from Tissue (DISSECT) technique by verifying the signals seen in (FFPE) murine 

and human tissues (112). We then applied this technique tissue to explore the cellular 

heterogeneity within human colorectal cancer (CRC). Moreover, utilizing other single cell 

technologies like single-cell RNA-seq and multiplexed imaging we investigated the tumor 

make up of non-stem and stem cell driven colon tumors.  

 

In Chapter III we explored the signaling pathway heterogeneity seen within the intestine 

through protein multiplexing via DISSECT-CyTOF. Throughout this study. We first verified 

that native signaling pathways are consistent across methodologies by comparing fresh 

DISSECT to FFPE-DISSECT. Interestingly, we found that cell type and villi-specific 

signals of the intestinal epithelial are consistent across platforms, but crypt-specific 

signals are not. This is largely due to fresh- DISSECT being optimized for mucosal 
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scraping neglecting the crypts whereas FFPE-DISSECT utilized tissue sections so the 

whole villi-crypt cross section can be analyzed.  

 

FFPE is the preferred method for preserving tissues in the clinic therefore we analyzed 

signaling and cellular composition of clinically-annotated colonic tissue samples from the 

Western Division of the Cooperative Human Tissue Network (CHTN), situated at the 

Vanderbilt University Medical Center. We focused on analysis of epithelial and cancer 

cells in a variety of differentiation states. Interestingly, terminally differentiated cells and 

their respective signaling proteins were significantly decreased in CRC compared to 

normal suggesting that differentiation and associated signaling is reduced in CRC. 

Moreover, utilizing t-SNE analysis, we observed a lack of distant organization of the 

signaling and cell types within CRC compared to normal colon samples. Furthermore, this 

organization was not preserved from CRC sample to sample suggesting not only 

intratumoral heterogeneity, but intertumoral heterogeneity. Lastly, we observed that 

genetic properties, such as microsatellite instability and mutations, but not pathologic 

details, such as grade and stage of the tumor, correlate with single-cell signaling 

phenotypes in CRC suggesting a multi-factor approach could better predict prognosis and 

therapeutic response.  

 

In Chapter IV, we expanded on the DISSECT methodology to cater towards 

cryopreserved tissues which preserves more sensitive antigen and nucleic acids that 

perish during formalin fixation, dehydration, and paraffinization. We showed that both 

epithelial and non-epithelial cells can be resolved and analyzed using Cryo-DISSECT 
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from human tissue. We also created a detailed protocol for FFPE-, cryo- and fresh- 

DISSECT.  

 

Lastly, in Chapter V, we investigated the different tumor composition and stem capacity 

of non-stem and stem cell driven tumors. Specifically, tumor stem cells (TSCs) contribute 

to cancer mortality via therapeutic resistance, tumor recurrence, and metastatic 

mechanisms. However, the origins of the stem capacity to TSCs remains in question, but 

all TSCs descend from the original tumor cell-of-origin where the first oncogenic event 

occurred. Tumors arising from different cells-of-origin are histologically identical, but it is 

unknown whether TSCs that arose from different origins are molecularly and functionally 

distinct. Using mouse models driving identical Apc mutations from Lrig1-expressing and 

Mist1-expressing cells, we characterized TSCs of tumors driven from stem and non-stem 

cells-of-origin using single cell RNA sequencing (scRNA-seq), organoids, and multiplexed 

imaging. We revealed reduced stem capacity but increased class II antigen presentation 

ability for non-stem cell (Mist1) driven TSCs compared with stem cell (Lrig1) driven TSCs, 

which resulted in a favorable immune microenvironment skewed towards active cytotoxic 

response in Mist1-driven tumors. These results suggest that the cell-of-origin of 

tumorigenesis provides a specific context by which TSCs are generated, dictating their 

interactions with the tumor microenvironment. 

 

Overall, this thesis represents a holistic view on how normal and diseased colon can be 

analyzed on the single cell level. In doing so, we now have a more thorough 

understanding of normal and cancerous tissue that can be utilized in better diagnosis and 
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treatment of colorectal cancer. Cancer therapy regimes have horrendous side effects. 

