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DISSERTATION ABSTRACT 
 
Janelle Stevenson 
 
Doctor of Philosophy 
 
Department of Biology 
 
June 2022 
 
Title: Lrig3 is Necessary for Proper Cellular Census in the Stem Cell 
Compartment of the Colonic Epithelium in Homeostasis and 
Regeneration 
 

The cellular census of the colonic crypt is tightly regulated to 

provide a protective barrier from the external environment and actively 

renew every five-to-seven days. The crypt is formed into U-shaped 

invaginations that compartmentalize cell type and function through three 

primary regions: the stem cell compartment at the base, the transit-

amplifying region in the middle, and the differentiated region at the 

luminal surface. This steady state of renewal requires consistent and 

stereotyped cell proliferation, migration, differentiation, anoikis and 

extrusion from the epithelium. Every year, in millions of genetically-

susceptible Americans, this process goes awry, and the disruption of the 

epithelial barrier results in an inflammatory response to commensal 

microbes and pathogens, resulting in Inflammatory Bowel Disease (IBD).  

This inflammatory attack results in complete, localized destruction of the 

epithelial layer and this is repaired, over time, and restored to its original 

state. The etiology of IBD is not fully understood, studying the molecular 

mechanisms and gene expression that governs colonic cell self-renewal 
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and crypt and regeneration will likely aid in our understanding of the 

regenerative process that occurs in IBD patients. In this thesis I show 

how Lrig3, a transmembrane protein, governs homeostatic renewal and 

inflammation-induced regeneration. I describe for the first time that 

Lrig3 is expressed in colonic crypt epithelial cells, including the stem, 

progenitor, and differentiated cell types. Using a novel mouse model, I 

show that mice missing Lrig3 have an expansion of the stem cell 

compartment in colonic crypts, without any obvious impact to colonic 

function. However, when the mice are subjected to a chemically induced 

inflammatory state, they lack the ability to regenerate their colonic 

epithelium. This thesis contributes key information in our understanding 

of cellular census in the colonic crypt during epithelial renewal and 

identifies a protein necessary for colonic crypt regeneration.  

 
This dissertation contains previously published and co-authored 
material. 
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CHAPTER I 

INTRODUCTION TO THE RENEWAL AND REGENERATIVE 

CAPABILITIES OF THE COLONIC EPITHELIUM 

 
Structure and Function of the Mammalian Colon 

The mammalian adult colon is patterned and assembled to 

facilitate absorption of water and nutrients, secrete a double layer 

antimicrobial mucosal barrier, and serve as a protective interface 

between the external environment and internal body, while requiring 

sufficient and highly specific penetration for absorption of critical 

molecules. The colon is lined with simple columnar epithelial cells that 

display a broad heterogeneity of cell types, maintained through specific 

tissue patterning, cell polarity, and molecular signals. This single layer of 

epithelial cells comprise millions of colonic crypts, which are test tube-

shaped invaginations, with a central luminal hole on the surface of the 

colon. The cellular “census,” or populations of specific cell types that 

make up each crypt is facilitated by somatic stem cell renewal and a 

subsequent commitment to differentiation by daughter cells which leads 

to continuous renewal of this epithelial lining (Gehart & Clevers, 2019).  
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Colonic Crypt Renewal  

The murine colon renews every 5-7 days initiated through 

asymmetrical stem cell divisions in the base of the crypt (Barker, 2013). 

The colonic crypt maintains a precise and tightly regulated stereotypic 

structure comprised of three cellularly and functionally specific regions 

(Fig 1).  At the base of the crypt, resides the stem cell compartment, 

which consists of two primary cell types: somatic stem cells and 

differentiated secretory cells. The somatic stem cells, known as Crypt 

Base Columnar Cells (CBCs) and are identified by Leucine-rich repeat-

containing G-protein coupled receptor 5 (Lgr5) expression. These stem 

cells are intercalated between differentiated secretory cells, known as 

Deep Crypt Secretory Cells (DCSs), which express a protein called 

Regenerating family member 4 (Reg4) (Sasaki et al., 2016). Stem cells in 

the colonic crypt are relatively fast cycling cells, where they divide 

asymmetrically approximately every 24-hours (Girish et al., 2021). This 

cell division produces one daughter cell identical to the original stem cell, 

which self-renews to preserve the stem cell population, and a second 

daughter cell is concurrently produced which will migrate upward to the 

Transit-Amplifying (TA) region. The stem cells receive signals from the 

neighboring support cells, as well as the mesenchymal cells residing 

immediately below the epithelial layer, to promote this carefully regulated 

process of renewal and asymmetric division (Fendrik et al., 2018).  
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The TA region resides in the middle of crypt, just above the stem 

cell compartment, and is comprised of the immediate daughter cells of 

the stem cells. These cells receive signals to commit to one of the two cell 

fate lineages that comprise the upper portion of the crypt, the secretory 

or absorptive lineage. The TA cells are highly proliferative, and express 

the cell cycle marker, Ki-67; it is in this compartment that the majority of 

the cellular expansion occurs, producing all of the differentiated cells 

that comprise the majority of the colonic epithelium (van der Flier & 

Clevers, 2009). Following proliferation and lineage commitment, the cells 

continue to migrate up the crypt to perform the necessary functions of 

the colon. The upper portion of the crypt is comprised of predominately 

differentiated 

secretory and 

absorptive cells, in 

a 1:3 ratio 

respectively, 

defined as goblet 

and colonocyte cells 

(Tóth et al., 2017). 

Finally, when the 

cells reach the 

luminal surface, or 

“colon cuff”, they undergo a specialized form of programmed cell death 

Figure 1. Graphical Representation of Colonic Crypt 
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called anoikis, are extruded into the lumen, and excreted 

(Ramachandran et al., 2000). This process allows for more space in the 

crypt to permit the continuous proliferation and migration, without the 

cells piling up on each other.  

 

The Mouse as a Model for Colonic Crypt Renewal 

 The house mouse (Mus musculus) is a widely utilized model for 

investigations into the morphology, gene and protein expression, 

molecular mechanisms, and cell signaling, that regulate cellular renewal 

(Henning & von Furstenberg, 2016). The mouse colon is largely 

homologous to the human colon in structure and function, making it an 

ideal model to understand the molecular mechanisms of tissue self-

renewal in higher-ordered organisms. Thousands of research articles are 

dedicated to understanding the composition of the cellular census of the 

colonic crypt in homeostasis and how this cellular composition directs 

the necessary form and function of the colon (Kwon et al., 2020; 

Tikhonova et al., 2020). Despite extensive research, it is still not fully 

understood what proteins and cell signaling pathways are required to 

develop and maintain the critical cellular stereotyping of the crypt. In 

Chapter 2, I explain how I use the mouse colon as a model system, and 

its stereotyped structure, to study a loss-of-function mutant; in this 

chapter, I will describe the discovery of protein responsible for the 

cellular census of the colonic stem cell compartment.  
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Colonic Regeneration in Response to Injury 

Renewal of the colonic epithelium to produce the stereotyped 

regions of the colonic crypt have a specific function in maintaining a 

barrier to the luminal contents of the colon.  In humans, there are a 

number of diseases that compromise this barrier, putting the human at 

risk for infection, inflammation and in some cases, cancer formation 

(Lucafò et al., 2021; Zhang & Li, 2014). There is a family of diseases that 

are involved in this barrier breach called Inflammatory Bowel Diseases 

(IBD) and they tend to arise suddenly, with no known cause (Xavier & 

Podolsky, 2007). During episodes of Inflammatory Bowel Disease (IBD) 

the colonic epithelial barrier function is reduced, localized infection from 

the commensal bacteria occurs and severe inflammation ensues, leading 

to destruction of the crypts in this inflamed area. These episodes 

typically resolve over the course of days or weeks, and this process 

involves the reduction of inflammation, and regeneration of the crypts 

(Yeshi et al., 2020). This proper regeneration of the colonic epithelium in 

and subsequent maintenance of the barrier from the external 

environment is critical for the survival of the organism.  

The exact etiology of IBD is yet to be elucidated, however the 

generally accepted hypothesis is that IBD is an aggressive and 

inappropriate inflammatory response to an environmental trigger in 

people with a genetic predisposition to IBD (Park et al., 2020). There is a 

breadth of research investigating the etiology and underlying 
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mechanisms of IBD pathogenesis, and these have been invaluable for the 

development of clinical treatments for the symptoms of IBD. These 

therapeutics consist predominately of immunosuppressive drugs targeted 

at inhibiting inflammation, not the underlying cause of IBD, and 

therefore a great deal of investigation is still needed, focusing on 

molecular mechanisms initiated during an IBD inflammatory period. The 

lack of treatments targeted at the molecular mechanisms of regeneration 

in IBD, and other alternative therapies such as mucosal regeneration, is 

in part due a lack of understanding of the principal pathways involved 

(Villablanca et al., 2022). A deeper comprehension of the necessary 

proteins and critical signaling events will continue to advance therapies 

for patients and could potentially reduce the usage of chronic 

immunosuppressive drugs for IBD patients.  

The mouse model is highly utilized to study IBD: the colonic 

regeneration, gene expression changes associated with regeneration, and 

signaling cascades following an inflammatory event (Kiesler et al., 2015). 

In Chapter 3, I utilize a mouse model to characterize protein expression 

following a chemically-induced inflammatory state that mimics human 

IBD. We then compare the results seen in the wildtype mice, to a mutant 

mouse model with a gene excised that is involved in cellular census of 

the colonic crypt stem cell compartment. Our IBD model allows us to 

investigate the protein expression, active signaling cascades, and 
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morphogenesis of the tissue at specific time points in the regenerative 

process – something that is currently impossible in humans.  

