
 

 

 
 
 
by 
 
 
 
 
Submitted in partial satisfaction of the requirements for degree of 
 
 
in 
 
 
 
in the 
 
GRADUATE DIVISION 
of the 
UNIVERSITY OF CALIFORNIA, SAN FRANCISCO 
 
 
 
 
 
 
 
 
 
 
 
 
Approved: 
 
______________________________________________________________________________ 

       Chair 
 
 

______________________________________________________________________________ 

______________________________________________________________________________ 

______________________________________________________________________________ 

______________________________________________________________________________ 
Committee Members 

� $!$� ��!��#����� ��!��#�$&"�( �'

�#�����#

������������

�����������
������
�

�#*�'( ��( #��' �#�!� #(��&�( $#� #�(��� #(�'( #�!��% (��! )"

�(�*�#�����!('��)!�&

��# ��)

�%� &�!� #

��*�	�&(#�&



ii 
 

Copyright 2020 

by 

Ina Chen



 iii 

Acknowledgements 

I would like to thank the many people who have helped and supported me in my Ph.D. journey. 

 

My advisors, Steven Altschuler and Lani Wu, for their mentorship and guidance over the past six 

years. I am grateful for the opportunity to pursue this work of research. 

 

My thesis committee members, Ophir Klein and Zev Gartner, for their constructive feedback and 

input as my research developed. Thank you for the advice and encouragements that pushed my 

scientific inquiry forward. 

 

The members of the Altschuler-Wu lab for helping me develop as a scientist and for sharing the 

joys (and travails) of research with me. Thank you for always being ready to lend a helping hand 

or brainstorm solutions. I particularly want to thank the gut team, Laura Sanman, Curtis Thorne, 

and Jake Bieber, for the time we spent together creating science. I am indebted to the dry lab folks, 

Satwik Rajaram, Charles Hsu, and Alice Schoenauer-Sebag, for generously sharing their expertise 

and suggestions on analysis and approaches. I am also thankful to my office neighbors, Jeremy 

Chang and Karl Kochanowski, for the many conversations we had on science and beyond. Finally, 

I am lucky to have my fellow iPQB mates, Leanna Morinishi and Weiyue Ji, to support each other 

through the PhD gauntlet. 

 

My dear friends, here in the Bay Area and far away, for filling these years with good times and 

fond memories. Especially to my college blockmates Jenny, Kathy, Meli, and Yvette. I am 



 iv 

fortunate to have you all close, from college to now, even after I left for the West Coast. Thank 

you for always rooting for me and keeping me grounded. 

 

My family, for instilling in me curiosity and a love for science (though it turned out the combined 

forces of two generations of physicists could not osmose physics into me). But more than 

intellectual pursuits, you taught me your principles and resilience in the face of challenges. To my 

mother, grandmother laolao, and grandfather laoye - thank you for all that you have done for me. 

 

My partner in life, Chris, for loving me as I am and believing in me when I could not. You, from 

the goodness of your heart to your dedication to excellence, will always inspire me to strive for 

my best self. 

 
 
  



 v 

Contributions 

Chapter 1 

Sanman, L.E.*, Chen, I.W.*, Bieber, J.M., Thorne, C.A., Wu, L.F., and Altschuler, S.J. (2020). 

Generation and Quantitative Imaging of Enteroid Monolayers. Methods Mol. Biol. 2171, 99–113. 

 

Chapter 2 

Thorne, C.A.*, Chen, I.W.*, Sanman, L.E., Cobb, M.H., Wu, L.F., and Altschuler, S.J. (2018). 

Enteroid Monolayers Reveal an Autonomous WNT and BMP Circuit Controlling Intestinal 

Epithelial Growth and Organization. Dev. Cell 44, 624–633.e4. 

 

Chapter 3 

Sanman, L.E.*, Chen, I.W.*, Bieber, J.M.*, Steri, V., Trentesaux, C., Hann, B., Klein, O.D., Wu, 

L.F., and Altschuler, S.J. Transit-amplifying cells coordinate changes in intestinal epithelial cell-

type composition. In submission. 

 

* Equal contribution 

  



 vi 

Investigating signal integration in the intestinal epithelium 

Ina Chen 
 

Abstract 

Multicellular tissues arise from a complex collaboration between the constituent cell types. 

Proper coordination between cells through signal interactions is crucial for tissue renewal and 

response to environmental changes such as injury or infection. How do tissues integrate and 

interpret multiple signals? How does the design of tissues and their lineage structures guide 

response to perturbations? I investigate these questions in the context of the intestinal epithelium, 

the single cell layer lining the small intestine. Alongside post-docs in the Altschuler-Wu Lab, 

Curtis Thorne and Laura Sanman, I developed an enteroid monolayer culture system for high-

throughput quantitative profiling of intestinal epithelial cell-type composition. I then employed 

this system to study how combinations of signals may interact and how lineage structure may guide 

tissue response in the intestinal epithelial. 

In Chapter 1, I describe the methods for establishing the enteroid monolayer platform, 

including the experimental culture methods and image quantification analysis. The approach 

outlined here forms the foundation for the subsequent investigations into signal feedback and 

coordination between cell types. 

In Chapter 2, I dissect the intrinsic roles of two main proliferation regulators, Wnt and 

BMP, in shaping the intestinal epithelium. We discovered that intrinsic Wnt3a signals from the 

crypt is important for proper spatial patterning of progenitors. We also found that intrinsic BMP2 

secreted by differentiated cells acts as a delayed negative feedback signal for self-regulating 

increased proliferation in the intestinal epithelium. This finding indicates that external signals can 

feed into intrinsic signaling circuits, which link distinct cell population compartments. 



 vii 

In Chapter 3, I expand the investigation to examine progenitor and differentiated cell types 

in the intestinal epithelium. We identified an unexpected mutual antagonism interaction between 

inhibition of the epidermal growth factor receptor and activation with the cytokine IL-4. We also 

uncovered a general relationship between transit-amplifying cell proliferation and the balance of 

secretory to absorptive cell types.  We proposed a differential amplification model to explain how 

amplification of fated progenitors can be modulated to control lineage composition. 

Finally, in Chapter 4, I synthesize the results from these studies and discuss the 

implications for how the intestinal epithelium integrates and responds to signals. I conclude with 

potential directions for future research.  
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Abstract  

The intestinal epithelium is a single layer of cells that plays a critical role in digestion, 

absorbs nutrients from food, and coordinates the delicate interplay between microbes in the gut 

lumen and the immune system. Epithelial homeostasis is crucial for maintaining health; disruption 

of homeostasis results in disorders including inflammatory bowel disease and cancer. The advent 

of 3D intestinal epithelial organoids has greatly advanced our understanding of the molecular 

underpinnings of epithelial homeostasis and disease. Recently, we developed an enteroid 

monolayer (2D) culture system that recapitulates important features of 3D organoids and the in 

vivo intestinal epithelium such as tissue renewal, representation of diverse epithelial cell-types, 

self-organization, and apical-basolateral polarization. Enteroid monolayers are cultured in 

microtiter plates, enabling high-throughput experiments. Furthermore, their 2D nature makes it 

easier to distinguish individual cells by fluorescent microscopy, enabling quantitative analysis of 

single cell behaviors within the epithelial tissue. 

Here we describe experimental methods for generating enteroid monolayers and 

computational methods for analyzing immunofluorescence images of enteroid monolayers. We 

outline experimental methods for generating enteroid monolayers from freshly isolated intestinal 

crypts, frozen intestinal crypts, and 3D organoids. Fresh crypts are easily obtained from murine or 

human intestinal samples, and the ability to derive enteroid monolayers from both frozen crypts 

and 3D organoids enables genetic modification and/or biobanking of patient samples for future 

studies. We outline computational methods for identifying distinct epithelial cell-types (goblet, 

stem, EdU+) in immunofluorescence images of enteroid monolayers and, importantly, individual 

nuclei, enabling truly single cell measurements of epithelial cell behaviors to be made. Taken 

together, these methods enable detailed studies of epithelial homeostasis and intestinal disease. 
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Introduction  

The development of three-dimensional (3D) organoids has greatly advanced our ability to 

study the intestinal epithelium in a controlled manner in vitro (Sato et al., 2009). Indeed, studies 

in 3D organoids over the past 10 years have revealed a multitude of insights into mechanisms of 

homeostatic maintenance and intestinal epithelial dysfunction in disease (Farin et al., 2016; van de 

Wetering et al., 2015). In order to study the intestinal epithelium at the single-cell level in high-

throughput, we recently developed an enteroid monolayer culture system which recapitulates key 

features of 3D organoids and the in vivo intestinal epithelium. Specifically, enteroid monolayers 

are composed of the major intestinal epithelial cell-types (stem, transit-amplifying, goblet, Paneth, 

tuft, and enteroendocrine) and they also renew, self-organize, and polarize with apical face 

exposed. Enteroid monolayers are readily cultured for up to 2 weeks and maintain both distinct 

crypt-like regions composed of stem cells and villus-like regions composed of differentiated cells 

throughout the course of treatment. Enteroid monolayers are 2-dimensional (2D) and can be 

cultured in 96-well imaging plates, facilitating high-throughput investigation of tissue-level and 

single-cell behaviors (Thorne et al., 2018). 

Here, we first outline three methods (Figure 1.1) for deriving enteroid monolayer cultures: 

from freshly isolated and frozen murine small intestinal crypts (Sections 3.1, 3.2) and from 3D 

organoids (Section 3.3). Fresh intestinal crypts are plentiful and highly reproducible when derived 

from laboratory mouse strains, enabling the quantitative comparison of hundreds of different 

https://paperpile.com/c/JCF0OZ/P0BGl
https://paperpile.com/c/JCF0OZ/P0BGl
https://paperpile.com/c/JCF0OZ/WhDQp+UGs8C
https://paperpile.com/c/JCF0OZ/WhDQp+UGs8C
https://paperpile.com/c/JCF0OZ/WhDQp+UGs8C
https://paperpile.com/c/JCF0OZ/uZuhw
https://paperpile.com/c/JCF0OZ/uZuhw


 4 

experimental conditions with crypts from a single mouse. In contrast, freezing crypts or 

propagating crypts as 3D organoids prior to generating enteroid monolayers enables banking 

and/or genetically modifying precious samples from patients or genetically engineered mice. We 

also describe an immunofluorescence protocol optimized for enteroid monolayers (Section 3.4).  

Second, we outline computational methods for segmenting (identifying) individual nuclei, EdU+ 

nuclei, Lgr5+ stem cells, and Muc2+ goblet cells in immunofluorescence images of enteroid 

monolayers (Section 3.5) (see Note 1). The synopsis of each method is accompanied by step-by-

step instructions and links to a GitHub repository containing example code and sample images that 

should enable others to implement segmentation methods in their own research.  

Taken together, the methods discussed below provide a detailed experimental and 

computational framework with which to generate and analyze enteroid monolayer cultures. These 

methods provide the opportunity to: 1) disentangle the contributions of morphogens vs. 3D tissue 

architecture to tissue homeostasis, 2) easily access the luminal face of the epithelium, enabling 

studies of topics including host-microbiome interactions and drug transporters, and 3) study single-

cell identity and signaling in the tissue context in high throughput. With these advantages over 

more traditional 3D organoid models, enteroid monolayer cultures uniquely enable investigations 

to further our understanding of epithelial homeostasis and dysregulation in disease.  
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Materials 

2.1 Culturing enteroid monolayers from freshly isolated murine intestinal crypts 

1. Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4 (no Ca2+/Mg2+) 

2. Intestine washing buffer: PBS supplemented with 100 U/mL penicillin/100 μg/mL 

streptomycin (see Note 2) 

3. Intestine harvest buffer: PBS supplemented with 1 mM EDTA, 2 mM dithiothreitol (DTT), 

100 U/mL penicillin/100 μg/mL streptomycin, and 10 μM Y-27632 

4. Crypt dissociation buffer: PBS supplemented with 3 mM EDTA, 2 mM DTT, 100 U/mL 

penicillin/100 μg/mL streptomycin, and 10 μM Y-27632 (see Note 3) 

5. Organoid basal medium: Advanced DMEM/F12 with non-essential amino acids and 

sodium pyruvate and without L-glutamine, supplemented with 2 mM GlutaMAX, 10 mM 

HEPES, 100 U/mL penicillin/100 μg/mL streptomycin, 1 mM N-acetylcysteine, 1x N-2 

supplement, and 1x B-27 supplement 

6. 100 μm cell strainer 

7. 70 μm cell strainer 

8. Forceps 

9. Dissecting scissors 

10. Growth factor-reduced Matrigel, phenol red-free 

11. Plating medium: organoid basal medium supplemented with 3 μM CHIR-99021, 50 ng/mL 

murine EGF, 100 ng/mL murine Noggin (PeproTech), 500 ng/mL murine R-spondin-1, 

and 10 μM Y-27632 (see Note 4) 

12. Long-term culture medium: organoid basal medium supplemented with 50 ng/mL EGF, 
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100 ng/mL Noggin, and 500 ng/mL R-spondin-1 (see Note 5) 

13. Glass microscope slides (e.g., 75mm x 25mm) 

14. Brightfield or phase contrast inverted microscope 

15. 96-well clear polystyrene bottom imaging plates (see Note 6) 

16. Wildtype or Lgr5-eGFP-DTR mice (see Note 7). 

2.2 Culturing enteroid monolayers from frozen crypts 

1. Matrigel, organoid basal medium, plating medium, and long-term culture medium (see 2.1) 

2. Freezing medium: DMEM supplemented with 10% FBS and 10% dimethyl sulfoxide 

(DMSO). 

2.3 Culturing enteroid monolayers from 3D organoids 

1. Matrigel, organoid basal medium, plating medium, and long-term culture medium (see 2.1) 

2. TrypLE Express. 

3. Fire-polished Pasteur pipets. 

4. Hemocytometer or automated cell counter. 

2.4 Performing immunofluorescence on enteroid monolayers  

1. Fixation buffer: 4% PFA in PBS (see Note 8 for alternative)  

2. Permeabilization buffer: 0.3% Triton-X-100 in PBS  

3. Blocking buffer: 3% bovine serum albumin (BSA; in PBS 

4. Antibody buffer: 1% BSA, 0.3% Triton-X-100 in PBS  

5. Washing buffer: 0.1% Tween-20 in PBS (PBS-T) 

6. Click reaction buffer: 1 mM CuSO4, 5 μM fluorophore-azide (e.g., sulfo-Cy5-azide; 

LumiProbe), and 100 mM sodium ascorbate (see Note 9) in PBS  

7. Nuclear staining buffer: 5 μg/mL Hoechst 33342 in antibody buffer or PBS 
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8. Primary antibody of interest 

9. Dye-conjugated species-specific secondary antibody (e.g., Alexa-conjugated antibodies) 

2.5 Equipment  

1. Automated point-scanning confocal or epifluorescent microscope 

2.6 Image analysis software 

2.6.1 Software list 

1. Miniconda3 (https://docs.conda.io/en/latest/miniconda.html) 

2. Python 3.7.2 (https://www.python.org/downloads/, see below for installation) 

3. Github repository of custom Python code (https://github.com/AltschulerWu-

Lab/EnteroidSeg) 

2.6.2 Installation 

1. Install Miniconda3 for Python 3.7, which can be downloaded at the link above. 

2. Download the Github repository linked above. The repository can be downloaded in 

following ways: clone the repository using the Github desktop app (under Clone 

Repository, enter the link to the repository) or clone the repository using the command git 

clone followed by link to the repository. 

3. Navigate to the EnteroidSeg directory in the downloaded repository. Install Python 3.7.2 

and associated Python packages required for running the code using the following 

command. 

conda env create --file=environment.yaml 

4. Activate the conda environment with the following command. 

source activate enteroidseg 
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Methods 

3.1 Culturing enteroid monolayers from freshly isolated intestinal crypts 

1. Prepare intestine washing buffer (>30 mL per intestine), intestine harvest buffer (10 mL 

per intestine), and crypt dissociation buffer (10 mL per intestine) and keep on ice. 

2. Prepare organoid basal medium (500 mL). Store a 50 mL aliquot at 4ºC and warm the 

remainder to 37ºC.  

3. Thaw 10 mL vial of Matrigel on ice and make 1 mL aliquots. Prior to each experiment, 

thaw a Matrigel aliquot on ice. Avoid freeze-thaw cycles.  

4. Thaw EGF, Noggin, and R-spondin-1 aliquots on ice.  

5. Bring CHIR-99021 and Y-27632 aliquots to room temperature.  

6. After organoid basal medium is warmed and EGF, Noggin, R-spondin-1, CHIR-99021, 

and Y-27632 are thawed, make plating medium (20 mL per intestine) and long-term culture 

medium (20 mL per intestine) (see Note 10). 

7. Isolate small intestine from a male or female mouse between 6-12 weeks of age. We 

typically harvest the jejunum because it is the largest section of the mouse small intestine. 

Filet open longitudinally and wash in intestine washing buffer until fecal matter and debris 

are cleared. 

8. Transfer washed intestine to intestine harvest buffer in 50 mL conical tube and incubate 

for 15 minutes on ice to loosen mucus and debris. 

9. Shake intestine in intestine harvest buffer in 50 mL conical tube for 1 minute. Use forceps 

to transfer intestine to crypt dissociation buffer in 50 mL conical tube and incubate for 1 

hour on ice with gentle rocking (see Note 11). 

10. During the 1 hour incubation period, coat plates with Matrigel (see Note 12 for alternative 
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coating material). In short: pipet Matrigel up and down gently to homogenize, mix 

Matrigel with ice-cold organoid basal medium at ratio of 1:40, aliquot 100 μL of 

Matrigel/medium mixture into each well of 96-well imaging plate, and place plate in 37ºC 

tissue culture incubator for at least 30 minutes prior to using. 

11. Shake intestine in crypt dissociation buffer for 1 minute or until solution is cloudy. Shaking 

time can be extended if increased crypt yield is desired, though excessive shaking can cause 

deterioration of the crypt structures. 

12. Remove intestine from crypt dissociation buffer and discard (see Note 13). 

13. Centrifuge crypt dissociation buffer at 300g for 3 minutes at room temperature. An 

epithelial cell pellet will be observed at the bottom of the tube. 

14. Aspirate buffer. Resuspend epithelial cell pellet gently with 10 mL warm organoid basal 

medium (see Note 14 for alternatives for this step and washes in steps 15-16). Centrifuge 

at 300g for 3 minutes at room temperature. 

15. Repeat step 14.  

16. Aspirate medium. Resuspend in 10 mL warm organoid basal medium. Pass through 100 

micron filter then 70 micron filter. Centrifuge at 300g for 3 minutes at room temperature. 

17. Resuspend in 2-3 mL plating medium. Evaluate success of intestinal crypt harvest by 

observing a 10 μL aliquot on a glass slide under a brightfield or phase contrast microscope. 

18. Determine crypt concentration by aliquoting 10 μL of crypt/medium solution (1:10 dilution 

or no dilution) onto a glass slide and counting number of crypts under a brightfield or phase 

contrast microscope.  

19. Dilute crypts to a final concentration of 3000 crypts per mL in plating medium.  

20. Remove Matrigel-coated 96-well imaging plates from tissue culture incubator and flick out 
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medium into waste container in a laminar flow biosafety cabinet. Aliquot 100 μL of 

crypt/medium solution into each well. Assess plating density and consistency under 

brightfield or phase contrast microscope. 

21. Transfer plate to tissue culture incubator and incubate for 4 hours (see Note 15). 

22. After 4 hours, flick medium out of plates and wash once with organoid basal medium. Add 

100 μL of long-term culture medium to each well. Assess seeding efficiency under 

brightfield or phase contrast microscope. At this point, crypts should have flattened out 

into disk-shaped enteroid monolayers (see Note 16). 

23. Add perturbations of interest. If perturbing cell-type composition, we typically treat with 

morphogens for 48 hours prior to fixation and analysis. Change medium every 2 days to 

maintain optimal growth (see Notes 17-18). 

3.2 Culturing enteroid monolayers from frozen crypts 

3.2.1 Freezing crypts 

1. Prepare freezing medium. 

2. Follow steps 1-18 of section 3.1 to harvest intestinal crypts. 

3. Centrifuge crypts at 300g for 3 minutes at room temperature.  

4. Resuspend crypts to a final concentration of 3000-5000 crypts per mL in freezing medium. 

5. Transfer 1 mL of crypts suspended in freezing medium to a cryovial and freeze in freezing 

container in -80ºC overnight and then transfer to liquid nitrogen for long-term storage. 

3.2.2 Deriving enteroid monolayers from frozen crypts 

1. Coat 96-well imaging plates with Matrigel as described in step 10 of section 3.1. 

2. Prepare organoid basal medium, plating medium, and long-term culture medium. 

3. Revive crypt aliquots by thawing cryovials in 37ºC water bath.  
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4. Transfer crypts to 15 mL conical tube and add 9 mL warm organoid basal medium. 

5. Centrifuge crypts at 300g for 3 minutes at room temperature.  

6. Resuspend in warm plating medium to a final concentration of 3000 crypts per mL. 

7. Follow steps 20-23 of section 3.1 to generate enteroid monolayers. 

3.3 Culturing enteroid monolayers from 3D organoids  

1. Generate 3D organoid cultures: embed freshly isolated intestinal crypts in Matrigel (200 

crypts/100 μL Matrigel). Pipet 100 μL of Matrigel slowly into each well of a 24 well plate 

to form a dome. Place in 37ºC incubator for 10 minutes to stiffen Matrigel. Once Matrigel 

has stiffened, add 500 μL long-term culture medium per well. Propagate 3D cultures as 

long as desired.  

2. Coat 96-well imaging plates with Matrigel as described in step 10 of section 3.1. 

3. Prepare organoid basal medium, plating medium, and long-term culture medium. 

4. Warm TrypLE Express to 37ºC. 

5. Aspirate medium from around Matrigel domes containing 3D organoids. 

6. Dissolve Matrigel dome and 3D organoids in cold organoid basal medium by adding 

organoid basal medium to well and then pipetting up and down several times to dislodge 

Matrigel. 

7. Transfer cold medium, Matrigel, and 3D organoid mixture to 15 mL conical tube. 

8. Add approximately 10 mL cold organoid basal medium to tube to further dissolve 

remaining Matrigel. 

9. Centrifuge at 300g for 5 minutes at 4ºC. A small organoid pellet should be visible at the 

bottom of the tube. If there appears to still be Matrigel in the pellet, aspirate medium and 

repeat step 8. The Matrigel will usually fully dissolve after a second wash with cold 
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medium. 

10.  Aspirate medium and resuspend in a small volume (500-1000 μL) of cold organoid basal 

medium. 

11.  Shear organoids by running them through a fire-polished glass Pasteur pipet 8-10 times. 

12.  Centrifuge at 300g for 5 minutes at 4ºC.  

13.  If 3D organoids contained many dead luminal cells then aspirate medium, resuspend in 

cold organoid basal medium, and then centrifuge at 300g for 5 minutes at 4ºC again. 

14.  Aspirate medium from organoids. Add 500 μL TrypLE Express and resuspend thoroughly. 

Incubate at 37C for 5-10 minutes, shaking or triturating with a P1000 pipette a few times 

to break up cell clumps.  

