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The intestine is one of the fastest regenerative tissues in the body, and homeostasis of 

the tissue requires robust regulations of intra- and inter-cellular signaling. The stem cells 

reside at crypt bottom of intestinal epithelium serve as the workhorse of tissue 

regeneration and keep the tissue homeostasis. When dysregulated events occur to 

normal intestine cells, cancerous cells often emerge with unchecked cell growth and 

perturbed cell death, and escape from rigorous mechanisms of cellular signaling 

regulations. Colorectal cancer (CRC) is one of the most common cause of cancer deaths. 

Current treatments include surgery and chemotherapy, but disease recurrence occurs 

frequently. The continuous renewal of intestinal epithelium relies on the presence of 

intestinal stem cells that could be at the origin of CRC and contribute to therapy 

resistance and metastases. Several cell signaling pathways and regulatory elements 

involve in both intestinal cell homeostasis and tumorigenesis. My studies focus on 

understanding the regulation in intestinal stem cell niche and applying transcriptome 

and chromatin accessibility profiling to investigate drug resistance in colon cancer. 

 

Tissue homeostasis requires rigorous control mechanisms for stem cell division and 



 

maintenance of a stable stem cell niche. In the intestinal stem cell (ISC) niche, ISCs and 

Paneth cells form a stable pattern to control stem cell behavior. However, how is the 

stem cell niche pattern dynamically regulated and maintained in a rapid regenerative 

environment still remains unclear. We stimulated intestinal organoids with Notch 

ligands and inhibitors and discovered that intestinal stem cells employ a positive 

feedback mechanism via direct Notch binding to the second intron of the Notch1 gene. 

Inactivation of the positive feedback by CRISPR/Cas9 mutation of the binding sequence 

alters the mosaic stem cell niche pattern and hinders regeneration in organoids. This 

study highlights the importance of Notch 1 positive feedback mechanisms in 

spatiotemporal control of the stem cell niche. 

Patients with advanced colorectal cancer (CRC) develop chemoresistance to current 

standard-of-care therapies. We used patient-derived organoids (PDO) from metastatic 

CRC patients and integrated chromatin and transcriptomic profiling to show that 

resistant tumor cells remodel their chromatin in response to chemotherapy. Personalized 

therapy with pharmacological inhibitor of FGFR1 or OXTR, two novel targets for 

resistant CRC, circumvents oxaliplatin resistance. This study demonstrates the 

combination of PDO and integrated chromatin/transcriptomic analysis as a potential 

precision medicine platform to overcome chemoresistance.  

 
 
 

 
 



 

BIOGRAPHICAL SKETCH 

Kuei-Ling was born in Pingtung City, Taiwan. She earned a BS in Life Science from 

National Taiwan Normal University in 2007. She also received a Study Abroad 

Fellowship from Taiwan Government for three years in 2011. In May 2013, Kuei-Ling 

matriculated into the MS/PhD program in Biological and Environmental Engineering at 

Cornell University. After receiving her MS in Biological and Environmental 

Engineering, Kuei-Ling continued her PhD program in the same department at Cornell 

University in January 2016 under the supervision of Dr. Xiling Shen and Dr. Dan Luo. 

Kuei-Ling’s researches mainly focus on using integrative approaches of organoid 

culture system and bioinformatics to investigate the intestine stem cells-niche cell 

interaction and therapeutic strategies of resistant colon cancer cells. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To My Family 
  



 

 

ACKNOWLEDGMENTS 

 

First, I would like to thank the Shen Lab. Dr. Xiling Shen has been a model mentor, 

always exemplifying outstanding hard work, pushing me to think critically and 

supporting my research and ideas.  

I also have to thank my lab members in the Shen lab and the Hsu lab. I am very grateful 

for the technical expertise and advice from you all.  

I would like to thank my family and friends foremost for all their support. I am grateful 

to have my husband support me mentally and physically on this journey. I am thankful 

that you are there to help me achieve my goals and support me.  

Last, I would also like to thank Dr. Dan Luo and Dr. Kenneth Simpson for being such 

amazing and understanding committee members. Their suggestions and advice were 

critical to my publication of a strong, novel scientific story and I appreciate their time, 

thoughts and valuable advice. 

  



 

 

TABLE OF CONTENTS 

 
Chapter 1 Introduction ................................................................................................... 1 

1.1 Intestinal Epithelium ............................................................................................ 1 

1.2 Intestinal Stem Cells  ........................................................................................... 1 

1.3 Notch Signaling Regulating Stem Cells  .............................................................. 2 

1.4 Colon Cancer  ....................................................................................................... 3 

1.5 Chemoresistance In Colon Cancer  ...................................................................... 4 

1.6 Epigenetics In Colon Cancer ................................................................................ 8 

Reference  ................................................................................................................... 9 

Chapter 2 A Notch positive feedback in the intestinal stem cell niche is essential for 

stem cell self-renewal ................................................................................................... 15 

2.1 Summary ............................................................................................................ 15 

2.2 Introduction ........................................................................................................ 15 

2.3 Material and Methods ........................................................................................ 17 

2.4 Result  ................................................................................................................. 28 

2.5 Discussion .......................................................................................................... 52 

Reference  ................................................................................................................. 54 

Chapter 3 Integrated chromatin and transcriptomic profiling of patient-derived colon 

cancer organoids identifies personalized drug targets to overcome oxaliplatin 

resistance ...................................................................................................................... 62 

3.1 Summary ............................................................................................................ 62 

3.2 Introduction ........................................................................................................ 63 

3.3 Material and Methods ........................................................................................ 65 

3.4 Result  ................................................................................................................. 69 

3.5 Discussion .......................................................................................................... 84 



 

 

Reference  ................................................................................................................. 94 

Chapter 4 Future Directions ....................................................................................... 103 

4.1 Conclusion ........................................................................................................ 103 

4.2 Future Directions .............................................................................................. 110 

Reference  ............................................................................................................... 113 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 

 

LIST OF FIGURES 

 

CHAPTER 2  

Figure 2-1. Notch levels in niche cells. 

Figure 2-2. Notch1 positive feedback. 

Figure 2-3. Notch1 positive feedback is conserved in human colon organoids. 

Figure EV1. Lysozyme expression in isolated Paneth cells and linage tracing of   

                   Notch1+ cells 

Figure EV2. Notch1 positive feedback in mouse intestine 

Figure EV3. Notch activation in Notch1 positive feedback knock‐out intestine    

                  organoids 

Figure EV4. Notch1 positive feedback in human colon stem cells 

 

CHAPTER 3  

Figure 3-1. Chemo-sensitivity of CRC 240, CRC344, and CRC159 PDOs 

Figure 3-2. Transcriptomic and chromatin accessibility profiling of oxaliplatin-treated   

                   organoids 

Figure 3-3. Confirmation of drug-associated genes FGFR1 and OXTR in CRC   

                   organoids. 

Figure 3-4. Inhibition of fibroblast growth factor 1 (FGFR1) and oxytocin receptor  

                  (OXTR) reduce tumor growth. 

Figure S3-1. Patient-derived organoids responses to oxaliplatin 

Figure S3-2. Transcriptomic and chromatin accessibility signatures of oxaliplatin  



 

 

                     treatment cells and parental cells. 

Figure S3-3. FGFR1 and OXTR are upregulated in CRC oxaliplatin resistant organoids. 

Figure S3-4. Inhibition of FGFR1/OXTR is active against CRC240 organoids. 

 

CHAPTER 4  

Figure 4-1. Predicted transcriptional factors binding sites within FGFR1 and OXTR  

                   peaks  

Figure 4-2. Binding motif analysis of predicted binding transcriptional factors 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

LIST OF TABLES 
 
 
CHAPTER 3 

Table 1. Clinical characteristics of the four colorectal cancer patients. 

Table 2. List of primers used in RT-qPCR 

CHAPTER 4 

Table 3. Predicted Transcriptional Factor Binding Sites on ATAC-Seq peaks of  

              FGFR1 and OXTR.



 

 

 
LIST OF ABBREVIATIONS 

 

CRC   Colorectal Cancer  

ISC   Intestinal Stem Cell  

TA   Transit Amplifying  

GI                    Gastrointestinal 

LGR5   Leucine-rich repeat-containing G protein-coupled Receptor 5  

CBC   Crypt Base Columnar 

NICD   Notch Intracellular Domain 

APC   Adenomatosis Polyposis Coli  

SMAD4          Mothers against decapentaplegic homolog 4 

p53                  Transformation-related protein 53 

BRAF             Serine/threonine-protein kinase B-Raf 

KRAS             Kirsten Rat Sarcoma Viral Oncogene Homolog 

TCF4              Immunoglobulin transcription factor 2 

ASCL2  Achaete-Schute Complex Homolog 2  

OLFM4  Olfactomedin-4  

BMI1   Polycomb Ring Finger Oncogene 

DLL   Delta-like Ligand  

EGF   Epidermal Growth Factor  

BMP   Bone Morphogenetic Protein  

FAP   Familial Adenomatous Polyopsis  

PDO   Patient-Derived Organoids  



 

 

FGFR1  Fibroblast Growth Factor Receptor 1 

OXTR   Oxytocin Receptor 

5-FU   Fluorouracil 

TP                   Thymidine phosphorylase  

UP                   Uridine phosphorylase  

OPRT              Orotate phosphoribosyl transferase  

DPD                Dihydropyrimidine dehydrogenase 

SN-38   7-ethyl 10-hydroxycamptothecin 

Topo I             Topoisomerase I 

CES                Carboxylesterases 

UGT               Uridine diphosphate glucuronosyltransferase 

CYP3A          Cytochrome P450, family 3, subfamily A 

ABC               ATP-binding cassette 

mCRC            Metastatic colorectal cancer 

DACH            1,2-diaminocyclohexane ligand which also prevent  

MMR              Mismatch repair complex 

HDAC            Histone deacetylase 

 

 
 
 



CHAPTER 1 

INTRODUCTION 

1.1 Intestinal Epithelium 

In human body, the intestines include the small intestine, and large intestine and are 

covered by a single layer of epithelium on the luminal surface. The small intestine 

consists of duodenum, jejunum and ileum from proximal to distal at the stomach, and is 

one of the most rapidly self-renewing tissues (Barker, van Es et al. 2007). The main 

functions of the small intestine are digestion and absorption of food and production of 

gastrointestinal hormones. The large intestine is joined to the end of small intestine, and 

is subdivided into four regions: the cecum, the colon, the rectum, and the anus. It is 

specialized in compacting stool for rapid excretion, and is arranged in multiple crypts 

associated with a flat luminal surface. Although the intestine is generally fast-

regenerative tissue, the large intestine shows slower renewal capacities than the small 

intestine (Barker 2014). In small intestine, the self-renewal capacity is supported by the 

stem cell compartment resided in the bottom of the crypts. Specifically, transit-

amplifying (TA) cells undergo four to five rounds of rapid cell division and then move 

out of the crypt and terminally differentiate into enterocytes, goblet cells, Tuft cells, and 

enteroendocrine cells. These differentiated cells continue to migrate up toward the villus 

and die by anoikis two or three days after having reaching the villus tip. Paneth cells 

also derived from intestinal stem cells, but instead move downwards and settle at the 

crypt base for six to eight weeks (Snippert, van der Flier et al. 2010).   

 

1.2 Intestine Stem Cell Niche 



 

The stem cell niche provides a spatial environment to regulate stem cell self-renewal 

and differentiation (Lander, Kimble et al. 2012). Some mammalian tissues, especially 

regenerative ones, rely on stem cell niches rather than asymmetric division to control 

the number of proliferative stem cells. One prominent example is the stem cell niche at 

the base of the crypt in the small intestine. Each crypt contains about 250 cells, which 

consist of a variety of cell types. At the base of the crypt, Lgr5+ intestinal stem cells 

(ISCs) and adjacent lysozyme-secreting Paneth cells form a soccer-ball-like pattern. In 

this stem cell niche, Paneth cells provide an important source of various niche factors 

including epidermal growth factor (EGF), Wnt ligands (Wnt3A), Notch ligand and bone 

morphogenetic protein (BMP) inhibitor Noggin to support the intestinal stem cell self-

renewal. Divided ISCs leave the crypt base and migrate up into the transit-amplifying 

(TA) compartment where they differentiate into TA progenitor cells. After 4-5 rounds 

of rapid expansion, TA cells differentiate into either absorptive enterocytes or secretory 

lineages including Goblet cells, entero-endocrine cells, Paneth cells, and the recently 

identified tuft cells. These terminally differentiated cells perform their respective 

gastrointestinal (GI) functions for 3-5 days until their replacements arrive (Barker, van 

Es et al. 2007, Sato, van Es et al. 2010). Pericryptal stromal cells underneath the niche 

also supply additional Wnt ligands (WNT2B) (Barker 2014). Regulation of the niche is 

certainly a concerted effort involving various such signaling pathways. As proliferative 

intestinal stem cells (ISCs), CBCs divide symmetrically, compete with each other in a 

neutral drift process, and regenerate the intestinal epithelium in 3 to 5 days(Lopez-

Garcia, Klein et al. 2010, Snippert, van der Flier et al. 2010). Notably, the stem cell 

niche is capable of recovering from radiation or chemical damages(Buczacki, Zecchini 



 

et al. 2013, Metcalfe, Kljavin et al. 2014), which implied importance of the robust stem 

cell niche to maintain the number of the stem cells.  

 

1.3 Notch Signaling Regulating Stem Cells 

Among the signaling mechanisms known to affect ISC and Paneth cell fate, Notch 

signaling is intercellular and short-range. Known to specify cell fate with great spatial 

resolution for development patterns, Notch signaling is mediated through direct cell-to-

cell contact of membrane-bound Notch ligands on one cell and transmembrane Notch 

receptors on adjacent cells(Chiba 2006, Vanuytsel, Senger et al. 2013). The initiating 

step of the Notch signaling pathway is the interaction between one of its five ligands 

(Delta-like1/3/4, Jagged1/2) and a Notch receptor (Notch1–4). Upon ligand binding, the 

receptor conformational change through proteolytic cleavage leads to nuclear 

translocation of cleaved Notch intracellular domain (NICD) and its interaction with the 

DNA-binding transcription factor RBP-Jκ. NICD interacts with the DNA-binding 

protein RBPJκ to activate target gene transcription, including the HES gene family 

transcription factors (Chiba 2006) (Vooijs, Liu et al. 2011).  

 

1.4 Colon Cancer 

Despite the programmed homeostasis controlled by well-orchestrated cellular and 

extracellular signaling, normal cells can be converted into cancerous ones when 

dysregulation of cellular and environmental factors occur. In gastrointestinal system, 

the large intestine is the most common part where cancer develops. Moreover, 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in both men and 



 

women worldwide, comprising approximately 9.7% of all cancer cases. There are 1.5 

million new CRC cases annually and as a leading cause of cancer related mortality, CRC 

accounts for over 600,000 deaths each year. In approximately 33% of CRC tumors, the 

primary tumor occurs in the rectum while remaining tumor sites are most commonly 

found in the sigmoid colon (Cunningham, Atkin et al. 2010). CRC is a disease caused 

by genetic alterations. The best known alterations are those that change the DNA 

sequence: point mutations, insertion-deletion mutations, rearrangements, and so on 

(Fodde, Smits et al. 2001). The occurrence and development of malignant colorectal 

cancers are mainly caused by the activation of oncogenes and inactivation of tumor 

suppressor genes. Various tumor suppressors often found to be inactivated in colorectal 

cancer include APC, SMAD4, or p53 (Fearon and Vogelstein 1990). In addition, several 

oncogenes are known to be upregulated in colorectal cancer. For example, β-catenin, 

KRAS, and BRAF (Fearon and Vogelstein 1990). The APC gene mutations are found 

in the earliest stages of the adenoma-carcinoma sequence (Powell, Zilz et al. 1992). 