In summary, during my doctoral work I discovered a protein 

necessary for establishing the cellular stereotyping and census of the 

colonic crypt in homeostasis and during regeneration. In chapter 2, I 

discuss how I established this mutant as an essential component of 

crypts and show these mutant murine colonic crypts harbor an 

expanded stem cell compartment. In Chapter 3, I demonstrate how these 

same mutant mice cannot regenerate their crypts after an IBD-like 

treatment. I intend for my doctoral work to add to the collection of 

knowledge regarding colonic crypt census and to add to the critically 

needed understanding in regeneration, to push the boundaries of 

innovation and allow for a widened variation of non-immunosuppressive 

therapies for patients living with IBD.   
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CHAPTER II 

LRIG3 RESTRICTS THE SIZE OF THE COLON STEM CELL 

COMPARTMENT 

*This chapter contains previously published co-authored material 

 
Stevenson J.G., Sayegh R., Pedicino N., Pellitier N.A., Wheeler T., 
Bechard M.E., Huh W.J., Coffey R.J., Zemper A.E. Lrig3 restricts the size 
of the colon stem cell compartment. (In revisions, American Journal of 
Physiology – Gastrointestinal and Liver) Preprint 
doi: https://doi.org/10.1101/2022.03.08.483523 
 

Author contributions: All experiments in this chapter were performed, 
overseen and/or analyzed by me. Ryan Sayegh and Natalie Pedicino 
performed experiments and analyzed data. Natalie Pellitier and Tim 
Wheeler performed experiments. Matt and Won Jae provided valuable 
feedback and consultation regarding the manuscript and experimental 
protocols. Robert directed mouse genetics and provided valuable 
feedback on the manuscript. Annie and I conceived the project, designed 
experiments wrote and edited the manuscript. I created all the figures. 
Annie provided supervision, project administration, and funding. 

 
Abstract 

The cellular census of the colonic crypt is tightly regulated, yet the 

molecular mechanisms that regulate this census are not fully 

understood. Lrig3, a transmembrane protein, is expressed in colonic 

crypt epithelial cells, including the stem, progenitor, and differentiated 

cell types. Mice missing Lrig3 have a disruption in their cellular census: 

using a novel Lrig3-/- mouse we demonstrate that Lrig3-/- mice have more 

cells per crypt, a greater mucosal area, and longer colons compared to 

wildtype mice, suggesting the expression of Lrig3 is required for both the 
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total number of epithelial cells in the mouse colon, as well as colon 

length. In addition, we show Lrig3-/- mice have significantly more stem, 

progenitor, and deep crypt secretory cells, yet harbor a normal 

complement of enteroendocrine, Tuft, and absorptive cells. Lrig3-/- mice 

also have a concomitant decrease in phosphorylated Extracellular signal-

related kinases, indicating the loss of Lrig3 leads to an expansion of the 

colonic stem cell compartment, in an Erk-dependent manner. Our study 

describes the expression of Lrig3 within the colon, defines perturbations 

in mice lacking Lrig3, and supports a role for Lrig3 in the establishment 

of both colonic crypt structure and cellular census, defined as the 

epithelial cell type and number in colon crypts. 

 

Figure 2. Graphical Abstract, model for expanded stem cell 
compartment in Lrig3-/- 
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Introduction 

Precise spatiotemporal regulation of stem cell proliferation, 

differentiation, and apoptosis are critical for proper regeneration of the 

gastrointestinal epithelium. In the mouse colonic epithelium, the 

majority of cells are renewed every five days driven by stem cell division 

at the base of the colonic crypt (Gehart & Clevers, 2019). In order to 

maintain crypt size and epithelial cell number, the cellular census is 

tightly regulated by balancing the number of stem, progenitor, and 

differentiated cells per crypt. We know that each of these cell types are 

key for the absorptive and secretory jobs of the colon (Kwon et al., 2020). 

Here, we evaluate how the loss of Leucine-rich repeats and 

immunoglobulin-like domains 3 (Lrig3) affects crypt cellular census and 

explore the impact of the loss of Lrig3 on these three critical cell types. 

Lrig3 is a single-pass transmembrane protein and one of three 

members of the Lrig protein family (Simion et al., 2014). Lrig family 

members generally regulate both receptor tyrosine and serine/threonine 

kinases (Simion et al., 2014). To date, Lrig3 hasn't been as extensively 

studied as the other Lrig family members, yet we know it is expressed 

across endo-, meso- and ectodermal tissue types throughout embryonic 

development (del Rio et al., 2013). Disruptions in Lrig3 affect proper 

neural crest formation in Xenopus laevis and result in incomplete 

formation of the murine lateral semicircular canal (Abraira et al., 2008; 

Zhao et al., 2008). Generally, mice, sheep and pig are smaller if they have 
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a loss-of-function in Lrig3 (Abousoliman et al., 2021; Hellström et al., 

2016; Metodiev et al., 2018). Only recently have contributions to primary 

literature uncovered mechanistic roles for Lrig3 in the progression of 

many cancer cell types: cervical, hepatocellular, prostate, glioblastoma 

and colon (Cai et al., 2009; Chen et al., 2019; Hu et al., 2021; C. Peng et 

al., 2021; H. Sun et al., 2021; S. Sun et al., 2020; Zeng et al., 2020a).   

While most adult vertebrates can survive and maintain some sort 

of homeostasis with the loss of Lrig3, there are a number of defects that 

have been described in knockout mice, including cardiac hypertrophy, 

misregulation of insulin levels and the misorganization of neurons in the 

central nervous system (de Vincenti et al., 2021; Hellström et al., 2016). 

In certain tissues, Lrig3 works in concert with another family member, 

Lrig1 (de Vincenti et al., 2021; del Rio et al., 2013). In the 

gastrointestinal tract, Lrig1 is expressed on stem and progenitor cells in 

the small intestine and colon and is functionally important for 

maintaining homeostasis. The loss of Lrig1 results in aberrant growth 

factor signaling and tumor formation (Powell et al., 2012; Wang et al., 

2015). From publicly available expression databases, we know Lrig3 is 

also highly expressed in the gastrointestinal tract (Genepaint, n.d.) and 

Lrig3 protein is predicted to have striking homology to Lrig1 (Simion et 

al., 2014). These reasons led us to hypothesize that Lrig3 is important for 

development and homeostasis of the mouse colon. The goal of our study 

was to understand the impact of the loss of Lrig3 on colon biology. 
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Through transcript and protein expression analysis, we show that Lrig3 

is present throughout the colonic crypt epithelium, and we describe 

multiple colon morphological and cellular defects in Lrig3-/- mice. Our 

study describes the expression of Lrig3 within the colon, defines 

perturbations in mice lacking Lrig3, and supports a role for Lrig3 in the 

establishment of both colonic crypt structure and cellular census, 

defined as the epithelial cell type and number in colon crypts. 

Results 

Lrig3 expression in colonic crypts 

Our first step was to define Lrig3 expression in the colonic crypts 

by assessing Lrig3 transcript and Lrig3 protein expression via in situ 

hybridization, immunofluorescence, and western blot analysis, 

respectively. We generated an Lrig3 knockout mouse (Lrig3-/-, Fig. 3A and 

Appendix A Fig. S1) to both serve as a control for these analyses and to 

evaluate the impact of the loss of Lrig3. 

Further, Lrig3 protein is expressed in the majority of epithelial 

cells; this was confirmed by immunofluorescence and western blot 

analyses. Lrig3 protein was absent in Lrig3-/- mice (Fig. 3F-J). These 

results define, for the first time, Lrig3 expression in the mouse colonic 

crypt.  
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Figure 3. Lrig3 expression in the colonic epithelium. 

A. Schematic depicting knockout of exons 4-12 in the Lrig3-/- mice, compared to 
WT mice. Blue antibody drawing indicates where Lrig3 antibody (panels F, G-J) 
antigen is located. Blue line indicates where Lrig3 RNA SCOPE probe (panels B-
E) is located. B-C. Representative epifluorescence RNA SCOPE images of colonic 
tissue cross sections indicating Lrig3 transcripts (green) are located largely 
within the colonic epithelial compartment in wildtype mice. In Lrig3-/- mice (D-
E), RNA SCOPE signal (green) is lost (n=3 mice/genotype, 16 images/mouse). F. 
Western blot comparing Lrig3 antibody reactivity in wildtype and Lrig3-/- colonic 
epithelial cell isolation lysates (n=3). G-J. Representative images from a single 
confocal slice illustrating Lrig3 antibody reactivity with wildtype (G-H) colonic 
tissue (green) cross-sections (n=3 mice/genotype, 10 images/mouse). 
Background fluorescence observed in Lrig3-/- (I-J). Scale bars indicate 50um. 
Nuclei in B-E and G-J are depicted in magenta. B, D, G and H are single 
channel representations of the green color shown in C, E, H and J, respectively. 
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Lrig3-/- mice have morphological and epithelial defects 

As our initial results demonstrate that Lrig3 is highly expressed 

throughout the colonic crypt, we posited there may be epithelial disruption 

to the crypts in mice lacking Lrig3. Indeed, initial survey of the colonic 

tissues indicated morphological differences, as well as epithelial cellular 

census differences between WT and Lrig3-/- mice. To examine this directly, 

we first assessed colon lengths, and found that adult Lrig3-/- mice have 

significantly longer colons than WT mice at 6-10 weeks of age (p<0.05, Fig. 

