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Abstract 

The colonic epithelium interacts closely with the surrounding mesenchymal stroma, con-

sisting of diverse cell populations that have emerged as essential constituents of the stem 

cell niche. Understanding the effects of niche cell-derived factors that control epithelial 

behavior has been made possible by organoid technology, mimicking the stem cell niche 

through supplementation of several growth factors. However, organoid culture models 

lack stromal cells, which currently limits the progress in our understanding of the bidirec-

tional interplay between epithelium and stroma. 

In this study, I established a colon assembloid culture system that includes both primary 

murine epithelial and stromal cells to investigate the crosstalk between these two com-

partments in the context of crypt development and homeostasis. I found that assembloids 

form mature crypts with directional cellular turnover and differentiation, which mimics in 

vivo epithelial crypt organization. Importantly, several key signaling pathways such as 

Wnt are activated in assembloids without supplementation of growth factors, which are 

required for proliferation and stemness in pure epithelial culture, indicating that stromal 

cells are sufficient to induce epithelial stemness. Assembloids imitate not only the epithe-

lial but also the stromal architecture of colonic crypts in vivo to a great extent, recapitulat-

ing the diversity and spatial distribution of stromal cells including recently discovered sub-

types such as telocytes and trophocytes with specific functional properties. Telocytes and 

trophocytes in assembloids exhibit a polarized distribution of BMP signaling molecules 

along the crypt axis, which I found to be crucial for the formation of signaling gradients 

and cellular differentiation along the crypt axis. Moreover, I observed that epithelial cells 

that exit the stem cell niche initiate Bmp2 expression, which is further augmented via a 

positive feed-forward loop between the epithelium and the stroma to enforce cell differ-

entiation. Differentiating epithelial cell-derived Bmp2 induces a functional transition of 

stromal cells from the trophocyte state into the telocyte state, which further stabilizes BMP 

signaling by expressing Bmp2 itself. Using genetically heterogeneous assembloids, I 

demonstrated that activation of BMP signaling in both the epithelium and the stroma is 

essential for proper epithelial cell specification and crypt formation.  

Taken together, this study reveals a bidirectional cross-communication between the epi-

thelium and its surrounding stroma: on the one hand, the stroma provides key growth 
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factors required for crypt formation, while, on the other hand, signals from the epithelium 

ensure functional compartmentalization of stromal cell subsets – which together repre-

sent important prerequisites for mucosal self-organization. 
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Zusammenfassung 

Das Kolonepithel steht in enger Wechselwirkung mit dem mesenchymalen Stroma, das 

wiederum verschiedene Zelltypen umfasst, die wichtige Bestandteile der Stammzellni-

sche sind. Das Verständnis von Nischfaktoren, die das epitheliale Verhalten kontrollieren, 

wurde durch die Organoidtechnologie, in der die Stammzellnische durch Hinzugabe von 

diversen Wachstumsfaktoren nachgeahmt wird, ermöglicht. Allerdings beinhalten Orga-

noidkulturen keine Stromazellen, sodass aktuell unser weiteres Verständnis des bidirek-

tionalen Zusammenspiels von Epithel und Stroma limitiert ist. 

Zur Erforschung des Zusammenspiels dieser zwei Kompartimente im Kontext der Krypt-

entwicklung und Homöostase habe ich in dieser Arbeit ein Kolon Assembloid-Kultursys-

tem etabliert, das primäre Mausepithel- und -stromazellen enthält. Ich fand heraus, dass 

Assembloide reife Krypten mit gerichtetem Zellumsatz und Differenzierung bilden, welche 

die Kryptenorganisation in vivo nachbilden. Zudem sind in Assembloiden diverse wesent-

liche Signalwege wie Wnt ohne Zugabe von Wachstumsfaktoren aktiviert, sodass 

Stromazellen allein ausreichen, um eine epitheliale Stammzellaktivität zu induzieren. Da-

bei ahmen Assembloide nicht nur die epitheliale, sondern auch die mesenchymale Kryp-

tenarchitektur in vivo weitgehend nach und spiegeln auch die Vielfalt und Verteilung von 

kürzlich identifizierten Stromazellsubtypen wie Telozyten und Trophozyten mit ihren spe-

zifischen Funktionen wider. Telozyten und Trophozyten weisen eine polarisierte Vertei-

lung von BMP-Molekülen entlang der Kryptenachse auf, die für die Entwicklung von Sig-

nalgradienten und zellulärer Differenzierung entlang der Kryptenachse wichtig ist. Dar-