Mutated APC gene led to upregulated TCF4/ β-catenin which resulted in uncontrolled 

Wnt signal activation (Korinek, Barker et al. 1997). Following APC mutations, 

aberrations occur in KRAS and BRAF oncogenes to facilitate transformation of 

adenomas from having low-grade dysplasia to having high-grade dysplasia. Various 

studies have provided a broad range of insights with an unprecedented level of 

molecular resolution into the precise molecular alterations that drive colon cancer 

development and progression. 

 

1.5 Chemoresistance in Colon Cancer 



 

 

1.5.1 Chemotherapy Resistance 

In approximately 33% of CRC tumors, the primary tumor site occurs in the rectum while 

remaining tumor sites are most commonly found in the sigmoid colon. Early detection 

of CRC through routine colonoscopy coupled with surgical intervention has an 

approximately 90% cure rate. However, the high incidence of mortality associated with 

advanced CRC is usually due to secondary metastasis and therapeutic resistance. 

Surgery and chemotherapy are the two main current treatment options for colon cancer, 

depending on the cancer stages and tumor location at diagnosis, as well as individual 

characteristics of the patients. Even though the response rate to current systemic 

chemotherapies can reach up to 50%, drug resistance reportedly develops in nearly all 

patients with colon cancer and limits the therapeutic efficacies of anticancer agents and 

finally leads to chemotherapy failure (Dallas, Xia et al. 2009). In fact, most cancer-

related deaths are due to chemotherapy failure caused by drug resistance that occurs 

during the course of cancer progression and chemotherapy. Thus, investigation of the 

mechanisms of drug resistance and their reversal strategies plays an important role in 

the success of cancer chemotherapy. Various mechanisms conferring drug resistance 

have been described in the past decades, which have been broadly stratified into two 

categories: the non-cellular and cellular resistance mechanisms. Non-cellular 

mechanisms refer to the extracellular factors, such as limited vascular accessibility and 

tumor microenvironment (Holohan, Van Schaeybroeck et al. 2013). Besides, cellular 

mechanisms are focused on the drug targets, enzymes and transport systems inside the 

cancer cells (Krishna and Mayer 2000) ,which are further split into two groups: 



 

classical/transport-based and non-classical/non-transport-based mechanisms (Krishna 

and Mayer 2000, Gottesman, Fojo et al. 2002).  

 

1.5.1 Treatment of Colorectal Cancer 

Treatment of colorectal cancer using chemotherapy was first introduced in the 1900s 

with the discovery of fluorouracil (5-FU) by Charles Heidelberger (Heidelberger, 

Chaudhuri et al. 1957). Following the discovery of 5-FU, other chemotherapy drugs 

including irinotecan and oxaliplatin were introduced (Kidani, Noji et al. 1980) 

(Kunimoto, Nitta et al. 1987). In addition to the above-mentioned general resistance 

mechanisms, 5-FU also has its unique drug resistance. 5-FU is a pyrimidine analog that 

induces DNA replication stress response in cells through its ability to inhibit 

thymidylate synthase. This leads to the replacement of thymidine by fluorinated 

nucleotides into the DNA, which result in cell death(Zhou, Shi et al. 2012). Thymidine 

phosphorylase (TP), uridine phosphorylase (UP), orotate phosphoribosyl transferase 

(OPRT) and dihydropyrimidine dehydrogenase (DPD) are four metabolic enzymes 

response to 5-FU. Several studies has been investigated the relationship between their 

activity and resistance to 5-FU in CRC(Che, Pan et al. 2017)  (Sakowicz-Burkiewicz, 

Przybyla et al. 2016) (Yanagisawa, Maruta et al. 2007) 

 

Irinotecan is a semisynthetic, water soluble derivative of camptothecin that selectively 

inhibits topoisomerase I (Topo I). In the cell, irinotecan removes the C10 group through 

carboxylesterase catalysis, and then is metabolized to 7-ethyl-10-hydroxycamptothecin 

(SN-38). SN-38 exerts a 100 to 1000 times higher effect than irinotecan (Hicks, Hyatt 



 

et al. 2009). Irinotecan or its active metabolite SN-38 forms a topoisomerase-inhibitor-

DNA complex affecting the DNA function. Carboxylesterases (CES), uridine 

diphosphate glucuronosyltransferase (UGT), hepatic cytochrome P-450 enzymes 

CYP3A, β-glucuronidase and ATP-binding cassette (ABC) transporter protein are 

proved to be the determinants that involved in the mechanism of drug resistance 

(Nielsen, Palshof et al. 2017) (de Man, Goey et al. 2018)(Makondi, Chu et al. 2017).  

 

Oxaliplatin, a third generation platinum compound, has shown a definite role in the 

management of CRC. It is combined with 5-FU and leucovorin, a folic acid. The 

combination of these drugs as a new standard treatment (FOLFOX) and has been the 

first-line chemotherapy strategy for mCRC (metastatic CRC). Oxaliplatin possesses a 

1,2-diaminocyclohexane ligand (DACH) which also prevent mismatch repair complex 

(MMR) from binding to oxaliplatin, resulting in DNA synthesis difficulties. (Wu, 

Pradhan et al. 2004). Gnoni A et al. demonstrated oxaliplatin resistance is related to the 

nucleotide excision repair (NER) pathway. Gene expression levels of ERCC1, XRCC1 

and XDP are correlated with resistance to oxaliplatin, and can be used together as a drug 

sensitivity predictor index (Gnoni, Russo et al. 2011). In addition to NER, the 

WBSCR22 protein represents a novel oxaliplatin resistance biomarker as well as a 

possible drug target for therapeutic development (Yan, Tu et al. 2017). Taken together, 

adoption of many chemotherapeutic regimens was noted to treat CRC. However, this 

disease displays specific mechanisms rendering a lower therapeutic benefit. Future areas 

of research focus for drug resistance and targeting the cancer stem cell population will 

eventually improve the clinical outcome. 



 

 

1.6 Epigenetics in Colon Cancer 

Colorectal cancer (CRC) is characterized by accumulating genetic and epigenetic 

alterations affecting oncogenes and tumor suppressor genes involved in critical 

pathways of pathogenesis and tumor progression. Epigenetics broadly encompasses 

changes in the methylation of cytosines in DNA, changes in histone and chromatin 

structure, and alteration in the expression of miRNAs and occur early and frequently in 

carcinogenesis (van Engeland and Herman 2010). Previous research has identified a 

number of epigenetic mechanisms playing critical roles in colon cancer carcinogenesis, 

including, DNA methylation, histone modifications, chromatin remodelers and non-

coding RNAs, which are implicated in the activation of oncogenes, the loss of function 

of tumor suppressors and the loss of imprinting (Choong and Tsafnat 2012) (Dawson 

and Kouzarides 2012, Roy and Majumdar 2012). Meisenberg et al. found that epigenetic 

changes take part in development of irinotecan resistance. A change in histone 

acetylation, such as H4K16 acetylation, is associated with the resistance to irinotecan. 

Combinatory therapy with histone deacetylase (HDAC) inhibitors seems like to be 

promising for overcoming irinotecan resistance (Meisenberg, Ashour et al. 2017). The 

understanding of these mechanisms may contribute to the optimization of diagnostic 

and prognostic systems as well as the generation of novel and targeted therapeutic 

approaches. 
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CHAPTER 2 

 
A Notch positive feedback in the intestinal stem cell niche is essential for stem cell 

self-renewal 

2.1 Summary 

The intestinal epithelium is the fastest regenerative tissue in the body, fueled by fast‐

cycling stem cells. The number and identity of these dividing and migrating stem cells 

are maintained by a mosaic pattern at the base of the crypt. How the underlying 

regulatory scheme manages this dynamic stem cell niche is not entirely clear. We 

stimulated intestinal organoids with Notch ligands and inhibitors and discovered that 

intestinal stem cells employ a positive feedback mechanism via direct Notch binding to 

the second intron of the Notch1 gene. Inactivation of the positive feedback 

by CRISPR/Cas9 mutation of the binding sequence alters the mosaic stem cell niche 

pattern and hinders regeneration in organoids. Dynamical system analysis and agent‐

based multiscale stochastic modeling suggest that the positive feedback enhances the 

robustness of Notch‐mediated niche patterning. This study highlights the importance of 

feedback mechanisms in spatiotemporal control of the stem cell niche. 

 

2.2 Introduction 

The stem cell niche provides a spatial environment that regulates stem cell self‐renewal 

and differentiation (Lander et al, 2012). One example is at the base of the intestinal 

crypt, where self‐renewing LGR5+ crypt base columnar (CBC) cells and lysozyme‐



 

secreting Paneth cells form a mosaic pattern in which each Paneth cell is separated from 

others by LGR5+ cells (Barker et al, 2007; Sato et al, 2011a). As proliferative intestinal 

stem cells (ISCs), CBCs mostly divide symmetrically, compete with each other in a 

neutral drift process, and regenerate the intestinal epithelium in 3–5 days (Lopez‐

Garcia et al, 2010; Snippert et al, 2010). The stem cell niche is capable of recovering 

from radiation or chemical damages to restore tissue homeostasis (Buczacki et al, 2013; 

Metcalfe et al, 2014). 

Regulation of the niche is a concerted effort involving various signaling pathways. 

Paneth cells provide niche factors including epidermal growth factor (EGF), Wnt 

ligands (WNT3A), Notch ligands, and bone morphogenetic protein (BMP) inhibitor 

Noggin to support CBC self‐renewal, while pericryptal stromal cells underneath the 

niche also supply additional Wnt ligands (WNT2B) (Barker, 2014). Among the 

pathways, juxtacrine Notch signaling pathway is often linked to developmental 

patterning (Artavanis‐Tsakonas et al, 1999; Kopan & Ilagan, 2009). Notch signaling is 

mediated through direct cell‐to‐cell contact of membrane‐bound Notch ligands on one 

cell and transmembrane Notch receptors on adjacent cells. The extracellular domain of 

Notch receptors binds Notch ligands, which activates receptor cleavage that releases the 

Notch receptor intracellular domain (NICD) to translocate to the nucleus. NICD 

interacts with the DNA‐binding protein RBPJk to activate expression of downstream 

genes, such as the HES family transcription factors. Notch signaling is essential for 

intestinal stem cell self‐renewal and crypt homeostasis (Fre et al, 2005; van der Flier & 

Clevers, 2009). Among Notch receptors, inhibition of both Notch1 and Notch2 

completely depletes proliferative stem/progenitor cells in the intestinal epithelium 



 

(Riccio et al, 2008). Inhibition of Notch1 alone is sufficient to cause a defective 

intestinal phenotype, while inhibition of Notch2 alone causes no significant phenotype 

(Wu et al, 2010). Notch3 and Notch4 are not expressed in the intestinal epithelium 

(Fre et al, 2011). Among Notch ligands, DLL1 and DLL4 are essential and function 

redundantly, and inactivation of both causes loss of stem and progenitor cells; in contrast, 

JAG1 is not essential (Pellegrinet et al, 2011). 

In this study, we characterized the response of Notch signaling components in 

LGR5+ CBCs from intestinal organoids and identified a direct Notch positive feedback 

loop. Perturbation to the positive feedback by CRISPR/CAS9 mutation of the binding 

sequence significantly reduced the number of CBCs in the stem cell niche. 

Computational modeling suggests that the positive feedback may contribute to 

robustness of the system when proliferation rates are high. 

 

2.3 Materials and Methods 

Mouse Strains  

LGR5‐EGFP mice on a mixed 129/C57BL/6 background and Rosa26‐CAG‐LSL‐

tdTomato‐WPRE mice on a mixed 129/C57BL/6 background were purchased from The 

Jackson laboratory. Notch1‐CreERT2 knock‐in (KI) mice, Notch2‐CreERT2 KI mice, 

and Rosa26‐NICD‐IRES‐YFP KI mice were a generous give from Dr. Spyros 

Artavanis‐Tsakona’s laboratory at Harvard University. Subsequently, we generated an 

inducible Notch1 reporter mouse strain (Notch1‐CreERT2 KI × Rosa26‐CAG‐LSL‐



 

tdTomato‐WPRE) and an inducible Notch2 reporter mouse strain (Notch2‐CreERT2 

KI × Rosa26‐CAG‐LSL‐tdTomato‐WPRE). We also generated a LGR5‐EGFP‐

CreERT2 × Rosa26‐NICD‐IRES‐YFP KI mouse strain for inducible NICD 

overexpression (NICD‐OE). Genotyping was performed using the following PCR 

primer pairs for Notch1 (forward: ATAGGAACTTCAAAATGTCGCG; reverse: 

CACACTTCCAGCGTCTTTGG), Notch2 (forward: 

ATAGGAACTTCAAAATGTCGCG; reverse: CCCAACGGTGCCAAAAGAGC), 

and NICD (forward: CTTCACACCCCTCATG ATTGC; reverse: 

GCAATCGGTCCATGTGATCC). The thermocyling profile used for PCR 

amplification is described as follows: 95°C (5 min)/[95°C (30 s), 60°C (30 s), 72°C 

(60 s)] for 35 cycles/72°C (10 min). Notch1 and Notch2 reporter mice were induced 

with 75 mg/kg tamoxifen by i.p. injection. The LGR5‐EGFP‐CreERT2 × Rosa26‐

NICD‐IRES‐YFP KI mouse strain was treated daily with 75 mg/kg tamoxifen (i.p. 

injection) for eight consecutive days to induce Cre enzyme activity and NICD‐OE 

phenotype. All animal experiments were approved by the Cornell Center for Animal 

Resources and Education (CARE). 

 

Murine intestinal crypt isolation and organoid culture 

Eight‐week‐old LGR5‐EGFP or LGR5‐EGFP/NICE‐OE mice were sacrificed to 

establish intestinal organoid culture. Briefly, small intestines were harvested, flushed 

with Ca2+/Mg2+‐free PBS to remove debris, and opened up longitudinally to expose 

luminal surface. A glass coverslip was then gently applied to scrape off villi, and the 



 

tissue was cut into 2–3 mm fragments. Intestinal tissues were then washed again with 

cold PBS and incubated with 2.0 mM EDTA for 45 min on a rocking platform at 4°C. 

EDTA solution was then decanted without disturbing settled intestinal fragments and 

replaced with cold PBS. In order to release intestinal crypts in solution, a 10‐ml pipette 

was used to vigorously agitate tissues. The supernatant was collected, and this process 

was repeated several times to harvest multiple fractions. The crypt fractions were then 

centrifuged at 84 g for 5 min. Based on microscopic examination, the appropriate 

enriched crypt fractions were pooled and centrifuged again to obtain a crypt‐containing 

pellet. Advanced DMEM/F12 (Life Technologies) containing Glutamax (Life 

Technologies) was used to resuspend the cell pellet and subsequently a 40‐μm filter was 

used to purify crypts. Next, single‐cell dissociation was achieved by incubating purified 

crypt solution at 37°C with 0.8 KU/ml DNase (Sigma), 10 μM ROCK pathway inhibitor, 

Y‐27632 (Sigma), and 1 mg/ml trypsin‐EDTA (Invitrogen) for 30 min. Single cells 

were then passed again though a 40‐μm filter and resuspended in cold PBS with 0.5% 

BSA for FACS analysis to collect LGR5‐EGFP+intestinal stem cells (ISCs), which are 

also called crypt base columnar (CBC) cells. 

Single LGR5‐EGFP+ CBCs were suspended in Matrigel (BD Biosciences) at a 

concentration of 1,000 cells or crypts/ml, and 50 μl Matrigel drops were seeded per well 

on pre‐warmed 24‐well plates. Matrigel polymerization occurred at 37°C for 10 min 

and was followed by the addition of complete media to each well. ISC media included 

the following: Advanced DMEM/F12 supplemented with Glutamax, 10 mM HEPES 

(Life Technologies), N2 (Life Technologies), B27 without vitamin A (Life 

Technologies), and 1 μM N‐acetylcysteine (Sigma). Growth factors were freshly 



 

prepared each passage in an ISC media solution containing 50 ng/ml EGF (Life 

Technologies), 100 ng/ml Noggin (Peprotech), and 10% R‐spondin1‐conditioned media 

(generated in house). The addition of growth factors occurred every 2 days, and the 

media were fully replaced every 4 days. Organoids were passaged once per week at a 

ratio of 1:4 by removing organoids from Matrigel with ice‐cold PBS. Next, organoids 

were incubated on ice for 10 min followed by mechanical disruption, centrifugation, 

and resuspension in fresh Matrigel. 