4A). We hypothesized that along with the observed increase in colon length 

there may be alterations at the cellular level. We examined this by 

measuring total mucosal area of WT and Lrig3-/- mice using hematoxylin 

and eosin stained, paraffin-embedded tissue sections and found that Lrig3-

/- mice have a significantly larger mucosal area (p<0.01, Fig. 4B-D), per 

tissue section. The larger mucosal area in Lrig3-/- mice could be for several 

reasons, but we prioritized the investigation of two obvious hypotheses: 1) 

the epithelial cells within Lrig3-/- mice are larger or 2) there are more cells 

present in the crypts of Lrig3-/- mice. After an extensive examination of the 

colon sections from both sets of mice, we determined there was no obvious 

difference in cellular size between the cohorts (data not shown), ruling out 

that hypothesis. To investigate our second hypothesis, we quantified the 

number of epithelial nuclei per crypt, across both cohorts, and found that 

Lrig3-/- mice have more cells per colonic crypt than the WT mice (p<0.05, 

Fig. 4E). While there could be many reasons for a greater number of cells, 
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we first examined proliferation in the crypt of Lrig3-/- mice compared to WT 

mice by quantifying the expression of Ki67, a proliferative marker, in the 

epithelial cells. Surprisingly, we found no significant difference in the 

number of proliferating epithelial cells in the colonic crypts of Lrig3-/- mice 

at 6-10 weeks of age, compared to WT mice of the same age (Fig. 4F-J). 

From these analyses, we conclude that Lrig3-/- mice have a greater number 

of cells per crypt, but these cells are not undergoing aberrant proliferation. 

 

Colon crypt stem cell compartments are expanded in Lrig3-/- mice 

As epithelial cell number expansion is a hallmark of Lrig3-/- crypts, 

we wondered if this increased cell number was attributed to a particular 

region of the crypt. As there are many cell types present, we first assessed  

 

Figure 4. Lrig3-/- mice have expanded mucosal area 
A. Scatter plot indicating adult Lrig3-/- mice have significantly longer colons, as 
measured from cecum to rectum, compared to wildtype mice (n=10 
mice/genotype).  B. Scatter plot indicating adult Lrig3-/- mice have significantly 
more mucosal area in their colon, compared to wildtype mice (n=4, 10 
images/mouse). C-D. Representative colon cross sections of wildtype and Lrig3-

/- mice that have been stained with hematoxylin and eosin. Dashed line 
indicates the area measured for mucosal area. E. Scatter plot indicating adult 
Lrig3-/- mice have more nuclei per crypt compared to WT mice (n=4 
mice/genotype, 10 images/mouse). F. Scatter plot indicating no significant 
change in proliferation (Ki67) between Lrig3-/- and wildtype mice (n=4 
mice/genotype, 10 images/mouse, 152 crypts/genotype). G-J. Representative 
images of colonic tissue sections with anti-Ki67 antibody reactivity in Lrig3-/- (I-
J) and wildtype (G-H) adult animals. Nuclei in H and J are depicted in magenta. 
In all plots, error bars indicate standard deviation from the mean. Significance 
was determined using an unpaired t-test where a significant difference between 
the groups is represented by an asterisk (*) when p<0.05. When p<.01., the data 
have been labeled with two asterisks (**), and by (****) when p<0.0001. Scale 
bar in C-D indicates 50um. All breaks in the Y axes are shown with parallel 
lines. G and I are single channel representations of the green color shown in H 
and J, respectively. 
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the stem and progenitor cells in the crypt-base by examining 

Lgr5 expression, as this is indicative of the presence of long-lived 

proliferative stem cells in the base of the colonic crypt (Barker et al., 

2007). First, we performed RNA Scope in situ hybridization for Lgr5 

expression and identified significantly more Lgr5+ cells in the colonic 

crypts of Lrig3-/- mice (Fig. 5A-D). In addition, some cells seemed to 

harbor qualitatively more Lgr5 than others, even in the WT tissue, 

consistent with previous analyses of stem and progenitor markers in the 

gut (Gehart & Clevers, 2019). To more carefully examine this 

observation, we devised a quantification scheme for looking at Lgr5 

transcript expression levels in each cell. We binned them according to 

low- (<6 puncta per cell), mid- (6-14 puncta per cell), and high (15≤ 

puncta per cell) ranges (Fig. 5E). We quantified the puncta in Lrig3-/- and 

WT cells and while we observed no difference in the number of Lgr5 low-

expressing cells, there were significantly more mid- and high-expressing 

cells in Lrig3-/- mice (p<0.001, Fig. 5F). The other cell type present in the 

stem cell region of the crypt is defined by the expression of the Reg4 

protein. As Reg4+ cells act as support cells for Lgr5+ cells (Sasaki et al., 

2016), we reasoned that we may also observe a parallel increase in Reg4+ 

cells, in Lrig3-/- mice. To determine this, we quantified the number of 

Reg4+ cells and found significantly more Reg4+ cells in the base of the 

crypt (p<0.0001, Fig. 5G-K). Reg4 is also expressed by secretory cells 

near the top of the crypt, thus we quantified the number of Reg4+ cells in 
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the upper half of the crypt and determined there is no change in the 

number of these cells between Lrig3-/- and WT mice (Fig. 5L). Finally, we 

examined the number of Vil-1+ (absorptive), Dclk1+ (Tuft), and ChgA+ 

(enteroendocrine) cells, which correspond to three additional 

differentiated cell types found in the upper portion of the crypts. 

Qualitatively, we found no obvious difference in Vil-1 expression, when 

comparing approximately 50 images per genotype. Quantitatively, we 

found no difference in Dclk1+ and ChgA+ cells when comparing Lrig3-/- 

and WT mice (Appendix B Fig. S2). Collectively, our results demonstrate 

the increased cell number we observe in Lrig3-/- mice is restricted to stem 

and support cells in the crypt base.  

 

 
Figure 5. Expansion of the stem cell niche. A-D. Representative RNA SCOPE 
images of colonic tissue cross sections indicating Lgr5 transcripts (green) 
between wildtype (A-B) and Lrig3-/- (C-D) mice. E. Representative images of low, 
mid, and high Lgr5+ transcript expression. F. Scatter plot indicating Lrig3-/- 
mice have significantly more Lgr5+ mid and high cell transcript expression 
compared to wildtype mice (n=3 mice/genotype, 4 images/mouse). G-J. 
Representative images of colonic tissue sections comparing expression of Reg4 
antibody reactivity. Dotted line depicts the center of the crypt where they were 
marked and quantified crypt upper half and lower half. K. Scatter plot 
indicating an increase in Reg4+ cells, in the lower half of the colonic crypt, in 
Lrig3-/- mice compared to wildtype mice (n=7 mice/genotype, 7 images/mouse). 
L. Scatter plot indicating no change in Reg4+ cells in the upper portion of the 
colonic crypt of Lrig3-/- mice compared to wildtype mice (n=7 mice/genotype, 7 
images/mouse). Nuclei in B-E are depicted in magenta. Scale bar indicates 
50um. In all plots, error bars indicate standard deviation from the mean. 
Significance was determined using an unpaired t-test where a significant 
difference between the groups is represented by an asterisk (*) when p<0.05. 
When p<.01., the data have been labeled with two asterisks (**), when 
p<0.0001, the data have been labeled with four asterisks (****). A, C, G and I 
are single channel representations of the green color shown in B, D, H and J, 
respectively. 
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Lrig3-/- mice have increased Lrig1 and decreased in pErk 

As the stem cell niche is expanded in Lrig3-/- mice, we next 

examined if there was any change in expression of Lrig1, which is an 

Lrig3 family member, and widely expressed in intestinal stem and 

progenitor cells (Powell et al., 2012). While Lrig1 is normally restricted to 

the crypt-base, we found that Lrig3-/- mice have more Lrig1+ cells in the 

mid- and upper-crypt (Fig. 6A-D). We quantified the number of Lrig1+ 

cells per crypt and found significantly more Lrig1+ cells in Lrig3-/- mice 

compared to WT mice (p<0.0001, Fig. 6E). We also quantified Lrig1 

expression in the crypts via western blot analysis and confirmed the 

increase in Lrig1 we detected in Lrig3-/- mice (Fig. 6F). As loss of Lrig1 

results in changes to growth factor receptor signaling (Powell et al., 2012; 

Wong et al., 2012), we next assessed if the over-expression of Lrig1 seen 

in Lrig3-/- mice resulted in cell signaling changes in the crypts. We 

prioritized analysis of total and activated Epidermal growth factor 

receptor (Egfr and pEgfr, respectively), as these receptors are modulated 

based on Lrig1 expression (Powell et al., 2012). We also examined 

extracellular signal-related kinase (Erk) expression, as this is a 

transcriptional activator of proliferation and differentiation, and promoter 

of stemness in both the small intestine and colon (Osaki & Gama, 2013). We 

observed no obvious differences in the protein expression of total Egfr 

(Fig. 6G-H, K), activated Egfr or total Erk (Fig. 6I-K); however, we 

consistently observed decreased expression of phosphorylated Erk (pErk) 
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in the Lrig3-/- colonic crypts by western blot analysis (Fig. 6K). These 

results indicate this common downstream mediator of mitogen activated 

kinase signaling is changed in mice lacking Lrig3. Taken together, we 

observe that Lrig3 is required for proper Lrig1 expression and 

appropriate Erk activation. 

Discussion  

Using our novel Lrig3-/- mouse, we demonstrate that Lrig3-/- mice 

have more cells per crypt, a greater mucosal area, and longer colons 

compared to wildtype mice. This suggests the expression of Lrig3 is 

required for both the total number of epithelial cells in the mouse colon, 

as well as establishment of colon length. Further, we show Lrig3-/- mice 

have an Erk-associated expansion of the colonic stem cell compartment, 

as they harbor significantly more stem, progenitor, and deep crypt 

secretory cells. 