über hinaus stellte ich fest, dass Epithelzellen, die die Stammzellnische verlassen, eine 

Bmp2-Expression auslösen, welche durch eine positive Vorwärtsschleife weiter verstärkt 

wird, sodass die zelluläre Differenzierung zunimmt. Bmp2 aus differenzierten Epithelzel-

len induziert einen funktionellen Übergang der Stromazellen aus dem Trophozytenzu-

stand in den Telozytenzustand, der das BMP-Signal durch die Expression von Bmp2 

selbst weiter stabilisiert. Mit genetisch heterogenen Assembloiden konnte ich nachwei-

sen, dass die Aktivierung des BMP-Signals im Epithel als auch im Stroma für die ord-

nungsgemäße Spezialisierung der Epithelzellen und die Bildung der Krypten unerlässlich 

ist.  
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Zusammenfassend zeigt diese Studie eine bidirektionale Kommunikation zwischen dem 

Epithel und dem umgebenden Stroma. Einerseits stellt das Stroma wichtige Wachstums-

faktoren bereit, die für die Kryptenbildung erforderlich sind, andererseits sorgen Signale 

aus dem Epithel für eine funktionale Kompartimentierung von Stromazellsubtypen – bei-

des sind wichtige Voraussetzungen für die Selbstorganisation der Schleimhaut. 
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1 Introduction 

1.1  Colon 

1.1.1  Anatomy and function 

The colon is a critical part of the digestive system. In mammals, the colon comprises four 

segments: ascending colon, transverse colon, descending colon, and sigmoid colon. Alt-

hough the physiological structure of the colon can be divided into the above four seg-

ments, it is a continuous organic whole without strict structural boundaries. When looking 

into the colon tissue from the inside to the outside, the colon wall is divided into the mu-

cosa, submucosa, muscularis, and serosa. The colonic mucosa forms a high semi-circu-

lar fold into the intestinal lumen. Since no villi are formed, the mucosal surface is relatively 

flat. The mucosa is divided into the epithelium, lamina propria, and muscular mucosae. 

The epithelium comprises crypts formed by monolayer columnar epithelial cells, and is 

surrounded by the stroma in the lamina propria, which contains abundant mesenchymal 

cells and capillary/lacteal networks. Beneath the lamina propria, the muscularis mucosa 

comprises the outer longitudinal and inner circular muscle layers. The surrounding mus-

cularis mucosa, the submucosa, forms loose connective tissue containing numerous 

blood vessels, lymphatic vessels, nerves, and fat cells. Similar to but much thicker than 

the muscularis mucosa, the muscularis is also composed of two smooth muscle layers 

that are inner circular and outer longitudinal. The outermost layer, the serosa, is a thin 

layer of mesothelium covering the colon1. 
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Figure 1 Structures of the human large intestine. 

The human colon comprises four segments: ascending colon, transverse colon, descending co-

lon, and sigmoid colon. The colon wall is divided into mucosa, submucosa, muscularis (circular 

and longitudinal muscle layers), and serosa. Image adopted from Encyclopaedia Britannica 

(https://www.britannica.com/science/large-intestine#/media/1/330544/68639). 

The colon is mainly responsible for absorbing nutrients from digestive residues, maintain-

ing the electrolyte balance, storing feces, and creating a habitat for microbiota. The ab-

sorption function of the colon is strong in the right half of the colon, absorbing mainly 

water and sodium, as well as small amounts of potassium, chlorine, urea, glucose, and 

amino acids. The colonic mucosa secretes mucus to form the first defense line and lubri-

https://www.britannica.com/science/large-intestine#/media/1/330544/68639
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cates stool for excretion. The colon has no digestive function. However, the resident mi-

crobiota has digestive effects and produces essential substances such as vitamins for 

the host1. 

 

1.1.2  Colonic epithelium 

The colonic epithelium is composed of a monolayer and is organized into clonal crypts 

representing sophisticated anatomical and functional tissue units. The epithelial stem 

cells at each colonic crypt base, which are marked by Leucine-rich repeat-containing G- 

protein coupled receptor 5 (LGR5)2, constantly divide and self-renew, giving rise to 

transit-amplifying (TA) cells that rapidly proliferate in the lower part of crypts1,3. TA cells 

subsequently differentiate into short-lived differentiated lineages, such as absorptive en-

terocytes, secretory goblet cells, and enteroendocrine cells1,3,4.  