Moreover, currently a patient can endure up to 3 different therapy regimes before finding 

the right therapy so not only can the tumor progress during this time, the patient 

experiences unnecessary therapy side effects. Therefore, although more work needs to 

be done before extensive implementation, utilization of single cell technologies discussed 

throughout this thesis including scRNA-Seq and DISSECT-CyTOF, at the time of cancer 

diagnosis is imperative. It will obliterate the trial-and-error approach currently taken in the 

clinics providing a personalized treatment regime that will target the cancer sooner and 

prevent unnecessary side effects the patient experiences. This in turn increases the 

quality of life of the patient while decreasing the morality rate of colorectal cancer and the 

overall cost to the health care system.  

 

 

Future directions 

Defining stem capacity of tumor stem cells 

My thesis work establishes that tumor stem cells maintain a signature of the tumor cell-

of-origin. Briefly, stem cell-driven tumors give rise to tumor stem cells (TSCs) that have 

more stem capacity and a more immune suppressive microenvironment. In contrast, non-

stem cell-driven tumors contain TSCs that have less stem capacity, a cellular make up 

skewed toward secretory lineages, and a more cytotoxic immune microenvironment. 

Tumor-initiating cells (TICs) are defined as tumor cells that possess stem capacity to 

initiate novel tumors. Future work would address whether the TSCs within Mist1 and Lrig1 

tumors are equivalent to TICs and, if so, whether the resultant secondary tumors 
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resemble the tumor cell-of-origin. This question can be addressed through orthotopic 

injection of Mist1- and Lrig1-derived tumoroids into recipient mice followed by assessment 

of secondary tumor formation that has already been presented in this work. We 

hypothesize that there are intrinsic characteristics of the tumor cell-of-origin maintained 

in the TSCs, and resultant TICs, such that Mist1- and Lrig1-driven tumoroids would 

successfully drive tumorigenesis. We hypothesize that the secondary tumors resulting 

from tumoroid implantation would resemble the primary tumors. Specifically, tumors 

derived from Mist1 tumoroids would have less stem capacity, but more antigen 

presentation than tumors derived from Lrig1 tumoroids. This would contribute to a 

cytotoxic immune microenvironment in secondary Mist1-derived tumors as seen in the 

primary Mist1- derived tumors. The null hypothesis would state that, regardless of 

whether Lrig1 or Mist1 tumoroids were implanted, the resultant secondary tumors would 

share similar characteristics to on another. Although we see differentiation tumoroid 

formation from primary tumors, this may not translate into secondary tumors. For the 

dynamic colonic epithelium to function correctly, it relies on a plethora of extrinsic factors 

like the immune microenvironment, which is absent in tumoroids (319,320). If this is the 

case, we will explore these avenues.  

 

My thesis addresses cellular plasticity prior to tumor initiation, but there is increasing 

interest in the field to understand tumor cellular plasticity. An important unaddressed 

question is whether non-TSCs can become surrogate TSCs to help maintain and re- 
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Fig 6.1. Primary, secondary, and metastatic tumors maintain a signature of the tumor cell-of-
origin. Primary tumors are the original tumors initiated from Mist1 (non-stem) or Lrig1 (stem) expressing 
cells. These cells contain TSCs that maintain characteristics of the tumor cell-of-origin. Tumoroids can 
be established from primary tumors, genetically manipulated, and transplanted orthotopically into 
recipient mice to give rise to secondary tumors. Secondary tumors contain CSCs that we hypothesize 
maintain a signature of the tumor cell-of-origin. We anticipate that genetically manipulated tumoroids 
will result in metastatic tumors that also maintain a signature of the tumor cell-of-origin. Moreover, TSCs 
in primary tumors can be ablated through JEDI to probe plasticity. JEDI in addition to ICI can be used 
to probe primary tumor response to therapy. 
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establish tumors when the original TSCs are compromised. A tumor functions like a mini-

organ and, therefore, ablation of TSCs can allow us to investigate tumor cell plasticity.  

We define TSCs as Lgr5 expressing cells within the tumors therefore can take advantage 

of just EGFP death inducing (JEDI) T cells to ablation TSCs. 

 

The tumor models described in this work will be crossed with Lgr5-DTR-EGFP mice to 

enable ablation of EGFP-expressing TSCs upon adoptive transfer of just EGFP death 

inducing (JEDI) T cells (321). Due to the underlying plasticity in this system, we 

hypothesize that, despite the loss of TSCs, non-TSCs in both the Lrig1 and Mist1 models 

could regain stem capacity to re-establish and maintain tumors. These tumors would 

resemble the primary tumor because our overarching hypothesis states that tumor 

signatures are maintained throughout tumorigenesis. Alternatively, the tumors could be 

indistinguishable suggesting that the signature of the cell-of-origin may be lost as tumor 

cells differentiate from TSCs. 