 Our research defines the expression domain of Lrig3, in the colon 

for the first time, as a novel marker of all colonic epithelial cells. The 

most well-studied Lrig family member, Lrig1 (Powell et al., 2012), is a 

homologue of Lrig3 with redundant expression patterns in some tissues 

(de Vincenti et al., 2021; del Rio et al., 2013). In the colon, Lrig1 

expression is distinct from that of Lrig3, as it is restricted to the crypt-

base (Powell et al., 2012; Wong et al., 2012). As their expression patterns 

are distinct in the gastrointestinal tract, it is likely that Lrig1 and Lrig3 

also have unique molecular functions. 
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Figure 6. Expression of Lrig1 is expanded in Lrig3-/- mice 
A-D. Representative images of colonic tissue sections comparing the expression 
of Lrig1 between wildtype (A-B) and Lrig3-/- (C-D) mice. In A and C, Lrig1 (white) 
is detected at the cell membrane of cells located in the crypt base. In B and D, 
Lrig1 (green) is shown in the context of all cells in the crypt (magenta). E. 
Scatter plot indicating significantly more Lrig1+ cells in the colonic crypt of 
Lrig3-/- mice compared to wildtype (n=4 mice/genotype, 10 images/mouse). F. 
Western blot comparing Lrig1 antibody reactivity in wildtype and Lrig3-/- colonic 
tissue cell lysates (n=3). G-J. Representative images of colonic tissue sections 
comparing the expression of pEgfr (I and J, green) and Egfr (G-H, green) 
between wildtype and Lrig3-/- mice. K. Representative western blots comparing 
protein expression for Egfr, Erk1/2, and pErk1/2 in wildtype and Lrig3-/- 
colonic tissue cell lysates (n=3). Nuclei in G-J are depicted in magenta. Scale 
bars indicate 50um. Significance in scatter plot was determined using an 
unpaired t- test where a significant difference between the groups is 
represented by an asterisk (****) when p<0.0001. A and C are single channel 
representations of the green color shown in B and D respectively. 
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In vitro, we know that Lrig3 stabilizes the ErbB receptors, whereas 

Lrig1 promotes ErbB receptor degradation (Powell et al., 2012). It is less 

clear if Lrig3 also promotes stabilization of ErbB receptors in vivo; this 

observation may be tissue-dependent (Abraira et al., 2010). As with 

Lrig1, Lrig3 has been evaluated across many tissue types; and has a 

significant impact on growth factor receptor pathways. We show that one 

common mediator of ErbB and Ras signaling pathways, Erk, is 

dysregulated in Lrig3-/- mice. Through our examination of the ErbB family 

member, Egfr, we did not observe any changes to expression or 

activation of this powerful growth factor receptor in Lrig3-/- mice; the 

impact of Lrig3 loss on other growth cell signaling pathways represents 

an important area of future research. Lrig3 also has been shown to 

regulate fibroblast growth factor (FGF) receptors which results in 

changes to neural crest formation in frog (Zhao et al., 2008) and vascular 

endothelial growth factor (VEGF) receptors are modulated by Lrig3 in 

glioma (C. Peng et al., 2021; Zhou et al., 2021). Both FGF and VEGF 

pathways are important for the development and maintenance of the 

colonic epithelium (Dessimoz et al., 2006; Schlieve et al., 2016), but it is 

unknown if Lrig3 modulates these pathways in this context. This 

represents an important area of future research.  

The question of how Lrig3 is regulated may be equally as important 

as the question as to what Lrig3 is regulating. Notably, Lrig3 expression 

is directly modulated by miRNA-196a, a microRNA that is upregulated in 
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gastric, colon, breast and pancreatic cancer and promotes tumorigenesis. 

In cervical cancer cells, miRNA-196a targets Lrig3 (Qiu et al., 2020) and 

improves cell viability. Lrig3 is also regulated at the post-transcriptional 

level, as there are reports of a circular form of Lrig3 (circRNA Lrig3) that 

is highly expressed in human hepatocellular carcinoma (HCC). Detection 

of blood plasma circ-Lrig3 is a highly sensitive and specific diagnostic 

indicator for HCC (H. Sun et al., 2021). Mechanistically, downregulation 

of circRNA Lrig3 represses both the MAPK/ERK and Smad pathways to 

prevent the progression of HCC and the loss of circRNA Lrig3 suppresses 

proliferation, invasion of HCC cells in vitro and blocks tumor growth of 

HCC in vivo (Hu et al., 2021; S. Sun et al., 2020). One recent report gives 

us a glimpse of the potential role in advanced colon cancer. Using human 

colon cancer cell lines, Zang and colleagues were able to show that Lrig3 

represses metastasis-associated cell motility by inhibiting slug via 

inactivating ERK signaling (Zeng et al., 2020a). While the data on Lrig3 

expression in solid tumors is expanding rapidly (Cai et al., 2009; Chen et 

al., 2019; Hu et al., 2021; C. Peng et al., 2021; H. Sun et al., 2021; S. 

Sun et al., 2020; Zeng et al., 2020a), the role of Lrig3 in the 

gastrointestinal tract at the genome, transcriptional and protein level is 

largely unknown and represents a valuable avenue for future research 

for both normal and cancerous colon tissue. 

In terms of the requirement for Lrig3 in colon development and 

homeostasis, we have two key observations. The first is that Lrig3-/- mice 
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are born physically smaller and weigh less than their WT counterparts 

(Hellström et al., 2016), yet we also consistently observe these mice to 

have significantly longer colons at adulthood. While there has been a 

great deal of research defining the molecular requirements for small 

intestinal morphogenesis, and to some extent, for the colon (Dessimoz et 

al., 2006; Kwon et al., 2020), our results clearly signify the importance of 

studying Lrig3 and its role in colon development. While it is beyond the 

scope of this paper, a clear next step to understanding how Lrig3 impacts 

colon development is to take an in vivo, inducible loss-of-function 

approach for Lrig3, using a time course strategy to define the impact of 

loss of Lrig3 on birth weight and colon length.  

Perhaps the most striking observation from our examination of 

Lrig3-/- mice is the greater number of cells per crypt despite no significant 

change to proliferation, resulting in Lrig3-/- mice having an expanded 

pool of stem and support cells in the crypt-base. While colonic epithelial 

self-renewal has been extensively researched (Gehart & Clevers, 2019) 

the majority of this research has been in adult mice, and generally has 

been assessed during regenerative phases after tissue injury (Yui et al., 

2018). From these studies, we know the key signaling pathways that 

promote stem cell self-renewal and daughter cell differentiation (Gehart 

& Clevers, 2019). Cellular census (epithelial cell type and number) is 

generally consistent from crypt-to-crypt in the distal colon of both mice 

and humans. Unfortunately, there is a paucity of research examining the 
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molecular factors that regulate the number of colon cells and how the 

crypts arrive at a homeostatic census (and thus a consistent crypt size) 

in adulthood. Our data clearly demonstrate the requirement for proper 

Lrig3 expression to yield appropriate crypt cellular census. Despite the 

increase in cell number per crypt in Lrig3-/- mice, we do not observe an 

increase in all epithelial cell types. Indeed, we observe a specific increase 

in the number of cells in the stem cell compartment at the crypt-base, 

suggesting that Lrig3 is critical for establishing the size of the stem cell 

compartment during development. In future experiments, it will be 

important to test this hypothesis directly, either by overexpression of 

Lrig3 or through forced, wide-spread regeneration of colon crypts in 

Lrig3-/- mice. In the latter example, induction of acute injury to the adult 

Lrig3-/- colon to spur crypt renewal will be instructive in understanding 

how Lrig3-/- mice arrive at this aberrant state of homeostasis. Taken 

together, our results signify the importance of studying Lrig3 and its role 

in cellular census and colon development.  

Experimental Procedures 

Generating Lrig3-/- mice  

The 129 Lrig3 BAC clone (bMQ-129G9) was obtained from Sanger 

Institute. The Lrig3 targeting construct which disrupts exons 4-12 of the 

Lrig3 locus was generated by BAC recombineering (Liu et al., 2003). The 

gene disruption strategy, null allele sequence and location of PCR 

primers is presented in Appendix Figure S1. PCR primer sequences are 
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listed in Table 1. ES cell electroporation and subsequent blastocyst 

injections were performed by the Transgenic Mouse/ES Cell Shared 

Resource at Vanderbilt University.  

Table 1 WT and Lrig3 Primers 
WT and Lrig3-/- primers  

WT & Lrig3-/- 5’ primer 5’ gctaaagcagccacagagtggta 3’ 

WT 3’ primer 5’ ctgtgccctcaaactgtcaa 3’ 

Lrig3-/- 3’ primer 5’ ttccctggactggtaggtagctc 3’ 

 

Mice  

C57BL/6 and Lrig3-/- mice were housed in a specific pathogen-free 

environment under controlled light cycle conditions, fed standard rodent 

lab chow, and provided water ad libitum. All procedures were approved 

and performed in accordance with the University of Oregon Institutional 

Animal Care and Use Committee. All mice were used at 6-10 weeks and 

mouse sex was mixed male to female at a roughly 50% ratio of each. All 

mice were sacrificed by cervical dislocation. At time of sacrifice, colons 

were removed, flushed with ice cold PBS and immediately measured 

using a ruler to obtain colon length, and then bifurcated.  