The enterocytes marked by keratin 20 (KRT20) are highly polarized cells with microvilli 

and are located mainly at the crypt top3. The brush-like border at the surface of entero-

cytes increases the area of absorption and facilitates dietary nutrient uptake3. Only 14% 

of the cells from the colon are enterocytes, whereas enterocytes are highly enriched in 

the ileum5. In contrast, the colon has three times more goblet cells compared to the ileum 

(20% vs. 5%)5. Goblet cells mainly secrete mucin 2 (MUC2) which forms a thick viscous 

network with water, inorganic salts and antimicrobial peptides, namely the intestinal mu-

cus barrier6,7. The mucus layers play a dual role of lubrication and physical barrier be-

tween intestinal contents and intestinal epithelium6. It is the first line of defense of the 

gastrointestinal tract against exogenous irritants and pathogenic bacteria8. In addition to 

goblet cells, enteroendocrine cells are another cell type that belong to the secretory line-

age, representing 1% of epithelial cells in the intestine9. Enteroendocrine cells are critical 

sensors of metabolites of the intestinal flora10. They can recognize pathogen-associated 

molecular patterns (PAMPs) and produce essential cytokines, which directly orchestrates 

mucosal immunity10. Recently, some new epithelial cell subsets have been discovered, 

such as tuft cells and bestrophin 4 (BEST4) / otopetrin 2 (OTOP2) cells, which also play 

a significant role in intestinal homeostasis4,11. 
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1.1.3  Colonic mesenchyme 

The colonic mesenchymal stroma, which is closely associated with the epithelium, con-

sists of a network of mesenchymal cell types comprising fibroblasts, myofibroblasts, en-

dothelial cells, pericytes, immune cells, neurons, and glial cells12. These diverse cell types 

have emerged as essential constituents of the stem cell niche which contributes to epi-

thelial stem cell homeostasis12-17.  

The enteric nervous system (ENS), composed of neurons and glial cells, drives coordi-

nated bowel movements by controlling the muscular layer to ensure proper mixing and 

motion of gut contents16. Enteric neurons have close interactions between epithelial, stro-

mal, and immune cells. Moreover, ENS was shown to express numerous risk genes re-

lated to neuropathic, inflammatory, and extra-intestinal diseases, suggesting a significant 

role in the occurrence of diseases16. Indeed, ENS dysfunction could cause several neu-

rologic disorders, such as Hirschsprung’s disease, autism spectrum disorders, and Par-

kinson’s disease16. During intestinal epithelial recovery after injury, the enteric glial cells 

release diverse niche factors such as glial-derived neurotrophic factor (GDNF), epidermal 

growth factor (EGF), and transforming growth factor (TGF)-β1 to regulate tissue repair16. 

Immune cells respond to pathogenic infection and safeguard intestinal homeostasis by 

collaborating with epithelial cells, which are the body’s first line of defense against path-

ogens18. Stimulated by pathogenetic factors, immune cells produce chemokines and cy-

tokines to manipulate inflammation18. Extensive evidence shows that immune cells also 

modulate intestinal stem cell renewal and differentiation19,20. Co-cultures of small intestine 

organoids with Treg cells or innate lymphoid cells or stimulation of interleukin (IL)-10 or 

IL-22 promote intestinal stem cell (ISC) renewal17. Conversely, co-cultures with T helper 

(Th)1, Th2, or Th17 cells or treatment with IL-13 or IL-17 all impair ISC pool17. In addition, 

colony-stimulating factor 1 (CSF1) secreted by macrophages could also support ISC 

maintenance21, while specific porcupine O-acyltransferase (Porcn) deletion in macro-

phages hinder epithelial repair after radiation damage22. 

Endothelial cells that form the inner lining of vessels are not passive conduits for deliver-

ing blood and lymph15. The endothelium pervades the ISC niche through capillaries and 
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lacteals and supply angiocrine factors, including growth factors, morphogens, extracellu-

lar matrix components and chemokines to modulate stem cell renewal, organ metabolism, 

and regeneration15. For instance, R-spondin (RSPO) produced by endothelial cells pre-

vents intestinal epithelial damage and supports survival of ISC23. 