For in vitro studies, organoids derived from single LGR5‐EGFP ISCs were treated with 

one of the following: DMSO or 10 μM DAPT (EMD Millipore) added to the media for 

48 h (Sikandar et al, 2010), or 1uM JAG‐1 (AnaSpec) embedded in Matrigel for 48 h 

(Takeda et al, 2011). EDTA was added to ISC media (for a final concentration of 

0.5 mM EDTA) to treat organoids for 4 h. Subsequently, organoids were harvested and 

analyzed by FACS to isolate LGR5‐EGFP cells and Paneth cells for RT–PCR or protein 

analysis. FACS was conducted using a Beckman Coulter flow cytometer with a 40‐μm 

filter. Data analysis was performed using FlowJo software to gate populations according 

to 7‐AAD viability, and forward and side scattering. Cutoff thresholds were provided 

by unstained ISCs and single stained ISCs when using multiple fluorochromes in order 

to achieve appropriate compensation. 

 

CRISPR/Cas9 genomic editing 

The procedure for CRISPR/Cas9‐mediated transfection in mouse ISC organoids has 

been previously described (Schwank et al, 2013). Briefly, guide RNA (gRNA) 



 

sequences were designed by Optimized CRISPR Design tool (http://crispr.mit.edu/), 

and CRISPR/Cas9 plasmids including gRNA sequences were purchased from 

GenScript. For murine experiments, gRNAs targeting the NICD binding 

motif on Notch1 included the following: gRNA1: (TACATGCATGGAAGGTGCGT) 

or gRNA2: (GTACATGCATGGAAGGTGCG) and were cloned into a pGS‐gRNA‐

Cas9‐Puro vector backbone. A pGS‐CAS9‐PURO only vector (no gRNA) was used as 

a control. Single sorted LGR5‐EGFP+ ISCs were transfected using Lipofectamine‐2000 

(Life Technologies) according to the manufacturer's instructions. Briefly, 4uL 

Lipofectamine‐2000 (diluted in 50 μl Opti‐MEM) and 2 μg of CRISPR/Cas9 plasmids 

(diluted in 50 μl Opti‐MEM) were mixed 1:1: and incubated for 5 min at room 

temperature. Lipofectamine/DNA complexes were then added to single LGR5‐

EGFP+ ISCs (50 μl/well) in a 24‐well plate, which was subsequently centrifuged for 1 h 

and incubated at 37°C for 4 h. ISCs were then resuspended in Matrigel and overlaid 

with ISC media (as prepared above) and supplemented with Y‐27632 for 48 h. Next, 

transfected ISCs were selected in media (without R‐spondin) containing 300 ng/μl 

puromycin for 72 h. Selection media were then replaced with ISC media, and organoids 

were monitored for 15 days followed by FACS analysis or co‐immunofluorescence. 

Individual CRISPR/Cas9‐mutated organoid clones were also harvested and lysed for 

DNA extraction using a QIAmp DNA Mini kit (Qiagen: 51304) according to the 

manufacturer's instructions. Subsequently, the NICD binding site on mouse Notch1 was 

amplified by PCR using the following primers (forward: 

AGAAGAGAAGACAGGAGAAGGA and reverse: 

GAAGCCACTGACTTTCCTAGAG) and analyzed by Sanger sequencing to visualize 



 

mutations. CRISPR/Cas9‐mutated organoids derived from single transfected LGR5‐

EGFP ISCs were also treated for 48 h with DAPT or JAG‐1 (as described earlier) before 

harvesting cells for FACS to isolate LGR5‐EGFP+ cells for RT–PCR analysis. 

In order to study Notch signaling dynamics, a RBPJk‐dsRed reporter on a pGA981‐6 

vector backbone (Addgene #47683) was transfected into single wild‐type or 

CRISPR/Cas9‐mutated sorted LGR5‐EGFP ISCs using Lipofectamine‐2000 according 

to the protocol described above. ISCs were then treated for 48 h with 10 μM DAPT or 

1 μM JAG‐1 and analyzed by microscopy and flow cytometry for LGR5‐EGFP and 

RBPJk‐dsRed expression. 

Isolation of single cells from human colonic tissue 

Approval for this research protocol was obtained from IRB committees at Weill Cornell 

Medical College and NY Presbyterian Hospital. Patients undergoing colorectal surgery 

provided written informed consent for use of human tissues. Material was derived from 

proximal colonic tissue during surgical biopsies. The procedure for isolation of colonic 

stem cells and organoid culture is previously described (Jung et al, 2011). Briefly, 

colonic specimens were collected and incubated in Advanced DMEM/F12 

supplemented with gentamycin (Life Technologies) and fungizone (Life Technologies). 

Extraneous muscular and sub‐mucosal layers were removed from colonic mucosa. The 

tissue was cut into 1 cm fragments and incubated with 8 mM EDTA for 1 h on a rocking 

platform at 37°C followed by a 45‐min incubation at 4°C. The supernatant was replaced 

with Advanced DMEM/F12 supplemented with Glutamax, HEPES, and 5% FBS. 

Vigorous shaking released crypts, which were collected in several fractions. Crypt 



 

fractions were then centrifuged (37 g, 5 min) and visualized by microscopy to determine 

which enriched fractions to combine. Subsequently, pooled crypt fractions were 

centrifuged and resuspended in Advanced DMEM/F12 supplemented with Glutamax, 

HEPES, N‐2, B‐27 without vitamin A, 1 mM N‐acetyl‐L‐cysteine, nicotinamide 

(Sigma), 10 μM Y‐27632, 2.5 μM PGE2 (Sigma), 0.5 mg/ml Dispase (BD Biosciences), 

and 0.8 KU/ml DNase I. Cells were then incubated for 15 min at 37°C followed by 

mechanical disruption and passage of cell solution through 40‐μm filter to obtain a 

single‐cell suspension. 

Human colon organoid culture 

Single human colon cells were stained with EPHB2 (conjugated to PE), OLFM4 

(conjugated to APC), EpCAM‐FITC, and 7‐AAD according to standard protocols and 

were suspended in cold PBS with 0.5% BSA for FACS analysis. FlowJo software was 

used to gate populations according to 7‐AAD viability, and forward and side scattering. 

Cutoff thresholds were provided by unstained ISCs and single stained ISCs when using 

multiple fluorochromes in order to achieve appropriate compensation. 

EPHB2highOLFM4high colon stem cells were harvested, and subjected to lipotransfection 

of CRISPR/Cas9 plasmids using Lipofectamine‐2000 in a similar method as described 

earlier for mouse ISCs. CRISPR/Cas9 gRNAs targeting the NICD binding motif of 

human Notch1 (cloned into a pGS‐gRNA‐Cas9‐Puro vector backbone) were designed 

and ordered from GenScript with the following inserted gRNA sequences: (gRNA1: 

TGCTTTTGGGGGATCCGCGT, gRNA2: CACTGCGGGAATTTCCCACG). A 

pGS‐CAS9‐PURO only vector (no gRNA) was used as a control. Transfected human 



 

colon stem cells were selected in medium lacking WNT‐3A, and R‐spondin1 and 

containing Y‐27632 and 300 ng/μl puromycin for 48 h. 

Subsequently, transfected cells were suspended in Matrigel, and overlaid with human 

colon stem cell medium containing Advanced DMEM/F12 supplemented with 

Glutamax, HEPES, N‐2, B‐27 without vitamin A, 1 mM N‐acetyl‐L‐cysteine, 

nicotinamide, PGE2, Y‐27632, human Noggin (Peprotech), human EGF (Life 

Technologies), gastrin (Sigma), TGF‐β type I receptor inhibitor A83‐01 (Tocris), P38 

inhibitor SB202190 (Sigma‐Aldrich), WNT3A‐conditioned media (generated in house), 

and R‐spondin1‐conditioned medium (generated in house) (Jung et al, 2011). For 

organoid culture, full medium was replaced every 2 days. Transfected organoids were 

monitored for 14 days and then harvested and analyzed by FACS to isolate 

EPHB2highOLFM4high colon stem cells for RT–PCR and protein analysis. Individual 

CRISPR/Cas9‐mutated organoid clones were also harvested and lysed for DNA 

extraction using a QIAmp DNA Mini kit (Qiagen: 51304) according to the 

manufacturer's instructions. Subsequently, the NICD binding site on human Notch1 was 

amplified by PCR and analyzed by Sanger sequencing to visualize mutations. 

Quantitative RT–PCR and protein analysis 

Total RNA from mouse ISCs or human colon stem cells was extracted using a Qiagen 

RNeasy Plus kit. Subsequently, isolated RNA was reverse transcribed to cDNA using 

ABI Taqman Reverse Transcription kit (Applied Biosystems). ABI Taqman Master mix 

and ABI Prism HT7900 were used to run quantitative real‐time PCR. Taqman primers 

(ABI) purchased from Life Technologies were used for the following mouse genes: 



 

Notch1 (Product ID: Mm00627185_m1), Notch2 (Product ID: Mm00803077_m1), 

Hes1 (Product ID: Mm01342805_m1), Hes5 (Product ID: Mm00439311_g1), Dll1 

(Product ID: Mm01279269_m1), Dll4 (Product ID: Mm00444619_m1), Jag1 (Product 

ID: Mm00496902_m1), Atoh1 (Product ID: Mm00476035_s1), Lgr5 (Product ID: 

Mm00438890_m1). Human Taqman primers purchased from Life Technologies include: 

Notch1 (Product ID: Hs01062014_m1), Notch2 (Product ID: Hs01050702_m1), Hes1 

(Product ID: Hs00172878_m1), Hes5 (Product ID: Hs01387463_g1), Lgr5 (Product ID: 

Hs00969422_m1), and Olfm4 (Product ID: Hs00197437_m1). RT–PCR analysis 

represents the average of three independent experiments normalized to GAPDH 

expression. Error bars designate SEM. Protein extraction from mouse ISCs or human 

colon stem cells and Western blotting were performed as previously described. β‐actin 

was used as a control for normalization (Pan et al, 2008). Antibodies used for Western 

blotting are listed in Table 1. 

ChIP‐PCR 

Mouse intestinal and human colonic organoids were harvested, and ChIP‐PCR was 

performed according to manufacturer's instructions (EMD Millipore: 17‐408). Briefly, 

normal rabbit IgG was used as a negative control while rabbit anti‐acetyl histone H3 

was used as a positive control for immunoprecipitation (IP). Subsequently, primer pairs 

specific for human or mouse GAPDH sequences were for positive PCR controls. 

Following IP using anti‐mouse NICD, PCR primers (forward: 

AGATGAAGGTGGAGCATGTG, reverse: TTTTCCCACGGCCTAGAAG) were 

used for amplification of Notch1. Similarly, for ChIP assays involving anti‐human 



 

NICD, PCR primers (forward: ACTAGGTGTCACCAAAGTGC, reverse: 

CATGACCATCTTGGCCTCTC) were used to amplify Notch1. Sanger sequencing 

was used to validate NICD binding motif on Notch1 for PCR products. Subsequently, 

ChIP‐qPCR analyses were performed according to the manufacturer's instructions 

(Active Motif: 53029). Antibodies used for ChIP are listed in Table 1. 

Immunofluorescence 

Intestinal tissues from tamoxifen‐induced Notch1 (tdTomato) reporter mice were 

harvested at various time points, fixed with 4% PFA, snap‐frozen in O.C.T., cryo‐

sectioned, and visualized on a Zeiss LSM 510 laser scanning confocal microscope. 

DAPI was used as a nuclear counterstain. For in vitro imaging, wild‐type or 

CRISPR/Cas9‐mutated intestinal organoids derived from LGR5‐EGFP mice were 

embedded in Matrigel on glass chamber slides. Cells were fixed for 15 min at room 

temperature using 4% PFA and rinsed three times with PBS. 0.2% Triton X‐100 was 

used for permeabilization of cell membranes. Next, cells were incubated in a serum‐free 

blocking solution (Dako) for 30 min. For co‐immunofluorescence staining, an antibody 

diluent solution (Dako) was used to prepare primary and secondary antibodies. Primary 

antibodies were added overnight at room temperature followed by application of Alexa‐

flour 488/555 secondary antibodies for 1 h. Organoids were visualized using lysozyme 

(LYZ) and LGR5 (detected by GFP) expression. DAPI (Life Technologies) was as a 

nuclear counterstain on a Zeiss LSM 510 laser scanning confocal microscope using an 

Apo 40× NA 1.40 oil objective. Antibodies used for immunofluorescence are listed in 

Table 1. 



 

Luciferase assay 

The wild‐type (WT) enhancer sequence and three mutated sequences were PCR 

amplified 

(WT:CTGTCAACCTTGCTTCCTCCCCttcccacgCACCTTCCATGCATGTACACA

C, Mut1: 

CTGTCAACCTTGCTTCCTCCCCttcccgactcaCTTCCATGCATGTACACAC, Mut2: 

CTGTCAACCTTGCTTCCTCCCCttcccaCACCTTCCATGCATGTACAC, and Mut3: 

CTGTCAACCTTGCTTCCTCCCCcgtaatacCACCTTCCATGCATGTACACAC) 

and cloned into a pGL4.24 firefly luciferase reporter plasmid (Promega). These 

luciferase reporter vectors and Renilla luciferase vector (pRL‐SV40, Promega) were co‐

transfected into mouse intestine cells using Lipofectamine 3000 (Life Technologies) 

according to the manufacturer's instructions. Cell lysates were collected, and luciferase 

samples were prepared using the Luc‐Pair Duo‐Luciferase Assay kit (Genecopoeia) in 

48 h after transfection. Firefly luciferase activities were measured using an FLUOstar 

optima plate reader (BMG Labtech), and firefly luciferase activity was normalized 

to Renilla luciferase activity. 

Biotinylated nucleotide pull‐down assay 

Oligonucleotides of the wild‐type and three mutated sequences (same as in the luciferase 

assay) were labeled using a biotin labeling kit (Pierce) and annealed for pull‐down assay. 

Mouse intestine crypt cell lysates were freshly prepared using RIPA buffer (Millipore) 

with proteinase inhibitor (Roche). After precleared using Dynabeads M‐270 

streptavidin (Invitrogen), the cell lysates were diluted in binding buffer and incubated 



 

with the biotinylated DNA duplex for 2h at 4°C. Dynabeads M‐270 streptavidin were 

then added into the mixture and incubated for 1h at 4°C. After washing, the DNA‐

binding protein complexes were released from the Dynabeads. The retrieved proteins 

were collected for Western blot validation. 

Statistical analysis 

The data are displayed as mean ± SEM. Statistical comparisons between two groups 

were made using Student's t‐test. P < 0.05 was used to establish statistical significance. 

 

2.4 Result 

2.4.1 Notch lateral inhibition and positive feedback 

We characterized Notch signaling response in CBCs and Paneth cells (Fig 1A) using 

the in vitro intestinal organoid system (Sato et al, 2009), from which LGR5‐

EGFP+ CBCs and CD24+ Paneth cells were isolated using an established protocol 

(Sato et al, 2011). Immunofluorescence (IF) confirmed that the sorted CD24+ Paneth 

cells express lysozyme (Fig EV1A). RT–qPCR on purified CBCs and Paneth cells 

confirmed that Notch receptors (Notch1, Notch2) and signaling effectors (Hes1, Hes5) 

are enriched in CBCs, while Notch ligands (Dll1, Dll4, Jag1) and the secretory lineage 

regulator, Atoh1 (Yang et al, 2001), are enriched in Paneth cells, largely consistent with 

previous microarray measurements (Sato et al, 2011; Fig 1B). Inhibition of Notch 

receptor cleavage by the γ‐secretase inhibitor DAPT reduced the number of CBCs and 

increased the number of Paneth cells, whereas Notch activation by recombinant ligand 



 

JAG1 embedded in Matrigel (Sato et al, 2009; Van Landeghem et al, 2012; 

VanDussen et al, 2012; Yamamura et al, 2014; Mahapatro et al, 2016; 

Srinivasan et al, 2016) or EDTA (Rand et al, 2000) increased the number of CBCs and 

decreased the number of Paneth cells (Fig 1C). Inhibition of Notch by DAPT up‐

regulated ligand expression, indicating that active Notch signaling suppresses ligand 

expression (Fig 1D and E). This is consistent with a lateral inhibition (LI) mechanism 

previously reported in several developmental systems, where ligands on a “sender” cell 

(in this case, Paneth cell) activate receptors on a “receiver” cell (in this case, CBC), 

which, in turn, suppresses ligand expression in the receiver cell (Collier et al, 1996). 