Tissue Preparation for Staining  

Tissue for paraffin and frozen block preparation were pinned onto a wax 

surface, fixed using 4% paraformaldehyde (PFA) for one hour (tissue 

imaged in Fig 3G-J were fixed in 4% PFA overnight), on a shaker at room 

temperature. They were then washed three times (five minutes each) in 
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PBS. For frozen blocks, tissue was submerged 30% sucrose in PBS 

overnight at 4°C and embedded in optimal tissue compound (OCT) for 

subsequent sectioning. For paraffin blocks, tissue was incubated in 70% 

ethanol and dehydrated in increasing alcohol baths and embedded in 

paraffin wax. All slides were sectioned at 7µm, (unless stated otherwise), 

and stained according to procedures below.  

Colonic Crypt Protein Isolation  

Bifurcated colons were cut into ~ 1cm pieces and incubated in ice cold 

2mM EDTA and 0.5mM DTT PBS buffer, washed in PBS, and incubated 

2mM EDTA buffer at 37°C. Tissue underwent vigorous lateral shaking to 

release crypts from submucosa, suspension was decanted, and shaking 

was repeated three times. The presence of single crypts is verified under 

a compound microscope and residual submucosal tissue is removed. The 

final collection of crypt suspensions was centrifuged at 500xg, cell pellet 

was then resuspended in Pierce RIPA buffer (ThermoFisher) with 

protease (½ tablet, Pierce Protease Inhibitor Mini tablets, EDTA-free, 

ThermoFisher) and phosphatase inhibitor (½ tablet PhosSTOP 

EASYpack, Roche), homogenized using an 18-gauge needle, and 

centrifuged at maximum speed. The supernatant was removed, and 

protein concentration determined using Pierce BCA kit (ThermoFisher).  

Morphometric Analysis  

Mucosal area and nuclei per crypt were quantified using paraffin 

embedded tissue and stained with Hematoxylin and Eosin (VWR). Images 
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and measurements were obtained on a Nikon Eclipse/Ds-Ri2. To 

quantify the mucosal area, we measured 10 images per animal (n=4 mice 

per genotype) using the Nikon NIS-Elements measurement tool. We 

measured the area of colonic epithelium by drawing lines across the 

basement membrane of the epithelium, along the sides, and across the 

luminal edge. To quantify the nuclei per crypt we used Hematoxylin and 

Eosin-stained paraffin slides and counted total nuclei per crypt in 10 

images per animal (n=4 mice per genotype).   

Antibodies and Staining Procedure 

Frozen tissue slides were washed in PBS three times (three minutes 

each), blocked in 1% bovine serum albumin (BSA) and 0.03% Triton X-

100 suspended in PBS for 1 hour. Antibodies were diluted in this 

blocking buffer at concentrations listed in Table 1, applied to the sections 

and sections were incubated overnight at 4°C. Slides were then washed 

in PBS three times (three minute each) and incubated with secondary 

antibodies at 1:500 in the same blocking buffer as above, for one hour at 

room temperature. Lastly, slides were washed in PBS for three minutes, 

then washed in PBS plus DAPI (1:10,000) for five minutes, and finally 

washed in PBS for three minutes. Slides were mounted using an n-propyl 

gallate/glycerol solution. Paraffin slides underwent conventional 

deparaffinization in xylenes and rehydration via ethanol washes and 

water, followed by antigen retrieval in a 1x Citrate buffer (ThermoFisher) 
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in a pressure cooker for one hour. Antibody catalog information and 

concentrations used are listed in Table 2.  

Western Blot  

Protein was diluted in a Laemmli buffer with 5% β-mercaptoethanol and 

boiled at 95°C for five minutes. 25µg of protein was loaded per lane into 

an SDS-PAGE gel (Bio-Rad Mini-Protean pre-cast gels 4-20%) and gels 

were run at 160V for approximately 90 minutes. Protein was transferred 

from the gel to a PVDF membrane overnight at 55V at 4°C. Membranes 

were blocked in either 5% dry milk or 5% BSA in PBS for one hour and 

incubated in primary antibody overnight at 4°C. Membranes are then 

incubated in HRP-conjugated secondary antibodies at room temperature 

for one hour. ECL reagent (GE Healthcare) was then applied, and 

subsequent images were captured on a LI-COR Odyssey Fc Imaging 

System. For quantification of protein levels of target proteins, β-tubulin 

was used as a normalization control (n=3 mice per genotype).  

In Situ hybridization  

In situ hybridization was conducted using RNAscope Multiplex 

Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics #323110) 

according to manufacturer protocols for fixed, frozen tissue sample 

preparation protocol (ACD TN 320535 Rev A, 323100-USM). Briefly, 

15um frozen sections were washed briefly in PBS, boiled for 5 minutes in 

1x Target Retrieval buffer, followed by two brief washes in ddH2O and 

one in 95% EtOH. Slides were dried then dammed with an ImmEdge 
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hydrophobic barrier pen, then incubated with Protease III for 15 minutes 

at 40°C. Slides were washed briefly in ddH2O, then incubated at 40°C in 

sequence with Probe-Mm-Lgr5 (312171) or or Mm-Lrig3 probe (310541) 

(2hr), AMP 1 (30 min), AMP 2 (30 min), AMP 3 (15 min), HRP-C1 (15 

min), Opal-570 TSA (30 min, 1:1000), with two two-minute washes with 

1x Wash Buffer between hybridization steps. Slides were counterstained 

with DAPI and mounted with N-propyl gallate mounting medium.  

Image acquisition and analysis 

Images for quantification of all immunofluorescent and RNAscope images 

were obtained using a Nikon Eclipse/Ds-Ri2 and NIS Elements software 

tools. Lrig3 antibody was visualized using confocal microscopy on a Zeiss 

LSM-880 system. Images were false-colored in Adobe Photoshop. All 

image analysis and quantification was performed in a double-blind 

fashion and statistical comparisons were analyzed using GraphPad Prism 

software. Quantification of all images (total “n” and counting metrics) are 

designated in each figure legend, however there were two sets of images 

analyzed with different criteria and we explain them here. For the 

quantification of Lgr5 expression, images were acquired and binned 

according to low- (<6 puncta per cell), mid- (6-14 puncta per cell), and 

high (15< puncta per cell) expression levels. Example images are shown 

in Fig. 5E. For Reg4 quantification, we separated each colonic crypt in 

half (upper and lower regions) and counted the positive cells in each 
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region. Example images are shown in Fig. 5H and J, with the dotted 

white line separating upper from lower. 

Table 2 

Antibody Company Product# Concentration 

Lrig3 US Biological 151911 1:250(IF)  
1:300 (WB) 

Lrig1 R&D Systems AF3688 1:500 (IF) 
1:300 (WB) 

Ki67(PE) eBiosciences SolA15 1:100 (IF) 

Egfr abcam ab52894 1:500 (IF) 
1:1000(WB) 

pEgfr 
(Y1068) 

abcam 200709 1:400 (IF) 

Erk Bioss BS-
0022R 

1:1000 (WB) 

pErk Cell Signaling 
Technology 

4370S 1:1000 (WB) 

Reg4 R&D Systems AF1379 1:100 (IF) 
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CHAPTER III 

LRIG3 IS REQUIRED FOR COLONIC REGENERATION FOLLOWING 

DSS INDUCED COLITIS 

 

^This chapter contains unpublished co-authored material. 

Stevenson, Janelle; Mueller, Kevin; Bree Mohr, Natalie Pellitier, Zemper, 

Anne 

Author contributions: I contributed to the conceptualization, 
methodology, data curation, analysis, figure creation, and wrote the 
chapter. Kevin Mueller performed experiments and analyzed data. Annie 
Zemper contributed to conceptualization, methodology, analysis, editing, 
supervision, project administration, and funding. Bree Mohr assisted in 
experiments. Natalie Pelletier assisted in experiments.  
 

Introduction 

 Inflammatory Bowel Disease, primarily characterized as Ulcerative 

Colitis (UC) and Crohn’s Disease (CD), was estimated to effect over 3 

million Americans in 2015, a significant increase from 1.8 million in 

1999 (Dahlhamer et al., 2016). People with IBD experience alternating 

periods of remission, with periods of “flare ups”, or an active intestinal 

inflammatory state, throughout their lifetime. Periods of severe 

inflammation in CD and UC patients can significantly reduce quality of 

life and increases individual health care costs more than 3-fold (Park et 

al., 2020). As the incidence of IBD continues to increase in the US, and 

to become a greater disease burden worldwide, the etiology of the disease 
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is still not fully understood (Alatab et al., 2020).  In general, it is widely 

accepted that IBD is an inappropriate and overly aggressive inflammatory 

response to microbes in a genetically susceptible host, with 

environmental factors triggering the onset or reactivation of an 

inflammatory disease state (Eichele & Kharbanda, 2017).  

There is a deep breadth of research investigating the etiology and 

underlying mechanisms of IBD pathogenesis, that have been invaluable 

for the development of clinical treatments. However, current therapeutics 

consist predominately of immunosuppressive drugs targeted at inhibiting 

inflammation, not the underlying cause of IBD (Villablanca et al., 2022). 

Sustained investigation into the molecular mechanisms initiated during 

an IBD inflammatory period will continue to inform clinical therapies. 

The lack of treatments targeted at the molecular mechanisms of 

regeneration in IBD, and other alternative therapies such as mucosal 

regeneration, is in part due a lack of understanding of the principal 

pathways involved. A deeper comprehension of the necessary proteins 

and critical signaling events will continue to advance therapies for 

patients and could potentially reduce the usage of chronic 

immunosuppressive drugs for IBD patients.  

Currently the murine (mouse) model is highly utilized to study 

regeneration and the associated gene expression and signaling cascades 

following an inflammatory event (Araki et al., 2010; B. Egger  J. 