Pericytes surround the surface of the vessels and interact with the underlying endothelial 

cells to support the vascular structure and endothelial homeostasis24,25. It has been 

shown that pericytes play a critical role in angiogenesis and maturation of the newly 

formed vessels by producing vascular endothelial growth factor (VEGF)26, angiopoietin-1 

(Ang-1)27, and TGF-β25. 

Myofibroblasts share similar features with smooth muscle cells and fibroblasts, which ex-

press both contractile markers like alpha-smooth muscle actin (α-SMA, encoded by actin 

alpha 2 [ACTA2]) and pan-fibroblast marker genes, such as vimentin (VIM) and collagen 

type I alpha 2 chain (COL1A2)12. In the gastrointestinal tract, myofibroblasts that reside 

in the muscularis mucosa secrete Wnt and R-spondin3 to regulate stem cell homeostasis 

during infection and injury13,28. 

Fibroblasts are an abundant and heterogeneous stromal population that expresses plate-

let-derived growth factor receptor alpha (PDGFRA), COL1A2, and VIM12. Several subsets 

of stromal fibroblasts, such as trophocytes and telocytes, have been characterized as a 

critical source of growth factors (Wnt ligands, R-spondins, gremlin 1 [GREM1]) and mor-

phogens (bone morphogenetic proteins [BMPs] and Wnt5a) that generate gradients of 

signaling, and promote epithelial stem cell self-renewal, proliferation, and directed cellular 

differentiation12,29,30. Other distinct fibroblast sub-populations have also been shown to 

promote regeneration by augmenting Wnt signaling31, induce factors that impair epithelial 

turnover and exacerbate disease severity during colitis12, or produce prostaglandin E2 

(PGE2) to activate yes-associated protein (YAP) in intestinal epithelium and thus drive 

tumor initiation32. 

 

1.2  Organoid culture system 
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The organoid is a three-dimensional primary cell culture technology that allows mamma-

lian stem cells to show their self-organizing capacity, and therefore resemble crucial struc-

tures and functions of organs such as the gut33. Gastrointestinal organoids can be derived 

from two types of stem cells: pluripotent stem cells and adult stem cells34. Applying growth 

factor cocktails in a stepwise manner, pluripotent stem cells are capable of differentiating 

into cell types of diverse organs34. Distinct from pluripotent stem cells, adult stem cells 

that are obtained from specific adult organs were previously believed to be incapable of 

proliferating in vitro in the long term34. However, a series of studies have developed a 

culture condition comprised of basement membrane extract and key stem cell niche fac-

tors that maintains stable stem cell renewal34. A small intestine organoid culture can be 

established with single Lgr5+ stem cells or whole crypts suspended in a laminin-rich ex-

tracellular matrix (e.g. Matrigel) and cultured in serum-free medium supplemented with 

R-spondin1 or R-spondin3 (Wnt agonists), EGF, and the BMP inhibitor noggin35. For a 

colon organoid culture, additional Wnt activators such as surrogate Wnt (sWnt) or Wnt3a 

and CHIR-99021 are necessary due to the lack of Wnt-producing cells in the colonic ep-

ithelium36,37. 

Traditional cell lines that are immortalized may be genetically abnormal and do not rep-

resent all the cell types, cellular processes, and functions of in vivo organs. Primary or-

ganoid technology overcomes these shortcomings and appears to be a feasible and ro-

bust tool to explore cell biology. For instance, studying mechanisms underlying epithelial 

behaviors, such as proliferation and differentiation, have been made possible by manip-

ulating growth factors in organoid culture medium38. Modeling infectious diseases is also 

among the key applications of organoid technology. During the recent coronavirus dis-

ease-2019 (COVID-19) pandemic, organoids were applied to investigate virus transmis-

sion in specific organs39. Organoids could be used to model hereditary diseases and can-

cers by generating mutant organoids or by culturing cells directly derived from patients’ 

biopsy specimens40. Organoids derived from patients’ cells allow a rapid assessment of 

drug response and identification of the optimal treatment for the individual patient40. Fur-

thermore, organoid technology is a promising tool of regenerative medicine. Several stud-

ies have shown a successful transplantation of organoids into animals after in vitro stem 

cell expansion41. 