15.  Add 5 mL warm organoid basal medium. Centrifuge at 300g for 5 minutes at room 

temperature. 

16.  Aspirate medium, resuspend in 5 mL warm organoid basal medium, and then centrifuge 

at 300g for 5 minutes at room temperature again.  

17.  Resuspend in small volume of plating medium. At this point, organoids should be single 

cells and some small clumps of cells. 

18.  Count cells using hemocytometer or automated cell counter. 

19.  Dilute cells to a final concentration of 50,000 cells per mL in plating medium.  

20.  Remove Matrigel-coated 96-well imaging plates from tissue culture incubator and flick 

out medium into waste container. Aliquot 100 μL of cell/medium solution into each well. 

Assess plating density and consistency under brightfield or phase contrast microscope. 

21.  After 18-24 hours, flick medium out of plates. Add 100 μL of long-term culture medium 

to each well. There should be some cell aggregation at this point which will proceed over 



 13 

the course of the next 4-7 days to re-form crypt-villus-like patterning (Thorne et al., 2018). 

Change medium every 2 days to maintain optimal growth. 

3.4 Performing immunofluorescence on enteroid monolayers 

1. Prepare PBS, washing buffer, fixation buffer, permeabilization buffer, blocking buffer, and 

antibody buffer. 

2. If assaying proliferating cells, add 10 μM EdU in culture medium to enteroid monolayers 

for 1-2 hours prior to fixation.  

3. Flick medium out of plates. Wash once with 50 μL/well PBS.  

4. Add 50 μL/well fixation buffer and incubate for 15 minutes at room temperature.  

5. Wash three times with washing buffer. Add 50 μL/well permeabilization buffer and 

incubate for 10 minutes at room temperature (see Note 19). 

6. Flick permeabilization buffer out of plates. Wash three times with washing buffer. Add 

blocking buffer and incubate for 30 minutes at room temperature. 

7. Flick blocking buffer out of plates. Wash three times with washing buffer. Add 25 μL/well 

antibody buffer containing primary antibody of interest. Incubate overnight at 4ºC (see 

Note 20).  

8. Wash three times with 50 μL/well washing buffer for 5+ minutes each (see Note 21).  

9. Add 25 μL/well antibody buffer containing species-specific fluorescent secondary 

antibody of interest. Incubate for 2 hours at room temperature in the dark. 

10.  Repeat step 8. 

11.  If assaying proliferating cells, prepare Click reaction buffer. Wash three times with PBS 

and then add 50 μL Click reaction buffer to each well. Incubate for 30 minutes at room 

temperature in the dark.  

https://paperpile.com/c/JCF0OZ/uZuhw
https://paperpile.com/c/JCF0OZ/uZuhw
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12.  Wash three times with washing buffer and then add 50 μL nuclear staining solution to each 

well. Incubate for 30 minutes at room temperature in the dark. 

13.  Repeat step 8. 

14.  Store and image in washing buffer. Wrap in parafilm for extended storage. 

3.5 Quantitative analysis of immunofluorescence images 

3.5.1 Nuclear Segmentation  

Nuclei in enteroid monolayers are highly heterogeneous in size and density with small, densely 

packed nuclei in crypt-like regions and large, sparsely distributed nuclei in villus-like regions 

(Thorne et al., 2018). To accommodate the range of nuclear characteristics, we employed a two-

pass segmentation process. The first pass detects large, sparse nuclei and the second pass segments 

small dense nuclei. All parameters are set in DNA Segmentation section of the 

config/seg_params.yaml file. To skip parameter tuning and to run the script on the provided 

sample image, go to step 9.  

Directions: 

1. Smooth image with a bilateral filter. Set parameters for bilateral filter: 

BILATERAL_SIGMA_COLOR (standard deviation for pixel value range over which 

pixels are averaged), BILATERAL_SIGMA_SPATIAL (standard deviation for spatial 

distance range over which pixels are averaged). 

2. Threshold image using a modified Otsu threshold method. Set parameter for thresholding: 

THRESHOLD_FACTOR (adjustment factor on Otsu threshold). 

3. Detect location of nuclei using a multi-scale Laplacian of Gaussian (LoG) method 

https://paperpile.com/c/JCF0OZ/uZuhw
https://paperpile.com/c/JCF0OZ/uZuhw
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parameterized for large, sparse nuclei. Set parameters for sparse segmentation under 

LOG_SPARSE: MIN_SIG (lower bound for standard deviation of LoG filters), MAX_SIG 

(upper bound for standard deviation of LoG filters), NUM_SIG (number of standard 

deviations), THRESH (minimum intensity of peaks), OVERLAP (overlap allowance for 

neighboring objects). 

4. Segment using watershed to separate connected nuclei. Set parameters for watershed: 

WATERSHED_CONN (neighborhood connectivity), WATERSHED_COMPACTNESS 

(compactness of segmented objects), WATERSHED_MIN_SZ (minimum size of 

segmented objects). 

5. Detect and remove clumped nuclei from the sparse segmentation result. Clumped nuclei 

are detected based on both size and shape. Set parameters for clump detection: 

SEG_SINGLE_MIN_SZ (minimum size of single nuclei. Objects below this threshold are 

considered single nuclei), SEG_SINGLE_MAX_SZ (maximum size of single nuclei. 

Objects above this threshold are considered clumps of nuclei), SEG_CLUMP_SOLIDITY 

(threshold for object irregularity to classify objects between the minimum and maximum 

nuclear sizes as clumps), SEG_CLOSE_HOLES (maximum size of holes to remove in 

clump objects). 

6. Detect locations of nuclei in clumped regions using a multi-scale LoG method 

parameterized for small, densely-packed nuclei. Set parameters for dense segmentation 

under LOG_DENSE. These parameters are the same as LOG_SPARSE in step 3 above.  

7. Segment using watershed to separate connected nuclei. The same parameters as step 4 

above are used. No additional parameters are needed for this step. 

8. Combine sparse and dense segmentation outputs for the final nuclear segmentation. No 
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parameters are needed for this step. 

9. Set path to image in the enteroidseg/nuclear_segmentation.py file. The path is already 

set for the provided sample image. 

10. Navigate to the enteroidseg folder and make sure the enteroidseg conda environment is 

activated (see step 4 of section 2.6.2). Run nuclear segmentation using the following 

command: python nuclear_segmentation.py. The output results will be stored in the 

output folder. 

3.5.2. EdU+ nuclear segmentation  

We detect proliferating (S phase) cells by staining for EdU incorporation. EdU+ nuclei can be 

identified using a method similar to the nuclear segmentation described in 3.5.1 (see Note 22). The 

pipeline for segmenting EdU+ objects using the nuclei segmentation method is provided. To skip 

parameter tuning and to run the script on the provided sample image, go to step 3.  

Directions: 

1. Set parameters for EdU segmentation under EdU Segmentation in seg_params.yaml. The 

parameters are the same as nuclear segmentation. 

2. Set path to image in the edu_segmentation.py file. The path is already set for the provided 

sample image. 

3.  Navigate to the enteroidseg folder and make sure the enteroidseg conda environment is 

activated (see step 4 of section 2.6.2). Run the EdU segmentation using the following 

command: 

 python edu_segmentation.py 

 The output results will be stored in the output folder. 
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3.5.3 Goblet cell segmentation 

Cell-types in enteroid monolayers can be detected by staining with cell-type specific antibodies or 

by deriving enteroids from transgenic mice expressing cell-type markers. We identify goblet cells 

using anti-Mucin-2 (Muc2) antibody. The staining pattern encompasses cytoplasmic regions above 

the nuclear plane that may overlap multiple nearby nuclei. Thus, goblet objects are identified solely 

based on the Muc2 staining pattern. All parameters are set in the seg_params.yaml file under 

Goblet Segmentation. To skip parameter tuning and to run the script on the provided sample 

image, go to step 6.  

Directions: 

1. Smooth image using a median filter. Set parameters for smoothing filter: 

MEDIAN_FILTER_SZ (radius of median filter). 

2. Threshold image using a modified Otsu threshold method. Objects in thresholded image 

are expanded to the convex hull to create whole objects from partial membrane stains. Set 

parameters for thresholding: THRESHOLD_FACTOR (adjustment factor on Otsu 

threshold). 

3. Detect goblet cell-object locations using a multi-scale Laplacian of Gaussian method. Set 

parameters for segmentation under LOG_BLOB. These parameters are the same as 

LOG_SPARSE in step 3 of section 3.5.1.  

4. Segment connected objects using watershed. Set parameters for watershed. The same 

parameters are used as in step 4 of section 3.5.1. 

5. Set path to image in the goblet_segmentation.py file. The path is already set for the 

provided sample image.  
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6. Navigate to the enteroidseg folder and make sure the enteroidseg conda environment is 

activated (see step 4 of section 2.6.2). Run the goblet segmentation pipeline using the 

following command: 

python goblet_segmentation.py 

The output results will be stored in the output folder. 

3.5.4 Stem cell segmentation 

Stem cells are labeled by staining with anti-GFP antibodies in enteroid monolayers derived from 

Lgr5-eGFP-DTR mice (Tian et al., 2012) (see Note 23). In enteroid monolayers derived from 

Lgr5-eGFP-DTR mice, GFP signal localizes to cell membranes (Tian et al., 2012), requiring first 

segmentation of GFP+ ‘crypt-base’ regions followed by identification of stem cells in crypt-base 

regions using nuclear segmentation information. Therefore, both Lgr5-GFP and Hoechst stain 

images are required for stem segmentation. Optionally, for more accurate stem segmentation, 

Paneth segmentation is used to remove Paneth nuclei in crypt-base regions from the final result. 

Sample images for Lgr5-GFP stain, Hoechst stain, and Paneth segmentation are provided in the 

images folder. All parameters are set in the seg_params.yaml file under Stem Segmentation. To 

skip parameter tuning and to run the script on provided sample images, go to step 5.  

Directions: 

1. Threshold image to detect crypts. Set parameters for thresholding: DNA_FACTOR 

(removes any bleedthrough into GFP channel from Hoechst channel using Hoechst stain 

image), THRESH (manual threshold for Lgr5 stain). 

2. Thresholded image is further processed using morphological operations to connect holes 

https://paperpile.com/c/JCF0OZ/uV2ip
https://paperpile.com/c/JCF0OZ/uV2ip
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in the crypt base-like regions. Set parameters for morphological operations: 

MORPH_CLOSING_SZ (radius of closing filter), MORPH_OPENING_SZ (radius of 

opening filter), MIN_SZ (minimum size of crypt-base regions in pixels). 

3. Stem segmentation is finalized by identifying nuclei in the crypt regions and then 

(optionally) filtering out nuclei associated with Paneth cells. Set parameters for 

identification of nuclei: PARTIAL_RATIO (minimum ratio of nuclear area outside the 

crypt to the nuclear area inside the crypt to qualify as residing in the crypt). 

4. Set path to image in the stem_segmentation.py file. The path is already set for the 

provided sample images.  

5. Navigate to the enteroidseg folder and make sure the enteroidseg conda environment is 

activated (see step 4 of section 2.6.2). Run the stem segmentation pipeline by calling the 

stem_segmentation.py script using the following command: python 

stem_segmentation.py 

The output results will be stored in the output folder. 

Notes 

1. It should be noted that other images of enteroid monolayers may require additional 

parameter optimization, additional processing steps, or different analysis setups depending 

on differences in staining and imaging properties. 

2. If contamination is an issue, Primocin (InvivoGen) is another antimicrobial option that we 

have found to be effective and gentle on enteroid cultures; use at manufacturer’s 

recommended concentration of 100 μg/mL. 

3. Increase EDTA concentration to 5-10 mM and/or extend shaking and time in crypt 

dissociation buffer to harvest ileal crypts or colon crypts. 
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4. The BMP receptor inhibitor LDN-193189 (100nM-1μM) can be substituted for 

recombinant Noggin to save costs. 

5. R-spondin-1 conditioned medium (15%) can be substituted for recombinant R-spondin-1. 

We often observe more robust growth in R-spondin-1 conditioned medium, though it can 

suffer from batch-to-batch variability. Regardless of source, R-spondin-1 must be of high 

quality and concentration for optimal enteroid monolayer growth. 

6. There is batch-to-batch variability in plate manufacture that can affect enteroid monolayer 

growth and imaging. Specifically, plates that are as flat as possible and have minimal blue 

channel autofluorescence are ideal.  

7. Kind gift of Frederic de Sauvage via Ophir Klein under MTA #OM-216813. See also 

reference (5).  

8. We have also seen improvements in immunofluorescence signal-to-noise ratio using 4% 

PFA + 4% sucrose fixative. 

9. We find that it is best to prepare sodium ascorbate stock solutions fresh in water prior to 

preparing Click reaction buffer. 

10. We store organoid basal medium for 2 months maximum. We store both plating and long-

term culture medium for one week maximum. 

11. If crypt yield is insufficient, one can also shake the conical tube containing intestine and 

crypt dissociation buffer every ~10 minutes during the incubation period. 

12. We have also successfully cultured enteroid monolayers on Collagen I (Corning)-coated 

plates. Imaging is more difficult due to the thickness of the collagen coating. To perform 

Collagen I coating, add 50 μL/well of 1.6 mg/mL Collagen I diluted in long-term culture 

medium and NaOH (see also manufacturer’s instructions). 
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13. Can keep intestine if one wants to have the option of shaking off more crypts. If so, place 

into a separate tube of crypt dissociation buffer rather than discarding. 

14. Washes can be conducted in other buffers or media that contain Ca2+/Mg2+, we have 

personally tested Hank’s Buffered Saline Solution (HBSS) and DMEM supplemented with 

10% FBS. 

15. Length of incubation in plating media can vary from 4-24 hours depending on the needs of 

the experiment, but 4 hours is used as a default. Enteroid monolayers should not be cultured 

in media containing Y-27632 longer than 24 hours. 

16. After changing into long-term medium, enteroid monolayers can be imaged on a brightfield 

point-scanning microscope to assess plating consistency. We find that between 10-30% 

confluent enteroid monolayers tend to grow to a consistent density and cell-type 

composition. 

17. When changing medium, if there is excessive amounts of debris, wash once with organoid 

basal medium prior to putting fresh long-term culture medium on enteroid monolayers. 

18. Generally, enteroid monolayers will increase in size for the first 3-4 days. A subset (~10%) 

of seeded crypts survive beyond 3-4 days but can be cultured for weeks. Enteroid 

monolayers derived from 3D cultures tend to not have this drop off in crypt survival. 

19. Ice-cold methanol can be substituted for permeabilization buffer for specific antibodies; 

proceed according to manufacturer’s instructions. 

20. We find it helpful to wrap imaging plates in wet paper towels and plastic wrap for overnight 

antibody incubation to maintain moisture. 

21. Washes can be extended for antibodies that exhibit non-specific staining. 

22. EdU+ nuclei can also be identified using the EdU staining intensity in previously identified 
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nuclear objects. 

23. Enteroids derived from Lgr5-CreERT mice have mosaic Lgr5-GFP expression, which 

makes it impossible to segment all stem cells. Therefore, we greatly prefer enteroids 

derived from Lgr5-eGFP-DTR mice for stem cell segmentation purposes. 
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Figures 

 
Figure 1.1 Workflow for generating and analyzing enteroid monolayers. 
Enteroid monolayers can be derived from fresh or frozen intestinal crypts and from 3D organoids 
(Sections 3.1-3.3). Immunofluorescence assays (Section 3.4) are used to identify the identity of 
individual cell-types in enteroid monolayers. Numbers of each cell-type in the resulting fluorescent 
images are quantified using the methods described in Section 3.5.  
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Abstract  

The intestinal epithelium maintains a remarkable balance between proliferation and 

differentiation despite rapid cellular turnover. A central challenge is to elucidate mechanisms 

required for robust control of tissue renewal. Opposing WNT and BMP signaling is essential in 

establishing epithelial homeostasis. However, it has been difficult to disentangle contributions 

from multiple sources of morphogen signals in the tissue. Here, to dissect epithelial-autonomous 

morphogenic signaling circuits, we developed an enteroid monolayer culture system that 

recapitulates four key properties of the intestinal epithelium, namely the ability to: maintain 

proliferative and differentiated zones, self-renew, polarize, and generate major intestinal cell types. 

We systematically perturb intrinsic and extrinsic sources of WNT and BMP signals to reveal a 

core morphogenic circuit that controls proliferation, tissue organization, and cell fate. Our work 

demonstrates the ability of intestinal epithelium, even in the absence of 3D tissue architecture, to 

control its own growth and organization through morphogen-mediated feedback.  

 

 

 

  



 27 

 
Introduction 

The intestinal epithelium has the remarkable ability to maintain crypts that are highly 

repetitive and uniform in size despite cellular turnover that renews the tissue every four to five 

days (Crosnier et al., 2006; Radtke and Clevers, 2005). Disruption of crypt homeostasis is a critical 

event in the progression of intestinal diseases, including inflammatory bowel disease and cancers 

of the gastrointestinal tract (Maloy and Powrie, 2011; Radtke and Clevers, 2005; Terzić et al., 

2010). A central challenge has been to elucidate mechanisms that regulate crypt proliferation and 

differentiation. 

Two opposing factors regulating proliferation in the intestinal epithelium are: WNT, which 

promotes stem cell renewal, and BMP, which promotes cell differentiation (Auclair et al., 2007; 

Batts et al., 2006; Fevr et al., 2007; Haramis et al., 2004; He et al., 2004; Qi et al., 2017).  WNT 

and BMP arise from multiple sources in the intestinal tissue (Crosnier et al., 2006). Myofibroblasts 

in the mesenchyme secrete WNT and BMP, while Paneth cells in the epithelial crypt bases secrete 

WNT (Batts et al., 2006; Farin et al., 2016; San Roman et al., 2014; Sato et al., 2010).  It has also 

been suggested that differentiated epithelial cells secrete BMP (Batts et al., 2006). Given the 

redundant sources of signaling, it is unclear what unique role, if any, each source plays in 

regulating the epithelium. For example, while the formation of intestinal organoids is critically 

dependent on Paneth cells as a source of WNT signaling, the presence of Paneth cells is 

dispensable in vivo (Durand et al., 2012; Sato et al., 2010).  Understanding how the intestinal 

epithelium integrates multiple sources of signals requires experimental systems in which different 

sources of signals can be separated and probed.  

 

https://paperpile.com/c/8qEJcM/zwQab+AFFHL
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https://paperpile.com/c/8qEJcM/g9azt+sHdc8+cd6aB+Inqyn+96PUr+cuAgU
https://paperpile.com/c/8qEJcM/g9azt+sHdc8+cd6aB+Inqyn+96PUr+cuAgU
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The development of 3D organoids provided a critical demonstration that intestinal 

epithelium has the ability to recapitulate the proliferative crypt-like structures in vitro, even in the 

absence of mesenchymal tissues (Ootani et al., 2009; Sato et al., 2009, 2011).  However, the 3D 

geometry of the intestinal crypt and villus structures adds yet another layer of complexity, as tissue 

curvature has the potential to reshape morphogen gradients (Shyer et al., 2015). Thus with existing 

culture systems, it is difficult to disentangle the contribution of different morphogen sources and 

tissue architecture to tissue homeostasis.  

Here, we develop an intestinal monolayer culture system that is amenable to high-

throughput perturbation and quantification of epithelial cell and tissue phenotypes. We show that 

these cultures, absent both mesenchyme and tissue curvature, recapitulate four key properties of 

the intestinal epithelium, namely the ability to: organize cells into proliferative and differentiated 

zones, self-renew within several days, polarize into apical and basal surfaces, and generate the 

major intestinal cell types. We use these cultures, which we refer to as “enteroid monolayers,” to 

systematically perturb WNT and BMP signaling, and investigate the consequences on cell 

proliferation and organization. We discover that epithelial sources of WNT and BMP signaling are 

critical in establishing an epithelial-autonomous feedback circuit that regulates tissue proliferation 

and organization. 

 

Results 

Establishing crypt cultures as enteroid monolayers 

To systematically study epithelium-intrinsic morphogenic circuits, we sought to develop a 

feeder-layer free, monolayer enteroid culture system. Previously, it was shown that purified 

intestinal crypts can give rise to tissue-like organoid structures when embedded in 3D extracellular 

https://paperpile.com/c/8qEJcM/zh9y1+ijEJj+ujvjK
https://paperpile.com/c/8qEJcM/IV9X5
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matrix (ECM) (Sato et al., 2009). These cultures can be grown for short times in planar geometries 

(Ettayebi et al., 2016; Moon et al., 2014; VanDussen et al., 2015). However, it is unclear if these 

monolayer cultures spatially organize, maintain stem cell niches, and recapitulate in vivo tissue 

turnover. 

Here, we establish an in vitro planar culture of the intestinal epithelium that recapitulates 

tissue spatial organization, cell-type composition, and renewal dynamics. To grow intestinal crypts 

as planar cultures, we first harvested crypts from mouse jejunum using isolation protocols 

previously published for 3D intestinal organoids (Sato et al., 2009; Whitehead et al., 1987) (Figure 

2.5A and Methods). The isolated crypts were seeded on top of ECM-coated surfaces and cultured 

in ENR (EGF, Noggin, R-spondin-1) supplemented media. We found that Matrigel-coated 

surfaces best supported crypt survival compared to poly-L-lysine- or collagen-coated surfaces 

(Figure 2.5B). We tested modification to the base ENR media and found that crypt survival was 

dramatically improved by the addition of 10 μM Rho Kinase (ROCK) inhibitor, Y-27632, and 3 

μM GSK-3 inhibitor, CHIR99021, at the time of seeding (Figure 2.5C). After 4-6 hours, cells were 

washed and placed in ENR media for the remainder of the culture.  

Under these culture conditions, seeded crypts grew out as large, contiguous sheets of 

epithelium with heterogeneity in cell morphology and densities (Figure 2.1A,B, Figure 2.5D). 

Confocal microscopy images showed that the intestinal cultures formed clear monolayers (Figure 

2.1C,D). The monolayer polarized with the apical side facing the media and the basal side attached 

to the Matrigel coating. Actin bundles formed consistently at the apex of cell-to-cell contacts 

(Figure 2.1D). These epithelial cultures were also devoid of mesenchymal cells, indicated by a 

lack of α-smooth muscle actin (α-SMA) staining (Figure 2.5E). Taken together, we found the crypt 

https://paperpile.com/c/8qEJcM/ijEJj
https://paperpile.com/c/8qEJcM/BqkaC+FuSom+iAegV
https://paperpile.com/c/8qEJcM/ijEJj+H1iev
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cultures form a planar monolayer that polarizes with the apical side facing the culture media, 

hereafter referred to as enteroid monolayers. 

 

Enteroid monolayer cultures recapitulate in vivo crypt-like regions and major cell types 

We next investigated the spatial properties of the enteroid monolayers. We observed that 

the epithelial sheets contain distinct dense compartments (Figure 2.1A, arrowheads). These dense 

clusters contain proliferative cells (EdU+) and are surrounded by large areas of non-proliferative 

cells (Figure 2.1B,C,E; Figure 2.5F). The small, tightly packed EdU+ regions also co-stained 

positively for the proliferation marker Ki67, further confirming that these are putative crypt zones 

in the culture (Figure 2.1F, top row). 