This intercellular feedback scheme causes bifurcation between adjacent cells, resulting 

in two opposite Notch signaling states (Fig 1F). 



 

 



 

 

Figure 1. Notch levels in niche cells (A) Left: Cross‐sectional view of murine intestinal 

crypt bottoms with co‐immunofluorescence (co‐IF) showing intermingled LGR5‐

EGFP+ (green) CBCs and lysozyme+ (LYZ, red) Paneth cells. Scale bar: 50 μm. Right: 

Schematic illustration of a niche pattern in both longitudinal and cross‐sectional views 

of a crypt. (B) RT–qPCR quantification of Notch signaling components in CBC and 

Paneth cell populations. The experiment was performed in triplicate and presented 

mean ± SEM (***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05; Student's t‐test). (C) 

Representative FACS plots of organoids treated with DMSO, JAG1 (embedded in 

Matrigel), EDTA or DAPT for 48 h, including gated analysis to isolate 

CD24high/SSChigh Paneth cells and LGR5‐EGFP+ CBCs according to an established 

protocol (Sato et al, 2011c). (D) RT–qPCR quantification of Notch signaling 

components in CBCs and Paneth cell populations after organoids were treated with 

Matrigel‐embedded JAG1 (top), EDTA (middle), or DAPT (bottom). The experiments 

were performed in triplicate and presented mean ± SEM (**P ≤ 0.01, *P ≤ 0.05; 

Student's t‐test). (E) Western blot analysis of Notch signaling components from 

conditions described in (D). Actin was used as a loading control. (F) Schematic 

illustration of lateral inhibition and positive feedback between neighboring cells. 

Transparent colors and dotted lines represent low expression/activity levels. 

 



 

2.4.2 NICD directly activates Notch1 transcription 

Although both Notch1 and Notch2 form positive autoregulation, Notch1 has a stronger 

response than Notch2 (Fig 1D and E). This is consistent with previous reports showing 

that Notch1 and Notch2 are somewhat functionally redundant, but Notch1 is more 

critical to stem cell self‐renewal and crypt homeostasis, while Notch2 is dispensable 

(Wu et al, 2010). We performed lineage tracing using tamoxifen‐inducible 

Notch1CreER × ROSA26tdTomatotransgenic mouse reporter strains (Fre et al, 2011; 

Oh et al, 2013). After induction, labeled Notch1+ cells showed a similar pattern that 

largely overlaps with CBCs in the niche (Fig 2A). From day 1 to day 3, marked progeny 

of Notch1+ cells expanded out of the niche and overtook the trans‐amplifying (TA) 

progenitor compartments; by day 30, the marked clones of the original Notch1+ cells 

replaced the entire epithelium (Figs 2B and EV1B). These lineage tracing experiments 

confirmed that Notch1 is active in CBCs, which is consistent with previous findings 

(Wu et al, 2010; Fre et al, 2011; Pellegrinet et al, 2011; Oh et al, 2013). 

 

 



 

 
 

Figure 2. Notch1 positive feedback (A)Representative image indicating Notch1 

expression (red) in intestinal crypt bottoms of tamoxifen‐induced 

Notch1CreER × Rosa26tdTomato mice. Scale bar: 50 μm. (B) Representative images of 

intestinal crypts showing progeny of Notch1+ cells 1 day (left) and 3 days (right) after 



 

tamoxifen induction in Notch1CreER × Rosa26tdTomato mice. Dotted lines label the boundary 

of cells. Scale bar: 20 μm. (C) Luciferase reporter assay of NICD binding sequences. 

Left: Luciferase reporter vector map with the wild‐type and three mutated NICD binding 

sequences cloned into the enhancer site. Blue represents wild‐type sequence, and red 

represents mutated sequences. Right: Luciferase activity in the four sequences with 

normalization to a pRL‐SV40 control vector. Jag1 or DAPT was added to stimulate or 

suppress Notch signaling for 48 h. The experiment was performed in replicates (n = 4) 

and presented mean + SEM (*P ≤ 0.05, **P ≤ 0.01; Student's t‐test compares other 

conditions to WT sequence in normal condition separately). (D) Western blot following 

DNA pull‐down showing NICD‐DNA interaction. DNA pull‐down was performed 

using mouse intestine crypt lysates with biotin‐labeled oligonucleotide duplex of wild‐

type or mutated sequences containing the putative NICD/RBPJk binding site, followed 

by Western blotting to validate NICD binding on the pull‐down sequences. Actin was 

used for input control. (E) Design of gRNAs for CRISPR/Cas9 mutagenesis to target 

the putative NICD/RBPJk binding motif on mouse Notch1 sequence. (F) Single LGR5‐

EGFP+ CBCs were transfected with either an empty vector (control) or CRISPR/Cas9 

gRNAs. Shown are representative brightfield images over 15 days and co‐IF images 

indicating LGR5‐EGFP (green) and LYZ (red) expression with DAPI nuclear staining. 

Scale bar represents 100 μm in low magnification and 25 μm in high magnification 

images, respectively. (G) Single LGR5‐EGFP CBCs were transfected with either an 

empty vector (control) or CRISPR/Cas9 gRNAs. Left: Colony‐forming efficiency 

measured after 5 days. Quantitative analysis calculated from 1,000 cells/replicate. The 

experiment was performed in triplicate and presented mean ± SEM (**P ≤ 0.01; 



 

Student's t‐test). Right: Quantitative comparison of organoid diameters after 15 days. 

The experiment was performed in triplicate and presented mean ± SEM (**P ≤ 0.01; 

Student's t‐test). (H) Single LGR5‐EGFP ISCs were transfected with either an empty 

vector (control) or CRISPR/Cas9 gRNAs. Ratio of LGR5‐EGFP+ CBCs/LYZ+ Paneth 

cells as determined by FACS analysis after 15 days. The experiment was performed in 

triplicate and presented mean ± SEM (**P ≤ 0.01; Student's t‐test). (I) Single empty 

vector control or CRISPR/Cas9‐positive feedback knockout (PF KO) LGR5‐

EGFP+ CBCs were transfected with an RBPJk‐dsRed reporter construct and grown into 

organoids, which were subsequently treated with DMSO, DAPT, or JAG1 for 48 h. Left: 

Representative FACS plots for RBPJk‐dsRED and LGR5‐EGFP expression indicating 

a gated double positive fraction for each condition. Right: Mean fluorescence intensity 

(MFI) of RBPJk‐dsRed expression of the entire cell population. The experiment was 

performed in triplicate and presented mean ± SEM (**P ≤ 0.01; Student's t‐test). 

 

We analyzed the LICR ChIP‐Seq dataset of mouse small intestinal cells from ENCODE 

using the UCSC genome browser (Consortium, 2012) to investigate regulation of 

Notch1 and Notch2 transcription. The second intron region of the Notch1 gene is highly 

enriched with enhancer histone marks H3K4me1 and H3K27ac, while no such regions 

were found in the Notch2 sequence (Fig EV2A). Computational analysis of this region 

with MotifMap (Wang et al, 2014) predicted a putative binding motif for RBPJk, the 

DNA‐binding protein that forms an effector complex with NICD to activate Notch 

signaling. A unique eight base pair sequence (TTCCCACG, Chr2: 26,349,981–



 

26,349,988) was identified (Fig EV2B). ChIP‐PCR shows that NICD binds to this 

sequence in CBCs, and the binding was enhanced by JAG1 activation of receptors and 

suppressed by DAPT inhibition of receptor cleavage (Fig EV2C). For further validation, 

we crossed a LGR5‐EGFP strain with a Rosa26‐YFP‐NICD strain (Oh et al, 2013) to 

generate a tamoxifen‐inducible LGR5‐EGFP‐CreERT2 × Rosa26‐YFP‐NICD (NICD‐

OE) mouse strain. ChIP‐PCR analysis of tamoxifen‐induced NICD‐expressing 

intestinal cells from NICD‐OE mice also showed elevated NICD binding compared to 

uninduced control (Fig EV2D). 

 

To further validate this enhancer sequence motif, we performed a luciferase reporter 

assay with the enhancer sequence cloned to the pGL4.27 [luc2P/minP] luciferase 

reporter vector containing a minimal promoter (Fig 2C). We compared the wild‐type 

binding sequence with three mutated sequences (Fig 2C): (i) partial mutation of 3 nts in 

the binding sequence and 3nts of adjacent flanking region, (ii) partial deletion of 2nts 

of binding sequence, and (iii) mutation of the entire 8 nt binding sequence. The 

luciferase reporter vectors were transfected into intestine cells directly isolated from the 

mouse intestine with a pRL‐SV40 control vector containing no binding sequence. The 

luciferase signal from the wild‐type enhancer sequence was significantly higher than 

those from the mutated sequences or the control vector (Fig 2C). Jag1 and DAPT 

treatments also elicited stronger responses from the wild‐type sequence than the mutated 

sequences or the control vector (Fig 2C). 



 

We then performed a pull‐down assay to confirm interaction between NICD and the 

identified binding motif. Oligonucleotides of the wild‐type and mutated enhancer 

sequences were synthesized and labeled with biotin to pull down NICD/RBPJk complex 

from mouse intestinal crypt lysates, which was validated by Western blot (Fig 2D). The 

wild‐type sequence has stronger NICD binding than the mutated sequences. 

 

2.4.3 Positive feedback is critical to self‐renewal, niche homeostasis, and recovery 

Our characterization of Notch signaling pathways in niche cells suggests that both LI 

and a direct positive feedback are active. The role of LI in the niche can be easily 

rationalized, because LI is known to regulate developmental patterns 

(Collier et al, 1996; Kim et al, 2014). However, it is unclear whether the Notch positive 

feedback has any function. CRISPR‐Cas9 vectors were designed to target the NICD 

binding sequence (Fig 2E, Table EV1). CRISPR/Cas9 vectors with specific guide 

RNAs (gRNAs) were transfected into single LGR5‐EGFP CBCs, which were 

subsequently propagated as organoids. After puromycin selection, individual colonies 

were picked and sequenced separately to confirm CRISPR/Cas9 editing in the cells. 

Sequencing results indicate the presence of indels in the target NICD binding region 

formed through non‐homologous end joining (NHEJ) (Fig EV2E). The mutated binding 

motif significantly reduced NICD binding compared to the empty vector (EV) control 

in CBCs sorted from organoids treated with DMSO (control), JAG1, or DAPT, 

according to ChIP‐qPCR (Fig EV2F), which was consistent with the outcomes of the 

pull‐down assay (Fig 2D). The mutations also significantly decreased Notch1 transcript 



 

levels measured by RT–qPCR (Fig EV2G) and NICD levels measured by Western blot 

(Fig EV2H). Expression levels of Notch signaling components (Notch1, Notch2, Hes1, 

Hes5) and LGR5 all decreased in CRISPR/Cas9‐targeted cells with the mutated binding 

motif (Fig EV2I). Taken together, the data suggest that, when Notch receptors are 

activated, the resulting NICD/RBPJk complex bind to the Notch1 gene and enhances its 

transcription, hence producing more Notch1 receptors and forming a positive feedback 

loop in intestinal stem cells. 

CRISPR mutation of the binding motif (PF KO) reduced colony‐forming efficiency and 

growth rate of intestinal organoids markedly (Fig 2F and G). Furthermore, the mutation 

significantly reduced the number of CBCs and the ratio of CBC to Paneth cell in the 

niche (Figs 2F and H, and EV2J). Next, to understand how this positive feedback 

influences Notch signaling and cell fate, we transfected sorted LGR5‐EGFP+ CBCs with 

an RBPJk‐dsRED reporter as an indicator of Notch activity and grew them into 

organoids, followed by FACS analysis. In PF KO organoids, the 

Notchhigh/LGR5high (dsRedhigh/GFPhigh) CBC population was significantly reduced, 

responded less to JAG1, and was completed depleted by DAPT compared to the empty 

vector control (Fig 2I). Therefore, the positive feedback amplifies Notch signaling, and 

maintains CBC self‐renewal and the mosaic niche pattern. 

To test whether additional Notch activation can compensate for the Notch1 positive 

feedback function, CRISPR/Cas9 vectors with specific guide RNAs (gRNAs) were 

transfected into tamoxifen‐inducible NICD‐OE intestine cells derived from a LGR5‐

EGFP‐CreERT2 × Rosa26‐YFP‐NICD strain (Oh et al, 2013; Fig EV3). NICD 



 

overexpression enhanced colony‐forming efficiencies and organoid sizes in both empty 

vector control and CRISPR mutated organoids (Fig EV3A–C). NICD overexpression 

largely restored the colony formation efficiencies of mutated organoid to wild‐type 

(empty vector) levels, but not quite their sizes. 

  

2.4.4 The Notch1 PF motif is conserved in human colon organoids 

Like their mouse counterparts, human intestinal and colon epithelia also contain 

LGR5+cells and are highly regenerative. A similar computational analysis of the human 

genome identified an analogous NICD/RBPJk binding region (TTCCCACG, Chr9: 

139,425,108–139,425,115) located on the second intron of the human Notch1 sequence 

(Fig 3A), which also showed high enrichment of H3K4me1 and H3K27ac enhancer 

chromatin marks in several human cell lines (Fig EV4A). We then derived human colon 

organoids using normal colon tissue in surgically resected specimens from colorectal 

cancer (CRC) patients (Sato et al, 2011b). ChIP‐PCR validated NICD binding on the 

predicted sequence (Fig 3B) in human colon stem cells marked by 

EPHB2highOLFM4high expression (Jung et al, 2011). Consistent with mouse CBCs, 

NICD binding to the motif was suppressed by DAPT and enhanced by JAG1 treatment. 

We then designed CRISPR‐Cas9 vectors to mutate the NICD/RBPJk binding motif in 

human colon stem cells (Figs 3C and EV4B, and Table EV2). ChIP‐qPCR validated that 

the CRISPR/Cas9‐mediated mutation reduced NICD binding to the motif in all three 

conditions (DMSO, JAG1, and DAPT), and prevented JAG1 treatment from increasing 



 

NICD binding (Fig EV4C). Suppression of the Notch1 PF by the mutations (PF KO) 

significantly reduced organoid‐forming efficiency, size of organoids, and the percentage 

of EPHB2highOLFM4high colon stem cells compared to empty vector control (Figs 3D–

F and EV4D). The epithelial cell identity of the EPHB2highOLFM4high cells was 

validated by their EpCAM expression (Fig EV4D). Without the signal‐amplifying 

Notch1 PF, colon stem cells had lower Notch1 transcript levels (Fig 3G). Mutated colon 

stem cells also had lower expression levels of NICD, other Notch signaling components, 

and human colon stem cell markers (LGR5 and OLFM4) (Fig 3H and I). In summary, 

the Notch1 PF promotes Notch signaling and self‐renewal in human colon stem cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 3.Notch1 positive feedback is conserved in human colon organoids (A) Top: 

Sequence and chromatogram of NICD binding motif to human Notch1 following ChIP‐

PCR from EPHB2highOLFM4high colon stem cells. Bottom: Human Notch1 gene. Red 

line indicates the location of NICD/RBPJk binding motif on human Notch1. (B) 



 

Agarose gel analysis of ChIP‐PCR products indicating active binding of NICD to the 

motif in Notch1 sequence in EPHB2highOLFM4high colon stem cells treated with DMSO, 

DAPT, or JAG1. (C) Design of gRNAs for CRISPR/Cas9 mutagenesis to target the 

putative NICD/RBPJk binding motif on human Notch1. (D) Representative brightfield 

images of organoids derived from single EPHB2highOLFM4high colon stem cells 

transfected with either an empty vector control or CRISPR/Cas9 gRNAs after 7 days 

(top panel) and 14 days (bottom panel). Scale bar represents 50 μm. (E) Single 

EPHB2highOLFM4high human colon stem cells were transfected with either an empty 

vector control or CRISPR/Cas9 gRNAs. Left: Colony‐forming efficiency measured 

after 7 days. Quantitative analysis calculated from 1,000 cells/replicate. The experiment 

was performed in triplicate and presented mean ± SEM (**P ≤ 0.01; Student's t‐test). 