                                                                                                                     Introduction 

 

 16 

 

Figure 2 The organoid technology and applications. 

e Image adopted from Cruz-Acuña R and García AJ42. 

 

1.3  BMP signaling 

BMPs are members of the TGF-β superfamily, and include BMP 2/4/5/6/7/8/9/10, growth 

and differentiation factor (GDF) 5–7, and osteogenic protein-1 (OP-1)43. When extracel-

lular BMPs bind to BMP receptor type 2 (BMPRII), BMPRII phosphorylates and activates 

BMPRI, which in turn recruits and phosphorylates Smad proteins Smad1/5/8 that are in-

tracellular signal transducers of BMP signaling43. Phosphorylated Smad1/5/8 

(pSmad1/5/8) forms a complex with Smad4 and then translocates to the nucleus to reg-

ulate target gene transcription43. In addition to canonical BMP signaling mediated by 
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Smad, BMP receptors can also transduce signals via Smad-independent pathways (non-

canonical BMP signaling), including activation of the mitogen-activated protein kinase 

(MAPK) pathway44. BMP signaling activities can be modulated by their antagonists (e.g. 

Grem1, noggin) in the extracellular compartment45. BMP antagonists associate with BMP 

ligands and thus avoid binding between ligands and receptors45.   

 

Figure 3 BMP signaling pathway. 

Canonical BMP signaling (a) is mediated by Smad proteins, while noncanonical BMP signaling 

(b) can be transduced by activating mitogen-activated protein kinases (MAPKs), such as JNK, 

ERK, and p38. Image adopted from Zhang Y and Que J43. 
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BMP ligands and receptors are extensively expressed in the gastrointestinal tract43. Of 

note, BMP2 and BMPRIA are located in both the epithelium and the mesenchyme of the 

lamina propria, indicating bidirectional cross-talk between these two compartments29,46-

48. Through epithelial-mesenchymal interactions, BMP signaling plays a critical role in 

embryo development, cell turnover, inflammation, and tumorigenesis43. During early pat-

terning of the gut, BMP signaling coordinates with other pathways (e.g. Wnt, NOTCH, 

FGF, and Hedgehog) and specifies the primitive gut tube into the foregut, midgut, and 

hindgut49-54. Furthermore, BMP drives the maturation of mucosa lining the foregut-, mid-

gut-, and hindgut-derived gastrointestinal tract55. In the intestine, BMP signaling is one of 

the central players to regulate epithelial cell differentiation56. BMP directly inhibits ISC 

signature gene expression48, but drives terminal differentiation of goblet cells and Paneth 

cells57. A deficiency of BMP signaling either in the epithelium or the mesenchyme causes 

epithelial/stromal hyperproliferation, impairs cell differentiation, promotes inflammation, 

and eventually leads to polyposis initiation47,48,58-60. Notably, BMP signaling has opposite 

effects at different tumor stages. Previous studies showed that BMP suppresses cancer 

formation but promotes cancer invasion and metastasis at advanced stages, which might 

be dependent on the status of Smad4 and p5361,62.  

 

1.4  Objective of this study 

Colonic epithelial stem cells at each crypt base constantly divide and self-renew, giving 

rise to short-lived differentiated lineages3. The epithelium interacts closely with various 

stromal cells. Several subsets of stromal cells, such as trophocytes and telocytes, have 

been recognized as a crucial source of growth factors and morphogens that modulate 

epithelial cell turnover14,29. Although the organoid model has become an essential tool to 

study the gastrointestinal epithelium, the current organoid systems usually consist only of 

epithelial cells, and there is a dearth of powerful tools to explore the interdependency 

between the epithelium and the stroma, which currently limits progress in our understand-

ing of the gastrointestinal mucosa as a whole. The objective of this study was to establish 

a primary colonic cell co-culture system to model in vivo epithelial-stromal crosstalk and 

self-organization. Initially, I generated the colon assembloid culture system that integrates 

various cell types to determine whether this system enables the generation of true colonic 
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crypts that resemble the in vivo anatomy, cellular organization, signaling gradients, and 

directional epithelial turnover. Next, I used the assembloid model to study the impact of 

epithelial-stromal interaction on colonic crypt formation and stromal cell functions via BMP 

signaling. Additionally, the aim was to explore morphological and biological characteris-

tics of colon tumor assembloids. 
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2 Materials and methods 

2.1  Materials 

2.1.1  Mice 

Table 1 Mouse strains used in the study. 