To investigate the cell-type composition of the enteroid monolayer cultures, we stained for 

the major cell types of the intestinal epithelium. Cell-fate markers revealed that intestinal stem 

cells (Olfm4+, LGR5-GFP+) were present in the center of the proliferative zones while enterocytes 

(Villin1+ (Vil1+)) made up the surrounding area (Figure 2.1E, F). Other intestinal cell types, 

including Goblet (Mucin-2+ (Muc2+)), Tuft (DCLK-1+), enteroendocrine (chromogranin A+ 

(ChgA+)) and Paneth (UEA-1+, CD24+) cells, were also present in the culture (Figure 2.1F,  Figure 

2.5G). Additionally, we observed that stem cells reside adjacent to Paneth cells, recapitulating 

their spatial arrangement in vivo (Figure 2.1E). 

We next investigated whether crypt formation and organization in the enteroid monolayers 

is an intrinsic property of the intestinal epithelium or whether it is due to maintenance of patterns 

formed in vivo. To investigate this, we enzymatically and mechanically dissociated 3D organoids 

into single cells and small cell clusters before seeding into planar cultures (Figure 2.6A). We 

observed that proliferative crypt-like foci are formed within a few days, indicating the ability of 
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the cultures to self-organize (Figure 2.6B, C). The proliferative crypt-like foci contained Paneth 

cells juxtaposed with Lgr5+ stem cells, recapitulating their arrangement in primary enteroid 

monolayers and in vivo (Figure 2.6D). As with enteroid monolayer cultures derived from primary 

intestinal cells, cultures from dissociated 3D organoids were maintained for two weeks and 

generated mature epithelial cell types including Paneth, stem, Goblet, and enteroendocrine cells 

(Figure 2.6E).  Quantification of the total cell number, crypt number, percent of proliferative cells 

(EdU+), and percent of Paneth cells (Lyz+) revealed that the crypt number and proliferative 

population were still expanding at 14 days of culture (Figure 2.6F, G, H, I), indicating that the 

cultures did not reach homeostasis during this time frame  Finally, in addition to small intestine 

cultures, we were able to culture mouse colonic epithelium in 2D with the addition of WNT3a to 

the culture medium (Figure 2.7A). 

Thus, even when intestinal epithelial cells are constrained to planar surfaces, they are able 

to maintain proliferative and differentiated compartments, self-organize, and produce the major 

intestinal cell types. Due to their similarity to in vivo crypts and villi in terms of tissue organization 

and cell-type composition, we refer to the proliferative and nonproliferative (differentiated) zones 

as “crypt-like foci” and “villus-like regions”, respectively (Figure 2.5F). To quantify these cell- 

and tissue-level properties, we developed image-processing algorithms that identify individual 

cells as well as crypt regions of the tissue (Figure 2.7B and Methods). Taken together, the enteroid 

monolayer cultures organize into crypt-like and villus-like regions, wherein crypt-like regions 

contain juxtaposed stem and Paneth cells surrounded by proliferative non-stem cells (TA cells), 

while villus-like regions contain the remaining differentiated cell types, including enterocyte, 

Goblet, enteroendocrine, and tuft cells.  
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Enteroid monolayers recapitulate in vivo renewal kinetics 

We then investigated the turnover dynamics of enteroid monolayers. In the first 24 hours 

post seeding, crypt fragments adhere and spread out in an unorganized fashion (as shown by 

dispersion of EdU+ cells) (Figure 2.2A). Over the next 48 hours, these proliferative regions self-

organized into densely packed circular zones surrounded by larger, less compact regions of non-

proliferative cells (Figure 2.2A).  

We quantified the tissue renewal rate with a pulse-chase experiment using EdU labeling 

(Figure 2.2B, C, D). Immediately after the initial two-hour pulse, EdU+ cells were observed in 

compact regions and co-stained with the proliferation marker Ki67. After a 48 hour chase, a subset 

of the EdU+ cells began to co-stain with the enterocyte marker villin, indicating differentiation and 

migration out of the crypts. After a 72-96 hour chase, the EdU signal was largely lost from the 

culture, indicating labeled cells were shed from the tissue. These results suggest that cells within 

the enteroid monolayer cultures renew at a 4-5 day rate, which is similar to the kinetics observed 

in vivo (Cheng and Leblond, 1974). Finally, we tracked cell-type composition over two weeks of 

culture. We observed an initial burst of tissue expansion in the first three days followed by 

stabilization of cell number after 1-2 weeks of culture (Figure 2.2E). Characterization of crypt cells 

(stem, Paneth, and EdU+ cells) show that these cell types make up a stable fraction of the tissue 

during the same 2 weeks of culture, indicating that while tissue size may fluctuate, crypt units 

remained relatively constant over time. 

Consistent with the migration of cells away from crypt foci, apoptosis was observed at the 

margins of the differentiated zones of the enteroid monolayer cultures, comparable to anoikis of 

cells at villus tips in vivo (Figure 2.2F, G). In addition, we observed partly-dissociated nuclei above 

the tissue plane reminiscent of cell extrusion (though it is currently unclear whether these cells are 

https://paperpile.com/c/8qEJcM/3tCxg
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alive or apoptosing at the time of shedding; Figure 2.7C). Shedding of cells produced cell fragment 

debris into the media that can be observed within 24 hours after media change. 

Taken together, our enteroid monolayer cultures closely mimic in vivo intestinal epithelial 

tissue in that they: 1) polarize into a monolayer with apical/basolateral surfaces, 2) maintain 

proliferative crypt-like and differentiated villus-like regions, 3) differentiate into all the major cell 

lineages, 4) self-organize and 5) undergo renewal kinetics similar to in vivo rates. Thus, the 

enteroid monolayer culture system recapitulates key features of the intestinal epithelium tissue, 

and allowed us to investigate epithelial-intrinsic signaling in a planar tissue without mesenchymal 

contributions. 

 

Extrinsic WNT and BMP signals modulate proliferation and organization in enteroid 

monolayers 

WNT and BMP signals control intestinal epithelium proliferation in vivo and in 3D 

organoids.  Thus, we investigated how modulating WNT and BMP signals alter proliferation in 

enteroid monolayers, which lack intestinal mesenchymal cells and 3D geometric structure. 

To assess how Wnt and BMP signals interact, we made use of the high-throughput 

capabilities of our enteroid monolayer system. First, we determined the active range of WNT and 

BMP concentrations, which bracketed EC50 values of 1 nM and ~10 nM, respectively (we note 

that enteroid culture conditions contained 50ng/ml Noggin, an inhibitor of BMP, which simply 

induced a 10-fold shift of EC50; Figure 2.7D,E,F). Second, we stimulated enteroid monolayers in 

microtiter plates with combinations of varying WNT3a and BMP4 concentrations (Methods). 

Finally, after two or five days of culture, we quantified the effects of the morphogens (Figure 2.3) 
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on total cell number (Figure 2.3A,D), crypt number (Figure 2.3B,E), and crypt size (average 

number of cells per crypt; Figure 2.3C,F).  

Congruous with in vivo studies, we observed that, after two days, WNT and BMP have 

opposing effects on proliferation and size of crypt-like regions: increased WNT or decreased BMP 

led to increased cell numbers and more numerous and enlarged crypt regions (Figure 2.3A, D). 

Unexpectedly, we noticed a striking change in the organization of crypt foci as we moved through 

the WNT/BMP response landscape (Figure 2.3A). In the control condition, we observed circular 

and compact crypt foci (Figure 2.3A, upper right corner). With increased WNT, the proliferative 

regions greatly expanded and lost circularity (Figure 2.3A, upper left corner). In contrast, with 

increased BMP, proliferative regions shrink yet remained compact and circular (Figure 2.3A, 

lower right corner). Simultaneously increasing both WNT and BMP caused moderate proliferation 

but disorganized proliferative zones (Figure 2.3A, lower left corner). Overall, the response 

landscape reveals a multi-phasic response to WNT and BMP morphogens and demonstrates that 

externally supplied WNT disrupted crypt organization. 

 

Intrinsic WNT and BMP signals are critical for tissue organization in enteroid monolayers 

Next, we investigated the effects of epithelial sources of WNT and BMP signaling. First, 

in the epithelium, WNT is primarily derived from the Paneth cells embedded in the crypt base, and 

is thought to spread through division of proliferative cells (Farin et al., 2016). In the context of the 

enteroid monolayers, endogenous WNT signaling is likely present and essential as the WNT co-

regulator R-spondin 1(RSPO) was required even when no external Wnt was supplied (Figure 

2.8A,B). Second, epithelial sources of BMP mRNA have been reported to arise from differentiated 

cells (Batts et al., 2006). In the context of the enteroid monolayers, we observed that BMP2 

https://paperpile.com/c/8qEJcM/s1h2j
https://paperpile.com/c/8qEJcM/sHdc8
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proteins are present in cells in the differentiated villus-like regions (Figure 2.8C). We further 

observed that BMP2 protein is absent from the proliferative crypt-like regions, indicating that the 

differentiated cells are the source of BMP signals in the tissue (Figure 2.8C). Upon BMP treatment, 

phosphorylation of the BMP effector SMAD1/5 can be found throughout the epithelium, indicating 

that all cells in the enteroid tissue responded to BMP signaling (Figure 2.8D).  

To characterize the function of epithelial-derived signaling on tissue homeostasis, we 

inhibited WNT signaling via IWP-2, a potent and specific Porcupine inhibitor, and inhibited BMP 

signaling via LDN-193189 (LDN), a BMP type I receptor inhibitor (Chen et al., 2009; Cuny et al., 

2008). The effects on tissue growth were monitored up to 72 hours after seeding. After 48 hours, 

visual inspection of the enteroids showed that LDN treatment caused an increase in proliferation, 

whereas IWP-2 treatment caused a decrease in proliferation (Figure 2.4A). Quantification of tissue 

growth under these perturbations confirmed these trends, showing that epithelial-derived Wnt and 

BMP functionally regulate tissue proliferation in the enteroid monolayers (Figure 2.4B,C).  

Finally, we investigated the role of epithelial-intrinsic signals in organization of the tissue 

into crypt-like foci.  Blocking epithelium-intrinsic BMP signaling (no extrinsic BMP was supplied 

to the media) with LDN treatment led to disorganization of the crypt-like regions despite increased 

proliferation (Figure 2.4A). When we blocked WNT secretion with IWP-2, proliferative clusters 

were lost (and thus organization of clusters could not be assessed). To see whether externally 

supplied WNT can rescue the loss of intrinsic WNT signaling, we co-treated the enteroid 

monolayers with IWP-2 and WNT3a. Interestingly, this co-treatment rescued the proliferative 

population of the enteroid monolayers (Figure 2.4D, Figure 2.8E). However, the organization of 

proliferative cells into crypt foci was not restored (Figure 2.4E). To quantitatively measure the 

dispersion of proliferative cells, we computed the distance between nearest neighbor pairs of 

https://paperpile.com/c/8qEJcM/CIZlP+UrWVh
https://paperpile.com/c/8qEJcM/CIZlP+UrWVh
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proliferative (EdU+) cells in crypts (Experimental Procedures). In untreated crypts, the 

proliferative cluster is tightly packed with a robust mean nearest neighbor distance of 

11.263±0.161 μm (mean±SD; Figure 2.8F). Under IWP-2 and WNT3a treatment, the mean nearest 

neighbor distance significantly increases (p-value = 1.53 x 10-5 as determined by Student’s 

unpaired t-test; Fig 4F), suggesting epithelial-derived sources of WNT are needed for the compact 

organization of crypt-like foci. Thus, epithelial-intrinsic sources of WNT and BMP play critical 

functional roles in regulating crypt organization. 

Taken together, we have shown that enteroid monolayers, derived from primary intestinal 

epithelium, maintain their own sources of WNT and BMP, and that these sources are functional in 

regulating the proliferation of the tissue. Further, the epithelial sources of WNT and BMP work in 

concert to establish and maintain spatial organization of the tissue into crypt-like foci and villus-

like regions.  

 

An autonomous WNT and BMP feedback circuit controls tissue proliferation  

Finally, we examined how epithelial sources of WNT and BMP interact to regulate 

proliferation. While we observed that the addition of WNT increased tissue proliferation for the 

first 48h of treatment, WNT3a treatment caused a decrease in proliferation and a loss of crypts 

after 72 hours (Figs. 4A,B). We hypothesized that this decrease could be due to feedback from 

differentiated cells, via factors that inhibit proliferation. We previously observed that BMP2 

proteins are produced by the differentiated cells in the culture and that the number of cells increases 

under WNT3a stimulation (Figure 2.3, Figure 2.8C). The combined effect would be an increase in 

total BMP2 protein in the culture. Previous studies have shown that BMP signaling inhibits 

proliferation and stem cell signaling (Auclair et al., 2007; Qi et al., 2017). Thus, WNT3a treatment 

https://paperpile.com/c/8qEJcM/g9azt+cuAgU
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could generate an influx of differentiated cells that then produce additional BMP signals, which 

feeds back to inhibit the WNT-driven proliferation. To test the hypothesis that production of BMP 

from increasing production of differentiated cells causes the decrease observed in WNT-induced 

proliferation, we blocked BMP signaling in WNT-treated enteroids using LDN. As predicted, LDN 

treatment abolished the reversal of proliferation and crypt expansion under long-term WNT3a 

treatment (Figure 2.4G). Thus, time-delayed negative feedback from intrinsic BMP signals could 

serve to counterbalance an increase in WNT signals to maintain a homeostatic ratio of proliferation 

and differentiation. 

Interestingly, Paneth cells both secrete WNT to promote stem cell renewal and require 

WNT to fully differentiate (van Es et al., 2005; Farin et al., 2016). This presents a putative positive 

feedback (Farin et al., 2012): WNT drives proliferative cells to differentiate into Paneth cells, 

which in turn secrete more WNT, leading to expansion of stem cells, proliferative cells and Paneth 

cells. However, unchecked proliferation of Paneth cells is not observed in healthy tissues, 

indicating mechanisms exist to regulate their numbers (Clevers and Bevins, 2013; Sato et al., 2010; 

Snippert et al., 2010). To explore the regulation of Paneth cell number, we examined the response 

of enteroid monolayers to a range of WNT3a and BMP4 concentrations at 48 hours (Figure 2.4H). 

We found that concentrations ≥1 nM WNT decreased the fraction of Paneth cells by 47.36% 

(Figure 2.4H, rows). BMP, on the other hand, had no observable effect (Figure 2.4H, columns). 

The WNT-induced decrease in Paneth cell fraction was due to overall expansion of the tissue as 

well as loss in absolute numbers of the Paneth cells (Figure 2.8G, H). These results suggest that 

intestinal epithelium may have the ability to respond to elevated WNT concentrations by down-

regulating the source of epithelial WNT, the Paneth cell.  

 

https://paperpile.com/c/8qEJcM/s1h2j+cNx9J
https://paperpile.com/c/8qEJcM/wXKK0
https://paperpile.com/c/8qEJcM/AEH1g+t4dEy+T83a7
https://paperpile.com/c/8qEJcM/AEH1g+t4dEy+T83a7
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Discussion 

Previous studies have established the critical importance of opposing WNT and BMP 

signaling in controlling homeostasis of the intestinal epithelium (Fevr et al., 2007; Haramis et al., 

2004; He et al., 2004; San Roman et al., 2014). However, there are multiple tissue sources that can 

provide WNT and BMP to the intestinal epithelium. It is therefore challenging to disentangle the 

contribution of each of these sources to epithelial homeostasis in vivo. Using an enteroid 

monolayer culture system, we evaluated the contributions of epithelial-intrinsic and extrinsic WNT 

and BMP to epithelial homeostasis. Our results reveal that epithelial-derived WNT and BMP play 

a critical role in maintaining tissue proliferation and organization. Interestingly, we observed that 

while exogenously supplied WNT or BMP  have similar effects on proliferation as epithelial-

intrinsic WNT or BMP, they cannot rescue lost tissue organization. In addition, we found that 

enteroid monolayer cultures derived from the colon do not exhibit tight clustering of the crypt 

regions. This may be due to the exogenously supplied WNT3a that is necessary for culturing colon 

enteroids or the lack of Paneth cells in colon crypts, which serve as a source of epithelial-intrinsic 

WNT. Finally, we discovered an autonomous feedback circuit in enteroid monolayers regulating 

tissue proliferation whereby excessive proliferation driven by WNT is countered by production of 

differentiated cells that produce BMP. The feedback circuit may also regulate tissue proliferation 

through down-regulation of the Paneth cell population under high WNT conditions. Interestingly, 

it has been shown that up-regulation of WNT signaling through R-spondin stimulation or GSK3 

inhibition upregulates Paneth cell numbers, yet this previous study did not use WNT ligands 

directly (Farin et al., 2012).  Thus, the response of Paneth cells to different WNT ligands requires 

further mechanistic investigation.  Taken together, these results demonstrate that the epithelium is 

capable of regulating its own proliferation and organization through an intrinsic feedback circuit 

https://paperpile.com/c/8qEJcM/cd6aB+Inqyn+96PUr+7ri2D
https://paperpile.com/c/8qEJcM/cd6aB+Inqyn+96PUr+7ri2D
https://paperpile.com/c/8qEJcM/wXKK0
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and, more broadly, show that the source of morphogenic signals has a pronounced effect on how 

these signals regulate tissue proliferation and organization. 

Tissue organoid models have become increasingly powerful platforms for understanding 

tissue organization, modeling disease and identifying novel therapeutics (Boj et al., 2015; Gao et 

al., 2014; Lancaster et al., 2013; McCracken et al., 2014; Ootani et al., 2009; Warmflash et al., 

2014; van de Wetering et al., 2015). In particular, 3D intestinal organoids have been instrumental 

in interrogating stem cell biology. Recent efforts have led to the development of 2D cultures of 

differentiated intestinal tissues in transwell format  (Ettayebi et al., 2016; Moon et al., 2014; 

VanDussen et al., 2015). Though these culture systems are important advances, it is unclear 

whether they self-organize, maintain stem cell niches, or undergo self-renewal. 

Our enteroid monolayer cultures have three crucial characteristics. First, they polarize with 

apical surfaces exposed--in contrast to 3D organoids--which allows facile introduction of luminal 

contents in a physiologically relevant manner without the need for labor intensive microinjection. 

Second, they recapitulate key properties of in vivo intestinal epithelium, particularly crypt 

organization, which has been lacking in previous systems. Third, they can be cultured in microtiter 

plate format, making them amenable to high-throughput imaging assays and automated 

quantification of both cell- and tissue-level properties. A limitation of our (and other) organoid 

systems is that other factors undoubtedly modulate the behaviors of the epithelium in vivo. It 

remains to be seen how these additional sources of signals are integrated. A further limitation of 

our system is that cultures currently cannot be easily expanded through resuspension and passaging 

like classical cell lines. Nevertheless, the enteroid monolayer system described here provides a 

powerful platform for studying the intestinal epithelium in isolation, that may aid in the 

identification of regulators of epithelial homeostasis or new therapeutics for intestinal diseases.  

https://paperpile.com/c/8qEJcM/HWNNL+N9N8W+jyerZ+sU3WM+zh9y1+LmeJq+GZShQ
https://paperpile.com/c/8qEJcM/HWNNL+N9N8W+jyerZ+sU3WM+zh9y1+LmeJq+GZShQ
https://paperpile.com/c/8qEJcM/HWNNL+N9N8W+jyerZ+sU3WM+zh9y1+LmeJq+GZShQ
https://paperpile.com/c/8qEJcM/BqkaC+FuSom+iAegV
https://paperpile.com/c/8qEJcM/BqkaC+FuSom+iAegV
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Figures 
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Figure 2.1 Enteroid monolayers establish proliferative focal patterning and contain 
differentiated epithelial cell types. 
(A) Bright field images of 2D intestinal sheet 7 days after seeding. Arrowheads mark putative 
crypt foci. Scale bar = 25μM. (B) 2D intestinal cultures treated with EdU for 2 hours, then fixed 
and stained for EdU and DAPI. EdU clusters and dense nuclei foci co-localize (merged), indicating 
that the dense nuclear regions are proliferative crypt foci. Scale bar = 25μM. (C) Confocal image 
of crypt foci showing proliferative cells (EdU, green) clustered with Paneth cells (UEA-1, red) 
surrounded by non-proliferative cells (DAPI, blue). Scale bar = 25μM. (D) Confocal image of 
enteroid monolayers stained for actin (green) and DNA (blue). Arrowheads mark apical actin 
bundles. Right and bottom panels in c.-d. indicate horizontal (H) and vertical (V) projections. Scale 
bar = 25μM.  (E) Enteroid monolayer cultures from Lgr5eGFP-DTR mice showing Lgr5+ stem cells 
(green) juxtaposed with Paneth cells (lysozyme, red) and surrounded by proliferative TA cells 
(EdU, blue). Scale bar = 25μM. (F) Enteroid culture images co-stained for cell-fate marker (red: 
Ki-67 – proliferative; UEA-1 – Paneth; Muc2 – Goblet; villin – enterocyte; DCLK-1 – Tuft;  ChgA 
– enteroendocrine; Olfm4 – stem), EdU (green) and DAPI (blue). Scale bar = 25μM. Crypts in B-
F were seeded 7 days before staining and imaging. See also Figure 2.5, Figure 2.6, and Figure 2.7. 
 