Right: Quantitative comparison of organoid diameters after 14 days for each condition. 

The experiment was performed in triplicate and presented mean ± SEM (**P ≤ 0.01; 

Student's t‐test). (F) Percentage of EPHB2highOLFM4high stem cells based on FACS 

analysis for each condition described in (E) after 14 days. The experiment was 

performed in triplicate and presented mean ± SEM (**P ≤ 0.01; Student's t‐test). (G) 

RT–PCR measurements indicating NOTCH1 expression in EPHB2highOLFM4highcolon 

stem cells transfected with either an empty vector control or CRISPR/Cas9 gRNAs and 

subsequently treated with DMSO, DAPT or Matrigel‐embedded JAG1. The experiment 

was performed in triplicate and presented mean ± SEM (**P ≤ 0.01; Student's t‐test). 

(H) Single EPHB2highOLFM4high colon stem cells were transfected with either an empty 

vector control or CRISPR/Cas9 gRNAs. Shown is Western blot analysis for NICD 

expression in sorted EPHB2highOLFM4high colon stem cells from each condition. Actin 



 

was used as a loading control. (I) RT–PCR measurements indicating Notch1/2, Hes1/5, 

Olfm4, and Lgr5 expression in EPHB2highOLFM4high colon stem cells for each 

condition described in (H). The experiment was performed in triplicate and presented 

mean ± SEM (**P ≤ 0.01; Student's t‐test). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure EV1. Lysozyme expression in isolated Paneth cells and linage tracing of 

Notch1+ cells (A) Immunofluorescence (IF) image of sorted CD24high/SSChigh cells and 

LGR5‐GFPhigh cells. CD24high/SSChigh cells show expression of Paneth cell‐specific 

marker lysozyme (red) exclusively. DAPI labels nuclei, and scale bar represents 10 μm. 

(B) Representative images of intestinal tissue derived from tamoxifen‐induced Notch1‐



 

CreERT2 KI × Rosa26‐tdTomato‐WPRE mice. Shown are images from 30 days post‐

tamoxifen induction. Notch1 IF (red). DAPI labels nuclei and scale bar represents 

100 μm. 

 

 

 

 

 

 

 

 



 

 

 
Figure EV2.Notch1 positive feedback in mouse intestine (A) ChIP‐Seq signal of 

LICR histone tracks (H3K4me1 and H3K27ac) on mouse small intestine cells from 

ENCODE at UCSC Genome Browser. Left: H3K4me1 (top) and H3K27ac (bottom) 

occupancy related to Notch1. Right: H3K4me1 (top) and H3K27ac (bottom) occupancy 



 

related to Notch2. (B) Top: Mouse Notch1 gene. Red line indicates the location of 

NICD/RBPJk binding motif on mouse Notch1. Bottom: Sequence and chromatogram 

of NICD binding motif in mouse Notch1 following ChIP‐PCR from LGR5‐

EGFP+ CBCs. (C) Agarose gel analysis of ChIP‐PCR products from LGR5‐

EGFP+ CBCs validating NICD binding to the motif in Notch1 sequence. LGR5‐

EGFP+ CBCs were sorted from organoids treated with DMSO, DAPT, or JAG1. (D) 

Organoids extracted from LGR5‐EGFP × CreERT2/Rosa26‐YFP‐NICD mice were 

treated with tamoxifen to induce NICD overexpression (NICD‐OE). Shown is agarose 

gel analysis of ChIP‐PCR products to validate active NICD binding on Notch1. (E) 

Representative sequences from selected organoid clones transfected with CRISPR/Cas9 

gRNAs showing indel mutations in the targeted region of the mouse NICD binding 

motif. Yellow box represents the putative binding sequence region, where red indicates 

indel mutations by CRISPR. (F) LGR5‐EGFP+ CBCs were transfected with either an 

empty vector control or CRISPR/Cas9 gRNA and subsequently treated with DMSO, 

DAPT, or JAG1. Shown is ChIP‐qPCR analysis of Notch1, indicating enrichment with 

NICD antibody compared with IgG control. The experiment was performed in triplicate 

and presented mean ± SEM (**P ≤ 0.01; Student's t‐test). (G) RT–PCR measurements 

indicating Notch1 expression in LGR5‐EGFP+ CBCs. Isolated single LGR5‐

EGFP+ CBCs were transfected with either an empty vector control or CRISPR/Cas9 

gRNAs and subsequently treated with DMSO, DAPT, or JAG1 (embedded in Matrigel). 

The experiment was performed in triplicate and presented mean ± SEM (*P ≤ 0.05, 

**P ≤ 0.01; Student's t‐test). (H) Single LGR5‐EGFP+ CBCs were transfected with 

either an empty vector control or CRISPR/Cas9 gRNAs and propagated as organoids. 



 

Shown is Western blot analysis for NICD expression in sorted LGR5‐EGFP+ CBCs 

from each condition. Actin was used as a loading control. (I) RT–PCR measurements 

indicating Notch1/2, Hes1/5, and Lgr5 expression in LGR5‐EGFP+ ISCs for each 

condition described in (G). The experiment was performed in triplicate and presented 

mean ± SEM (**P ≤ 0.01; Student's t‐test). (J) Single LGR5‐EGFP+ CBCs were 

transfected with either an empty vector control or CRISPR/Cas9 gRNAs and propagated 

as organoids for 15 days. Shown are representative FACS plots for each condition 

including gated analysis to isolate CD24high/SSChigh Paneth cells and LGR5‐

EGFP+ ISCs. 

 

  



 

 

 
 

Figure EV3. Notch activation in Notch1 positive feedback knock‐out intestine 

organoids (A) Intestine cells extracted from LGR5‐EGFP × CreERT2/Rosa26‐YFP‐

NICD mice were treated with tamoxifen to induce NICD overexpression (NICD‐OE) 

and subsequently transfected with either an empty vector (control) or CRISPR/Cas9 

gRNAs. Shown are representative brightfield images over 3 weeks. Scale bar 

represents 100 μm. (B) Colony‐forming efficiency (n = 3) measured after 3 weeks. 

Quantitative analysis calculated from 1,000 cells/replicate. Quantitative comparison 

of organoid diameters (n = 5) after 3 weeks. Data information: The experiment was 

performed in replicates and presented mean + SD (**P ≤ 0.01, ***P ≤ 0.001; 

Student's t‐test compares other conditions to empty vector in normal condition 

separately). 



 

 

 

Figure EV4. Notch1 positive feedback in human colon stem cell (A) ChIP‐Seq signal 

of H3K4me1 (top) and H3K27ac (bottom) occupancy related to human Notch1 on 7 

human cell lines from ENCODE at UCSC Genome Browser. (B) Single 

EPHB2highOLFM4high colon stem cells were transfected with either an empty vector 

control or CRISPR/Cas9 gRNAs. Shown are representative sequences from selected 

clones with indel mutations in the targeted region of the human NICD binding motif. 

Yellow box represents the putative binding sequence region, where red indicates indel 



 

mutations by CRISPR. (C) EPHB2highOLFM4high colon stem cells were transfected with 

either an empty vector control or CRISPR/Cas9 gRNA and subsequently treated with 

DMSO, DAPT, or JAG1. Shown is ChIP‐qPCR analysis of Notch1, indicating 

enrichment with NICD antibody compared with IgG control. The experiment was 

performed in triplicate and presented mean ± SEM (**P ≤ 0.01; Student's t‐test). (D) 

Single EPHB2highOLFM4high colon stem cells were transfected with either an empty 

vector control or CRISPR/Cas9 gRNAs and cultured as organoids for 14 days. Top: 

Representative FACS plots for EPHB2 and OLFM4 expression and the percentage of 

EPHB2highOLFM4high stem cells for each condition. Bottom: FACS histograms 

indicating expression for the epithelial‐specific cell marker EpCAM in the 

EPHB2highOLFM4high subset of cells for each condition. 



 

2.5 DISCUSSION  

The intestinal stem cell niche controls regeneration and homeostasis of the tissue. Here, 

we report a direct positive feedback, in which NICD cleaved from activated receptors 

directly bind to the second intron of Notch1 gene to enhance its expression. This positive 

feedback is active in mouse intestinal and human colon epithelial cells, and its silencing 

by CRISPR/Cas9 mutation reduced CBC/Paneth cell ratio and limited self‐renewal. 

Dynamical systems analysis and multiscale stochastic simulation further suggest that 

the PFLI architecture has an inherent advantage over LI with regard to robustness if the 

signaling pattern is dynamic. 

Biological systems such as the stem cell niche are usually robust (Savageau, 1971; 

Barkai & Leibler, 1997; Alon et al, 1999; Stelling et al, 2004; Kitano, 2007; 

Shen et al, 2008). They work most of the time, capable of accommodating different 

conditions and recovering from mistakes and damages. Control theory would predict 

that they rely on additional mechanisms such as feedback to enhance their regulation. 

In fact, recent reports showed that Wnt protein works as short‐range signals in the 

intestinal stem cell niche and there is a positive feedback involving Ascl2 and Wnt 

signaling in intestinal stem cells (Schuijers et al, 2015; Farin et al, 2016). From an 

individual cell perspective, positive feedback loops translate gradients into binary 

decision states, as shown by the single‐cell analysis. From a multicellular signaling 

pattern perspective, such positive feedbacks can enhance the robustness of the patterns, 

making sure that signaling states are sustained and not easily disrupted by the change of 

surrounding cells. Therefore, the Notch1 and Ascl2/Wnt positive feedback loops (and 



 

potentially many others) may reflect a general regulatory scheme for such systems. 

Other mechanisms such as cis‐inhibition between Notch receptors and ligands 

(Sprinzak et al, 2010) may further enhance robustness. An approach that combines 

experimental methods and computational models (Collier et al, 1996; 

Johnston et al, 2007; Buske et al, 2011) may help us not only identify such mechanisms 

but also understand their contribution to regulation of the intestinal stem cell niche. 

In this study, recombinant JAG1 ligands were embedded in Matrigel to activate Notch 

signaling in intestinal organoid cells as an alternative to EDTA‐mediated Notch 

signaling activation. Notch ligands are thought to activate receptors via mechanical 

pulling—hence hybridization of ligands to a surface seems to be required (Wang & 

Ha, 2013; Gordon et al, 2015). However, ligand hybridization to a 2D surface does not 

work for 3D cell culture. On the other hand, recombinant ligands such as Dll1, Dll4 

(Hicks et al, 2002; Lefort et al, 2006; Mohtashami et al, 2010; Xu et al, 2012; 

Castel et al, 2013), and JAG1 (Sato et al, 2009; Van Landeghem et al, 2012; 

VanDussen et al, 2012; Yamamura et al, 2014; Mahapatro et al, 2016; 

Srinivasan et al, 2016) have been reported to activate Notch signaling in various cell 

types, including intestinal organoids and tumor spheroids. One possibility is that ligands 

embedded in the Matrigel provide the necessary pulling force to activate receptors, 

although the exact mechanism is still not clear. 
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CHAPTER 3 

 
Integrated chromatin and transcriptomic profiling of patient-derived colon cancer 

organoids identifies personalized drug targets to overcome oxaliplatin resistance 
 

3.1 Summary 

Colorectal cancer is a leading cause of cancer deaths. Most colorectal cancer patients 

eventually develop chemoresistance to the current standard-of-care therapies. Here, we 

used patient-derived colorectal cancer organoids to demonstrate that resistant tumor 

cells undergo significant chromatin changes in response to oxaliplatin treatment. 

Integrated transcriptomic and chromatin accessibility analyses using ATAC-seq and 

RNA-seq identified a group of genes associated with significantly increased chromatin 

accessibility and upregulated gene expression. CRISPR/Cas9 silencing of fibroblast 

growth factor receptor 1 (FGFR1) and oxytocin receptor (OXTR) helped overcome 

oxaliplatin resistance. Similarly, treatment with oxaliplatin in combination with an 

FGFR1 inhibitor (PD166866) or an antagonist of OXTR (L-368,899) suppressed 

chemoresistant organoids. However, oxaliplatin treatment did not activate either FGFR1 

or OXTR expression in another resistant organoid, suggesting that chromatin 

accessibility changes are patient-specific. The use of patient-derived cancer organoids 

in combination with transcriptomic and chromatin profiling may lead to precision 

treatments to overcome chemoresistance in colorectal cancer. 

 

 



 

3.2 Introduction 

Colorectal cancer (CRC) is the third most common cancer type in both men and women 

in the United States. It is estimated that more than 145,600 new cases of CRC were 

diagnosed and approximately 51,020 deaths occurred in 2019 (Siegel, DeSantis et al. 

2012, Siegel, Miller et al. 2015, Siegel, Miller et al. 2018). In the US, 140,250 people 

were diagnosed with CRC, and 50,630 patients died from CRC in 2018 (Siegel, Miller 

et al. 2018). The 5-year survival rate of CRC patients drops from 90% in the early stage 

to less than 15% in the late stages (2019).  Although surgical resection for curative intent 

has improved over the past decade, the 5-year survival rate has not significantly 

increased in part due to the fact that most patients are diagnosed with late-stage disease 

(Manfredi, Lepage et al. 2006), (Chang, Rodriguez-Bigas et al. 2007). Additionally, 

many CRC patients will develop metastases or chemotherapy resistance in advanced 

CRC (Chang, Rodriguez-Bigas et al. 2007), (Dashwood 1999), (Longley and Johnston 

2005). The median overall survival of CRC patients treated with oxaliplatin, one of the 

standard drugs for the treatment of advanced CRC cases, is less than 1 year mainly due 

to drug resistance (Longley and Johnston 2005), (Comella, Casaretti et al. 2009), 

(Siegel, Desantis et al. 2014). Therefore, it is pivotal to discover effective therapeutic 

treatments to circumvent drug resistance for CRC patients. 

 

Patient-derived cell lines and patient-derived xenograft (PDX) models have been used 

for drug screening, although each has its limitations. Long-passaged cell lines often lose 

some of their original properties while PDX models are expensive and time-consuming 



 

to develop (Seruga, Ocana et al. 2015). Recently, patient-derived organoids (PDOs) 

have emerged as models for diseases and personalized drug testing (Sato, Stange et al. 

2011, Lancaster and Knoblich 2014, Bu, Wang et al. 2016, Clevers 2016, Miranda, 

Fernandes et al. 2018). PDOs recapitulate many properties of the primary tumor, 

including the patient’s unique genetic background and intrinsic tumor heterogeneity, 

and exhibit drug responses that correlate well with patient outcomes (Skardal, 

Devarasetty et al. 2015, Weeber, Ooft et al. 2017, Buzzelli, Ouaret et al. 2018, 

Vlachogiannis, Hedayat et al. 2018).   