Lakshmanan, P. Moore, V. E. Eysselein, 2000; Chassaing et al., 2014; 
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Cochran et al., 2020; Eichele & Kharbanda, 2017). In fact, for more than 

25 years, the mouse has provided an ideal model for understanding how 

the colon responds to inflammatory assaults, including both epithelial 

and immune responses (Kiesler et al., 2015).  

There are three main modes of modeling colitis in mice: chemical, 

genetic and T-cell transfer.  All cause inflammation and an epithelial 

regenerative response similar to that seen in IBD patients (Kiesler et al., 

2015). Our lab uses a chemical model where acute inflammation of the 

colon is induced by the addition of Dextran Sodium Sulfate (DSS) to the 

drinking water of the mice. This induces an inflammatory state within 

the mid-to-distal colon, and when DSS is removed the inflammatory 

assault will subside and allow epithelial regeneration to occur. By 

initiating and stopping the chemical assault in the colon, cyclically, we 

can mimic the pathology of UC. DSS is a chemical agent with colitogenic 

and anticoagulant properties to induce epithelial damage and the most 

widely used experimental model to investigate the pathogenesis and 

etiology of human IBD (Eichele & Kharbanda, 2017).  

Regeneration, following human UC flare ups and murine DSS 

induced inflammation, has been characterized by alternative 

mechanisms of cell signaling and gene expression than is seen in 

homeostatic regeneration. It is still not fully understood what proteins 

and cell signaling pathways are required to regenerate the critical cellular 

stereotyping of the crypt after inflammatory assault. Some posit that 
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residual progenitor cells left over after the assault has ended, expand to 

generate crypt-like structures. Others posit that differentiated cells “de-

differentiate” to become more stem cell-like, to regenerate the epithelium. 

In either case, it has been established that the Lgr5+ population of cells 

responsible for normal crypt regeneration, are not present after DSS-

induced colitis (Castillo-Azofeifa et al., 2019; Girish et al., 2021; Murata 

et al., 2020; Sasaki et al., 2016). Which cell or cells are responsible for 

salvaging the colonic epithelium after an inflammatory event remains an 

open area of research.  

In the previous chapter, I characterized morphometric and 

molecular differences of the Lrig3-/- murine colonic epithelium compared 

to WT and identified an expansion of the stem cell compartment but no 

changes in the number of differentiated cells within the crypt.  However, 

the changes identified have yet to recognize any functional deficiencies 

within the epithelium. Therefore, to better understand the regenerative 

capabilities of the colonic epithelium following an inflammatory state, I 

next wanted to investigate if the Lrig3-/- colonic epithelium can regenerate 

at the same capacity as the WT following an acute DSS-induced colitis.  

Within this chapter provide the current status of this on-going 

project; I will discuss our experimental results alongside the relevance 

and future direction of the project. Ultimately, we found that loss of Lrig3 

diminishes regeneration capacity in the colonic epithelium. Through 

morphological analysis, we show Lrig3-/- mice have increased 
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susceptibility to DSS-induced UC. Our study defines perturbations in the 

stem cell compartment after DSS-induced UC, in mice lacking Lrig3. 

Thus far, our study shows Lrig3 is required for colonic regeneration after 

DSS-induced UC, through the proper regulation of cell proliferation and 

death.  

Results and Discussion 

Morphometric Analysis 

The first goal of our research was to test how Lrig3-/- mice respond 

to inflammatory challenge. In order to do this, we supplied WT and Lrig3-

/- mice with 3% DSS in their drinking water for 6 days and allowed them 

to recover for 24 hours with untreated drinking water. Through weighing 

the mice daily, we found that Lrig3-/- mice lost a significantly higher 

percentage of their body weight than WT (Fig 7A, p<0.001). Upon 

dissection of the colons, we measured the colon length following a 

treatment cycle, as an additional metric to assess disease severity due to 

administration of DSS. Researchers have found that shortening of the 

colon following DSS treatment indicates increased susceptibility to the 

induced-inflammatory state (Chassaing et al., 2014). We found that 

following DSS treatment Lrig3-/- mice have significantly shorter colons 

WT mice (Fig 7B-C p<0.0001). In contrast, our previous study reported 

that Lrig3-/- mice have longer colons than WT mice at 6-10 weeks of age 

(Stevenson et al., 2022). The extreme shortening of the colon further 

emphasizes the susceptibility of Lrig3-/- mice to the inflammatory state. 
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Together, using the metrics of body weight lost and shortened colons 

allows us to determine the ability of the colonic epithelium to respond to 

the DSS treatment and recover through proper regenerative capability 

after the removal of DSS. The significant decrease in both body weight 

and colon length, due to DSS treatment, suggests that Lrig3-/- mice have 

a decreased ability to regenerate from an inflammatory state compared to 

WT mice.  

In order to examine whether the colons of WT and Lrig3-/- mice 

were in a similar or differing regenerative state, we examined the number 

of cells per colon crypt. My first paper shows that Lrig3-/- mice have more 

cells per colonic crypt than WT mice at 6-10 weeks of age (Stevenson et 

al., 2022). So, we next quantified the number of nuclei per colonic crypt 

in DSS-treated mice. We found that following DSS treatment, Lrig3-/- 

mice have significantly fewer nuclei per crypt than WT mice (Fig 7D-E, 

p<0.0001). Following DSS treatment for 6 days and allowing 24 hours for 

recovery, both genotypes showed decreases in the average number of 

cells per crypt compared to homeostasis, however the Lrig3-/- mice lost a 

significantly more cells per crypt than WT mice. These results support 

the hypothesis that WT and Lrig3-/- mice are in a differing regenerative 

state after DSS and suggest that Lrig3 is required for protection against 

an inflammatory assault and/or epithelial regeneration following an 

inflammatory-like state.  
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Figure 7. Morphological Defects in Lrig3-/- Mice Following DSS 
Treatment 
A. Scatter plot indicating an increase in percentage of body weight lost 24 hours 
after DSS treatment in Lrig3-/- mice compared to WT mice (n=16 
mice/genotype). B. Scatter plot indicating an increase in Lrig3-/- colon length in 
homeostasis compared to WT and a decrease in colon length 24 hours after 
DSS treatment compared to WT (n=9 homeostasis, n=18 DSS). C. 
Representative images of shortened colons after DSS. D. Scatter plot indicating 
more cells per crypt in Lrig3-/- mice in homeostasis and less cells per crypt in 
Lrig3-/- mice following DSS treatment, when compared to WT under same 
conditions. E. Representative image of DAPI and	ß-catenin immunofluorescence 
used for nuclei quantification. Significance was determined using an unpaired 
t-test, where significant difference between the groups is represented by an (*) 
when p<0.05, (**) when p<0.01, and (****) when p<0.0001. 
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Proliferation and Cell Death 

As total cell number in the crypt is ultimately governed by cell 

proliferation and/or cell death, we next wanted to examine the colonic 

epithelium of the DSS treated mice for nuclear markers of proliferation 

and death, to answer the question as to whether these cellular processes 

may be involved in the decreased regenerative capacity of Lrig3-/- mice. 

We hypothesized that the Lrig3-/- colonic epithelium has decreased 

proliferation and/or increased apoptosis compared to WT mice in the 

regenerative state, that is contributing to the change in cells per crypt 

that we identified.  

To identify changes in proliferation, we conducted 

immunofluorescent staining for the proliferation marker, Ki67  (Brown & 

Gatter, 2002)and quantified the total number of Ki67+ cells per crypt on 

DSS treated WT and Lrig3-/- mice. We counted the number of Ki67+ cells 

per crypt and found significantly fewer proliferating cells Lrig3-/- crypts 

(Fig 8A-B) compared to the WT crypts.  On average, DSS-treated Lrig3-/- 

mice contained an average of two Ki67+ cells per crypt and WT mice 

contained an average of six Ki67+ positive cells (p=0.01). In addition, it is 

important to note that Lrig3-/- mice have more cells per crypt in 

homeostasis, so this suggests that Lrig3-/- undergo a true inability to 

regenerate their epithelial population after a catastrophic event.  
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Our next step in cell analysis was to quantify the frequency of 

apoptosis occurring per crypt to determine if increased cell death in the 

Lrig3-/- crypts is contributing to decreased cells per crypt. To quantify cell 

death, we utilized an enzymatic TUNEL assay (J. Peng et al., 2020) to 

identify double stranded breaks in DNA and binned the data into three 

groups based on location of TUNEL signal within the crypt: lower half of 

the crypt, upper half of the crypt, and the cuff: luminal surface of crypts. 

Quantification of this data determined that there is increased apoptosis 

in both the lower (p<0.005) and upper (p<0.01) portions of the Lrig3-/- 

crypts, and no significant difference in the cuff (Fig 8C-D). Collectively, 

our cell death data show increased cell death in Lrig3-/- mice occurring 

within the colonic crypts, where we are less likely to visualize cellular 

apoptosis in WT mice, while apoptosis within the cuff, the region where 

cell death is expected to appear, is occurring on par with WT mice 

treated with DSS.  

 

Figure 8. Cell proliferation decreases and cell death increases in Lrig3-/- 
mice following DSS A. Representative images of colonic tissue cross sections 
comparing expression of Ki67 protein (green) and DAPI (magenta) between Lrig3-

/- and WT mice. B. Scatterplot indicating significantly less Ki67+ cells in the 
colonic crypt of Lrig3-/- mice (n=4 mice/genotype). C. Representative images of 
colonic cross sections comparing TUNEL identification of cell death between 
Lrig3-/- and WT mice. D. Scatterplot indicating significantly more cell death in 
the upper and lower portion of Lrig3-/- colonic crypts (n=6 mice/genotype). 
Significance was determined using an unpaired t-test, where significant 
difference between the groups is represented by an (*) when p<0.05 and (**) 
when p<0.01.  
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Figure 8. Cell proliferation decreases and cell death increases in 
Lrig3-/- mice following DSS 
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Together, our proliferation and cell death data in conjunction with 

the changes we observed in body weight lost, shortening of colon length, 

and decrease in crypt sizes support our hypothesis that Lrig3 is required 

for the protection against an inflammatory assault.  