  



 42 

 
Figure 2.2 Enteroid monolayers are dynamically established and maintained. 
(A) Time course of crypt development after seeding on ECM. Cells labeled with EdU two hours 
before fixation at indicated time. Scale bar = 25 μM. (B) Timeline of experiments. (C, D), Pulse-
chase time-course experiment shows tissue turnover time of ~4 days. Enteroids were pulsed with 
EdU two hours prior to time 0 and then chased with fresh media lacking EdU. (C) Representative 
images of enteroid monolayer cultures, fixed and stained for DNA (blue), EdU (green) and Villin 
(red) at indicated times post EdU pulse. Scale bar = 50 μM. (D) Quantification of pulse-chase 
experiment showing colocalization of EdU with the proliferation marker Ki67  (grey, Ki-67+ and 
EdU+) and colocalization of EdU with non-proliferative cells  (red, Ki-67- and EdU+); Error bars 
represent mean ± SEM of triplicate wells, each containing ≥10000 cells. (E) Quantification of total 
cell number, fraction of EdU+, fraction of stem cells (OLFM4+), and fraction of Paneth cells 
(lysozyme+) in enteroid cultures over a two-week time course. Error bars represent mean ± SEM 
of triplicate wells. (F) Cleaved caspase staining shows apoptosis occurs in the non-proliferative 
regions as opposed to the proliferative crypt regions (EdU+). Scale bar = 50 μM. (G) Annexin V 
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staining (magenta) overlay on phase contrast image shows cell death occurs on the margins of 
tissues. Asterisks denote clusters of Paneth cells. Scale bar = 50 μM. See also Figure 2.7. 
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Figure 2.3 The maintenance of growth and pattern formation for crypt foci is regulated by 
WNT and BMP. 
(A) Crypts were maintained for 2 days under a matrix of WNT3a vs. BMP4 concentrations in ENR 
media (see Experimental Procedures). Cells were labeled with EdU for two hours before fixation 
and staining for EdU and DNA. (B,C) As in (A), but crypt number (B) and average number of 
cells per crypt (C) were quantified. (D, E, F) As in (A-C) but with 5 days of growth factor 
treatment. Scale bars = 25 μM. See also Figure 2.7.  
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Figure 2.4 The establishment of crypt foci requires intrinsic WNT and BMP signaling to 
regulate growth and patterning. 
(A-F) Enteroid monolayers respond to WNT or BMP after initial seeding. Four hours after seeding, 
cells were treated with ENR basal media and the indicated perturbation, WNT3a (8 nM), IWP-2 



 46 

(10 uM), BMP4 (9 nM), or LDN (100 nM), throughout the time course. Cells were labeled with 
EdU two hours before fixation at the indicated time. (A) Staining of nuclei (DAPI) and 
proliferative cells (EdU). Scale bar = 50 μM. (B,C) Quantification of fraction EdU+ cells (B), and 
ratio of crypt to villus cell numbers (C) of experiment in (A) throughout the time course. Error 
bars represent mean ± SEM of triplicate wells. (D, E, F) WNT3a treatment rescues proliferation 
but not patterning of enteroid monolayers. 48 hour treatment. (D) Quantification of fraction EdU+ 
shows rescue of proliferation. Error bars represent mean ± SEM of triplicate wells. (E) 
Representative images of crypts under treatment at 48 hours. Scale bar = 50 μM. (F) Density plot 
of dispersion, as measured by distance between nearest neighbor EdU+ cells. Co-treatment with 
IWP-2 and WNT3a significantly shifts distribution compared to control. (G) Suppression of 
WNT3a-mediated growth collapse at 72 hours by LDN treatment. Error bars represent mean ± 
SEM of triplicate wells. (H) Quantification of fraction of Paneth cells out of total cells under 48 
hours of WNT3a / BMP4 treatment. For morphogen concentrations, see Experimental Procedures. 
(I) Model of tissue-autonomous growth and patterning self-regulation via WNT/BMP signaling. 
See also Figure 2.8. 
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Methods 

Experimental Model And Subject Details 

Animals 

All animal care and experimentation was conducted under protocols agreed upon by the 

Administrative Panel on Laboratory Animal Care at the University of California, San Francisco 

and the University of Texas Southwestern. Mice used in these studies are from C57BL/6 strain 

(most experiments) or, when indicated, a mutant Lgr5eGFP-DTR strain (kind gift of Frederic de 

Sauvage, Genentech) or a mutant Lgr5EGFP-IRES-creERT2 strain (kind gift of Hasan Zaki, UTSW). 

 

Cell Lines 

Human BJ fibroblast cells (ATCC #CRL-2522) were cultured on polystyrene plates at 37° C and 

5% CO2 and maintained in DMEM media with 10% FBS and antibiotics (penicillin and 

streptomycin). 

 

Method Details 

Crypt isolation and enteroid culture 

Murine jejunums were removed from freshly sacrificed 4-16 week old mouse, cut open 

longitudinally, and washed with cold PBS. The tissues were placed in cold PBS with antibiotics 

(penicillin and streptomycin), 1.5 mM DTT, 2 mM EDTA, fresh 10 uM Y-27632 and  incubated 

on ice for 30 minutes. Intestines were then moved to a tube with cold PBS with 2 mM EDTA and 

shaken vigorously for one minute to release crypts into solution. The shaking step was repeated 

until optimal crypt release is observed. The intestine was then discarded and solution containing 

crypts were centrifuged at 300 x g for 3 minutes to pellet the crypts. The crypt pellet was then re-
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suspended in 10ml DMEM with 10% FBS. This wash was repeated two more times and was 

essential to perform quickly to remove residual EDTA and restore Ca++ to the crypts. The crypt 

suspension was then filtered through a 100 μm strainer followed by a 70 μm strainer to remove 

large villi fragments. The crypts were pelleted at 150 x g for 3 minutes and re-suspended in 2D 

attachment media. 2D attachment media consisted of EGF (50 ng/ml, Invitrogen #PMG8043), 

LDN-193189 (100 nM, Sigma-Aldrich #P4543), R-spondin 1 (1 μg/ml, R&D Biosystems #3474-

RS-050), CHIR99021 (10 μM, Selleck #S1263), Y-27632 (10 μM, Selleck #S1049) in basal 

organoid media. The basal organoid media consists of advanced DMEM/F12 media supplemented 

with 1x N-2 supplement (Invitrogen #17502-048), 1x B-27 supplement (Invitrogen #17504-044), 

10mM HEPES (Invitrogen #15630-080), 1x Glutamax (Invitrogen #35050-061), 1mM N-acetyl-

cysteine (Sigma-Aldrich #A9165), 1x penicillin, and 1x streptomycin ). The crypts concentration 

is then estimated using a hemocytometer.  

 

For 2D crypt seeding in 96-well plates, 96-well plates were first coated with growth factor reduced 

Matrigel (Corning #356231). All experiments were performed in 96 well, Black/Clear, Tissue 

culture treated plates (Falcon #353219). To coat, 96-well plates were incubated with 50μl of 0.8 

mg/ml Matrigel diluted in basal organoid media at 37°C for one hour, which allows Matrigel to 

polymerize and coat the bottom of the well. From the step above, 50-100 crypts  were then seeded 

into each well of the 96-well plate and incubated in the attachment media for 4 hours. The cells 

were then washed with media to remove non-adherent villi fragments and placed in supplemented 

(ENR) organoid media for the remainder of the culture. Supplemented organoid media is basal 

organoid media supplemented with EGF (50 ng/ml), Noggin (50 ng/ml), and R-spondin (1 μg/ml).  
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For two week time course data, enteroid monolayers were grown in basal media supplemented 

with 10% R-spondin conditioned media.  

 

Enteroid monolayer seeding from dissociated 3D organoids 

For self-organization experiments shown in Figure 2.6, 3D organoids (grown in supplemented 

(ENR) organoid media) were sheared into crypt-like structures with a fire-polished Pasteur pipette 

and then enzymatically digested into single cells and small cell clusters using TrypLE Express 

(Thermo Fisher #12605010). Cells were washed once with organoid basal media and then 

resuspended in organoid basal media containing EGF (50 ng/mL), Noggin (50 ng/mL), R-spondin 

(1 μg/ml), CHIR-99021 (3 μM), and Y-27632 (10 μM). Approximately 50,000 cells were seeded 

in each well of Matrigel (1:20)-coated 96-well plates. After 24hrs of culture, cells were washed 

once with organoid basal media and then cultured in supplemented (ENR) organoid media for the 

remainder of the experiment. For the 2 week time-course experiment, recombinant R-spondin-1 

was replaced with 10% R-spondin conditioned media.  

 

Growth factors and small molecules  

The concentrations response curves in Figure 2.3A-C in descending order are as follows: WNT3a 

(nM) – 4, 2, 1, 0.5, 0.25, 0.125, 0.06, 0.03, 0; BMP4 (nM) – 18, 9, 4.5, 2.25, 1.125, 0.56, 0.  The 

concentrations response curves in Figure 2.3D-F in descending order are as follows: WNT3a (nM) 

– 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.06, 0.03, 0; BMP4 (nM) – 36, 18, 9, 4.5, 2.25, 1.125, 0.56, 0. 

For Figure 2.4H the concentrations are WNT3a (nM) – 4, 2, 1, 0.5, 0.25, 0.125, 0.06, 0.03, 0; 

BMP4 (nM) – 9, 4.5, 2.25, 1.125, 0.56, 0.   
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Staining and click chemistry 

All antibody solutions were made in PBS (Life Technologies Gibco #70013). All wash steps were 

performed three times using 0.1% Tween20 (Fisher Scientific #BP337) in PBS. Antibodies were 

diluted into 2.5% BSA (Jackson ImmunoResearch #001-000). After treatment, enteroids were 

fixed in 4% paraformaldehyde (Electron Microscopy Sciences #15710) for 10 minutes, then 

permeabilized with 0.2% Triton X-100 (Sigma-Aldrich #93443) for 10 minutes, and then washed. 

Samples were incubated overnight at 4°C with primary antibodies: Ki-67 (Santa Cruz #sc-7846); 

Villin (BD Transduction Labs #610358); Muc2 (Santa Cruz #sc-23170); Chromogranin A (Santa 

Cruz #sc-1488); DCLK-1 (Abcam #ab31704); GFP (Abcam #ab5450); Lysozyme (Agilent 

Technologies #A009902); Olfm4 (Santa Cruz #sc-84274); CD24 (BD Biosciences #553261); 

Actin, smooth Muscle Specific (Ab-2) (CalBioChem #CP47); pSMAD 1/5 (Cell Signaling #9516). 

Samples were then washed, stained with 1:1000-diluted secondary antibodies (AlexaFluor 

488/546 αMouse/αRabbit, Life Technologies #A11008/A11003), and washed again. Secondary 

antibody alone was added to empty wells to serve as references for estimation of uneven 

illumination. 

 

All non-antibody staining of enteroids was performed as a final step after antibody staining. DNA, 

actin, and Paneth cells were stained for 30 minutes with DAPI (Thermofisher #D21490), Hoechst 

(Invitrogen #H3570), Alexa Fluor 546 Phalloidin (Thermofisher #A12379), or UEA-1 Fluorescein 

(Vector labs #FL-1061), respectively. Click chemistry of EdU was also performed as a final step 

after prior antibody staining.  Wells were incubated with 1 μM Alexa Fluor 488 Azide (Molecular 

Probes #A10266),1 mM CuSO4 (Sigma-Aldrich #451657), 500 mM L-Ascorbic acid (Sigma-

Aldrich #A5960) in PBS for 30 minutes at room temperature.  Wells were then washed 3 times in 
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PBS and imaged. For Annexin V staining, enteroids were washed with Annexin V binding buffer 

(AVBB; 10 mM HEPES pH 7.4, 150 mM NaCl, 2.5 mM CaCl2) and then incubated with 1:50 

Cy5-conjugated Annexin V (BD Pharmigen #559934) at room temperature for 15 minutes. 

Enteroids were then washed with AVBB and immediately imaged. 

 

Imaging 

For imaging experiments, enteroid monolayers were plated in Falcon 96 Well, Black/Clear, Tissue 

Culture Treated Plates, Flat bottom with Lid (Cat# 353219). All plates were imaged using a GE® 

INCell 6000 automated microscope, 10X objective lens, and DAPI, FITC, and TRITC filter sets. 

All image analysis was performed using CellProfiler and custom Python scripts. Confocal 

microscopy was performed on a Zeiss LSM 780.  

 

Quantification And Statistical Analysis 

Image analysis and feature extraction 

Cell nuclei in DAPI stain images were identified using two CellProfiler (Carpenter et al., 2006) 

pipelines that were specialized for identifying either densely packed (using the Propagate function 

in CellProfiler, which separates clumped objects using a voronoi-based method (Jones et al., 

2005)) or sparsely packed (using the Shape function, which separates clumped objects using 

watershed on the distance-transform thresholded image (Wählby et al., 2004)) regions of nuclear 

staining. Custom Python scripts merged the two segmentations by identifying the dense and sparse 

regions: objects in the nuclear segmentation were dilated using a 5x5 kernel matrix, and resulting 

objects larger than 6000 pixels were defined as dense regions. Parameters for this algorithm were 

optimized using an expert-provided training set. Average nuclear intensity of EdU stains were 

https://paperpile.com/c/8qEJcM/Ug9B
https://paperpile.com/c/8qEJcM/RQTi
https://paperpile.com/c/8qEJcM/RQTi
https://paperpile.com/c/8qEJcM/zCeb
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extracted in CellProfiler. The EdU+ threshold was empirically set as >0.005 average nuclear EdU 

intensity. Paneth cells were segmented separately based on the UEA-1 (Paneth) stain images using 

the same nuclear segmentation pipeline. The CellProfiler pipelines were manually parameterized. 

 

Crypt identification and measurement 

To identify crypts, first dense regions were generated using the algorithm from above, with 

minimum area of 10,000 pixels. Then, dense regions containing at least 5 EdU positive cells were 

identified as crypt regions. Combining the crypt and cell segmentation, we measured crypt number 

and crypt size, which is the number of cells in the crypt. To measure dispersion of crypt regions, 

we measured the nearest neighbor distance of proliferative (EdU+) cells. For each EdU+ cell in a 

crypt, we calculated the distance to the nearest EdU+ cell in the same crypt. We can then construct 

a distribution of nearest EdU+ neighbor distances for each crypt that indicated the dispersion of 

crypt regions. 

 

Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM) or mean ± standard deviation 

(SD), as indicated. Student’s unpaired t-test was used to determine significant difference in 

quantification of control and perturbed cultures. 

 

Data And Software Availability  

Code samples are available at https://github.com/AltschulerWu-Lab/ ThorneChen2018/.  
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Supplemental Figures 
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Figure 2.5 Enteroid monolayers establish proliferative focal patterning and major 
differentiated cell types. 
(A) Steps in seeding intestinal crypt explants.  Mice jejunums were washed and incubated in Ca++ 
chelating buffer to promote epithelial release from the mesenchyme. Extracted crypts were 
suspended in the growth factors supplemented with GSK-3, ROCK, and BMP receptor inhibitors 
CHIR-99021, Y-27632, LDN-193189, respectively. Crypt suspensions were seeded into 96-well 
imaging plates pre-coated with laminin-rich extracellular matrix. Kinase inhibitors were removed 
from the media after four hours. In 48 hours, sheets of epithelium form from initial crypt fragments. 
(B) Purified mouse small intestine crypts were seeded (100 crypts/well) onto 96-well plates coated 
with the indicated substrates. At 48 hrs post-seeding, cells were fixed, stained with DAPI and 
counted. Error bars represent mean ± SEM of triplicate wells. (C) Crypts assayed as in (B) with 
indicated treatment: ENR = EGF (50 ng/ml), Noggin (100 ng/ml), R-spondin (500 ng/ml); Y = Y-
27632 (10 μM); C = CHIR 99021 (3 μM). Error bars represent mean ± SEM of triplicate wells. 
(D) Image of an entire well from a 96-well plate of enteroid monolayers stained for OLFM4 (green) 
and DAPI (blue). Note foci of OLFM4 staining. Scale bar = 1 mm. (E) Enteroid monolayers do 
not contain mesenchymal cells. Mesenchymal cells were not detected via staining of enteroid 
monolayers with alpha-smooth muscle actin (α-SMA). Fibroblast cultures were stained and 
imaged in parallel as a positive control for the α-SMA+ cell type. Scale bar = 25 μm. (F) High 
magnification of crypt foci and surrounding villus region. Confocal image of enteroid monolayers. 
Cultures were treated with EdU for two hours, fixed and stained. EdU, green; DNA, blue. Scale 
bar = 25 μm. (G) Staining of crypt foci with Paneth cell specific marker CD24 and the lectin UEA-
1 demonstrating co-label of the Paneth cell subpopulation of cells. Granularity of Paneth cells is 
observed in DIC image.  
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Figure 2.6 Enteroid monolayers are capable of self-organization. 
(A) Brightfield image taken after 3D organoids were sheared, enzymatically dissociated, and 
plated on a Matrigel-coated plate, demonstrating that cultures were initially seeded as single cells 
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and small clumps. Scale bar = 25 μm. (B) Brightfield image of crypt-like foci formed 2 weeks 
after seeding from dissociated 3D organoids. Scal bar = 50 μm (C) Enteroid monolayers form 
crypt-like foci when seeded from single cells and small cell clusters. After seeding, cells were 
allowed to incubate for the indicated amounts of time, pulsed with EdU, fixed, and stained. Scale 
bar = 25 μm. (D) Enteroid monolayers form a stem cell niche when seeded from dissociated 3D 
organoids. 2 weeks after seeding, enteroids derived from Lgr5eGFP-DTR mice were pulsed with EdU, 
fixed, and stained for the indicated markers. Scale bar = 25 μm. (E) Enteroid monolayers produce 
mature intestinal cell types when seeded from dissociated 3D organoids. 2 weeks (for Lyz, Lgr5, 
and Muc2 stain) or 4 days (for ChgA stain) after seeding, enteroid monolayers from Lgr5eGFP-DTR 
mice were fixed and stained for the indicated markers. Scale bar = 15 μm. (F-I) At the indicated 
time points, enteroid monolayers were fixed, stained for markers of the indicated cell types 
(Hoechst for nuclei, Lgr5 for crypts, EdU for EdU+ cells, Lysozyme for Paneth cells), and the 
number of each cell type quantified using customized algorithms. Error bars represent mean ± 
SEM of triplicate wells, each well containing 24 fields of view. 
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Figure 2.7 The maintenance of growth and pattern formation for crypt foci is regulated by 
WNT and BMP. 
(A) Example image of mouse colon monolayer cultures stained for DNA (DAPI, blue), 
proliferative cells (EdU, green), and Goblet cells (Muc2, red). Scale bar = 50 μm. (B) Image 
processing steps of enteroid monolayers. Using high-content microscopy, large collections of 
images of enteroid cultures under various treatments were collected. Next, images were 
computationally processed to identify nuclei and cell boundaries. Using a custom algorithm to 
search for regions of high cell density, individual crypt foci were identified. Finally, single-cell 
and crypt-level features were extracted. (C) Confocal image of enteroid monolayers stained for 
actin (green) and DNA (DAPI, blue). Asterisk mark an extruding cell that can be seen right above 
the tissue plane. Right and bottom panels indicate horizontal (H) and vertical (V) projections. Scale 
bar = 10 μm. (D,E) Effect of WNT3a and BMP4 concentration response curves on cell number. 
Enteroid monolayers were treated for 48 hours with WNT3a (D) or BMP4 (E) then fixed, imaged 
and cell numbers were counted by automated image processing (plotted as percent of largest 
value). Error bars represent mean ± SEM of triplicate wells. (F) β-Catenin response to WNT3a 
treatment in Human Colonic Epithelial Cells (HCEC) demonstrating activation of the WNT 
pathway across a broad range of concentrations. Error bars represent mean ± SEM of triplicate 
wells.  
 
 
  



 58 

 
Figure 2.8 The establishment of crypt foci requires intrinsic WNT and BMP signaling to 
regulate growth and patterning. 
(A,B) Cell number and fraction EdU+ cells RSPO response curves. Enteroid monolayers were 
treated for five days as indicated then fixed, stained, and imaged. Cell counts were acquired by 
automated image processing. Error bars represent mean ± SEM of 4 replicate wells. (C) BMP2 is 
expressed surrounding the proliferative regions in control or WNT3a treated cultures. Enteroid 
monolayers were stained as indicated and imaged by confocal microscopy. Note lack of BMP2 
staining in proliferative crypt foci as marked by EdU. Scale bar = 25 μm. (D) Enteroid monolayers 
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were stimulated with buffer control or BMP4 for two hours. Note nuclear accumulation of 
pSMAD1,5 throughout epithelium in BMP4-treated cells. Scale bar = 25 μm. (E) Addition of 
WNT3a rescues proliferation of enteroids treated with IWP-2. Enteroid monolayers were treated 
for 48 hours as indicated then fixed, stained for DNA and EdU markers, imaged and cell numbers 
counted by automated image processing. Error bars represent mean ± SEM of triplicate wells. (F) 
Distribution of nearest EdU+ neighbor distance in untreated enteroid monolayer cultures. Each 
line represents a replicate well (n = 4). (G, H) Loss of Paneth cells under WNT3a treatment. 
Enteroid monolayers were treated for 48 hours as indicated then fixed, stained for DNA (DAPI) 
and Paneth marker (UEA-1). Paneth cell numbers were quantified and graphed as percent of initial 
number of Paneth cells seeded at 48 hours (G) or absolute Paneth cell numbers at 72 hours (H). 
Error bars represent mean ± SEM of triplicate wells.  
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Supplemental Table 

Table 2.1 Key resources table 
 
Reagent or Resource Source Identifier 

Antibodies 
Goat polyclonal anti-GFP Abcam Cat#ab5450 
Dako polyclonal anti-Lysozyme (EC 
3.2.1.17) 

Agilent Cat#A009902 

Mouse monoclonal anti-
chromogranin A (clone C-12) 

Santa Cruz Biotechnology Cat#sc-393941 

Goat polyclonal anti-Ki-67 Santa Cruz Biotechnology Cat#sc-7846 
Mouse monoclonal anti-Villin BD Transduction Labs Cat#610358 
Goat polyclonal anti-Muc2 Santa Cruz Biotechnology Cat#sc-23170 
Goat polyclonal anti-Chromogranin 
A 

Santa Cruz Biotechnology Cat#sc-1488 

Rabbit polyclonal anti-DCLK-1 Abcam Cat#ab31704 
Rat monoclonal anti-CD24 BD Biosciences Cat#553261 
Rabbit polyclonal anti-Olfm4 Santa Cruz Biotechnology Cat#sc-84274 
Mouse monoclonal anti-Actin, 
smooth Muscle Specific (Ab-2) 

CalBioChem Cat#CP47 

Rabbit monoclonal anti-Phospho-
Smad1/5 

Cell Signaling Cat#9516 

Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, 
Alexa Fluor 488 

Life Technologies Cat#A11008 

Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody, 
Alexa Fluor 546 

Life Technologies Cat#A11003 

Chemicals, Peptides, and Recombinant Proteins 
TrypLE Express Enzyme ThermoFisher Cat#12605-010 
PBS Life Technologies Gibco Cat#70013 
DTT Sigma Cat#10197777001 
EDTA ThermoFisher Cat#15575020 

 
Y-27632 Selleck Cat#S1049 
Advanced DMEM/F12 ThermoFisher Cat#12634010 
Penicillin-Streptomycin ThermoFisher Cat#15140122 
FBS ThermoFisher Cat#10082147 
EGF Recombinant Mouse Protein Invitrogen Cat#PMG8043 

https://www.thermofisher.com/order/catalog/product/12634010
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Reagent or Resource Source Identifier 
LDN-193189 Sigma-Aldrich Cat#P4543 
R-spondin 1 Recombinant Mouse 
Protein 

R&D Biosystems Cat#3474-RS-050 

CHIR99021 Selleck Cat#S1263 
N-2 Supplement Invitrogen Cat#17502-048 
B-27 Supplement Invitrogen Cat#17504-044 
HEPES Invitrogen Cat#15630-080 
GlutaMAX Invitrogen Cat#35050-061 
N-acetyl-cysteine Sigma-Aldrich Cat#A9165 
Matrigel Corning Cat#356231 
Noggin Recombinant Human Protein R&D Biosystems Cat#6057-NG 
WNT3a R&D Biosystems Cat#5036-WNP/CF 
BMP4 R&D Biosystems Cat#314-BP 
Tween20 Fisher Scientific Cat#BP337 
Bovine serum albumin Jackson ImmunoResearch Cat#001-000 
Paraformaldehyde Electron Microscopy 

Sciences 
Cat#15710 

Triton-X-100 Sigma-Aldrich Cat#93443 
Hoechst 33342 Invitrogen Cat#H3570 
DAPI Thermofisher Cat#D21490 
Alexa Fluor 546 Phalloidin Thermofisher Cat#A12379 
UEA-1 Fluorescein Vector labs Cat#FL-1061 
Alexa Fluor 488 Azide Molecular Probes Cat#A10266 
CuSO4 Sigma-Aldrich Cat#451657 
L-Ascorbic acid Sigma-Aldrich Cat#A5960 
Cy5-conjugated Annexin V BD Pharmigen Cat#559934 

Experimental Models: Cell Lines 
Fibroblast cultures ATCC Cat#CRL-2522 

Experimental Models: Organisms/Strains 
Mouse : C57BL/6J Jackson Labs Cat#664 
Mouse : Lgr5eGFP-DTR Frederic de Sauvage, 

Genentech 
(Tian et al., 2011) 

Mouse : Lgr5EGFP-IRES-creERT2 Hasan Zaki, UTSW (Barker et al., 2007) 
Software and Algorithms 

FIJI Schindelin et al., 2012 https://fiji.sc/ 
Custom image analysis scripts This paper https://github.com/Altschul

erWu-Lab/ 
ThorneChen2018/  

Imaris Bitplane http://www.bitplane.com/ 

https://paperpile.com/c/Ao1rKe/G6HR
https://paperpile.com/c/Ao1rKe/y3rp
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Reagent or Resource Source Identifier 
Prism 7 GraphPad https://www.graphpad.com

/scientific-software/prism/ 
CellProfiler CellProfiler http://www.cellprolifer.org 

Other 
96 well, Black/Clear, Tissue culture 
treated plates 

Falcon Cat#353219 
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Abstract 

Renewing tissues have the remarkable ability to continually produce both proliferative 

progenitor and specialized differentiated cell types. How are complex milieus of 

microenvironmental signals interpreted to coordinate tissue cell type composition? Here, we 

investigate the responses of intestinal epithelium to individual and paired perturbations across 

eight epithelial signaling pathways. Using a high-throughput approach that combines enteroid 

monolayers and quantitative imaging, we identified conditions that enrich for specific cell types 

as well as interactions between pathways. Importantly, we found that modulating proliferation of 

transit-amplifying cells changes the ratio of differentiated secretory to absorptive cell types. These 

observations highlight an underappreciated role for transit-amplifying cells in tuning differentiated 

cell type composition.  
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Introduction 

A central question in the study of complex tissues is how diverse signals are integrated to 

regulate cell type composition. Dissection of mechanisms underlying the mapping from signals to 

tissue composition is complicated by the heterogeneous makeup of interconnected cell types, 

which exert influences upon one another through lineage structure and cell-cell interactions. 