 

Epigenetic alterations, including histone modifications and DNA methylation, have 

been shown to contribute to CRC chemoresistance (Crea, Nobili et al. 2011). For 

instance, the expression of thymidylate synthetase can be epigenetically elevated to 

promote CRC resistance to 5-FU, and silencing the epigenetically-mediated 

upregulation of thymidylate synthetase with a HDAC inhibitor reverses the resistance 

(Glaser, Staver et al. 2003, Lee, Park et al. 2006, Tumber, Collins et al. 2007, Fazzone, 

Wilson et al. 2009, Flis, Gnyszka et al. 2010). Additionally, UGT1A1 silencing by DNA 

methylation (which occurs in 82% of primary CRCs) and ABC transporter gene 

silencing by histone deacetylation affect the pharmacokinetic profile of irinotecan, a 

first-line treatment for colorectal cancer (Gagnon, Bernard et al. 2006, Hauswald, 

Duque-Afonso et al. 2009, Innocenti, Kroetz et al. 2009). Further, hyper-methylation 

has been shown to contributes to cisplatin resistance (Chang, Monitto et al. 2010). 

 



 

In this study, we developed metastatic patient-derived CRC organoids for personalized 

drug testing. These PDOs were found to have different sensitivities to frontline CRC 

drugs. Integrated chromatin accessibility and transcriptomic profiling using ATAC-seq 

and RNA-seq identified genes associated with treatment-induced chromatin alterations, 

particularly in more resistant organoids. Notably, we identified fibroblast growth factor 

1 (FGFR1) (Chen, Wang et al. 2014) and oxytocin receptor (OXTR) (Cassoni, Sapino 

et al. 2004) as potential therapeutic targets. Silencing of FGFR1 or OXTR by 

CRISPR/Cas9 or small molecule inhibitors synergized with oxaliplatin to overcome 

resistance to oxaliplatin. However, FGFR1 or OXTR upregulation was not consistent 

among patient organoids, suggesting that drug-resistant pathways may be personalized.  

 

3.3 Materials and Methods 

Patient-derived organoid culture 

Tumor samples from metastatic CRC patients were collected under a Duke IRB 

approved protocol (Pro00002435) at Duke University Hospital. All participants 

provided written informed consent to participate in the study. Tumor samples were 

chopped into 5 mm pieces and washed with PBS several times. The tumor fragments 

were incubated in digestion buffer (Dulbecco's modified Eagle medium with 2.5% fetal 

bovine serum, penicillin/streptomycin [Invitrogen], 75 U/mL collagenase type IX 

[Sigma], 125 μg/mL dispase type II [Invitrogen]) for 60 minutes at 37°C. The 

supernatant was collected in a 50 mL Falcon tube, centrifuged at 1000RPM for 5 



 

minutes, and then washed with PBS repeatedly. Isolated cancer cells were counted using 

a hemocytometer. Single cells were embedded in ice cold Matrigel (Corning Life 

Sciences) and seeded in 24-well plates. Matrigel was polymerized for 10 minutes at 

37°C. Basal culture medium was supplemented with a combination of growth factors as 

previously described (Sato, Stange et al. 2011).  

 

Drug Sensitivity Assays 

CRC240, CRC159, CRC344, and CRC119 organoids were enzymatically dissociated 

using Accumax (Sigma), passed through a 40 µm cell strainer (Falcon), and seeded into 

96-well plates pre-coated with Matrigel (Corning Life Science) at densities between 500 

and 1000 organoids/well with conditioned media. Three replicates were used for each 

drug concentration. After 24 hours of incubation at 37°C, organoids were treated for 6 

days at different drug concentrations to determine the IC50 values. Drug responses were 

determined by measuring ATP levels using CellTiter-Glo 3D Luminescent Cell 

Viability Assay (Promega, USA) on day 7, and IC50 values were calculated for each 

cell line using a nonlinear regression model  in GraphPad Prism software (La Jolla, CA, 

USA).  

 

CRISPR/Cas9 genomic editing 

All-in-one CRISPR/Cas9-gRNA plasmids (pLentiCRISPR-v2) were purchased from 

GenScript. Plasmids were extracted using Qiagen Plasmid Maxi Kit. HEK293T cells 

were transfected with the plasmids to package lentiviruses using TransIT®- LT1 

Transfection Reagent (Mirus Bio) according to the manufacturer's instructions. The 



 

collected lentiviruses were used to infect organoid cultures to silence genes of interest. 

Puromycin (2 µg/ml, Thermo Fisher Scientific) was added to the cell culture medium 

for selection.  

 

Quantitative RT- PCR 

Total RNA was extracted using the RNeasy Kit (Qiagen) according to the manual. 

cDNA was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen). PCR 

reactions were prepared using the QuantiFast SYBR Green PCR Kit (Qiagen). RT-

qPCR was performed using the Applied Biosystems StepOnePlus™  Real-Time PCR 

System in a two-step cycling protocol, with a denaturation step at 95oC and a combined 

annealing/extension step at 60oC. RT-qPCR measurements represent the average of 

three independent experiments normalized to GAPDH expression. The primers listed in 

Table 2 were purchased from Integrated DNA Technologies. 

 

Western Blotting 

Cells were lysed in Radioimmunoprecipitation assay buffer (Thermo Fisher Scientific) 

with protease and phosphatase inhibitor cocktail (Roche). Cell lysate was subjected to 

a standard Bio-Rad western blotting workflow using Mini-PROTEAN® TGX Stain-

Free™ Precast Gels and Trans-Blot® Turbo™ Transfer System. The following primary 

antibodies and dilutions were used: FGFR1 (#9740), FGFR2 (#11835), pFGFR (#3471), 

β-Tubulin (#2128) antibodies (Cell Signaling Technology), OXTR (abcam) and FGFR3 

(sc-390423), FGFR4 (sc-136988) (Santa Cruz Biotechnology). All antibodies were used 

at the 1:1000 ratio. Protein bands were processed using Pierce ECL Western Blotting 



 

Substrate (Thermo Fisher Scientific) or Amersham ECL Prime Western Blotting 

Detection Reagent (GE Healthcare Life Science) followed by visualization in a 

ChemiDoc™ Touch Imaging System (Bio-Rad). Images were edited in Image Lab™ 

Software (Bio-Rad). 

 

RNA-Seq and ATAC-Seq Analysis 

Organoids were dissociated into single cells using Accumax (Sigma). 50,000 viable 

cells were collected for ATAC-seq preparation as described previously (Corces, Trevino 

et al. 2017). RNA-seq was performed on dissociated organoids samples. RNA-seq 

libraries were generated using the Kapa Stranded RNA-seq kit. Triplicates of samples 

were collected for sequencing, and sequencing experiments were performed at the Duke 

Center for Genomic and Computational Biology sequencing core facility. Sequence 

files of RNA-Seq were aligned to human genome hg19 using Hisat2 (Kim, Langmead 

et al. 2015).  Sequence files of ATAC-Seq were aligned to human genome hg19 using 

bowtie2 (Langmead and Salzberg 2012), and MACS2 was utilized  to call open 

chromatin peaks (Liu 2014). DESeq2 (Love, Huber et al. 2014) and DiffBind 

(DOI: 10.18129/B9.bioc.DiffBind) (Ross-Innes, Stark et al. 2012) were used for 

differential analysis of RNA-Seq and ATAC-Seq, respectively. The open chromatin 

peaks and differential peaks from ATAC-Seq were annotated to nearby genes using 

Homer (Heinz, Benner et al. 2010). Triplicates of samples were merged for plotting 

heatmaps of chromatin accessibility and reads coverage on identified peak regions by 

Deeptools (Ramirez, Ryan et al. 2016).   

 



 

Integrative analysis of ATAC-Seq and RNA-Seq were performed in R. Gene Set 

Enrichment Analysis (GSEA) was performed using the GSEA tool 

(http://software.broadinstitute.org/gsea/index.jsp) developed by Broad Institute 

(Subramanian, Tamayo et al. 2005). The cancer modules curated by Sagel et al. (Segal, 

Friedman et al. 2004) were applied to the discovery of cancer-associated genes. The 

Drug Gene Interaction Database (DGIdb) was used to identify druggable gene targets 

(Cotto, Wagner et al. 2018).  

 

Statistical analysis 

The displayed data are presented  as mean ± SEM. Statistical comparisons were made 

using unpaired two-tailed Student’s t-test and one-way ANOVA with Tukey’s post hoc 

test in GraphPad Prism to calculate significance. Differences were considered 

significant at p < 0.05.  

	

 

 

 

3.4 Result 

3.4.1 Drug responses in patient-derived CRC organoids 



 

To generate PDOs of CRC, CRC samples were obtained from patients undergoing 

resection of their metastatic CRC at Duke University under an IRB-approved protocol. 

CRC119, CRC159, and CRC240 were derived from CRC metastasizing to the liver, and 

CRC344 was derived from CRC metastasizing to the omentum. Patient demographics 

are described in Table 1.  Tissues were dissociated and subsequently cultured as tumor 

organoids according to an established protocol (Sato, Stange et al. 2011). The CRC 

organoids derived from three different patients (CRC240, CRC159, CRC344) varied in 

morphology under the same culture conditions (Figure 1A). Organoids were 

enzymatically dissociated and seeded into 96-well plates at a density of 500-1000 

organoids per well. After 24 hours, organoids were treated with three standard 

chemotherapy drugs: 5-fluorouracil (5-FU), oxaliplatin, and SN-38 (the active 

metabolite of irinotecan). The drugs were applied over a logarithmic range of 

concentrations to measure the IC50 values, which are shown in Figure 1B. The IC50 

values of oxaliplatin were 127.6 μM, 7.01 μM, and 21.69 μM in CRC240, CRC159, and 

CRC344, respectively, suggesting that CRC240 organoids are particularly resistant to 

oxaliplatin (Figure S1A). In comparison, the IC50 values of 5-FU were 4.98 μM, 2.91 

μM, and 0.62 μM, and the IC50 values of SN38 were 149.7 nM, 20.98 nM, and 32.98 

nM in respective organoids. 

 

 

 

 

 



 

ID Gender Histology Grade Microsatellite 
Status KRAS BRAF Primary Metastatic 

Site 

CRC344 M Adenocarcinoma poorly 
differentiated MSS mutated WT colon omentum 

CRC240 F Adenocarcinoma poorly 
differentiated MSS WT WT colon liver 

CRC159 F Adenocarcinoma moderately 
differentiated MSI WT mutated colon liver 

CRC119 F Adenocarcinoma moderately 
differentiated MSS mutated WT colon liver 

 

Table 1. Clinical characteristics of the four colorectal cancer patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
Figure 1 Chemo-sensitivity of CRC 240, CRC344, and CRC159 PDOs. 

(A) Bright-field images of colorectal cancer organoids. From left to right: CRC240, 

CRC159, and CRC344. Scale bar = 400 μm. (B) Drug sensitivities to oxaliplatin, 5-FU, 

and SN-38 were assessed in CRC240, CRC159, and CRC344 organoids. Organoids 

were exposed to chemotherapy for 6 days, and cell viability was assessed by CellTiter-

Glo 3D cell viability assay. The IC50 values were calculated by a nonlinear regression 

model in GraphPad Prism. Error bars represents the standard error of the mean. 

 
 

 



 

3.4.2 Chromatin and transcriptional profiling 

We next used ATAC-Seq and RNA-Seq to profile the chromatin accessibility and 

transcriptome of CRC organoids comparing 10-day oxaliplatin vs. DMSO (control) 

treatment (Figure S2A). In CRC 240 organoids, which were the most resistant to 

oxaliplatin, 1,493 genes were differentially expressed after 10 days of oxaliplatin 

treatment according to RNA-Seq (Figure S2B). According to ATAC-Seq (Figure S2C), 

893 chromatin accessibility peaks were significantly altered compared to the DMSO 

control (Figure S2D). In comparison, fewer genes and ATAC-Seq peaks were altered 

by oxaliplatin treatment in CRC159 and CRC344 organoids (Figure S2B-S2D). 

 

As CRC240 organoids were most resistant to oxaliplatin and displayed more alterations 

in chromatin accessibility and gene expression than the other organoids, we further 

integrated the differential analyses of ATAC-Seq and RNA-Seq to identify genes 

associated with both chromatin accessibility and gene expression changes in CRC240 

(Figure 2A, filled triangles). Twenty-eight genes experienced consistent changes in 

chromatin opening and upregulation of expression in response to oxaliplatin treatment 

(Figure 2A, filled up-pointing red triangles, and Figure 2B). Hence, the chromatin 

accessibility changes for these genes may play a role in CRC240 resistance to 

oxaliplatin. 

 

 

 



 

 

Figure 2 Transcriptomic and chromatin accessibility profiling of oxaliplatin-

treated organoids. 

(A) Integration of ATAC-Seq and RNA-Seq. The differential analyses of ATAC-Seq 

and RNA-Seq were performed by using DESeq2 and DiffBind respectively. The 

differential genes and peaks were filtered by p-values (p-value < 0.05). Red color 



 

represents increase changes (logFC >1) for expression (square) or chromatin 

accessibility (triangle).  Blue color represents decreased changes (logFC < -1) for 

expression (square) or chromatin accessibility (triangle). The filled triangles represent 

both ATAC-Seq peaks and RNA-Seq expression significantly altered (p-value < 0.05).  

(B) Top ranked genes that display both increased chromatin accessibility nearby and 

increased gene expression in oxaliplatin-resistant CRC240.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3.4.3 Upregulation of drug targetable genes FGFR1 and OXTR. 

To identify potential therapeutic targets to overcome oxaliplatin resistance from the 

list of 28 genes, we first performed Gene Set Enrichment Analysis (GSEA) based on 

cancer modules curated by the Broad institute (Figure 3A). FGFR1, ROR1, RARB, 

OXTR, and CXCL6 are the top five genes enriched in the cancer modules, and only 

FGFR1, RARB, and OXTR are known targets of FDA-approved drugs (Figure 3B). 

While RARB has been extensively discussed in terms of its epigenetic roles in CRCs 

(Stewart and Thomas 1997, Youssef, Estecio et al. 2004, Selaru, David et al. 2009, 

Tommasi, Pinto et al. 2011), FGFR1 and OXTR are relatively new to CRC treatment. 

 

We analyzed mRNA levels by RT-qPCR and protein expression by western blot to 

validate FGFR1 and OXTR expression in PDOs. Consistent with RNA-seq, RT-qPCR 

showed that oxaliplatin treatments increase FGFR1 and OXTR mRNA expression in 

CRC240 organoids but not in CRC159 and CRC344 (Figure 3C and S3A). According 

to western blot, among the three patient-derived organoids, only CRC240 showed 

elevated FGFR1 and OXTR protein levels after oxaliplatin treatment. In contrast, 

CRC344 displayed a decrease in OXTR protein expression level after oxaliplatin 

treatment (Figure 3D). Among the four FGFR family members (FGFR1-4), FGFR1 is 

the only receptor that showed elevated mRNA and protein levels in CRC240 in response 

to oxaliplatin treatment (Figure 3D-E). Phosphorylation of FGFR1 also increased in 

CRC240, indicating more active FGFR1 signaling in response to oxaliplatin treatment 

(Figure 3D).  

 



 

In order to validate these findings, a patient-derived CRC organoid CRC119 was 

derived from another oxaliplatin-resistant patient (Figure S3B) to investigate whether 

oxaliplatin-induced FGFR1 and OXTR upregulation is specific to CRC240. The IC50 

of oxaliplatin in CRC119 was 104 μM (Figure S3C), similar to that in CRC240 

(127.6 μM) and higher than the IC50s of CRC159 and CRC344 (Figure 1B). However, 

levels of FGFR1-4 and phosphor-FGFR1 in CRC119 did not change significantly in 

response to oxaliplatin treatment, while the expression of OXTR slightly decreased 

(Figure S3D). The differences between CRC240 and CRC119 suggest that the response 

and resistance to oxaliplatin may occur through patient-specific mechanisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 3 Confirmation of drug-associated genes FGFR1 and OXTR in CRC 

organoids. 