 

These experiments would also address whether cell-of-origin signatures are intrinsic or 

extrinsic. If the resulting tumor resemble original tumors, there are intrinsic properties to 

the maintenance of the cell of origin signature. If the resultant tumors are 

indistinguishable, then the immune microenvironment may play a role.  
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Defining antigen presentation abilities of tumor stem cells 

My thesis work shows that Mist1 tumor derived TSCs have decreased stem capacity and 

increased propensity for secretory cell differentiation compared with Lrig1 tumor derived 

TSCs. Decreased stemness of TSCs correlates with increased MHCII-mediated antigen 

presentation, consistent with recent studies of different stem cell populations in the 

healthy intestine (35). What remains to be addressed is whether antigen presentation 

abilities of TSCs is an intrinsic quality related to TSC differentiation or an extrinsic quality, 

dependent on differential regulation of the immune microenvironment that subsequently 

influences stem cells. While the most direct explanation is intrinsic regulation driven by 

stem cell state as suggested by Biton et al., the intestine is a dynamic organ with constant 

perturbation from microbes and damage that stimulate the local immune 

microenvironment and its interaction with epithelial cells. To explore extrinsic vs. intrinsic 

regulation of TSC MHCII characteristics, Mist1 and Lrig1 tumoroids could be modulated 

by the addition of MHCII inhibitors and agonists or by immune cells isolated from their 

respective hosts and assayed for MHCII function. Furthermore, tumoroids could be 

transplanted into immunocompromised mice before assessing MHCII characteristics to 

determine the immune contribution to tumor formation and make. up. MHC class II 

knockout in Mist1 and Lrig1 tumor models could also be applied to determine the 

necessity of this machinery in tumor induction. 
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Tumor response to immunotherapy 

A hallmark of successful immunotherapy is cytotoxic killing of tumor cells. Based on the 

robust immune environment observed in non-stem cell-driven tumors, we expect that the  

microenvironment will facilitate T cell-mediated killing. The JEDI system is engineered to 

enable CD8+ T cell-mediated killing of EGFP expressing cells. As explained previously, 

the tumor models described in this work will be crossed with Lgr5-DTR-EGFP mice to 

enable ablation of EGFP-expressing TSCs upon adoptive transfer of just EGFP death 

inducing (JEDI) T cells. Rather than assessing long term effects of TSC ablation, we 

would assess whether JEDI T cells can differentially ablate EGFP+ TSCs arising from 

stem or non-stem cells in the primary tumor. We hypothesize that there will be differential 

control of tumor growth and regression that is dependent on T cell killing of TSCs in the 

two tumor models. An alternative result may be that targeted T cell infiltration normalizes 

the immune microenvironment, in which case, we will then investigate the mechanisms 

that cause this effect. 

  

Conversely, Lrig1-driven tumors express immunosuppressive markers Pd1, Pdl1, and 

Ctla4, that are targeted by checkpoint therapy. Immune checkpoint therapy sequesters 

these immunosuppressive molecules, re-stimulating a cytotoxic immune response, 

causing tumor regression (322). Therefore, we anticipate that Lrig1-dervied tumors would 

regress with immune checkpoint therapy. To test this, Lrig1-derived tumors would be 

treated with immune checkpoint therapy and assessed for growth and proliferation.  
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Defining characteristics of advanced lesions 

Moreover, this work only addresses adenomas and not advanced lesions or metastasis. 

To address whether these processes are dictated by the tumor cell-of-origin, tumoroids 

could be generated form Mist1 and Lrig1 driven primary tumors as described in this work. 

CRISPR/Cas9 would be used on these tumoroids to further generate compound mutant 

tumoroids which could then be transplanted into mice. The tumors could be assessed in 

a similar manner as the primary tumors, through transcriptomic analysis and functional 

assays. Metastasis potential to the liver would be used as a hallmark of tumor 

aggressiveness given the propensity of colonic tumors to metastasize to that organ. We 

hypothesize that, due their more stem like and immune suppressive nature, stem cell-

driven tumors metastasis far more rapidly compared to non-stem cell driven tumors. The 

alternative would be that there is no difference in metastatic rate or severity, meaning that 

metastasis is driven by factors agnostic to the original tumor cell-of-origin. These factors 

could include the number of antigens within the tumor, exhaustion of the immune 

microenvironment, or acquisition of mutations. 
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