Further, most studies focus on the effects of individual signals on individual cell types, due to a 

lack of methods that enable systematic identification of signal integration mechanisms. What are 

the tissue-wide effects of common microenvironmental signals on cell type composition? How do 

multiple signals modify each other’s effects? Finally, are there intrinsic tissue properties that shape 

response to diverse signals? 

Here, we address these questions in the context of the intestinal epithelium, an ideal model 

for continuously renewing tissue (Beumer and Clevers, 2016; Cheng and Leblond, 1974a; Tian et 

al., 2016). The intestinal epithelium is particularly remarkable in that it maintains a stereotypic 

tissue composition despite a rapid 3- to 5-day turnover. During renewal of the intestinal epithelium, 

Lgr5+ crypt-base stem cells differentiate into proliferating transit-amplifying (TA) progenitors, 

which in turn adopt absorptive (enterocyte) or secretory (Paneth, goblet, enteroendocrine (EE)) 

cell fates (Cheng and Leblond, 1974a). The confluence of proliferation and differentiation decision 

processes establishes tissue composition, which guides overall tissue function. Though much 

progress has been made in defining the ‘parts list’ of factors that guide intestinal epithelial renewal 

(Beumer and Clevers, 2020; Clevers, 2013; van der Flier and Clevers, 2009; Yin et al., 2014), it is 

unclear how these factors are integrated by the tissue during maintenance and in response to 

perturbations.  
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To quantitatively measure intestinal epithelial cell type composition and study its changes 

in response to microenvironmental signals, we utilized an enteroid monolayer culture system that 

recapitulates key features of the intestinal epithelium (Sanman et al., 2020; Thorne et al., 2018). 

Enteroid monolayer cultures maintain characteristics of intestinal epithelial architecture, including 

spatial organization into crypt-like proliferative and differentiated compartments and apical-

basolateral polarization. Differentiated cell types (e.g. enterocyte, goblet, EE, and Tuft cells) 

surround proliferative compartments, within which stem and Paneth cells are juxtaposed and 

surrounded by TA cells (Thorne et al., 2018). Importantly, these cultures also preserve core tissue 

processes ex vivo, generating all major intestinal epithelial cell types (Lgr5+ stem, TA, and 

differentiated secretory and absorptive cells) with a turn-over rate similar to the in vivo renewal 

rate. Due to their two-dimensional nature, enteroid monolayer cultures are amenable to high-

throughput image-based assays in microwell format, which enables large numbers of tissue 

perturbations to be performed and analyzed. In this work, enteroid monolayers are used as a 

primary platform for hypothesis generation with key observations further evaluated in three-

dimensional (3D) organoids and in vivo. 

Here, we present a systems approach for investigating signal integration and lineage 

processes in the intestinal epithelium. We expand the capabilities of the enteroid monolayer 

platform to monitor and quantify major proliferating progenitor and differentiated intestinal 

epithelial cell types. We profiled changes in stem, TA, and secretory cell types in response to a 

diverse set of combinatorial treatment conditions. We identified conditions that enrich for stem 

and EE cells and elucidate an unexpected interaction between EGFR and IL-4 signaling. Finally, 

we propose a model of intestinal epithelial lineage control in which modulation of TA proliferation 
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can alter the balance of secretory to absorptive cell lineages, which is supported through 

experiments in enteroid monolayers, 3D organoids, and in vivo, as well as mathematical modeling. 

 

Results 

A quantitative microscopy platform to study regulation of intestinal cell type composition 

Here, we build on a previously described enteroid monolayer system for monitoring 

intestinal epithelium (Sanman et al., 2020; Thorne et al., 2018). We first expanded the 

computational pipeline to automatically quantify major intestinal cell types from images of 

enteroid monolayers. Specifically, we developed algorithms to detect cells expressing markers for 

stem (Lgr5+), proliferating (EdU+), Paneth (Lyz+), goblet (Muc2+), and enteroendocrine (EE; 

ChgA+) cells as well as identify cell nuclei (Hoechst) (Figure 3.6S1A-F, STAR Methods). When 

evaluated against expert manual counting, the algorithms exhibited high quantification accuracy 

across the cell types measured (Table 3.1).  

We then assessed recapitulation of relevant in vivo intestinal epithelial properties. First, we 

selected a crypt seeding density (10-20% initial confluency) where there was relatively low inter-

replicate variability and no relationship between initial seeding density and cell type composition 

after 48 hours of culture (Figure 3.6G). Next, we confirmed that jejunal enteroid monolayers 

exhibited cell type composition comparable to the composition of in vivo jejunal epithelium (Table 

3.2). Finally, we observed that enteroid monolayers recapitulate progenitor proliferation and 

production of differentiated cell types. By labeling cycling cells with EdU upon initial plating, we 

observed that the initial population of ~25% proliferative (EdU+) cells produce the vast majority 

(79.2±2.2%) of enteroid monolayer cells by 48 hours of culture (Figure 3.1A, Table 3.2, Table 

3.3). Further, we observed EdU+ cells that colocalized with markers of Paneth (Lyz), goblet 
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(Muc2), and EE (ChgA) cells (Figure 3.1B). Taken together, enteroid monolayers preserve 

important characteristics of the intestinal epithelium and provide a robust platform for capturing 

tissue-wide responses to perturbations and for generating hypotheses on control of intestinal 

epithelial cell type composition.  

 

Systematic survey of cell type composition changes in response to single and pairwise 

signaling modulators 

To map a wide range of tissue composition phenotypes, 13 epithelial-intrinsic and 

microenvironmental modulators that target eight core intestinal epithelial signaling pathways 

(Wnt, BMP, Notch, HDAC, JAK, p38 MAPK, TGF-β, EGFR (Basak et al., 2017a; van der Flier 

and Clevers, 2009; Houde et al., 2001; Richmond et al., 2018; Rodríguez-Colman et al., 2017; Yin 

et al., 2014)) and are known to have diverse effects on tissue cell type composition were selected 

(Table 3.4). In previous reports, combinations of perturbations have been shown to be more 

effective than single perturbations in enriching for particular cell types (Basak et al., 2017; van der 

Flier and Clevers, 2009; Houde et al., 2001; Richmond et al., 2018; Rodríguez-Colman et al., 2017; 

Yin et al., 2014). Thus, to survey a broad range of tissue states, modulators were applied to enteroid 

monolayers individually (13 conditions) and in all possible pairwise combinations (78 conditions). 

Perturbation concentrations were selected based on literature reports and dose-response 

experiments in enteroid monolayers (Table 3.5, Figure 3.7A) (Basak et al., 2017; von Moltke et 

al., 2015; Yin et al., 2014). A 48 hour final time point was selected for our studies, as we observed 

strong and expected responses to well-characterized perturbations (Figure 3.7B).  

For our survey, we focused on changes to the proliferative progenitor and differentiated 

secretory subpopulations. We chose to report absolute numbers of the proliferative subpopulations 
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(#stem, #TA) and fractions of secretory cell types within the measured secretory lineage 

(#Paneth/#secretory, #goblet/#secretory, #EE/#secretory) (Figure 3.2A, Figure 3.7C). The 

numbers of proliferating stem cells were estimated by counting EdU+ Lgr5+ cells, and the numbers 

of TA cells—defined as non-stem proliferating cells—were estimated by counting EdU+ Lgr5- 

cells (Figure 3.2A, Figure 3.7C). The number of secretory cells was estimated by the sum of Paneth 

(Lyz), goblet (Muc2), and EE (ChgA) cells, which is a reasonable approximation as they make up 

the majority of secretory cells (Figure 3.2A, Figure 3.7C) (Cheng and Leblond, 1974a; Haber et 

al., 2017). While there are many possible features to report, focusing on absolute numbers of 

proliferating progenitor cells and relative fractions within the secretory lineage allowed us to 

disentangle changes within different tissue compartments from overall changes in tissue mass. 

In total, the survey of single and pairwise perturbations allowed us to measure the effects 

of diverse perturbations on intestinal epithelial cell type composition (546 measurements = 91 

conditions x 6 cell type readouts), with a focus on progenitor and secretory cell regulation (Figure 

3.7B, single summary heatmap; Figure 3.7D, alternative visualization and total cell numbers). 

These measurements allowed us to generate hypotheses about how microenvironmental signals 

interact with each other and regulate tissue cell type composition. 

 

Identification of signaling perturbations that enrich for specific cell types 

Our survey recapitulated known effects on intestinal epithelial cell type composition 

(GSK3-I + HDAC-i, Notch-i, IL-4, EGFR-i, PORCN-i). In these cases, changes in enteroid 

monolayer cell type readouts were in agreement with previous studies (Basak et al., 2017; Beumer 

and Clevers, 2016; van Es et al., 2005; von Moltke et al., 2015; Qi et al., 2017; Yin et al., 2014) 

(Figure 3.7E, Table 3.5) and further confirmed at the RNA level using quantitative reverse 
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transcription PCR (qRT-PCR; Figure 3.7F). However, the vast majority of measurements obtained 

from our survey were previously uncharacterized, with a number of conditions strongly 

modulating different aspects of tissue composition (Table 3.6). We next highlight conditions that 

were previously unknown to enrich for stem or EE cells.  

The number of Lgr5+ stem cells was increased by pairwise combinations of inhibitors of 

GSK3, p38MAPK, BMPR, HDAC, and JAK1/2 (Figure 3.2B, bottom callout 1, Figure 3.7G). 

Notably, these conditions caused similar, if not increased, enrichment for Lgr5+ stem cells 

compared to the current benchmark condition (GSK3-i + HDAC-i (Yin et al., 2014)). Lgr5+ stem 

cell enrichment from these conditions was also observed at the RNA level, as indicated by qRT-

PCR analysis of Lgr5 RNA in enteroid monolayers (Figure 3.7H). Interestingly, JAK1/2 had not 

been connected with stemness in the mammalian intestinal epithelium in the absence of 

inflammation (Richmond et al., 2018). Thus, we chose to repeat the GSK3-i + JAK1/2-i co-

treatment; stem cell expansion and increased Lgr5 RNA expression was confirmed in 3D 

organoids by immunofluorescence and qRT-PCR, respectively (Figure 3.2C-D). 

The number of EE cells—relative to other secretory cell types—was also observed to be 

increased in a number of conditions (Table 3.6). Notably, perturbations containing TGF-β 

generally enriched for EE cells (Figure 3.2B, bottom callout 2). The strongest inducer of EE cells, 

TGF-β + PORCN-i co-treatment, was confirmed in 3D organoids (immunofluorescence and qRT-

PCR; Figure 3.2E-F). To investigate possible signaling mechanisms for TGF-β enrichment of EE 

cells, we examined both canonical (SMAD2/3) and non-canonical (PI3K, mTOR, JNK) TGF-β 

downstream signaling components (Feng and Derynck, 2005; Massagué, 1998; Zhang, 2009). 

Deletion of SMAD3, but not inhibition of non-canonical TGF-β signaling effectors, abrogated EE 

cell upregulation induced by TGF-β (Figure 3.7I-J). This enrichment was accompanied by an 
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increase in SMAD2/3 target gene expression, as demonstrated by RNA-sequencing of 3D 

organoids (Figure 3.7K). Thus, the EE enrichment by TGF-β that we identified in our survey 

occurs through canonical SMAD2/3 signaling. 

 

Identification of a mutually antagonistic signaling interaction 

We next searched for perturbation interactions that regulate cell type composition 

(Methods, Figure 3.8A, B). We recapitulated known interactions, such as between perturbations 

that modulate the same signaling pathway (e.g. the synergistic effect of Wnt3a + GSK3-i, Figure 

3.8C). We also identified unexpected interactions, particularly a mutual antagonism between IL-4 

and EGFR-i in co-regulating TA cell numbers. Individually, IL-4 or EGFR-i reduced the number 

of TA cells by ~4 or ~6 log-fold relative to control, respectively, while co-treatment reduced the 

number of TA cells by only ~1.5 log-fold relative to control (Figure 3.3A). This effect was 

surprising, as IL-4 and EGFR-i are not known to interact. A similar result was also observed with 

the EGFR inhibitor gefitinib and the IL-4-related cytokine IL-13 on proliferating cells (Figure 

3.8D-E), indicating the mutual antagonism is not due to off-target or perturbation-specific effects.  

How does IL-4 signaling antagonize EGFR inhibition? Prior work suggested that EGFR 

inhibition decreases proliferation by reducing MEK-Erk activity (Basak et al., 2017). We found 

that IL-4 treatment can activate Erk even in the context of inhibiting EGFR (Figure 3.3B) or RAF 

(Figure 3.8F). However, IL-4 could neither activate Erk (Figure 3.8G) nor rescue TA cell numbers 

(Figure 3.8H) in the context of inhibiting MEK, whether EGFR was inhibited or not. Together, 

this indicated that IL-4 antagonizes EGFR inhibition by activating MEK-Erk signaling 

downstream of the EGFR-Ras-Raf cascade and upstream of MEK.  

https://paperpile.com/c/I6Y3o4/KgQG
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How does EGFR inhibition antagonize IL-4? Prior work suggested that BMP2 (the 

epithelial paralog of mesenchymal BMP4) production can reduce TA cell numbers (He et al., 2004; 

Thorne et al., 2018). We found that IL-4 treatment of enteroid monolayers significantly increases 

BMP2 production (Methods, Figure 3.3C). BMP receptor inhibition, while having no obvious 

effect on TA cell numbers on its own, rescued the IL-4 induced decrease in TA cell numbers in 

enteroid monolayers and 3D organoids (Figure 3.8I-J). Finally, co-treatment of EGFR-i + IL-4 

showed no significant change in production of BMP2 compared to control conditions (Figure 

3.3D). We note that EGFR-i and BMP did not interact through MEK-ERK signaling (Figure 3.8K). 

Together, this indicated that EGFR inhibition antagonizes BMP2 production induced by IL-4 and 

thereby rescues the decrease in TA cells. 

 

Decreasing TA proliferation increases the ratio of secretory to absorptive cells 

A fundamental question in renewing tissues is how proliferation regulates differentiated 

cell type composition. We searched across our diverse survey of perturbations for global trends 

between progenitor and secretory cell populations (Figure 3.4A, Figure 3.9A-B). Few correlations 

were observed, with one striking exception: TA cell numbers were anticorrelated with the fraction 

of differentiated (EdU-) cells that express secretory markers (Figure 3.4A).  Further analysis 

showed that the EdU- population was largely composed of secretory and absorptive (FABP1+) cells 

(Methods, Figure 3.6F, Figure 3.9C-D), indicating that altering TA cell numbers may modulate 

the balance between secretory and absorptive cells. Importantly, this anticorrelation was not driven 

by any specific perturbation (Figure 3.4B, Methods), suggesting that it reflects a tissue-intrinsic 

property.  

https://paperpile.com/c/I6Y3o4/ibih+Qbqi
https://paperpile.com/c/I6Y3o4/ibih+Qbqi
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We also observed this anticorrelation upon directly modulating proliferation using cell 

cycle inhibitors in enteroid monolayers, 3D organoids, and in vivo. In enteroid monolayers, the 

cell cycle inhibitors CDK4/6-i (palbociclib) and AuroraK-i (AT9283) decreased TA cell numbers 

(estimated using either EdU and Ki67 staining) and increased the secretory to absorptive ratio in a 

dose-dependent manner (Figure 3.4C, Figure 3.9E-J). We note that while progenitor cell numbers 

were reduced under cell cycle inhibitor treatments, the tissue spatial organization into crypt-like 

foci and differentiated regions was maintained (Figure 3.9E). To validate this correlation in vivo, 

mice (n=8 per group) were treated with CDK4/6-i or vehicle. After 50 hours of treatment, intestinal 

crypts were harvested and RNA levels of proliferative (Ki67), secretory (Atoh1) and absorptive 

(Hes1) cell markers were measured. Consistent with the enteroid monolayer experiment, CDK4/6-

i treatment decreases proliferation (Figure 3.9K) and increases the secretory to absorptive ratio 

(Figure 3.4D). Finally, we used 3D organoids to test whether the anticorrelation is specific to TA 

cells, but not stem cells. 3D organoid cultures, enriched for either stem or TA cells (Figure 3.4E, 

images, Figure 3.9L), were treated with CDK4/6-i. Strikingly, CDK4/6-i increased the secretory 

to absorptive ratio in 3D organoids enriched for TA cells ~10-fold more than in 3D organoids 

enriched for Lgr5+ stem cells (Figure 3.4E, graphs). Together, these results demonstrate that 

decreasing TA proliferation causes the relative fraction of secretory to absorptive cells to increase 

in the intestinal epithelium. 

 

Differential amplification as a model for proliferation-based control of tissue composition 

How does altering TA cell proliferation affect the abundance of secretory cells relative to 

absorptive cell types? Lineage structures have been modeled in the past, such as the branching of 

progenitors in enabling robust feedback control (Lander et al., 2009). Previous studies suggest that 

https://paperpile.com/c/oDOkfl/rwpPT
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secretory progenitors are less proliferative compared to absorptive progenitors. In particular, 

commitment to a secretory fate (specifically expression of the Notch ligand Dll1) coincides with 

cell cycle exit (Stamataki et al., 2011), and lineage tracing showed that secretory cell clones are 

on average smaller than absorptive cell clones (Bjerknes and Cheng, 1999).  

We confirmed that secretory progenitors undergo fewer divisions—and thus have less 

amplification—than absorptive progenitors. An EdU dilution experiment (Methods) in enteroid 

monolayers indicated that the overall population of intestinal epithelial cells were amplified more 

than the secretory cell types (~2 cell divisions more; Figure 3.5A). Next, we made use of clonal 

lineage tracing experiments to investigate the observed differential amplification between 

absorptive and secretory progenitors. Enteroid monolayers from transgenic mice (Atoh1-

CreER;R26R-tdTomato or Notch1-CreER;R26R-tdTomato) were treated with 4-

hydroxytamoxifen for 24 hours to induce sparse labeling of secretory (Atoh1+) or absorptive 

(Notch1+) clones (Methods, Figure 3.5B-C). We observed that on average absorptive progenitors 

amplified 3.8-fold more than secretory progenitors (secretory: 3.5 cells per clone; absorptive: 13.3 

cells per clone). This indicated that absorptive progenitors undergo ~2 cell divisions more than 

secretory progenitors, consistent with the EdU dilution experiment. In contrast, Cdk4/6-i treatment 

caused absorptive progenitors to amplify only ~1.6 fold more than secretory progenitors 

(secretory: 2.7 cells per clone; absorptive: 4.2 cells per clone). Thus, inhibiting proliferation 

impairs amplification of absorptive cells to a greater extent than secretory cells. Finally, we built 

a simple conceptual mathematical model of the lineage expansion process (Methods, Figure 3.5D-

E, Figure 3.10A-B). The model recapitulates the anticorrelation between proliferation and the 

secretory to absorptive cells type ratio. Further, a fit of parameters to the clonal expansion data 

suggests that the cell cycle inhibitors equally affected division probabilities of cells in both 

https://paperpile.com/c/I6Y3o4/O9zPl
https://paperpile.com/c/I6Y3o4/FopwL
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lineages (Methods, Figure 3.5D-E). In summary, differential amplification of TA progenitors in 

the intestinal epithelium provides a mechanism for controlling the secretory to absorptive bias 

through proliferation. 

 

Discussion 

The intestinal epithelium is a constantly renewing tissue that maintains a precise cell type 

composition throughout life. To investigate how signals combine to regulate tissue renewal, we 

conducted a systematic survey of single and paired perturbations on enteroid monolayers. Our 

survey revealed new conditions that enrich for specific cell types, including Lgr5+ stem 

(combinations of GSK3, p38MAPK, BMPR, HDAC, and JAK1/2 inhibitors) and enteroendocrine 

cells (TGF-β +/- PORCN-i). These results highlight potential convergent effects of these pathways 

in regulating stemness and EE cell maturation, respectively. We also identified perturbations that 

have unexpected combined effects on tissue growth, including an unexpected mutual antagonism 

between IL-4 and EGFR-i that regulated the TA cell population. Investigation of this antagonism 

led us to identify new functions of IL-4, namely its ability to bypass an EGFR blockade and to 

induce BMP production. 

Our survey further suggested a general anticorrelation between progenitor cell proliferation 

and the ratio of secretory to absorptive cells (observed in enteroid monolayers, 3D organoids and 

in vivo). We found fewer rounds of cell division for secretory than absorptive progenitors, and that 

this difference diminishes under cell cycle inhibition (observed in enteroid monolayer in both EdU 

dilution and lineage tracing studies), leading to an increase in the differentiated secretory to 

absorptive cell ratio. These results suggest a “differential amplification model” by which 
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modulating TA cell proliferation (such as during times of injury, infection or calorie restriction) 

can control tissue cell type composition.  