(A) Gene set enrichment analysis of top genes identified by integrated analysis in Figure 

2B. Cancer modules curated by the Broad institute were applied for the enrichment 

analysis. Blue color in module-gene matrix indicates the significantly enriched cancer 

modules and the associate gene hits from the top gene list. (B) Bar diagram of drug-

gene interactions. The known drugs targeting the identified cancer associated genes are 



 

classified into groups annotated by DGIdb based on the targeting mechanisms. Among 

these drugs, 33 drugs are inhibitors targeting FGFR1, 18 drugs are antagonists targeting 

OXTR, and one antagonist targets RARB. (C) Left: RT-qPCR showed mRNA 

expression of FGFR1 in CRC240 control (DMSO) organoids compared to oxaliplatin 

treatment. Right: RT-qPCR showed mRNA expression of OXTR in CRC240 control 

(DMSO) organoids compared to oxaliplatin treatment. Organoids were exposed to the 

IC50 concentration of oxaliplatin, and RNA was isolated after incubation. Expression 

levels are given relative to the housekeeping gene GAPDH. Data were mean ± SEM 

(n=3) and the statistical significance was assessed by unpaired two-tailed student’s t-

test. *p<0.05, **p<0.01. (D) Protein expression was assessed by western blot using 

antibodies to FGFR1, phospho-FGFR1, FGFR2, FGFR3, FGFR4, OXTR, and beta-

tubulin in CRC240, CRC159, and CRC344 organoids with DMSO or oxaliplatin 

treatment. Immunoblots between 90KD to 120KD are different isoforms and 

glycosylated fibroblast growth factor receptors. (E) RT-qPCR showed mRNA 

expression of FGFR1, FGFR2, FGFR3, and FGFR4 in CRC240 control (DMSO) 

organoids compared to oxaliplatin treatment. Organoids were exposed to the IC50 

concentration of oxaliplatin, and RNA was isolated after incubation. Expression levels 

are given relative to the housekeeping gene GAPDH. Data were mean ± SEM (n=3) and 

the statistical significance was assessed by unpaired two-tailed student’s t-test. *p<0.05; 

**p<0.01; ***p<0.01; n.s., not significant.  

 

 

 



 

3.4.4 Inhibition of FGFR1/OXTR enhances the effect of oxaliplatin 

We examined whether targeting FGFR1/OXTR could sensitize CRC240 to oxaliplatin. 

We first used CRISPR-Cas9 to silence FGFR1 and OXTR separately in PDOs. Single 

organoids with either FGFR1 or OXTR knockout were clonally expanded after 

Puromycin selection. mRNA and protein levels of FGFR1 and OXTR were reduced 

significantly in these knockout organoids (Figure 4A-B). With oxaliplatin treatment, 

FGFR1 or OXTR knockout organoids exhibited significantly reduced proliferation rates 

compared with wild-type CRC240 organoids (Figure 4C). Therefore, genetic silencing 

of FGFR1 or OXTR seemed to synergize with oxaliplatin in resistant CRC240 

organoids. 

 

We subsequently targeted FGFR1 and OXTR pharmacologically. We first measured the 

IC50s of the FGFR1-specific inhibitor PD166866 (PD) and non-peptide oxytocin 

receptor antagonist L368,899 (L368) (Figure S4A). We then treated organoids with 

oxaliplatin in combination with PD or L368. Dose-response curves indicated that 

CRC240 organoids were more sensitive to combination therapy than monotherapy 

(Figure 4D), which was not observed in CRC159, CRC344, or CRC119 organoids 

(Figure S4B). A 5x5 combination dose-response screen of PD and L368 with oxaliplatin 

was performed to characterize the effects of combination treatments. Combination index 

heat maps demonstrated synergism between PD/L368 and oxaliplatin that at the 

majority of doses tested in CRC240 organoids (Figure 4E).  

	



 

 

 Figure 4 Inhibition of fibroblast growth factor 1 (FGFR1) and oxytocin receptor 

(OXTR) reduce tumor growth. 

(A) RT-qPCR measurement validated the efficiency of FGFR1 and OXTR knockout by 

CRISPR-Cas9 editing in CRC240 organoids. Left: RT-qPCR measurement of FGFR1 



 

mRNA levels in either wild-type or FGFR1 knockout CRC240 organoids. Right: RT-

qPCR measurement of OXTR mRNA levels in either wild-type or OXTR knockout 

CRC240 organoids. Expression was normalized to GAPDH. Data represent mean ± 

SEM (n=3), and the statistical significance was assessed by unpaired two-tailed 

student’s t-test. **p<0.01, ***p<0.001. (B) Western blot analysis of knockout 

efficiency of either FGFR1 or OXTR in CRC240 organoids. Beta-tubulin was used as 

an internal control.  (C) Cell viability of either FGFR1 (top) or OXTR (bottom) knockout 

organoids after oxaliplatin treatment. FGFR1 knockout or OXTR knockout CRC240 

organoids were treated with IC50 of oxaliplatin, and wild-type CRC240 organoids were 

treated with same IC50 for comparison. Cell viability of wild-type CRC240 organoids 

without oxaliplatin treatment were measured as control. Data represent mean ± SEM 

(n=3). One-way ANOVA with Tukey’s post hoc test was performed. ***p<0.001, 

****p<0.0001. (D) Dose-response curves of CRC240 organoids treated with 

monotherapy or a combination therapy. Top: Combination treatment with oxaliplatin 

(OXA) and PD166866 (PD). Bottom: Combination treatment with oxaliplatin (OXA) 

and L-368,899 (L368). Organoids were treated with a series of six different drug doses 

of oxaliplatin (OXA), PD166866 (PD), and L-368,899 (L368) or a combination of both 

agents for 6 days. Then, cell viability was measured via CellTiter-Glo 3D cell viability 

assay (Promega). Purple (PD or L368) line, orange (OXA) line, and black (PD/OXA or 

L368/OXA combination therapy) line represent the dose-response curves. (E) 

Combination index of combination treatments. Top: Combination treatment of 

oxaliplatin (OXA) and PD166866 (PD). Bottom: Combination treatment with 

oxaliplatin (OXA) and L-368,899 (L368). Left: 5 x 5 dose matrix of combination index. 



 

Right: 5 x 5 dose matrix of dose effect. CRC240 organoids were treated with increasing 

concentrations of oxaliplatin, and PD166866, or L-368,899 or co for 6 days in 

conditional medium. Combination index (CI) was calculated using CompuSyn software. 

Additive area was selected by CI between 0.9 to 1.1. CI ≥1.1 indicates antagonism; <0.9 

indicates synergism. Red and green color indicate synergism and antagonism in CI 

matrix. Dose effect represents fraction of cells killed by drug treatment. Dark red 

indicates 100% killing, while light blue indicates 0% killing. 

 

 

 

 

 

 

 

 

 

 



 

3.5 DISCUSSION  

Emerging evidence suggests that human cancer organoids provide a versatile pre-

clinical platform by maintaining patient-specific molecular and histopathologic 

phenotypes (Skardal, Devarasetty et al. 2015, Walsh, Cook et al. 2016, Weeber, Ooft et 

al. 2017, Buzzelli, Ouaret et al. 2018, Mazzocchi, Rajan et al. 2018, Nagle, Plukker et 

al. 2018, Vlachogiannis, Hedayat et al. 2018, Romero-Calvo, Weber et al. 2019). In this 

study, patient-derived CRC organoids were used to test sensitivity to frontline CRC 

chemotherapy drugs. Integrated chromatin and transcriptomic profiling of CRC 

organoids identified altered chromatin regions and gene expression associated with the 

response to chemotherapy in resistant tumor cells. Among them, FGFR1 and OXTR 

were computationally predicted as druggable targets associated with the 

oxaliplatin-resistant CRC240 organoids. Pharmacological inhibition and genetic 

silencing of FGFR1 or OXTR synergized with oxaliplatin treatment in these organoids. 

Interestingly, neither FGFR1 nor OXTR was upregulated in CRC119 organoids from 

another oxaliplatin-resistant patient, suggesting that chemoresistance pathways may be 

highly personalized.  

 

Cancer drug resistance is typically associated with genetic mutations and clonal 

evolution. However, this study suggests that, in resistant clones, chromatin accessibility 

changes may play a role in protecting these cells in response to treatment. Among the 

many genes that have altered expression levels, genes associated with altered chromatin 

accessibility regions may play a more lasting role. By focusing on those genes, we were 



 

able to narrow down the list to identify top gene candidates. However, the fact that 

FGFR1 and OXTR were not upregulated in another patient-derived resistant organoid 

suggests that there is not a uniform target for overcoming oxaliplatin resistance, thus 

combination regimens may have to be personalized. 

 

The mechanism of FGFR1 and OXTR in chemotherapy resistance remains to be 

elucidated. Large-scale integrated epigenetic/transcriptomic profiling might reveal 

more additional potential targets to treat chemotherapy resistance. Continued profiling 

of drug responses from patient-derived organoids may identify new biomarkers and 

targets for future precision medicine to treat drug-resistant cancer.  

 

 

 

 

 

 

 

 

 



 

 

 
 
Figure S1- Patient-derived organoids responses to oxaliplatin. 

(A) Representative images from CRC240, CRC159, and CRC344 organoids treated 

with DMSO or oxaliplatin (20 μM) for 6 days. Scale bar = 400 μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
Figure S2- Transcriptomic and chromatin accessibility signatures of oxaliplatin 

treatment cells and parental cells. 

(A) Left: boxplots showing the global distribution of normalized read counts in 

triplicates of three CRC orgnoids with oxaliplatin or DMSO treatments. Right: principal 

component analysis (PCA) of all samples profiled in RNA-Seq. Samples from different 



 

patients are presented in different shapes, and treatments are color-coded (red: samples 

treated with oxaliplatin, green: samples treated with DMSO).  (B) Volcano plot showing 

differential expressions of genes in organoids with oxaliplatin treatment compared to 

control (DMSO) organoids in CRC240, CRC159, and CRC344 respectively. Red and 

blue points represent the genes with significantly increased (FDR<0.05, log2FC>1) and 

decreased expression, (FDR<0.05, log2FC<-1) respectively, post-oxaliplatin treatment  

(C) Heatmaps of ATAC-Seq signals covers genomic regions ± 1kb across the TSS of 

genes showing open chromatin accessibility in genome-wide scale. Color map shows 

the intensity of ATAC-Seq signals. (D) MA plot of log2 fold change versus mean peaks 

signal showing ATAC-seq differential peaks in organoids with oxaliplatin treatment 

compared to control (DMSO) organoids in CRC240, CRC159, and CRC344, 

respectively. ATAC-seq peaks that display significant increases post-treatment (p.val < 

0.05, log2FC>1) are shown in red color, while significantly decreased peaks (p.val < 

0.05, log2FC<-1) are shown in blue.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
Figure S3- FGFR1 and OXTR are upregulated in CRC oxaliplatin resistant 

organoids. 

(A) Left: RT-qPCR showed mRNA expression of FGFR1 in three cancer organoids with 

control (DMSO) and oxaliplatin treatment. Right: mRNA expression of OXTR in 

FGFR1 in three cancer organoids with control (DMSO) and oxaliplatin treatment. 

Organoids were exposed to the IC50 concentration of oxaliplatin. Expression levels are 

given relative to the housekeeping gene GAPDH. Data were mean ± SEM (n=3) and the 

statistical significance was assessed by unpaired two-tailed student’s t-test. *p<0.05; 

***p<0.001; n.s., not significant. (B) Bright-field image of CRC119 organoid. Scale bar 

= 400 μm. (C) Dose-response curve of oxaliplatin treatment in CRC119 organoids. 

Organoids were exposed to oxaliplatin for 6 days, and cell viability was determined by 



 

CellTiter-Glo 3D cell viability assay. The IC50 values were calculated by a nonlinear 

regression model in GraphPad Prism. Error bars represents the standard error of the 

mean. (D) Protein expression was assessed by western blot using antibodies of FGFR1, 

phospho-FGFR1, FGFR2, FGFR3, FGFR4, OXTR, and beta-tubulin in CRC119 with 

DMSO or oxaliplatin treatment .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
Figure S4- Inhibition of FGFR1/OXTR is active against CRC240 organoids. 

(A) Dose-response curve of CRC240 treated with PD166866 or L368,899. Cell viability 

was measured on day 7 using CellTiter Glo 3D cell viability assay. The IC50 values 

were calculated by a nonlinear regression model in GraphPad Prism. (B) CRC159, 

CRC344, and CRC119 organoids were treated with IC50 values of oxaliplatin, 

PD166866, L368,899 or a combination of two agents. Cell viability assay was 



 

performed on day 7 and viability values are shown in relation to control (DMSO). (C) 

Left: Combination index (CI) values for CRC240 organoids treated with PD and OXA 

in combination at doses of 8.5, 17, 34, 68, and 136 μM (PD), and 32, 64, 128, 255, and 

510 μM (OXA). Right: Combination Index (CI) values for CRC240 organoids treated 

with L368 and OXA in combination at doses of 8, 16, 32, 64, and 128 μM (L368) and 

32, 64, 128, 255, 510 μM (OXA). CI values ≤ 0.9 indicate synergism, a CI value >0.9 

and <1.1 indicates an additive effect, and CI values ≥1.1 indicate antagonism. 

Combination index (CI) values calculated from data of viability assay using CompuSyn 

software.    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

FGFR1-F AACCTGACCACAGAATTGGAGGCT 
FGFR1-R ATGCTGCCGTACTCATTCTCCACA 
FGFR2-F TGATGGACTTCCTTATGTCCGCGT 
FGFR2-R AGCGTCCTCTTCTGTGACATTGGT 
FGFR3-F ACCAATGTGTCTTTCGAGGATGCG 
FGFR3-R AGAGCACGCAGCTTGTCACATAGA 
FGFR4-F ATGGAACTGGTGTGCTCAAGAAGC 
FGFR4-R TTCACATGTCCTCCGACCAACACA 
OXTR-F CCTTCATCGTGTGCTGGACG 
OXTR-R CTAGGAGCAGAGCACTTATG 
GAPDH-F TCGACAGTCAGCCGCATCTTCTTT 
GAPDH-R GCCCAATACGACCAAATCCGTTGA 

 
Table 2. List of primers used in RT-qPCR.
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CHAPTER 4 

CONCLUSION AND FUTURE DIRECTIONS 

 

4.1 Conclusion 

4.1.1 Notch1 Positive Feedback Is Essential To Intestine Stem Cell Niche 

In this study, we have shown that intestinal stem cells are robustly controlled in the stem 

cell niche where plays a critical role maintaining the tissue homeostasis of normal 

intestine crypts. Using transgenic mouse models manipulating the targeted genes in the 

stem cell niche of intestine crypts, we showed that intestine stem cell niche bears robust 

intestine stem cells (ISCs) and Paneth cells pattern. We stimulated intestinal organoids 

with Notch ligands and inhibitors, and discovered that intestinal stem cells employ a 

positive feedback mechanism via direct Notch binding to the 2nd intron of the Notch1 

gene. Inactivation of the positive feedback by CRISPR/Cas9 mutation of the binding 

sequence alters the mosaic stem cell niche pattern and hinders regeneration in organoids. 

These results suggest that the Notch signaling is essential to maintain the stable stem 

cell/Paneth cell pattern, and we discovered a novel Notch1 positive feedback that is 

essential and critical to control the intestine stem cell self-renewal and regeneration. In 

addition to the mouse genome, the Notch1 positive feedback is a conserved motif that 

can be found in human colon stem cells as well. Taken together, we showed that the 

stem cell division and stem cell niche are critical to the dynamic homeostasis regulation 

in both normal tissue and tumors. The genetic motif could serve as an extra safeguard 

to ensure robust balance control of stem cell niche, in which both transcriptional 

regulation and posttranscriptional regulation could play essential and critical roles.  This 



study highlights the need of a systematic approach that integrates in vivo and in vitro 

models coupled with methods of precise perturbation and monitoring to comprehend 

spatiotemporal regulation, involving both intracellular and intercellular 

communications. 