The loss of colonic epithelial cells caused by increased apoptosis, 

in the absence of Lrig3, is too high for the epithelium to fully regenerate 

and allow for recovery, even after the removal of DSS. This led us next to 

look for changes in the cellular composition of the Lrig3-/- mice to 

determine if changes in protein expression or cellular composition are 

also contributing to the inability of epithelial regeneration.  

Stem Cells 

To examine changes in the crypt-based stem cell compartment, we 

conducted immunofluorescent staining for the stem and progenitor cell 

marker, Lrig1 (Powell et al., 2012). In unpublished data from our lab, we 

have found that following DSS treatment, Lrig1 progressively increases 

expression above homeostatic levels at 24, 48, and 96 hours post DSS 

treatment Additionally, this same study found through single cell RNA 

sequencing of Lrig1+ cells, 48 hours after DSS treatment that WT mice 

have increased expression of Lrig3 transcripts (Jahahn et al., n.d.). This 

increase in both Lrig1 and Lrig3 following DSS treatment, combined with 

our previous data showing that Lrig3-/- mice have more Lrig1+ cells per 

colonic crypt than WT mice in homeostasis (Stevenson et al., 2022), led 
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us to hypothesize that there would be more Lrig1+ cells in the Lrig3-/- 

mice following DSS treatment.  

We next used immunofluorescence imaging to examine changes to 

Lrig1 expression in the absence of Lrig3 compared to WT mice. Lrig3-/- 

crypts have fewer cells than WT crypts (Fig 6D), so we next asked what 

proportion of the colonic crypt contains Lrig1+ cells, compared to that of 

WT crypts. To quantify this data, we measured the total length of the 

crypt, from base to cuff, and then determined the length of the crypt 

which contained Lrig1+ cells. From this analysis we show that Lrig3-/- 

mice have proportionally fewer Lrig1+ cells per crypt than WT mice (Fig 

9A-B). This is not the first time an increase in Lrig1 has been described, 

after changes in Lrig3, and this observation warrants further 

investigation.  Nevertheless, as this data currently stands, our results 

indicate that Lrig3 is required for colon regeneration after inflammatory 

assault. In thinking about our results so far, I have several experimental 

avenues I would explore, if I were to continue this project. I will outline 

these thoughts for the rest of this chapter.  

In the absence of Lrig3 expression during an inflammatory assault, 

and the resulting decrease in cell number, decreasing expression of 

Lrig1, we might expect to see an impact of the expression of a powerful 

growth modulator, Epidermal growth factor receptor. Based on the 

known regulation of Egfr by Lrig1 (Gur et al., 2004; Wong et al., 2012), 

we might expect to observe increased Egfr expression and consequently 
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increased proliferation, when Lrig1 is down regulated. We do not observe 

this increased proliferation, however, so future experiments exploring the 

growth signaling differences between WT and Lrig3-/- tissue will be 

critical. Clearly, our data indicate that WT animals can better protect the 

integrity of the colonic crypts during a DSS inflammatory assault, while 

also maintaining an appropriate proliferative response, compared to 

Lrig3-/- animals. WT animals increase Lrig1 expression, after 

inflammation, likely in order to regulate proliferation back to homeostatic 

levels; Lrig3-/- mice are missing this compensatory mechanism. 

To investigate these observations further, I propose a set of future 

experiments. Going forward, I would perform two separate DSS time 

course studies. In the first, I would analyze protein and transcript 

expression patterns during each day of DSS treatment. This would create 

an expression ‘timeline’ of specific cellular markers both WT and Lrig3-/- 

mice, that would likely help us form hypotheses as to why the Lrig3-/- 

mice lack the ability to regenerate their colons. In the second, I would 

allow the Lrig3-/- mice that did not lose ~20% bodyweight to thrive for 

longer, thereby hopefully harnessing more data. Specifically, I would 

administer the 3% DSS for six days then switch the mice to plain water 

and allow the colonic epithelium to begin recovery. Although we 

previously ended the studies due to mice losing more than 20% of their 

starting body weight and overall, the Lrig3-/- mice lost a significantly 

larger percent of their body weight. Approximately 20% of the mice we 
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tested were under that threshold. For these, I would like to allow the 

mice to recover longer than 24 hours and create a timeline of specific 

stem cell markers and proliferation for the seven days following DSS 

treatment. These two studies will allow us to gain a clearer picture of 

changes to stemness markers, apoptosis, and proliferation changes in 

both WT and Lrig3-/- mice throughout DSS and during recovery.  

As a final step in quantifying the cellular identify of cells present 

after DSS in both genotypes, we used Alcian blue to mark cells 

containing acidic epithelial mucins to identify any changes in the 

number of differentiated secretory cells of Lrig3-/- colonic crypts following 

DSS treatment. We quantified the proportion of the crypt that contained 

positively stained (blue) cells and binned them into four groups: 0-25%, 

26-50%, 51-75%, and 76-100%. Through this preliminary analysis, we 

found that on average Lrig3-/- murine colonic crypts contain only a 

slightly higher proportion of mucus containing cells, but it is not 

significantly higher (Fig 9C-D; p=0.19). We currently have yet to identify 

any significant changes to differentiated cells within the Lrig3-/- colonic 

crypts following treatment with 3% DSS and 24 hours of recovery, 

suggesting that the loss of Lrig3 is more detrimental to regeneration of 

the stem cell compartment than to the differentiated secretory cells. 

Going forward, the next steps will be to identify changes in protein 

expression and cell signaling cascades within the Lrig3-/- colonic crypts. 

Determining changes in protein expression through immunofluorescence 
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analysis will allow us to recognize what cell types are present in the 

Lrig3-/- crypts and how it compares to the WT crypts following DSS 

treatment. Changes in cell signaling will be assayed through a phospho-

Receptor Tyrosine Kinase (RTK) array to simultaneously identify changes 

in phosphorylation of 39 mouse specific RTK cell signaling proteins.  

Conclusion 

Our studies show Lrig3-/- mice undergo catastrophic crypt collapse, 

a shortened colon, and decreased body weight following DSS treatment (6 

days of 3% DSS water and a 24-hour recovery on plain water) when 

compared to WT mice. At the crypt level of analysis, we see a significant 

decrease in total cell number per crypt, a significant decrease in 

proliferative cells, a significant decrease in the proportion of Lrig1+ cells, 

and a significant increase in apoptosis within the crypt. These results 

support the hypothesis that Lrig3 is required for regeneration in the 

colonic epithelium following an acute inflammatory injury, however, 

these results do not explain the role of Lrig3 in the regenerative process 

and additional information needs to be investigated in further studies.   
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Figure 9. Expression of Lrig1 is decreased in Lrig3-/- mice following 
DSS A. Representative images of colonic tissue sections comparing the 
expression of Lrig1 in Lrig3-/- and WT mice. B. Scatterplot indicating significantly 
less Lrig1+ cells in the Lrig3-/- crypts compared to WT (n=6 mice/genotype). C. 
Representative images of colonic tissue cross sections comparing alcian blue 
staining between Lrig3-/- and WT mice. D. Scatterplot indicating no significant 
change in alcian blue staining in the colonic crypts of Lrig3-/- and WT mice.  

 
 

 

 

 

Methods 

Mice  

C57BL/6 (WT) and Lrig3-/- mice were housed in a specific pathogen-free 

environment under controlled light cycle conditions, fed standard rodent 
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lab chow, and provided water ad libitum. All mice were used at 6-10 

weeks and mouse sex was mixed male to female at a roughly 50% ratio of 

each. All mice were sacrificed by cervical dislocation. At time of sacrifice, 

colons were removed, flushed with ice cold PBS and immediately 

measured using a ruler to obtain colon length, and then bifurcated. All 

procedures were approved and performed in accordance with the 

University of Oregon Institutional Animal Care and Use Committee. 

DSS Treatment  

Three percent dextran sodium sulfate (DSS) was dissolved in filtered 

drinking water and supplied ad libitum to WT and Lrig3 null mice for 6 

days. Drinking water was switched to filtered water for 24 hours, then 

mice were sacrificed, and colons dissected for analysis. Mice are weighed 

daily to as an both an ethical precaution and a metric to track disease 

severity. If more than 20% of the mouse starting body weight is lost, the 

mice was sacrifice, per the ethical weight loss standards of the UO 

Institutional Animal Care and Use Committee (IACUC) standards. All 

procedures were approved and performed in accordance with the policies 

of the University of Oregon Institutional Animal Care and Use 

Committee.   

Tissue Preparation for Staining 

Tissue for paraffin and frozen block preparation were pinned onto a wax 

surface, fixed using 4% paraformaldehyde (PFA) for one hour, on a 

shaker at room temperature. They were then washed three times (five 
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minutes each) in PBS. For frozen blocks, tissue was submerged 30% 

sucrose in PBS overnight at 4°C and embedded in optimal tissue 

compound (OCT) for subsequent sectioning. For paraffin blocks, tissue 

was incubated in 70% ethanol and dehydrated in increasing alcohol 

baths and embedded in paraffin wax. All slides were sectioned at 7µm, 

(unless stated otherwise), and stained according to procedures below.  