A limitation of our current study is that we did not take into account the spatial 

arrangements or dynamics of TA cell spatial localization in the niche. Future studies will be needed 

to dissect the interplay among TA cell location, microenvironmental signals, and amplification. 

Further, while our study identified and focused on differential amplification, probabilistic fate 

decisions from stem cells also play a role in controlling cell type composition (Balázsi et al., 2011). 

It will be interesting in future studies to identify how these two mechanisms co-exist, and whether 

they play different roles in homeostatic control of tissue.  

Our studies point to a crucial and overlooked role for TA cells in guiding tissue function. 

TA cells can coordinate tissue responses to changing microenvironments (e.g. worm infections 

(Birchenough et al., 2016)) and thereby insulate stem cells from extreme, transient changes. TA 

cell intermediates between the stem and differentiated cell populations are present in numerous 

organs, including skin and the hematopoietic system, and differential amplification may play a 

general role in regulating cell type composition. 

 

  

https://paperpile.com/c/I6Y3o4/CAVdJ
https://paperpile.com/c/I6Y3o4/ifr3d
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Figures 

 

Figure 3.1 Enteroid monolayers provide a model for renewing intestinal epithelium. 
(A) Top: Schema for EdU pulse chase. Bottom: Quantification of %EdU+ cells in tissue at different 
time points. n=3 wells. Error bars mean +/- SEM. (B) Top: Schema for EdU pulse chase. Bottom: 
Representative images show co-localization between EdU and secretory cell type markers (Lyz; 
Paneth, Muc2; goblet, and ChgA; EE). Arrowheads indicate cells that co-stain for EdU and the 
indicated cell type marker. Scale bars 5μm.    
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Figure 3.2 Systematic characterization of perturbation effects on intestinal epithelial cell 
type composition reveals cell type-specific regulators. 
(A) Schema for characterization of perturbation effects on cell type composition within enteroid 
monolayers. (B) Heatmaps of single (left) and pairwise (right) perturbation effects to enteroid 
monolayers. Top: Perturbation effects are represented as log2 fold-change (fc) relative to vehicle-
treated wells. Bottom: Matrix of used perturbations. Single perturbations are sorted by #EdU+ stem 
cells; pairwise perturbations are clustered based on similarity of tissue-wide effects. Callouts (1) 
and (2) at bottom are referred to in text. n=28 (controls), 6-8 (single perturbations), or 2 (pairwise 
perturbations) wells. (C-D) Co-treatment of 3D organoids with GSK3-i + JAK1/2-i enriches for 
Lgr5+ stem cells. (C) Representative IF images of Lgr5-GFP-DTR 3D organoids show an 
increased proportion of cells expressing Lgr5 in GSK3-i + JAK1/2-i co-treatment (48 hours). Scale 
bar 15μm. (D) Lgr5 RNA levels measured by qRT-PCR are increased in 3D organoids co-treated 
with GSK3-i + JAK1/2-i for 48 hours.  n=3 wells. Error bars mean +/- SEM. (E-F) Co-treatment 
of 3D organoids with TGF-β + PORCN-i enriches for enteroendocrine (EE) cells. (E) 
Representative IF images of 3D organoids show increased EE (ChgA+) cell numbers with TGF-β 
+ PORCN-i co-treatment (24 hours). Scale bar 5μm. (F) qRT-PCR analysis of EE (ChgA) RNA 
relative to secretory (ChgA+Muc2+Lyz) RNA levels in 3D organoids treated with TGF-β + 
PORCN-i for 48 hours. n=3 wells. Error bars mean+/- SEM. 
** indicates p-values < 0.01  
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Figure 3.3 Interaction mapping reveals mutual antagonism between EGFR-i and IL-4 on TA 
cell numbers. 
(A) Example images (top) and quantification of TA cell numbers (bottom) in enteroid monolayers 
treated as indicated for 48 hours. Co-treatment of IL-4 + EGFR-i strongly deviates from the 
multiplicative model of perturbation interaction (dashed line; effect size>5, p < 0.0001). Error bars 
mean +/- SEM. n=28 (vehicle), 6 (EGFR-i), 8 (IL-4), or 2 (IL-4 + EGFR-i) wells. Scale bar 10 
μm. (B) Example images of phospho-Erk staining in enteroid monolayers treated as indicated for 
48 hours. Nuclear phospho-Erk is observed in all conditions except EGFR-i alone. Red arrows: 
example cells with nuclear phospho-Erk. Scale bar 7.5 μm. (C) Enteroid monolayers were treated 
as indicated and BMP2 RNA levels were measured by qRT-PCR. Error bars mean +/- SEM. n=3 
(vehicle 24h), 3 (IL-4 24h), 3 (vehicle 48h), or 2 (IL-4 48h) wells. (D) Enteroid monolayers were 
treated as indicated for 48 hours and levels of BMP2 in the media were measured by ELISA 
(EGFR-i+IL-4 vs control: ns). n=2 wells. Error bars mean +/- SEM.  
** indicates p-values < 0.01; *** indicates p-values < 0.001; ns: not significant  
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Figure 3.4 Inhibiting proliferation increases secretory cell prevalence in enteroid 
monolayers, in 3D organoids, and in vivo. 
(A) Numbers of TA cells, but not EdU+ stem cells, correlate with secretory cell fractions. 
Perturbation effects (log2fc) are plotted pairwise for each feature. r: correlation coefficient (r). 
Diff.: #EdU- cells (Methods). (B) The TA to secretory cell correlation is not driven by a specific 
perturbation. Each of 13 perturbations was sequentially dropped from the dataset and correlation 
coefficients (r value) were calculated. Error bars mean +/- SD. (C) Inhibiting cell cycle progression 
increases secretory cell fractions. Enteroid monolayers were treated as indicated for 48 hours, after 
which #TA cells and #secretory/#absorptive cells were quantified. n = 3 wells. Error bars mean 
+/- SEM. (D) Impairing proliferation increases the secretory to absorptive (Atoh1:Hes1) ratio in 
vivo. Mice were treated with CDK4/6-i (palbociclib) or vehicle every 24 hours for 48 hours. At 50 
hours, intestinal crypts were harvested and gene expression was measured by qRT-PCR. n=8 
mice/group. Error bars mean +/- SEM. (E) TA cells alter secretory fractions in response to cell 
cycle inhibitors. 3D organoids were enriched for stem (GSK3-i + HDAC-i) or TA (PORCN-i) cells 
then treated with a CDK4/6 inhibitor (palbociclib) for 48 hours. The secretory to absorptive 
(Atoh1:Hes1) ratio was measured by qRT-PCR. n = 3 wells. Scale bars 10μm. Error bars mean +/- 
SEM. 
** indicates p-values < 0.01; *** indicates p-values < 0.001  
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Figure 3.5 Differential amplification of secretory progenitors connects proliferation with 
differentiated cell type composition. 
(A) Secretory progenitors divide fewer times than other progenitors. Top: Enteroids were pulsed 
with EdU (0-9 hours) then fixed and stained (at 48 hours). Mean EdU signal intensity was 
quantified in all EdU+ cells and in EdU+ cells that also stained positive for markers of Paneth (Lyz), 
goblet (Muc2) and EE (ChgA) cells. Distribution of EdU intensities is represented as a kernel 
density plot. Cells with higher EdU intensity divided fewer times than those with lower EdU. (B-
C) Enteroid monolayers were derived from (B) Notch1-CreER;R26R-tdTomato mice or (C) 
Atoh1-CreER;R26R-tdTomato mice. 4-hydroxytamoxifen was added to cultures for 24 hours, 
followed by 48 hours of vehicle or CDK4/6-i (palbociclib). CDK4/6-i reduced the average number 
of cells in absorptive (Notch1) clones but had little effect on the average number of cells in 
secretory (Atoh1) clones. Representative images of clones under vehicle or CDK4/6-i treatment 
are shown. Error bars mean +/- SEM. n= 78 (Notch1 vehicle), 74 (Notch1 CDK4/6-i), 30 (Atoh1 
vehicle), or 38 (Atoh1 CDK4/6-i) clones. Scale bar 50 µm. (D-E) Model output of secretory to 
absorptive differentiated cell ratio as a function of probability of cell cycling (p). Gray bands 
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indicate experimentally observed range for parameter p. (D) Secretory progenitors divide fewer 
times than absorptive progenitors (τs=48 hours, τa=12 hours). Inhibiting the cell cycle (increasing 
p) increases the secretory to absorptive ratio. (E) Secretory progenitors divide the same number of 
times as absorptive progenitors (τs, τa=12 hours). Inhibiting the cell cycle (increasing p) does not 
change the secretory to absorptive ratio.  
*** indicates p-values < 0.001; ns: not significant  
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Tables 

Table 3.1 Evaluation of the performance of cell type identification algorithms 
 

Cell type Marker Precision Recall F1 Score 

nuclei Hoechst 0.9965 0.9936 0.9951 

goblet cells Muc2 1 0.8998 0.9473 

EE cells ChgA 0.8551 0.9248 0.8886 

Paneth cells Lyz 0.9018 0.9642 0.9319 

EdU+ cells EdU 1 0.9557 0.9774 

crypt regions Lgr5-GFP 0.9816 0.9877 0.9846 

stem cells Lgr5-GFP 0.9724 0.9756 0.9740 

Lgr5+/Dclk1+ cells Lgr5-GFP 0.8208 0.9087 0.8625 

 

Table 3.2 Comparison of enteroid monolayer cell type composition with literature reports 
of small intestine cell type composition. 
Measurements are presented as percentage of all cells for comparison with literature values. 
 

Cell Type In Vivo 
(%) 

Enteroid Monolayer 
(% of all cells) 

Paneth 7.5% of crypt cells 
(Cheng and Leblond, 1974b) 3.1 

Goblet 4-6% 
(Cheng and Leblond, 1974b) 3.8 

EE 0.6% 
(Cheng and Leblond, 1974b) 0.4 

Enterocyte 86% 
(Cheng and Leblond, 1974b) 63.3 

  

https://paperpile.com/c/I6Y3o4/8BxT3
https://paperpile.com/c/I6Y3o4/8BxT3
https://paperpile.com/c/I6Y3o4/8BxT3
https://paperpile.com/c/I6Y3o4/8BxT3
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Table 3.3 Enteroid monolayer differentiated cell type composition 4h after seeding. 
 

Cell Type Enteroid Monolayer (%) 

Paneth 1.5 

Goblet 6.1 

EE 3.0 

Enterocyte 5.0 
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Table 3.4 Selection of cell type perturbations for study. 
For each perturbation, the specific pathway and target are indicated, as is the expected effect on 
the pathway and tissue. Designation is the code with which the perturbation is referred to in 
figures and text. 
 

Pathway Perturbation Target Designation Pathway Effect 

EGFR erlotinib EGFR EGFR-i inhibit 

Wnt Wnt3a Frizzled Wnt3a activate 

  IWP-2 PORCN PORCN-i inhibit 

  CHIR99021 GSK3 GSK3-i activate 

BMP BMP4 BMPR BMP4 activate 

  LDN-193189 ALK2/3 BMPR-i inhibit 

TGF-β TGF-β TGF-βR TGF-β activate 

  EW-7197 ALK4/5 TGF-βR-i inhibit 

Notch DAPT γ-secretase Notch-i inhibit 

IL-4-JAK 
  

IL-4 IL-4R IL-4 activate 

baricitinib JAK1/2 JAK1/2-i inhibit 

HDAC valproic acid HDAC1/2 HDAC-i inhibit 

p38 MAPK SB202190 p38 MAPK p38 MAPK-i inhibit 
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Table 3.5: Known perturbation effects and dose reference. 
 

Perturbation Pathway 
Effect 

Published Effect(s) on Intestinal 
Epithelium 

Dose Ref. 

erlotinib inhibit Reduced proliferation, increased EE 
cell  
(Basak et al., 2017) 

(Basak et al., 2017a) 

Wnt3a activate Increased proliferation 
 (Clevers, 2013) 

(Thorne et al., 2018) 

IWP-2 inhibit Decreased proliferation, stem cells, 
Paneth cells  
(Basak et al., 2017; van Es et al., 2005; 
Farin et al., 2016; Rodríguez-Colman 
et al., 2017) 

(Yin et al., 2014) 

CHIR99021 activate Increased proliferation, stem cells  
(Yin et al., 2014) 

(Yin et al., 2014) 

BMP4 activate Decreased proliferation and stem cells 
(Qi et al., 2017) 

(Thorne et al., 2018) 

LDN-193189 inhibit Increased proliferation and stem cells 
(Li et al., 2018) 

(Thorne et al., 2018) 

TGF-β activate Important for differentiation in vivo 
(Flentjar et al., 2007; van der Flier et 
al., 2009; Li et al., 2018) 

(Han et al., 2014) 

EW-7197 inhibit ? (Hong et al., 2017) 

DAPT inhibit Increased secretory cell types 
(VanDussen et al., 2012) 

(Yin et al., 2014) 

IL-4 activate Increased goblet cells 
(von Moltke et al., 2015) 

(von Moltke et al., 2015) 

baricitinib inhibit Altered stem cell numbers 
(Batlle et al., 2002; Richmond et al., 
2018) 

(Dames et al., 2015) 

valproic acid inhibit Increased stem cells 
(von Moltke et al., 2015; Yin et al., 
2014) 

(Yin et al., 2014) 

SB202190 inhibit Increased proliferation 
(Houde et al., 2001; Sato et al., 2011) 

(Sato et al., 2011) 

https://paperpile.com/c/I6Y3o4/KgQG
https://paperpile.com/c/I6Y3o4/KgQG
https://paperpile.com/c/I6Y3o4/cz0ee
https://paperpile.com/c/I6Y3o4/ibih
https://paperpile.com/c/I6Y3o4/KgQG+kaDu+Xhe7m+Wnf7l
https://paperpile.com/c/I6Y3o4/KgQG+kaDu+Xhe7m+Wnf7l
https://paperpile.com/c/I6Y3o4/KgQG+kaDu+Xhe7m+Wnf7l
https://paperpile.com/c/I6Y3o4/k04h
https://paperpile.com/c/I6Y3o4/k04h
https://paperpile.com/c/I6Y3o4/k04h
https://paperpile.com/c/I6Y3o4/qLnjg
https://paperpile.com/c/I6Y3o4/ibih
https://paperpile.com/c/I6Y3o4/9uPXZ
https://paperpile.com/c/I6Y3o4/ibih
https://paperpile.com/c/I6Y3o4/9uPXZ+MPJXD+wmYPl
https://paperpile.com/c/I6Y3o4/9uPXZ+MPJXD+wmYPl
https://paperpile.com/c/I6Y3o4/NMhSy
https://paperpile.com/c/I6Y3o4/uJ99r
https://paperpile.com/c/I6Y3o4/emp2H
https://paperpile.com/c/I6Y3o4/k04h
https://paperpile.com/c/I6Y3o4/EEBl0
https://paperpile.com/c/I6Y3o4/EEBl0
https://paperpile.com/c/I6Y3o4/mE6W+yWmQ
https://paperpile.com/c/I6Y3o4/mE6W+yWmQ
https://paperpile.com/c/I6Y3o4/4SJtL
https://paperpile.com/c/I6Y3o4/EEBl0+k04h
https://paperpile.com/c/I6Y3o4/EEBl0+k04h
https://paperpile.com/c/I6Y3o4/k04h
https://paperpile.com/c/I6Y3o4/y8PZ1+HRq2W
https://paperpile.com/c/I6Y3o4/HRq2W
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Table 3.6 Top perturbations in modulating cell type composition 
 

Cell type readout Downregulating Upregulating 

 Perturbation Log2fc Perturbation Log2fc 

EdU+ stem number 

BMP4 + JAK1/2-i -11.380 GSK3-i + p38 MAPK-i 2.602 

BMP4 -11.080 GSK3-i + JAK1/2-i 2.405 

BMP4 + Wnt3a -10.380 BMPR-i + p38 MAPK-i 2.363 

TA number 

EGFR-i + HDAC-i -9.476 GSK3-i + Wnt3a 1.541 

IL-4 + PORCN-i -9.437 GSK3-i + JAK1/2-i 1.415 

EGFR-i + TGF-βR-i -8.512 BMPR-i + Wnt3a 1.240 

Secretory fraction  
(of differentiated cells) 

TGFβ + Wnt3a -1.544 GSK3-i + EGFR-i 1.109 

BMP4 + TGFβ -1.509 EGFR-i + BMPR-i 1.096 

TGFβ + HDAC-i -1.452 EGFR-i + JAK1/2-i 1.062 

Paneth fraction 
 (of secretory cells) 

IL-4 + TGF-β -1.651 BMPR-i + HDAC-i 0.307 

PORCN-i + TGF-β -1.466 GSK3-i + HDAC-i 0.305 

IL-4 + p38 MAPK-i -1.417 EGFR-i + TGF-β 0.270 

Goblet fraction 
(of secretory cells) 

EGFR-i + TGF-β -1.209 IL-4 + p38 MAPK-i 0.724 

Notch-i + EGFR-i -0.880 TGF-βR-i + Wnt3a 0.611 

EGFR-i + PORCN-i -0.558 IL-4 + TGF-β 0.604 

EE fraction 
(of secretory cells) 

TGF-βR-i + Wnt3a -1.525 PORCN-i + TGF-β 2.885 

IL-4 + HDAC-i -1.419 Notch-i + TGF-β 2.542 

GSK3-i + HDAC-i -1.098 TGF-β 2.282 
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Methods 

Resource Availability 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Steven Altschuler (steven.altschuler@ucsf.edu).  

 

Materials Availability 

This study did not generate new unique reagents.  

 

Data and Code Availability 

The published article includes all datasets generated or analyzed during this study. The code 

(image analysis software) generated during this study are available at Github 

(https://github.com/AltschulerWu-Lab/MAGS). 

 

Experimental Model and Subject Details 

Mice 

All animal care and experimentation was conducted under protocol AN-179937 agreed upon by 

the Administrative Panel on Laboratory Animal Care at the University of California, San 

Francisco. All our animal studies are performed in full accordance with UCSF Institutional Animal 

Care and Use Committee (IACUC). 5- to 6-week-old male C57BL/6 mice (C57BL/6NHsd) were 

purchased from Envigo. Lgr5eGFP-DTR mice were a kind gift from Frederic de Sauvage, Genentech 

under MTA #OM-216813 (Tian et al., 2011). Intestinal epithelium-specific SMAD3 null mice 

(SMAD3 fl/fl;Villin-Cre/wt) were generated by crossing SMAD3 fl/fl mice (kind gift from Tamara 

Alliston) with Villin-Cre mice. Secretory and absorptive progenitor cell labeled enteroid 

monolayers were generated from Atoh1-CreER;R26R-tdTomato and Notch1-CreER;R26R-

tdTomato mice, respectively. Mice were housed with ad libitum food and water on a 12 hour light 

cycle at the UCSF Preclinical Therapeutics Core vivarium. 

 

Enteroid monolayer cultures 

Enteroid monolayers were derived as previously described (Thorne et al., 2018, Sanman et al., 

2020). Briefly, jejunum was isolated from male mice between 6-12 weeks of age. Mice used were 

https://paperpile.com/c/I6Y3o4/dfDAT
https://paperpile.com/c/I6Y3o4/ibih
https://paperpile.com/c/I6Y3o4/ibih
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either from the C57BL/6 strain or, when indicated, the Lgr5eGFP-DTR strain. Epithelium was released 

from jejunal tissue by incubation in ice-cold PBS with 3 mM EDTA in PBS (Ambion #9260). 

Released epithelial tissue was washed 3x with OBM, after which crypts were separated from villus 

material using 100 and 70 μm cell strainers (BD Falcon) in succession. Crypts were resuspended 

in seeding media and plated on Matrigel (Thermo Fisher #CB-40234C)-coated 96-well optical 

bottom plates (BD Biosciences #353219 and Greiner #655090). Typically, 300 crypts were seeded 

per well. We identified this seeding density because, at this density, we did not observe an effect 

of variations in initial confluency on cell outgrowth (#cells) or cell type composition (Figure 3.6F). 

Four hours after seeding, cells were washed with OBM and incubated in control media containing 

other perturbations of interest. At the 48 hour time point, ~30,000-40,000 cells were typically 

observed per well under control conditions. 

 

3D organoid cultures 

3D organoids were cultured as previously described (Sato et al., 2009). Organoids were derived 

from male mice between 6-12 weeks of age. Mice used were either from the C57BL/6 strain or, 

when indicated, the Lgr5eGFP-DTR strain. For imaging experiments, 3D organoids were seeded in 10 

μL of Matrigel in 96-well optical bottom plates. 

 

Method Details 

Media 

Organoid basal media (OBM) consists of Advanced DMEM/F12 with non-essential amino acids 

and sodium pyruvate (Fisher Scientific #12634-028) containing 1x N-2 (Fisher Scientific #17502-

048), 1x B-27 (Invitrogen #17504-044), 10 mM HEPES (Invitrogen #15630080), 1x GlutaMAX 

(Invitrogen #35050-061), 1 μM N-acetylcysteine (Sigma Aldrich #A9165), 100 U/mL penicillin 

and 100 μg/mL streptomycin (Corning #30-002). 

For initial seeding, enteroid monolayers were maintained in OBM supplemented with 3 μM CHIR-

99021 (Sigma Aldrich #SML1046), 50 ng/mL murine EGF (Invitrogen #PMG8043), 1 μM LDN-

193189 (Sigma Aldrich #SML0559), 500 ng/mL murine R-spondin-1 (Peprotech #315-32), and 

10 μM Y-27632 (Selleck Chemicals #S1049).  

https://paperpile.com/c/I6Y3o4/Duw3h
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4 hours after initial seeding, media was changed into OBM supplemented with 50 ng/mL murine 

EGF, 100 ng/mL murine Noggin, and 500 ng/mL murine R-spondin-1. Perturbations applied in 

the studies described here were all applied in the background of this medium. 

 

Growth factors and chemical compounds 

All growth factors and chemical compounds were purchased from suppliers and used as designated 

without further purification. Unless otherwise indicated, perturbations were used as indicated in 

Table 3.8. 

 

CDK4/6-i administration to mice and tissue harvest 

To test the effects of cell cycle inhibition on the secretory to absorptive ratio, palbociclib (LC 

Laboratories #P-7744) at 150 mg/kg in 50 mM sodium lactate buffer pH 4.4 was administered to 

mice by oral gavage every 24 hours for 48 hours (at 0 hours, 24 hours, and 48 hours). At 50 hours, 

the small intestine was harvested, and intestinal crypts were harvested as described in the enteroid 

monolayer culture section above. Crypts were lysed in Buffer RLT (RNEasy Kit, Qiagen) for 

subsequent RNA purification.  

 

3D organoid enrichment for stem and TA cells 

3D organoid cultures were enriched for stem cells by treating with GSK3-i + HDAC-i for 48 hours 

(Yin et al., 2014). 3D organoid cultures were enriched for TA cells by treatment with PORCN-i 

for 24 hours. 