4.1.2 Integrated Chromatin and Transcriptomic Profiling of Patient-Derived Colon 

Cancer Organoids Identifies Personalized Drug Targets to Overcome Oxaliplatin 

Resistance  

Following the study of normal intestinal stem cell, we extended the application of 

organoids as a screening platform to investigate drug resistance in CRCs. In this study, 

an initial screen was carried out in four colorectal cancer organoid lines with 

chemotherapy drugs. The results from this screen showed that CRC240 is more resistant 

to oxaliplatin by increasing cell viability across all organoids. Moreover, upon 

integrated analysis of ATAC-Seq and RNA-Seq data, FGFR1 and OXTR was found to 

be upregulated in resistant CRC organoids (CRC240) compared to the sensitive CRC 

organoids.  

 

Pharmacological inhibition of FGFR1 and OXTR using PD166866 and L368, 899 

respectively led to a decrease in cell viability in CRC240 organoids. Moreover, genetic 

mutation of FGFR1 and OXTR in CRC240 also led to an decrease in cell viability, but 

had no effect on sensitive CRC organoids (CRC159, CRC344). Interestingly, neither 

FGFR1 nor OXTR was upregulated in CRC119 organoids from another oxaliplatin-

resistant patient, suggesting that chemoresistance pathways may be highly personalized.  

 



Cancer drug resistance is typically associated with genetic mutations and clonal 

evolution. However, this study suggests that, in resistant clones, chromatin accessibility 

changes may play a role in protecting these cells in response to treatment. Among the 

many genes that have altered expression levels, genes associated with altered chromatin 

accessibility regions may play a more lasting role. By focusing on those genes, we were 

able to narrow down the list to identify top gene candidates. However, the fact that 

FGFR1 and OXTR were not upregulated in another patient-derived resistant organoid 

suggests that there is not a uniform target for overcoming oxaliplatin resistance, thus 

combination regimens may have to be personalized. 

 

FGFR1 amplification was reported to promote breast cancer resistance to 4-

hydroxytamoxifen and is a potential therapeutic target in squamous cell lung carcinoma 

(Turner, Pearson et al. 2010, Heist, Mino-Kenudson et al. 2012, Malchers, Ercanoglu et 

al. 2017). Lower expression of OXTR was reported to promote breast cancer (Ariana, 

Pornour et al. 2019), and OXTR is associated with prostate cancer metastasis by 

mediating cancer cell migration (Zhong, Boseman et al. 2010). Despite those reports, 

the mechanism of FGFR1 and OXTR in CRC chemotherapy resistance remains to be 

elucidated. Potential upstream factors could be predicted based on sequences of open-

chromatin regions and binding motifs of transcriptional factors (TFs) (Figure 4.1-4.2, 

Table 3). Our analysis suggests that the genomic regions of FGFR1 and OXTR share 

some common putative TF binding sites as well as other TF sites unique to each peak 

(Figure 4.1-4.2, Table 3), which could be investigated to understand the resistance 

mechanisms. Large-scale integrated epigenetic/transcriptomic profiling might reveal 



additional potential targets to treat chemotherapy resistance. Continued profiling of drug 

responses from patient-derived organoids may identify new biomarkers and targets for 

future precision medicine to treat drug-resistant cancer.  

 

 

 

Figure 4.1 Predicted transcriptional factors binding sites within FGFR1 and OXTR 

peaks. Left: Venn diagram showing 8 TFs shared by peaks in both genes, 4 TFs unique 

within FGFR1 peaks and 8 TFs unique within OXTR peaks. Right: list of shared and 

unique TFs within FGFR1 and OXTR peaks.  

 

 

 

 

 



 

 

 

Figure 4.2 Binding motif analysis of predicted binding transcriptional factors. 

Binding motifs of TFs predicted in Figure S5. Only the TFs with available binding 

motifs in MotifMaps are shown.  

 

 

 

 

 



Table 3. Predicted Transcriptional Factor Binding Sites on ATAC-Seq peaks of 

FGFR1 and OXTR. 

Gene Peak Coordinate  Factor name  Start position  End position 
 
Dissimilarity  String  RE equally  RE query  

FGFR1 chr8_38299794_38300181  TCF-4E [T02878] 16 22 0  AGCAAAG 0.02368 0.02196 
FGFR1 chr8_38299794_38300181  C/EBPbeta [T00581] 17 20 0  GCAA 3.03125 2.83287 
FGFR1 chr8_38299794_38300181  C/EBPbeta [T00581] 76 79 0  TTGT 3.03125 2.83287 
FGFR1 chr8_38299794_38300181  C/EBPbeta [T00581] 286 289 0  GCAA 3.03125 2.83287 
FGFR1 chr8_38299794_38300181  AP-2alphaA [T00035] 174 179 0.226186  CCAGGC 0.18945 0.23994 
FGFR1 chr8_38299794_38300181  YY1 [T00915] 187 190 0  CCAT 1.51562 1.50405 
FGFR1 chr8_38299794_38300181  YY1 [T00915] 239 242 0  ATGG 1.51562 1.50405 
FGFR1 chr8_38299794_38300181  c-Ets-1 [T00112] 218 224 0  CTTCCTG 0.04736 0.04972 
FGFR1 chr8_38299794_38300181  GR-beta [T01920] 238 242 0.840383  AATGG 1.51562 1.25141 
FGFR1 chr8_38299794_38300181  GR-beta [T01920] 248 252 0.840383  TCATT 1.51562 1.25141 
FGFR1 chr8_38299794_38300181  GR-beta [T01920] 363 367 0  AATGT 0.75781 0.587 
FGFR1 chr8_38299794_38300181  GR-alpha [T00337] 38 42 0  CCTGT 1.51562 1.50405 
FGFR1 chr8_38299794_38300181  GR-alpha [T00337] 207 211 0  CCTGT 1.51562 1.50405 
FGFR1 chr8_38299794_38300181  GR-alpha [T00337] 290 294 0.207689  AGAGG 1.51562 1.50405 
FGFR1 chr8_38299794_38300181  GR-alpha [T00337] 383 387 0.207689  CCTCT 1.51562 1.50405 
FGFR1 chr8_38299794_38300181  ER-alpha [T00261] 327 331 0  TGACC 0.37891 0.39927 
FGFR1 chr8_38299794_38300181  ER-alpha [T00261] 341 345 0  GGTCA 0.37891 0.39927 
FGFR1 chr8_38299794_38300181  TFII-I [T00824] 241 246 0  GGAAAG 0.28418 0.29328 
FGFR1 chr8_38299794_38300181  HNF-1A [T00368] 78 85 0.287765  GTTAAAGT 0.04736 0.03641 
FGFR1 chr8_38299794_38300181  FOXP3 [T04280] 75 80 0  GTTGTT 0.28418 0.27002 
FGFR1 chr8_38299794_38300181  XBP-1 [T00902] 30 35 0  CGTCAT 0.18945 0.17638 
OXTR chr3_8887435_8887795  TFII-I [T00824] 0 5 0  CTTTCC 0.2644 0.24722 
OXTR chr3_8887435_8887795  TFII-I [T00824] 37 42 0  CTTTCC 0.2644 0.24722 
OXTR chr3_8887435_8887795  TFII-I [T00824] 259 264 0  CTGTCC 0.2644 0.24722 
OXTR chr3_8887435_8887795  YY1 [T00915] 41 44 0  CCAT 1.41016 1.37888 
OXTR chr3_8887435_8887795  YY1 [T00915] 159 162 0  CCAT 1.41016 1.37888 
OXTR chr3_8887435_8887795  YY1 [T00915] 182 185 0  ATGG 1.41016 1.37888 
OXTR chr3_8887435_8887795  YY1 [T00915] 193 196 0  ATGG 1.41016 1.37888 
OXTR chr3_8887435_8887795  AP-1 [T00029] 54 62 0.436196  TCTGAGTCA 0.01653 0.01807 
OXTR chr3_8887435_8887795  AP-1 [T00029] 104 112 0.401835  TGACTCACT 0.01653 0.01807 
OXTR chr3_8887435_8887795  c-Jun [T00133] 56 62 0  TGAGTCA 0.02203 0.02329 
OXTR chr3_8887435_8887795  c-Jun [T00133] 104 110 0  TGACTCA 0.02203 0.02329 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 66 69 0  TTGT 2.82031 3.08444 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 96 99 0  TTGT 2.82031 3.08444 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 117 120 0  ACAA 2.82031 3.08444 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 133 136 0  GCAA 2.82031 3.08444 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 152 155 0  TTGT 2.82031 3.08444 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 178 181 0  ACAA 2.82031 3.08444 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 238 241 0  TTGC 2.82031 3.08444 
OXTR chr3_8887435_8887795  C/EBPbeta [T00581] 345 348 0  ACAA 2.82031 3.08444 
OXTR chr3_8887435_8887795  GR-beta [T01920] 74 78 0.840383  TCATT 1.41016 1.91809 
OXTR chr3_8887435_8887795  GR-beta [T01920] 82 86 0.840383  AATGA 1.41016 1.91809 
OXTR chr3_8887435_8887795  GR-beta [T01920] 174 178 0.840383  AATGA 1.41016 1.91809 
OXTR chr3_8887435_8887795  GR-beta [T01920] 181 185 0.840383  AATGG 1.41016 1.91809 
OXTR chr3_8887435_8887795  GR-beta [T01920] 187 191 0  ACATT 0.70508 1.05515 
OXTR chr3_8887435_8887795  FOXP3 [T04280] 116 121 0  GACAAC 0.2644 0.27362 
OXTR chr3_8887435_8887795  ER-alpha [T00261] 143 147 0  TGACC 0.35254 0.30462 
OXTR chr3_8887435_8887795  LEF-1 [T02905] 150 157 0.641865  CTTTGTTC 0.01102 0.01241 
OXTR chr3_8887435_8887795  IRF-2 [T01491] 108 113 0  TCACTT 0.08813 0.10791 
OXTR chr3_8887435_8887795  IRF-2 [T01491] 232 237 0  TCACTT 0.08813 0.10791 
OXTR chr3_8887435_8887795  IRF-2 [T01491] 304 309 0  AAGTGA 0.08813 0.10791 
OXTR chr3_8887435_8887795  GR-alpha [T00337] 30 34 0  CCTGT 1.41016 1.41143 
OXTR chr3_8887435_8887795  GR-alpha [T00337] 163 167 0.207689  CCTTT 1.41016 1.41143 
OXTR chr3_8887435_8887795  GR-alpha [T00337] 323 327 0  ATAGG 1.41016 1.41143 
OXTR chr3_8887435_8887795  GR-alpha [T00337] 348 352 0  ATAGG 1.41016 1.41143 
OXTR chr3_8887435_8887795  TFIID [T00820] 313 319 0  TTTTCTA 0.1983 0.35789 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OXTR chr3_8887435_8887795  c-Ets-1 [T00112] 264 270 0  CAGGAAG 0.04407 0.0403 
OXTR chr3_8887435_8887795  SRY [T00997] 150 158 0  CTTTGTTCC 0.00551 0.00768 
OXTR chr3_8887435_8887795  PR B [T00696] 90 96 0  GACTGTT 0.0661 0.07627 
OXTR chr3_8887435_8887795  PR A [T01661] 90 96 0  GACTGTT 0.0661 0.07627 



4.2 Future Directions 

4.2.1 Notch1 Positive Feedback Is Essential To Intestine Stem Cell Niche 

The intestinal stem cell niche controls regeneration and homeostasis of the tissue. In 

chapter 2, we report a direct positive feedback, in which NICD cleaved from activated 

receptors directly bind to the second intron of Notch1 gene to enhance its expression. 

This positive feedback is active in mouse intestinal and human colon epithelial cells, 

and its silencing by CRISPR/Cas9 mutation reduced CBC/Paneth cell ratio and limited 

self-renewal. Biological systems such as the stem cell niche are usually robust 

(Savageau 1971, Barkai and Leibler 1997, Alon, Surette et al. 1999, Stelling, Sauer et 

al. 2004, Kitano 2007, Shen, Collier et al. 2008). They work most of the time, capable 

of accommodating different conditions and recovering from mistakes and damages. 

They rely on additional mechanisms such as feedback to enhance their regulation. It is 

important to know whether a signaling gradient in the crypt that can potentially 

modulate positive mechanism levels. Wnt signaling pathway secreted by Paneth cells at 

the crypt base is well known to form a gradient in the crypt, where it is high at the base 

and low on the top(Crosnier, Stamataki et al. 2006, van der Flier and Clevers 2009). The 

canonical Wnt signaling pathway is activated when the Wnt signaling peptide bind to 

their surface receptors and ultimately result in an increase in nuclear β-catenin. Nuclear 

β-catenin then interacts with the TCF/LEF family transcription factors to activate 

downstream genes. Secreted by Paneth cells (and possibly also the mesenchyme) at the 

base, Wnt factors (e.g. Wnt3, Wnt6, Wnt9) form a paracrine gradient from high to low 

from the bottom to the top of the crypt (Gregorieff, Pinto et al. 2005). In addition, β-



catenin levels show the same gradient from bottom to top (Murray, Kang et al. 2010). 

Wnt signaling promotes self-renewal of ISCs, maturation of Paneth cells(van Es, Jay et 

al. 2005), and proliferation of intestinal epithelial cells(van de Wetering, Sancho et al. 

2002). Taken together, Notch and Wnt signaling cooperatively determine cell fate in the 

crypt(Gregorieff and Clevers 2005, Nakamura, Tsuchiya et al. 2007, Pannequin, 

Bonnans et al. 2009, Rodilla, Villanueva et al. 2009, van der Flier and Clevers 2009). 

WNT has been shown to upregulates Notch ligands in intestinal and other cells as well 

as to influence the endosomal degradation of Notch in stem and colon cancer 

cells(Kwon, Cheng et al. 2011) (Bienz and Clevers 2000, Zecchini, Domaschenz et al. 

2005, Schuijers and Clevers 2012). Therefore, investigation of Wnt gradient will 

enhance our understanding of the modulations of Notch positive mechanism in different 

pattern formation.  

 

4.2.2 Integrated Chromatin and Transcriptomic Profiling of Patient-Derived Colon 

Cancer Organoids Identifies Personalized Drug Targets to Overcome Oxaliplatin 

Resistance  

More and more evidences suggest human cancer organoid as a versatile pre-clinical 

platform for its unique features of maintaining patient-specific molecular and 

histopathologic phenotypes(Skardal, Devarasetty et al. 2015, Walsh, Cook et al. 2016, 

Weeber, Ooft et al. 2017, Buzzelli, Ouaret et al. 2018, Mazzocchi, Rajan et al. 2018, 

Nagle, Plukker et al. 2018, Vlachogiannis, Hedayat et al. 2018, Romero-Calvo, Weber 

et al. 2019). In this study, patient-derived CRC organoids display drug responses to 

chemotherapy, oxaliplatin, consistently to clinical outcome: organoids derived from 



patient diagnosed with oxaliplatin resistance show much less sensitivity to it comparing 

to organoids derived from patients without resistance. Furthermore, integrative 

epigenomic and transcriptomic profiling of CRC organoids suggests essential 

reprogrammed genes associated with chemotherapy resistance, and FGFR1 and OXTR 

were computationally predicted as novel druggable targets associated with oxaliplatin 

resistance. We further showed that pharmacological and genetic inhibitions of FGFR1 

and OXTR could synergize oxaliplatin treatment in oxaliplatin-resistant CRC organoids. 

However, the fact that FGFR1 and OXTR were not upregulated in another patient-

derived resistant organoid suggests that there is not a uniform target for overcoming 

oxaliplatin resistance, thus combination regimens may have to be personalized. 

 

As the functions and roles of FGFR1 and OXTR in chemotherapy resistance are still 

unclear, further characterization of FGFR1 and OXTR in response to chemotherapy 

resistance could lead us to discover the underlying mechanisms of drug resistance. In 

addition to druggable cancer associated targets, FGFR1 and OXTR, large scale 

screening of identified chemo-resistance associated genes might reveal additional 

potential targets to treat chemotherapy resistance. Collection of drug responses from 

more patient derived organoids could substantially improve the prediction and accuracy 

in development of precision and personalize medicine and might further provide more 

evidences to discover general mechanisms causing chemo-resistance.  
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