Antibodies and Staining Procedure  

Frozen tissue slides were washed in PBS three times (three minutes 

each), blocked in 1% bovine serum albumin (BSA) and 0.03% Triton X-

100 suspended in PBS for 1 hour. Antibodies were diluted in this 

blocking buffer at concentrations listed in Table 3, applied to the sections 

and sections were incubated overnight at 4°C. Slides were then washed 

in PBS three times (three minute each) and incubated with secondary 

antibodies at 1:500 in the same blocking buffer as above, for one hour at 

room temperature. Lastly, slides were washed in PBS for three minutes, 

then washed in PBS plus DAPI (1:10,000) for five minutes, and finally 

washed in PBS for three minutes. Slides were mounted using an n-propyl 

gallate/glycerol solution. Paraffin slides underwent conventional 

deparaffinization in xylenes and rehydration via ethanol washes and 

water, followed by antigen retrieval in a 1x Citrate buffer (ThermoFisher) 

in a pressure cooker for one hour. Antibody catalog information and 

concentrations used are listed in Table 3.  

Table 3 
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Antibody Company Product# Concentration 

Lrig1 R&D Systems AF3688 1:500 (IF) 

Ki67(PE) eBiosciences SolA15 1:100 (IF) 

Beta-catenin Cell Signaling 19807 1:500 

 

Image Acquisition and Analysis  

Images for quantification of all immunofluorescent images were obtained 

using a Nikon Eclipse/Ds-Ri2 and NIS Elements software tools. Images 

were false-colored in Adobe Photoshop. All image analysis and 

quantifications were performed in a double-blind fashion and statistical 

comparisons were analyzed using GraphPad Prism software. 
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CHAPTER IV 
 

CONCLUSIONS AND FUTURE DIRECTIONS 

 
 

In this dissertation, I have presented a novel function for the 

transmembrane protein Lrig3 in the colonic epithelium. Prior to this body 

of work, Lrig3 had not been investigated in the colon. It was unknown 

what or if, Lrig3 had role in homeostasis or in regeneration.  Through 

both the homeostasis (Chapter II) and regeneration (Chapter III) studies I 

show Lrig3 is required for cellular census of the stem cell compartment 

in homeostasis and is critical for epithelial regeneration in an IBD-like 

mouse model, respectively. 

In Chapter II, the objective of my project was to define the 

influence of the loss of Lrig3 on colon biology. Using a novel mouse 

model with Lrig3 excised from the genome, I show through both 

transcript and protein expression analysis, that Lrig3 is expressed 

throughout the murine colonic crypt.  I then describe, through 

histological and gross anatomy analysis, several morphological changes 

observed in the Lrig3-/- mice. These include shorter colons, larger 

mucosal area, and more cells per crypt. To investigate these alterations 

further, I show the Lrig3-/- crypts harbor a significant increase in the 

number and position of Lrig1+, Lgr5+, and Reg4+ cells. These data 

support a role for Lrig3 in the establishment of both colonic crypt 

structure and cellular census. To elucidate the molecular reasons for 
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these changes, we conducted immunofluorescent and western blot 

analysis to determine changes in receptor tyrosine kinase signaling 

pathways and found decreased activation of Erk (pErk). This observation 

suggests the perturbations we observe in the Lrig3-/- murine colonic 

epithelium may be occurring in an Erk-dependent manner.  The 

continuance of this work is critical in understanding the relationship of 

Lrig3 and pErk in the colon and the disruptions of molecular 

mechanisms and signaling cascades that lead to the morphological and 

cellular census alterations we have identified.  

In Chapter III, I demonstrate that Lrig3-/- mice undergo 

catastrophic crypt collapse, a shortened colon, and decreased body 

weight following an IBD-like regimen, when compared to WT mice. After 

analysis of the crypts, I show the Lrig3-/- mice have a significant decrease 

in the total number of cells and amount of proliferation per crypt, a 

significant decrease in the proportion of Lrig1+ cells, and a significant 

increase in apoptosis within the crypt. These results support the 

hypothesis that Lrig3 is required for regeneration in the colonic 

epithelium following an acute inflammatory injury, however, these 

results do not explain the molecular role for Lrig3 in the regenerative 

process.  As the prevalence and disease burden of IBD increases 

annually it is imperative that regeneration in the colon is understood on 

a deeper level. Immunosuppressive therapies have long been the go-to for 

IBD treatment, but the long-term effects of chronic immune suppression 
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are known to have debilitating long-term side effects(Villablanca et al., 

2022). Therefore, the future of IBD therapies ultimately depend on a 

greater understanding of the factors that influence proper colon 

regeneration after a bout of colitis.  

The work I have completed in my dissertation clearly show the 

requirement of Lrig3 in regeneration; however, we have not revealed how 

Lrig3 is regulating regeneration in the wildtype animals. Determining 

how Lrig3 may be functionally regulating proper Lrig1 expression, 

proliferation, apoptosis, and therefore appropriate cellular census of the 

colonic crypt are necessary. To continue answering this question the next 

set of experiments will focus on finding changes in cell signaling 

cascades within the Lrig3-/- colonic epithelium, specifically receptor 

tyrosine kinases such as Erk and Egfr that regulate many pathways 

involved in stem cell renewal, cell proliferation, differentiation, and 

migration in mammals and within the colon(Brandt et al., 2019; Lu et 

al., 2014; Procaccino et al., 1994; Zeng et al., 2020b).   

 As discussed in Chapter III, future studies investigating the role of 

Lrig3 in regeneration after an IBD-like state, include additional time 

course studies. Going forward, it will be important to perform DSS 

treatments, and quantify expression of key proteins each day of the six-

day time course, and of DSS each day of recovery (reversion to water) for 

up to 14 days, or until each Lrig3-/- mouse must be removed from the 

study due to excessive weight loss. These studies will likely give us a 
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better understanding of the fluctuations in relevant cell signaling 

cascades impacted by the loss of Lrig3. For the mice that must be 

sacrificed due to >20% weight loss before reaching 14 days of recovery, 

this will also allow us to examine molecular and cellular differences in a 

spatial and temporal model that is at the peak of catastrophic failure.    

 One aspect of the role of Lrig3 in colon biology that remains 

unexplored in my dissertation is the role of Lrig3 in murine colon 

development. At six-to-ten weeks of age, unperturbed Lrig3-/- mice have 

an expanded stem cell compartment and larger mucosal area. This 

suggests that not only does Lrig3 have a role in stem cell compartment 

census, but that there may also be developmental defects in the 

morphogenesis of the colon. The current scientific literature on the 

development of the colon is very limited (Ménard et al., 1994; Noah et al., 

2011; Wei et al., 2020), and this mouse model has the potential to greatly 

contribute to the open question of how colonic crypts develop and the 

epithelium is established.  

 In closing, for my doctoral dissertation, I set out to identify the 

molecular mechanisms of that govern colon crypt homeostasis and 

regeneration. By utilizing a novel Lrig3-/- mouse model, I ultimately was 

able to address several open questions regarding the regulation of crypt 

cellular census and identify a critical protein in epithelial regeneration. 

Although my work has focused on the role of Lrig3 in the murine colon, it 

contributes to a more complete understanding of how the colon regulates 
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the continual renewal and regeneration of the epithelial barrier, for the 

entire life of an organism. And, though the complete molecular 

mechanisms remain to be determined, this body of work supports the 

necessity to continue researching Lrig3 in the colon and truly 

understand colonic development, homeostasis, and regeneration from 

injury. 
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APPENDICES 

 
A. Supplemental Figure 1 

 

 
Supplemental Figure 1. Wildtype and Lrig3-/- allele map, sequence, and 
PCR screening of mice. A-B. Schematic representation of the wildtype and 
Lrig3-/- genes. Disruption of Lrig3 was achieved through the removal of 
exons 4-12, joining the third and twelfth intron. B. The intervening 
remaining sequence (650bp) is shown. C. Confirmatory PCR analysis of 
the wildtype Lrig3 allele, using primers that are located upstream (5’) and 
downstream (3’) of the fourth exon, and generate 1.2kb PCR product. Lrig3-

/- mice do not generate a PCR product, as they lack the 3’ site. D. 
Confirmatory PCR analysis of the null Lrig3 allele, using primers that are 
located upstream (5’) of the fourth exon and downstream (3’) of the twelfth 
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exon, generates a 650bp product in the null mice. Wildtype mice do not 
generate a PCR product under standard conditions, as that region is 10kb 
in length. Lrig3 mutant heterozygous and homozygous mice are viable and 
fertile. PCR primer sequences are listed in Supplemental Table 1.  
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B. Supplemental Figure 2 
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Supplemental Figure 2. Differentiated Cell marker expression in Lrig3-/- 
and wildtype colons. A-D. Representative images of Vil-1 expression 
(green) in the absorptive cells of the colonic epithelium in wildtype (A-B) 
Lrig3-/- colons (C-D). B’ and D’. Enlarged images of Vil-1 expression shown 
in wildtype (B and B’) and Lrig3-/- (D and D’). E-H. Representative images 
of Dclk1 expression (green) in tuft cells of colonic epithelium in wildtype 
(E-F) Lrig3-/- (G-H) colons. I. Scatter plot indicating no significant change 
in Dclk1+ cells in the colonic crypts of Lrig3-/- compared to wildtype mice 
(n=4, 10 images/mouse). J-M. representative images of ChgA expression 
(green) in neuroendocrine cells of the colonic epithelium in wildtype (J-K) 
and Lrig3-/- (L-M) colons. N. Scatter plot indicating no significant change 
in ChgA+ cells in the colonic epithelium of Lrig3-/- compared to wildtype 
mice (n=4, 10 images/mouse). For both panels, nuclei in are depicted in 
magenta and the scale bar indicates 50um. 
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