 

Immunofluorescence assay 

Enteroid monolayer 

Enteroid monolayers were washed 1x with warm D-PBS and then fixed with 4% paraformaldehyde 

in PBS for 15 minutes at room temperature. Cells were then washed with PBS and permeabilized 

with 0.5% Triton-X-100 in PBS at room temperature for 10 minutes. Cells were washed, blocked 

with 3% BSA in PBS for 30 minutes, and then incubated in primary antibody in antibody buffer 

(PBS with 0.3% Triton-X-100, 1% BSA) overnight at 4C. The next day, cells were washed and 

incubated with secondary antibodies and Hoechst 33342 (5 μg/mL; Invitrogen #H3570) in 

https://paperpile.com/c/I6Y3o4/k04h
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antibody buffer for 2 hours at room temperature. After this, cells were washed with PBS and 

imaged in TBS-T (0.1% Tween in 1x TBS pH 7.4).  

3D organoids 

Media was carefully aspirated from around Matrigel domes containing 3D organoids using a P100 

pipette. 4% paraformaldehyde in PBS was immediately added for 15 minutes at room temperature. 

Cells were then washed 2x with PBS and permeabilized using 0.5% Triton-X-100 in PBS for 20 

minutes at room temperature. Cells were then rinsed 3x10 minutes with 100 mM glycine in PBS 

with gentle agitation. Cells were blocked in 3% BSA in PBS for 40 minutes and then incubated 

with primary antibody in antibody buffer overnight at room temperature. The next day, cells were 

washed 3x20 minutes in antibody buffer and then incubated with fluorescent secondary antibodies 

and Hoechst in antibody solution for 1 hour at room temperature. Cells were then rinsed in PBS 

and stored and imaged in TBS-T. 

 

Antibodies 

All antibodies were purchased from suppliers and used as designated without further purification. 

Unless otherwise indicated, antibodies were used as indicated in Table 3.9. 

 

EdU pulse and visualization 

To visualize proliferating cells (specifically, those in S phase), enteroid monolayers were 

incubated with 10 μM EdU (Thermo Fisher #A10044) in media (containing indicated perturbations 

or vehicle) for 2 hours prior to fixation. After immunofluorescence staining, EdU+ cells were 

visualized using Click chemistry as previously described (Salic and Mitchison, 2008). Briefly, 

cells were incubated with a reaction mixture containing 1 mM CuSO4 (VWR International 

#470300-880), 5 μM sulfo-Cyanine5 azide (Lumiprobe #B3330) or 5 μM BDP-FL azide 

(Lumiprobe #11430), and 100 mM sodium ascorbate (Sigma Aldrich #A4034) in PBS for 30 

minutes at room temperature. 

 

EdU dilution experiment 

An EdU pulse was administered for the first 9 hours of culture (less than one TA cell cycle length 

(Matsu-Ura et al., 2016)), followed by a chase of 39 hours. EdU is initially incorporated into 

proliferating cells and then subsequently diluted with each cell division. Thus, EdU intensity in 

https://paperpile.com/c/I6Y3o4/8DTZd
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differentiated cells serves as a proxy for division number. Cells were fixed and stained for secretory 

cell markers Lyz, Muc2, and ChgA as well as EdU. 

 

RNA sequencing 

RNA was harvested using an RNEasy Plus Mini Kit (Qiagen) according to manufacturer’s 

instructions. Libraries were prepared using a QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for 

Illumina. Samples were quantified by Qubit prior to pooling and library size and integrity 

confirmed by Agilent Bioanalyzer with the high-sensitivity DNA kit. RNA sequencing was 

performed using 50 bp single-end sequencing on the Illumina HiSeq 4000 in the UCSF Center for 

Advanced Technology. A PhiX control library was used as an in-run control, spiked in at 5%.  

 
BMP2 ELISA 

Supernatant levels of BMP2 were quantified using a BMP-2 Quantikine ELISA kit (R&D Systems 

#DBP200), without significant deviations from manufacturer’s instructions. We note that the 

measured concentration may be lower than the actual concentration due to the presence of Noggin, 

which binds BMP, in the culture media. 

 

qRT-PCR 

RNA was harvested from enteroid monolayers using an RNEasy Plus Mini Kit (Qiagen #74136). 

Reverse transcription was performed using iScript Reverse Transcription kit (Bio-Rad #1708841). 

Quantitative PCR was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad 

#1725272) on a BioRad CFXConnect. RNA levels were determined using the primers in Table 

3.10. 

 

Automated brightfield microscopy 

Upon initial plating, enteroid monolayers were imaged in the brightfield channel using the 10x 

objective of a Nikon TE200-E epifluorescence microscope. These data were used as a control to 

determine whether enteroid monolayers were seeded at an optimal and consistent confluency. 
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Automated confocal microscopy 

Enteroid monolayers were imaged on the 10x objective of a Nikon A1 confocal with Ti2-E 

microscope. The area of each well was covered by 24 individual scans. In each field of view, 4-8 

z planes were collected at 1024x1024 resolution. Importantly, the nuclear stain was used to 

autofocus in each new field of view.  Images in the paper are maximum projection images. 

 

Lineage tracing 

Enteroid monolayers were derived from Atoh1-CreER;R26R-tdTomato and Notch1-

CreER;R26R-tdTomato mice. After initial plating in 96-well imaging plates, 4-hydroxytamoxifen 

(Sigma) was added to cultures for 24 hours. After this, 4-hydroxytamoxifen was removed and 

vehicle or cell cycle inhibitors were added. Enteroid monolayers were cultured for a further 48 

hours after which cultures were fixed and stained with Hoechst. The Atoh1 enteroid monolayers 

were imaged on an Operetta CLS High Content Imaging System (Perkin Elmer) at 20x resolution; 

the area of each well was covered by 61 individual scans and four z-planes were collected for each 

field of view. The Notch 1 enteroid monolayers were imaged on the Nikon A1 confocal with Ti2-

E microscope as described above (Automated confocal microscopy; images of Notch 1 enteroids 

shown in Figure 3.5 were imaged on the Operetta). 

 

Quantification and Statistical Analysis 

Quantifying % confluency 

% Confluency (percent of image which is occupied by enteroid monolayer cultures) was quantified 

from brightfield images using a previously reported algorithm (CellularRegionsFromBrightField 

function in Supplementary Software 1 from reference (Ramirez et al., 2016)). 

 

Immunofluorescence image segmentation and analysis 

General segmentation approach 

Image segmentation was performed using a custom Python analysis pipeline. Starting with 

maximum intensity projections of Hoechst, EdU, Lgr5-GFP, Muc2, Lyz, and ChgA fluorescent 

images, we segmented and then quantified numbers of nuclei, EdU+ cells, stem cells, goblet cells, 

Paneth cells, and enteroendocrine cells, respectively. The general segmentation process for each 

https://paperpile.com/c/I6Y3o4/U09ME
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object type consisted of two major steps: a thresholding step to identify image foreground, and a 

segmentation step to generate location and boundary of objects. Specific details are as follows: 

 

Segmenting nuclei and EdU+ nuclei 

Hoechst stain (for nuclei) or EdU (for EdU+ nuclei) images were smoothed through convolution 

with a bilateral filter. The foreground was identified using a modified Otsu threshold method. 

Sparse nuclei were first segmented using a multi-scale Laplacian of Gaussian (LoG) detector 

followed by watershed algorithm. Clumps of nuclei in the sparse segmentation were detected based 

object size and shape irregularity thresholds. The clumps were then further segmented using a 

differently parameterized LoG detector followed by watershed (also see Figure 3.6C).  

 

Segmenting stem cells: Lgr5-GFP stain images were processed to remove tissue background and 

thresholded to identify crypt regions. Holes and gaps in crypt regions were filled using 

morphological operations and small objects (typically Lgr5+/Dclk1+ cells, see Figure 3.6E) were 

dropped. Nuclei within crypt regions not associated with Paneth cells were segmented as stem 

cells (Figure 3.6A). 

 

Segmenting goblet cells 

Mucin-2 (Muc2) stain images were smoothed by convolution with a median filter. Foreground was 

identified using a convex hull of objects in each Otsu-thresholded Muc2 immunofluorescence 

image. Goblet cells were segmented using a LoG detector to generate markers of goblet object 

locations followed by watershed to create object boundaries. 

 

Segmenting Paneth cells 

Lysozyme (Lyz) immunofluorescence images were smoothed through convolution with a bilateral 

filter then a tophat filter. Foreground was identified using the Otsu-thresholded Lyz 

immunofluorescence image. A LoG detector was then used to generate markers of Paneth object 

locations. 
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Segmenting enteroendocrine (EE) cells 

ChgA stain images were processed using the same steps as Paneth cell identification, only with 

different parameters. 

 

Quantifying Lgr5-GFP intensity 

Lgr5-GFP stain images were max projected. Mean intensities were quantified in nuclear 

segmentation, which captures cytoplasmic and membrane staining present across z-stacks in the 

segmentation regions.   

 

Evaluation of Image Segmentation 

Each cell type object (e.g., each nucleus, each goblet cell, each Paneth cell) was identified in raw 

immunofluorescence images by hand by an expert and, in parallel, using the customized algorithms 

described above. The expert-generated segmented images (where each mask represents an 

individual object) were compared to algorithm-generated segmented images to determine 

algorithm performance. ‘Precision’ was quantified by dividing the number of true positives 

(expert-identified objects also identified by the algorithm) by the number of total positives (all 

algorithm-identified objects). ‘Recall’ was quantified by dividing the number of true positives by 

the total number of expert-identified objects. F1 scores were calculated as the harmonic mean of 

precision and recall. See Table 3.1for results. 

 

Lineage tracing clone analysis 

For analysis we made use of the following images: Notch1 - 2 conditions (control, palbociclib) x 

72 images; Atoh1 - 2 conditions (control, palbociclib) x 61 images. Clones were identified as 

regions of continuous staining with > 1 cell. The number of nuclei in each clone was counted 

manually. 

 

RNA expression analysis 

RNA reads were mapped and counted using the Integrated QuantSeq data analysis pipeline on 

BlueBee (BlueBee, now Illumina). One sample (one replicate of TGF-β + PORCN-i treatment) 

was removed from downstream analysis due to small library size and not passing other QC metrics. 

Filtering and normalization was performed using edgeR. Camera gene set enrichment analysis 
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(camera function in R) was performed to assess significance of gene set changes under TGF-β and 

TGF-β + PORCN-i treatments. 

 

Data Analysis  

Extracting numbers of each cell type 

The numbers of EdU+, stem, goblet, Paneth, and EE cells were quantified from respective cell type 

segmentation masks. The number of EdU+ stem cells was quantified from the combination of EdU+ 

and stem cell segmentations. The number of TA cells was quantified as #EdU+ cells minus #EdU+ 

stem cells. The number of EdU- cells were used to approximate the number of differentiated 

(#diff.) cells. The number of enterocytes was quantified as the number of cells with mean FABP1 

intensity above the Youden index (EdU+ vs EdU- cells).  The number of Ki67+ cells was quantified 

as the number of cells with mean Ki67 intensity above the Otsu threshold. The number of Ki67+ 

TA cells was quantified as #Ki67+ cells minus # Ki67+ stem cells. Due to limitations of 

conventional fluorescence microscopy, the number of secretory cells was quantified by combining 

goblet, Paneth, and EE cell numbers from two stain sets (Hoechst, EdU, Lgr5-GFP, Lyz; Hoechst, 

EdU, Muc2, ChgA). 

 

Replicates and Error Estimation 

In-plate replicate control wells (2-6 wells per plate) were used to estimate mean and error. For 

replicate plates, mean and error were pooled. For across stain-set readouts, error was propagated.  

 

Fold Change 

We calculated fold-change effects relative to in-plate controls for readouts within each stain set 

(#EdU+ stem cell, #TA cells). Fold-changes for readouts calculated across both stain sets 

(#goblet/#secretory, #Paneth/#secretory, #EE/#secretory) were calculated to a pooled control 

baseline measurement.  

 

Statistical testing 

To compare samples, two-sided Student’s t tests were used if equality of variance can be confirmed 

(Levene’s test).  Otherwise, two-sided Welch’s t-tests were used.  
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Perturbation effect visualization 

For Figure 3.2B, double perturbation phenotypes were sorted into similar phenotypes using 

hierarchical clustering (clustermap function in seaborn) with a euclidean distance metric. Single 

perturbation phenotypes were sorted based on the number of EdU+ stem cells in each row.  

 

Distribution visualization 

For Figure 3.5A and Figure 3.6E, distributions were visualized as kernel density estimation plots. 

 

Identifying perturbation interactions 
 

Multiplicative model 

Under a conventional multiplicative model (van Hasselt and Iyengar, 2019; Mani et al., 2008), 

perturbations that do not interact combine as the multiplicative (or log-additive) of the individual 

perturbations: 

𝑙𝑜𝑔2𝑓𝑐(𝐴𝐵𝑝 𝑒 = 𝑙𝑜𝑔2𝑓𝑐(𝐴𝑜 𝑠) + 𝑙𝑜𝑔2𝑓𝑐(𝐵𝑜 𝑠)  
 

For our analysis, features with a count of 0 are assigned a pseudocount of 1. 

 

Effect size 

The deviation of each combinatorial perturbation from the prediction of the multiplicative model 

is quantified using effect size (Cohen’s d): 

𝑒𝑓𝑓𝑒𝑐𝑡 𝑠𝑖𝑧𝑒 =
𝜇𝑜 𝑠 − 𝜇𝑝 𝑒

𝜎𝑝𝑜𝑜𝑙𝑒
 

Where 𝜇𝑜 𝑠 and 𝜇𝑝 𝑒  are the observed and predicted means for the combination effect and σpooled 

is the pooled standard deviation from σobs and σpred.  

 

Cell type correlations 

Leave-one-out 

Perturbations were dropped one at a time from the dataset (dropping all single and pairwise 

conditions containing the perturbation) and correlations were re-calculated for each data subset 

(Figure 3.4B, Figure 3.9B). 

 

https://paperpile.com/c/I6Y3o4/xRmXw+eckcu
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Population growth model and variants 

In our modeling of differentiated tissue from initial TA cell populations, we assumed: 1) stem cells 

give rise to TA cells, which are either secretory or absorptive progenitors; 2) the initial ratio of 

absorptive to secretory TA progenitors produced by stem cells is equal; and 3) the progenitors are 

locked into either secretory or absorptive fates after the initial commitment, an assumption 

supported by previous studies (van Es et al., 2012; Stamataki et al., 2011). Further, we did not 

consider the effects of dedifferentiation as we are focused on the initial 48 hour response to 

perturbation and dedifferentiation occurs over a longer period of time (Murata et al., 2020). The 

model describes the theoretical output of differentiated cells from populations of initial secretory 

or absorptive TA progenitors.  

 

Control conditions  

Under normal growth (control condition), the number of absorptive, 𝐴, and secretory, 𝑆, cells 

generated from an initial number of absorptive, 𝐴0, and secretory, 𝑆0, TA progenitors is given by: 

𝐴 = 𝐴0(2)
𝑇

𝜏  

𝑆 = 𝑆0(2)
𝑇
𝜏𝑠  

 

Here, 𝑇 is the total model time, set to be 48 hours. By assumption (2) above, 𝐴0 = 𝑆0. Finally, τa 

and τs are the cell cycle lengths of absorptive and secretory progenitors, respectively. From past 

studies, absorptive progenitors are generally found to divide 4-5 times while secretory progenitors 

only divide 1-2 times (van Es et al., 2012; Potten, 1998; Stamataki et al., 2011). In line with these 

studies, we found from our lineage tracing experiments that absorptive progenitors divide around 

4 times while secretory progenitors divide around 2 times. This corresponds to τa and τs values of 

around 12 and 24 hours in control conditions (Figure 3.5D-E). Progenitors that divide fewer times 

are not considered differentiated cells. 

 

Cell cycle inhibition conditions 

We next consider the effects of cell cycle inhibition. This can be connected to the exponential 

growth model in a number of ways (Table below). Transformations of parameters that relate these 

models are given in (Table below, column 4).  

 

https://paperpile.com/c/I6Y3o4/O9zPl+N3EOq
https://paperpile.com/c/I6Y3o4/7oc1
https://paperpile.com/c/I6Y3o4/O9zPl+N3EOq+8QOjf
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The model variants for incorporating cell cycle inhibition are defined as follows: 

Model Absorptive Secretory Relation to Model 0 

0 𝐸(𝐴) = 𝐴0(2𝑝)
𝑇

𝜏  𝐸(𝑆) = 𝑆0(2𝑝)
𝑇
𝜏𝑠 - 

1 𝐴 = 𝐴0(2)
(2𝑝1−1)𝑇

𝜏  𝑆 = 𝑆0(2)
(2𝑝1−1)𝑇

𝜏𝑠  𝑝1 =
1
2

(𝑙𝑜𝑔2𝑝 + 2) 

2 𝐴 = 𝐴0(2)
𝑇

𝑐𝜏  𝑆 = 𝑆0(2)
𝑇

𝑐𝜏𝑠 𝑐 =
1

𝑙𝑜𝑔2𝑝 + 1 

3 Same as model 0, except arrested progenitors differentiate Same 𝑝 

 

Model 0. In this model, cell cycle inhibitor drugs change the probability 𝑝 that progenitor cells 

continue to cell cycle (0 < 𝑝 < 1 in the case of cell cycle inhibition conditions, or 𝑝 = 1 in the 

control condition). Cell cycle arrested progenitors prematurely stop dividing (e.g. become 

quiescent or die) and do not contribute to the final differentiated lineages 𝐴 or 𝑆. 

 

In this stochastic implementation, the expected numbers of differentiated absorptive and secretory 

cells is determined by averaging over an ensemble of initial progenitor populations. The 

expectation follows from the observation that the expected number of direct progeny at each 

generation from a TA cell is 2𝑝 regardless of the generation. More explicitly, if we let 𝑋𝑖 be the 

number of cells in generation 𝑖, then 𝑋𝑖+1 = 2𝑝𝑋𝑖, and the expectation is given as 𝐸(𝑋𝑖+1) =

2𝑝𝐸(𝑋𝑖). Starting from a singal initial progenitor, the expected number of progeny at time 𝑇 is: 

𝐸(𝑋) = (2𝑝)# 𝑖 𝑖𝑠𝑖𝑜 𝑠 = (2𝑝)
𝑇
𝜏  

 

The final secretory to absorptive ratio in the differentiated population is given as: 

𝑓(𝑝) =
𝑆
𝐴 = 2𝑝

𝑇
𝜏 − 𝑇

𝜏𝑠  
Since 𝑓′(𝑝) is always negative if  𝜏𝑠 > 𝜏 , inhibiting proliferation (increasing p) corresponds to 

an increase in secretory to absorptive ratio whenever secretory progenitors divide fewer times than 

absorptive progenitors.  

 

We estimated the values of p for absorptive and secretory progenitors based on experimental data 

(Figure 3.5B-C). In the clonal lineage tracing experiment (𝐴0 = 𝑆0 = 1), we quantified the 

average absorptive (Notch1) and secretory (Atoh1) clone size ( 𝐸(𝐴) = 13.31, 𝐸(𝑆) = 3.50) 
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under control  (𝑝 = 1) to obtain number of divisions  𝑇
𝜏

= 3.73, 𝑇
𝜏𝑠

= 1.81 . We additionally 

quantified the average clones sizes under cell cycle inhibition (𝐸(𝐴) = 4.23, 𝐸(𝑆) = 2.71) to 

estimate 𝑝 =  0.736 ± 0.0231 for absorptive progenitors and 𝑝 = 0.868 ± 0.0658  for secretory 

progenitors (bootstrapped error). This parameter range is highlighted in Figure 3.5D-E. 

 

Model 1. In the first model variant, based on Lander et al. (2009), the cell cycle inhibitor drug 

deterministically affects the probability 𝑝1 of cell cycling. (0 < 𝑝1 < 1 in the case of cell cycle 

inhibition condition and 1 − 𝑝1 in the control condition.) This model can be related to the 

expectation of Model 0 through a change of parameters (Table above, column 4). Since the 

derivative of the transformation function is positive, the output of Model 1 shares the same sign of 

change as the output of Model 0. 

 
Model 2. In the second model variant, we consider the alternative mechanism that the cell cycle 

inhibitors lengthen the cell cycle duration. This deterministic model is parametrized by 𝑐, a cell 

cycle lengthening factor (𝑐 > 1 in the case of cell cycle inhibition conditions and 𝑐 = 1 in the 

untreated condition). In this variant, we do not lose progenitors to quiescence and all progenitors 

are considered differentiated at the end of the experiment time T. Here, inhibiting proliferation 

(increasing 𝑐) also corresponds to an increase in secretory to absorptive ratio whenever secretory 

progenitors divide fewer times than absorptive progenitors.  

 

Model 3. In the third model variant, we consider the possibility that progenitor cells differentiate 

when they are cell cycle arrested. In the previous model variants, cell cycle arrested progenitor 

cells were not included in final counts as they were neither proliferative nor differentiated. Here, 

we modified the first stochastic model such that cell cycle arrested progenitor cells become 

differentiated cells of the same lineage, thus contributing to the final progeny size. The simulation 

output for this model variant produces the same trend as Model 0. 

 

Taken together, these models consider three alternative mechanisms for cell cycle. All model 

behavior trends were consistent with the experimental observation. 
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qRT-PCR measurements 

Test gene values were normalized to β-actin values. To quantify the Atoh1/Hes1 ratio, both Atoh1 

and Hes1 fold-changes relative to control were calculated and then the Atoh1 fold-change was 

divided by the Hes1 fold-change. 
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Supplemental Figures 
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Figure 3.6 Quantification of intestinal epithelial cell types in immunofluorescence images of 
enteroid monolayers. 
(A) Example of crypt segmentation with pseudocolor overlay for each cell type readout. Scale bar 
10μm. (B) Example of segmentation of proliferating, Paneth, goblet, and enteroendocrine (EE) 
cells. Top: raw stain image for the indicated marker. Bottom: pseudocolor overlay of each 
identified cell type. Scale bar 10μm. (C) Schematic of nuclear segmentation steps. Thresholded 
Hoechst stain images were segmented in two passes. The first pass segmented sparse nuclei and 
the second pass segmented clumped nuclei. Sparse and clumped segmentation were merged into 
the final nuclear segmentation. Yellow dots indicate identified markers of nuclear object locations, 
multi-pseudocolor overlay depicts individual nuclei segmented using a watershed algorithm. Scale 
bar 10μm. (D) Schematic of stem cell segmentation. The Lgr5-GFP stain was first corrected for 
tissue noise and then thresholded. Size filtering was used to separate multi-cell membrane GFP 
regions (crypt regions) from single Lgr5-GFP+ cells. All nuclei in crypt regions (nuclei identified 
from Hoechst image segmentation of same region), with the exception of Paneth cell-associated 
nuclei, were counted as stem cells. Scale bar 10μm. (E) Distribution of mean Lgr5-GFP intensity 
for segmented stem and non-stem cells. Mean intensity of max-projected Lgr5-GFP stain images 
was quantified in stem and non-stem cell nuclear segmentation regions. The distributions are well 
separated, indicating identification of distinct Lgr5+ stem cells and Lgr5- non-stem cells. (F) Single 
Lgr5-GFP+ cells are also Dclk1+ in enteroid monolayers (top; scale bar 10μm) and 3D organoids 
(bottom; scale bar 15μm) and are thus excluded from stem cell counts. (G) Percent initial 
confluency was measured from brightfield images taken after crypt seeding and 48 hour cell type 
composition was quantified from immunofluorescence images. Y axis: log2fc computed relative 
to the average of all wells. No relationship is observed between initial confluency and cell type 
frequencies.   
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Figure 3.7 Dose optimization, feature design, and benchmarking for combinatorial 
perturbation screen. 
(A) Quantification of cell numbers and prevalence after perturbation with increasing doses of 
Wnt3a, BMP4, EGFR-i, GSK3-i, TGF-β, IL-4, or Notch-i. All data are represented as the log2 
fold-change effect relative to control. Fraction of goblet cells was calculated as a percentage of all 
cells for comparison with previous studies. Concentration used for further studies are noted in 
Methods. n=4 (0μM, all conditions), 2 (Notch-i), or 3 (other conditions) wells. 
Error bars mean +/- SEM. (B) Quantification of cell type numbers for perturbations with known 
effects at 24 and 48 hours. n= 2 wells. Error bars mean +/- SEM. (C) Schema of readouts. 
Proliferating progenitors: #EdU+ stem or #TA cells. Secretory lineage: #goblet/#secretory, 
#Paneth/#secretory, or #EE/#secretory. (D) Alternative visualizations of single and pairwise 
perturbation data. Quantification of progenitor readouts (#EdU+ stem and #TA cells), secretory 
cell type readouts (#Paneth/#secretory, #goblet/#secretory, #EE/#secretory), and total cell number 
(# nuclei). Single perturbation effects are depicted along the diagonal (black boxes). n=28 
(controls), 6-8 (single perturbations), or 2 (pairwise perturbations) wells. (E) Enteroid monolayers 
respond as expected to modulators of stemness (GSK3-i + HDAC-i) and secretory cell prevalence 
(Notch-i, IL-4, EGFR-i, PORCN-i). Top: quantification of replicate wells. Bottom: representative 
images. Error bars mean +/- SEM. Scale bars 10μm. n=28 (vehicle), 4 (Notch-i), 8 (IL-4), 6 
(EGFR-i), or 4 (PORCN-i) wells. (F) Similar changes to (E) in cell type composition are observed 
at the RNA level. Enteroid monolayers were treated as indicated for 48 hours. Secretory/absorptive 
RNA= Atoh1/Hes1, Paneth RNA=Lyz, goblet RNA=Muc2, EE RNA=ChgA, secretory 
RNA=Lyz+Muc2+ChgA. Error bars mean +/- SEM. Veh=vehicle. n=9 (vehicle, Lgr5), 6 (vehicle, 
all other markers) or 3 (all perturbations) wells. (G) Single-compound controls for Lgr5 inducers 
in enteroid monolayers. Pairwise perturbations significantly increased (p<0.05) #EdU+ stem cells 
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compared to vehicle or either single perturbations (except BMPR-i + HDAC-i). Error bars mean 
+/- SEM. n=28 (control), 6 (GSK3-i, BMPR-i, JAK1/2-i), 8 (HDAC-i, p38 MAPK-i) or 2 (pairwise 
perturbations). (H) Recapitulation of Lgr5+ stem cell-inducing conditions by qRT-PCR in enteroid 
monolayers. Enteroid monolayers were treated as indicated for 48 hours. Pairwise perturbations 
significantly increased #EdU+ stem cells compared to vehicle. RNA levels were measured by 
qRT-PCR. Error bars mean +/- SEM. n=9 (vehicle) or 3 (perturbations) wells. (I) SMAD3 deletion 
abrogates TGF-β-mediated induction of EE cells. Enteroid monolayers derived from SMAD3-/- 
mice were treated for 48 hours as indicated. Error bars mean +/- SEM. n=3 wells. (J) Inhibitors of 
non-canonical TGF-β effectors do not abrogate TGF-β induction of EE cells in enteroid 
monolayers. 48 hour treatment. Error bars mean +/- SEM. n=3 wells. (K) TGF-β and TGF-β + 
PORCN-i upregulate SMAD2/3 target genes in 3D organoids (p=0.02 for both TGF-β and TGF-β 
+ PORCN-i vs. vehicle) (Methods). 
* indicates p-values < 0.05; ** indicates p-values < 0.01; *** indicates p-values < 0.001; ns: not 
significant  
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Figure 3.8 Evaluation of the multiplicative model and dissection of mutual antagonism 
between EGFR-i and IL-4. 
(A) Perturbation effects are generally similar to the predictions of the multiplicative model. 
Distribution of residual between predicted and observed values across all cell type readouts is 
shown. (B) Examples of well-predicted (Wnt3a) and divergent (EGFR-i) perturbations are shown. 
Effects shown are on #TA cells. (C) The combination effect of Wnt3a and GSK3-i is much higher 
(effect size > 2, p<0.01) than would be expected under the multiplicative model (dashed line). 
Error bars mean +/- SEM. n=28 (vehicle), 6 (GSK3-i and Wnt3a), or 2 (Wnt3a + GSK3-i) wells. 
(D) EGFR inhibitor gefitinib (gef) antagonizes the effect of IL-4 on #EdU+ cells. Error bars mean 
+/- SEM. n=2 for all conditions. (E) IL-13, a closely related cytokine to IL-4, antagonizes the 
effect of EGFR-i on #EdU+ cells. Error bars mean +/- SEM. n=2 for all conditions. (F) IL-4 
bypasses RAF-i to activate ERK signaling. Enteroid monolayers were treated with the indicated 
compounds for 48 hours and then stained for phospho-Erk1/2. Top: Both RAF-i and EGFR-i 
treatment inhibit Erk activation. Bottom: Co-treatment of IL-4 with either RAF-i or RAF-i + 
EGFR-i rescues Erk activation (nuclear translocation of phospho-Erk). Red arrows indicate 
example cells with nuclear phospho-Erk. Scale bars 5μm. (G) MEK inhibition reduces Erk 
activation even in the context of IL-4 treatment. Enteroid monolayers were treated with the 
indicated compounds for 24 hours and then stained for phospho-Erk1/2. Red arrows indicate 
example cells with nuclear phospho-Erk. Scale bar 7.5μm. (H) Antagonistic effect of IL-4 on 
EGFR-i is dependent on MEK activity. Enteroid monolayers were treated as indicated for 48 hours 
and the number of TA cells were quantified. Error bars mean +/- SEM. n=2 (vehicle and MEK-i) 
or 3 (all other perturbations) wells. (I) BMP receptor inhibition (BMPR-i) blocks IL-4-induced 
downregulation of TA cell numbers and stem cell numbers. Enteroid monolayers were treated as 
indicated for 48 hours and both EdU+ stem and TA cell numbers quantified. All comparisons are 
to vehicle condition. Error bars mean +/- SEM. n=28 (vehicle), 6 (BMPR-i and IL-4), or 2 (IL-4 + 
BMPR-i) wells. (J) BMP receptor inhibition blocks IL-4-induced downregulation of proliferation 
and stemness in 3D organoids. 3D organoids were treated with vehicle or IL-4 in the presence and 
absence of BMP receptor inhibitor for 48 hours and then stained for proliferating cells (EdU+) and 
stem cells (Lgr5+). Scale bar 7.5μm. (K) BMP4 has no effect on Erk signaling. Enteroid 
monolayers were treated as indicated for 48 hours and then stained for phospho-Erk1/2. Red 
arrows indicate example cells with nuclear phospho-Erk. Scale bars 5µm. 
* indicates p-values < 0.05; *** indicates p-values < 0.001; ns: not significant  
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Figure 3.9 Modulating TA cell proliferation causes an anti-correlated change in secretory 
cell prevalence.  
(A) Numbers of TA cells anti-correlate with EE cell fractions. Perturbation effects (log2fc) are 
plotted pairwise for each feature. Correlation coefficient (r) as indicated. (B) Each of 13 
perturbations was individually dropped from the dataset and correlation coefficients (r value) were 
calculated. Red arrowhead indicates loss of correlation between #TA cells and #EE/#secretory 
after dropping EGFR-i. Error bars mean +/- SD. (C) Enterocytes (FABP1) surround crypts, and 
do not colocalize with proliferative (EdU+) cells. Enteroid monolayers were cultured for 48 hours 
and then stained with indicated cell type markers. Scale bar 40 µm. (D) Few apoptotic cells are 
visualized in enteroid monolayers. Enteroid monolayers were cultured for 48 hours and then 
stained with Active-Caspase3 to visualize apoptotic cells. Scale bar 40 µm. (E) Cell cycle 
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inhibitors decrease the number of proliferative cells and increase the fraction of secretory cell 
types. Enteroid monolayers were treated as indicated for 48 hours, and then proliferative (EdU+) 
cells and secretory (Muc2+ and ChgA+) cells were visualized. Representative images are depicted. 
Scale bar 40 µm. (F) CDK4/6-i (palbociclib) increased the secretory cell fraction and decreased 
TA cell numbers in a dose-dependent manner. Increasing concentrations of CDK4/6-i were applied 
(concentrations indicated by color bar) to enteroid monolayers for 48 hours. Changes in the TA 
cells (#TA cells log2fc) and secretory cell prevalence amongst differentiated cells 
(#secretory/#differentiated log2fc) were quantified. The color of each point indicates the 
concentration of CDK4/6-i applied. Error bars mean +/- SEM. n=4 (0 µM CDK4/6-i) or 2 (all 
other concentrations) wells. (G) Inhibiting cell cycle progression increases secretory cell fractions. 
Enteroids were treated as indicated for 48 hours, after which #Ki67+ TA cells, and 
#secretory/#absorptive cells were quantified. n = 3 wells. Error bars mean +/- SEM. (H) 
Proliferative cells visualized by either Ki67 or EdU colocalize. Enteroid monolayers were cultured 
for 48 hours and then stained with Ki67 or EdU to visualize proliferative cells. Scale bar 20 µm. 
(I-J) Effect of CDK4/6-i on individual cell type features over a range of doses. Error bars mean 
+/- SEM. n=4 (0 µM CDK4/6-i) or 2 (all other concentrations) wells. (K) Small intestinal epithelial 
crypts were harvested from mice treated with vehicle or CDK4/6-i (palbociclib). To quantify 
changes in proliferation, Ki67 RNA was measured by qRT-PCR. n=8 wells. Error bars mean +/- 
SEM. (L) 3D organoids were treated with GSK3-i + HDAC-i for 48 hours or PORCN-i for 24 
hours and the stem (Lgr5) to proliferating (Ki67) RNA ratio was measured by qRT-PCR to confirm 
enrichment. n=3 wells. Error bars mean +/- SEM. 
*** indicates p-values < 0.001;  
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Figure 3.10 Cell cycle modulators affect the secretory to absorptive ratio due to differential 
amplification of secretory and absorptive progenitors.  
(A) Diagram and output of quiescence probability model (Model 0). (B) Diagram and output for 
the stochastic model in which TA cells differentiate upon quiescence (10000 runs, Model 2). 
Model and parameters described in Methods.  
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Supplemental Tables 

Table 3.7 Key resources table. 
 
Reagent or Resource Source Identifier 

Antibodies 
Goat polyclonal anti-GFP Abcam #5450 
Mouse monoclonal anti-Chromogranin A Santa Cruz Biotechnology #393941 
Mouse monoclonal anti-Erk1 
(pT202/pY204) + Erk2 (pT185/pY187) 

Abcam #50011 

Rabbit monoclonal anti-Cyclin D1 Life Technologies #MA5-14512 
Rabbit polyclonal anti-DCAMKL1 Abcam #31704 
Rabbit polyclonal anti-Lysozyme C Dako #A0099 
Rabbit polyclonal anti-Mucin 2 Santa Cruz Biotechnology #15334 

Chemicals, Peptides, and Recombinant Proteins 
Advanced DMEM/F-12 Fisher Scientific #12634-028 
AT9283 Selleck Chemicals #S1134 
B-27 Supplement (50X), serum free Invitrogen #17504-044 
Baricitinib (INCB028050) Selleck Chemicals #S2851 
BDP-FL azide Lumiprobe #11430 
DAPT Stemgent #04-0041 
CHIR-99021 Sigma Aldrich #SML1046 
Copper(II) Sulfate VWR International #470300-880 
EdU (5-ethynyl-2’-deoxyuridine) Thermo Fisher #A10044 
EGF Recombinant Mouse Protein Invitrogen #PMG8043 
Erlotinib HCl (OSI-744) Selleck Chemicals #S1023 
Flavopiridol HCl Selleck Chemicals #S2679 
GlutaMAX Supplement Invitrogen #35050-061 
HEPES (1M) Invitrogen #15630080 
Hoechst 33342  Invitrogen #H3570 
IWP-2 Selleck Chemicals #S7085 
LDN193189 hydrochloride Sigma Aldrich #SML0559 
N-2 Supplement (100X) Fisher Scientific #17502-048 
N-Acetyl-L-cysteine Sigma Aldrich #A9165 
P-7744 Palbociclib, Free Base, >99%   LC Laboratories #-7744  
Palbociclib (PD-0332991) HCl Selleck Chemicals #S1116 
Penicillin-Streptomycin Solution Corning #30-002 
PD0325901(Mirdametinib) Selleck Chemicals #S1036 
Recombinant Human BMP-4 Protein R&D Systems #314-BP-010 
Recombinant Human TGF-β1 (CHO 
derived) 

PeproTech #100-21C 

Recombinant Human Wnt-3a Protein R&D Systems #5036-WN-500 
Recombinant Murine IL-4 PeproTech #214-14 
Recombinant Murine R-Spondin-1 Peprotech #315-32 
Sodium L-ascorbate Sigma Aldrich #A4034 
SB 202190 Sigma Aldrich #S7067 
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Reagent or Resource Source Identifier 
Sulfo-Cyanine5 azide Lumiprobe #B3330 
Vactosertib (EW-7197) Selleck Chemicals #S7530 
Valproic acid sodium salt 98% Sigma Aldrich #P4543 
Y-27632 2HCl Selleck Chemicals #S1049 

Critical Commercial Assays 
Human/Mouse/Rat BMP-2 Quantikine 
ELISA Kit 

R&D Systems #DBP200 

iScript Reverse Transcription kit Bio-Rad #1708841 
RNEasy Plus Mini Kit Qiagen #74136 
SsoAdvanced Universal SYBR Green 
Supermix 

Bio-Rad  #1725272 

QuantSeq 3’ mRNA-Seq Library Prep Kit 
FWD 

Lexogen #015.96 

Experimental Models: Organisms/Strains 
Mouse: C57BL/6NHsd Envigo Envigo 044 
Mouse: Lgr5eGFP-DTR de Sauvage Lab 

(Tian et al., 2011) 
N/A 

Mouse: SMAD3fl/fl Alliston Lab, UCSF N/A 
Mouse: Villin-Cre Klein Lab, UCSF N/A 
Mouse: Atoh1-CreER; R26R-tdTomato Klein Lab, UCSF N/A 
Mouse: Notch1-CreER; R26R-tdTomato Klein Lab, UCSF N/A 

Oligonucleotides 
Primers for qRT-PCR This paper N/A 

Software and Algorithms 
Image analysis software This paper https://github.com/Alt

schulerWu-
Lab/MAGS 

Percent confluency from brightfield (Ramirez et al., 2016) Supplementary 
Software 1 

 
  

https://paperpile.com/c/I6Y3o4/dfDAT
https://paperpile.com/c/I6Y3o4/U09ME
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Table 3.8 Perturbation concentrations used in this study. 
 

Perturbation Vendor and Catalog # Concentratio
n 

DAPT (Notch-i) Stemgent #04-0041 10 μM 

CHIR-99021 (GSK3-i) Sigma Aldrich #1046 3 μM 

Valproic acid (HDAC-i) Sigma Aldrich #P4543 1 mM 

IWP-2 (PORCN-i) Selleck Chemicals #S7085 2 μM 

Wnt3a R&D Systems #5036-WN-500 200 ng/mL 

TGF-β PeproTech #100-21C 4 ng/mL 

EW-7197 (TGF-βR-i) Selleck Chemicals #S7530 1 μM 

BMP4 R&D Systems #314-BP-010 200 ng/mL 

LDN-193189 (BMPR-i) Sigma Aldrich #SML0559 1 μM 

Baricitinib (JAK1/2-i) Selleck Chemicals #S2851 2 μM 

SB202190 (p38MAPK-i) Sigma Aldrich #S7067 10 μM 

IL-4 PeproTech #214-14 20 ng/mL 

Erlotinib HCl (EGFR-i) Selleck Chemicals #S1023 2.5 μM 

PD0325901 (MEK-i) Selleck Chemicals #S1036 1 μM 

Palbociclib (PD-0332991) 
(CDK4/6-i) 

Selleck Chemicals #S1116 (organoid 
studies) or  
LC Laboratories #-7744 (in vivo studies) 

10 μM 

Flavopiridol (CDK-i) Selleck Chemicals #S2679 0.3 μM 

AT9283 (AuroraK-i) Selleck Chemicals #S1134 1 μM 
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Table 3.9 Antibodies used in this study. 
 

Epitope Vendor and Catalog # Dilution 

Lysozyme (Lyz) Dako 1:2000 

Mucin-2 (Muc2) Santa Cruz Biotechnology #15334 1:100 

Chromogranin A (ChgA) Santa Cruz Biotechnology #393941 1:100 

GFP Abcam #5450 1:2000 

Dclk1 Abcam #31704 1:1000 

Erk1 (pT202/pY204) + Erk2 
(pT185/pY187) (pErk) 

Abcam #50011 1:200 

Cyclin D1 Life Technologies #MA5-14512 1:200 

Active Caspase-3 BD Pharmingen #559565 1:500 
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Table 3.10 Primers used in this study. 
 

Target 

mRNA 

Forward Primer Reverse Primer 

Atoh1 5'-TCCCCTTCCTCCTACCTTCTCC-3’ 5'-CAACACGCAAGGATGAACTCCC-3’ 

Hes1 5’-AGAAGAGGCGAAGGGCAAGAAT-3’ 5’-TGGAATGCCGGGAGCTATCTTT-3’ 

Lyz 5’-AAGAATGCCTGTGGGATCAA-3’ 5’-CGGTTTTGACATTGTGTTCG-3’ 

Muc2 5'-ACCCCAAGCCCTTCTCCTACTA-3' 5'-AGTGGATTGAGAGGTCACAGGC-3' 

ChgA 5'-GCAACACAGCAGCTTTGAGGAT-3' 5'-GTTAGGCTCTGGAAAGGCCTGA-3' 

Bmp2 5'-GCTTCTTAGACGGACTGCGG-3' 5'-GCAACACTAGAAGACAGCGGGT-3' 

β-actin 5'-CGCCACCAGTTCGCCATGGA-3' 5'-TACAGCCCGGGGAGCATCGT-3' 

Lgr5 5'-ACCCGCCAGTCTCCTACATC -3' 5'-GCATCTAGGCGCAGGGATTG -3' 

Ki67 5'-GTCAGCAAGAGGCAGCAAGGGG -3' 5'-CTGGGTCTTTGCCACTGGCTGG -3' 
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Chapter 4  

Conclusions  
 
 
On quantitative approaches for tissue biology 

Recent developments have produced numerous experimental methods that enable 

quantitative approaches to studying tissue biology, ranging from organoid systems to sequencing 

technologies. Measurements extracted from novel experimental or analytical approaches open up 

new types of questions that can be asked. In this dissertation, I presented an approach for measuring 

intestinal epithelial cell-type composition using 2d enteroid monolayer cultures and quantitative 

microscopy. By examining patterns in cell-type composition changes, we formed hypotheses about 

the tissue processes that give rise to the overall tissue composition.  

Looking forward, I expect that sequencing technologies or multiplexed imaging 

experiments can provide even finer resolution measurements of cell-type composition or cell-state 

distribution. In addition, observing live signaling dynamics play out amongst cells in a tissue can 

provide further illumination of how cell populations interact with one another. Studies using 

different quantitative and experimental approaches will no doubt complement one another in 

illuminating the mechanisms and processes by which tissues develop, renew, and regenerate. 

 

On signal integration and interactions in the intestinal epithelium 

Tissues such as the intestinal epithelium typically reside in an environment presenting a 

complex milieu of signals. In healthy conditions, tissues are guided by these signals to renew and 

carry out normal functions. Under shifting perturbed conditions, tissues must respond quickly and 

appropriately to changes or assaults. How do tissues integrate the multitude of signals? 
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Increasingly, our view has shifted from the tissue as a simple mapping of single input to response 

towards the tissue as a complicated interpretation system in which signals interact and induce 

feedback to form diverse responses.  

The studies in this dissertation provide some insights into intercellular interactions in the 

intestinal epithelium. In Chapter 2, I described an intrinsic signaling circuit that linked the 

proliferative and differentiated cell population compartments via a delayed negative feedback 

signal. The intrinsic signaling circuit provided a measure of robustness and self-regulation of tissue 

proliferation. This finding indicated that intercellular signaling and feedback between cell 

population compartments form an additional layer of complexity on top of intracellular crosstalk 

and signal integration. In Chapter 3, I highlighted an example of mutually antagonistic interaction 

between two perturbations (IL-4 and an EGFR inhibitor). The mutual antagonism behavior 

appeared paradoxical at first but can be explained through examination of downstream effects, 

which is a combination of intracellular and intercellular interactions.  

The studies here are small steps in dissecting the full signal-to-response mapping. Future 

directions may move beyond pairwise perturbations to higher-order combinations of perturbations 

or expand the temporal view to include additional timepoints to more comprehensively investigate 

how the intestinal epithelium integrates and responds to external signals. 

 

On the role of lineage structure in shaping tissue response 

In most tissues, relational links exist between cell type populations. For instance, in the 

intestinal epithelium, intestinal stem cells give rise to transit-amplifying cells, which then give rise 

to the differentiated cell types. A hierarchy also exists within the differentiated cell types where 

secretory cell types share a common progenitor distinct from the absorptive cell progenitor. Thus, 
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when studying cell population compartments within a tissue, it is important to consider how 

lineage processes, such as proliferation and differentiation, may link responses in different cell 

population compartments. 

To point out the obvious, if progenitor cell populations are expanded, eventually, the 

differentiated cell populations will expand as well due to the differentiation process. What is less 

obvious is that to understand what happens when a proliferative signal is added, we must also 

consider the effects of an expanded differentiated cell population. In Chapter 2, I described how 

increased proliferation resulted in an aggregate increase in anti-proliferative signals from the 

expanded differentiated population, which in turn shut down proliferation. In Chapter 3, I reported 

a more subtle lineage effect involving differential amplification of transit-amplifying cells. Here, 

we discovered that transit-amplifying cells in the absorptive lineage divided greater number of 

times compared to those in the secretory lineage. As a result, the same proliferation perturbation 

translated into a greater impact on the absorptive lineage output than on the secretory lineage 

output, creating a link between transit-amplifying cell proliferation and the balance of secretory to 

absorptive differentiated cells. 

Lineage processes not examined here, such as dedifferentiation, would be of great interest 

to investigate in future research. Further, finer control of tissue perturbations, such as by 

specifically perturbing select cell type populations and observing changes in the rest of tissue, 

could provide better understanding into how changes in one cell population can be transformed 

into changes in other cell populations and shed light on how lineage processes guide the general 

tissue response. 
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