Name Description Reference 

C57BL/6 Standard wild-type mice Charles River Laboratory 

Axin2CreErt2/ 

Rosa26-tdTomato 

Cre recombinase expression under Axin2 pro-

motor, which upon activation by tamoxifen in-

duces conditional Rosa26-tdTomato lineage 

tracing. These mice were generated by breed-

ing Axin2CreErt2 to Rosa26-tdTomato mice. 

van Amerongen R, et al. 

Cell Stem Cell. 2012; 

11(3):387-400.63 

Madisen L, et al. Nat 

Neurosci. 

2010;13(1):133-40.64  

Axin2CreErt2/ 

Bmpr1afl/fl 

Cre recombinase expression under Axin2 pro-

motor, which upon activation by tamoxifen in-

duces conditional Bmpr1a knockout. Mice 

were generated by breeding Axin2CreErt2 to 

Bmpr1afl/fl mice. 

van Amerongen R, et al. 

Cell Stem Cell. 2012; 

11(3):387-400.63 

Mishina Y, et al. Genesis. 

2002;32(2):69-72.65 

Bmpr1afl/fl These floxed mutant mice possess three loxP 

sites flanking Bmpr locus (intron 1 and intron 

2) and removal of the flanked regions results 

in loss of expression of Bmpr1a. 

Mishina Y, et al. Genesis. 

2002;32(2):69-72.65 

tg Act-CFP These mice express cyan fluorescent protein 

under the control of the chicken beta-actin pro-

moter. 

Hadjantonakis AK, et al. 

BMC Biotechnol. 2002; 

2(1):11.66 

tg Act-DsRed These mice express the red fluorescent pro-

tein variant DsRed.MST under the control of 

the chicken beta-actin promoter. 

Vintersten K, et al. Gene-

sis. 2004;40(4):241-6.67 

 

2.1.2  Cell culture reagents 

Table 2 Commercially available primary cell culture reagents and supplements. 

Name Supplier 
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4OH-tamoxifen Sigma 

A83-01 Sigma 

Advanced Dulbecco’s Modified Eagle’s Medium 

(DMEM)/F12 

Gibco 

B27 supplement (50x) Gibco 

CHIR-99021 Selleckchem 

Cryo-SFM PromoCell 

Cultrex  R&D systems 

Fetal bovine serum (FBS) Gibco 

GlutaMAX (100x) Gibco 

HEPES Gibco 

Matrigel, growth factor reduced, phenol red-free Corning 

Mouse epidermal growth factor (mEGF) Invitrogen 

Mouse noggin (mNoggin) PeproTech 

N-acetylcysteine Sigma 

N2 supplement (100x) Gibco 

Organoid harvesting solution R&D systems 

Penicillin / streptomycin (Pen/Strep) Gibco 

Surrogate Wnt (sWnt) U-Protein Express 

TAT-CRE Recombinase Millipore 

TryplE Gibco 

Y-27632 (ROCK inhibitor) Hoelzel 

 

Table 3 Primary cell culture supplements and media produced in-house. 

Name Preparation Cell line 

R-spondin1  

conditioned  

medium 

DMEM + 10 % FBS; selection by zeocin treat-

ment (300 μg/ml; Invitrogen; #250-01) for 5 

days. Conditioned media was collected after 5 

and 10 days, centrifuged (300x g, 15 min) and 

sterile filtrated (0.22 μm filter). 

293T HA-RSPO1-FC kindly 

provided by Prof. Hans Clev-

ers, Hubrecht Institute, 

Utrecht, Netherlands 
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Table 4 Recombinant proteins. 

Name Supplier 

BMP2 R&D systems 

GREM1 R&D systems 

 

2.1.3  Buffers and solutions 

Table 5 General buffers and solutions. 

Name Preparation Supplier 

1x Phosphate-buffered saline 

(PBS) 

- Gibco 

2% Ammonia water ddH2O, 2% ammonium hydroxide solution - 

4% paraformaldehyde 37-40g paraformaldehyde, 600ml ddH2O 

at 60-70°C, clear solution with NaOH, 

100ml 10x PBS and ddH2O to 1L; pH 7.4 

- 

Blocking buffer 

(Whole-mount staining) 

3% BSA, 1% Saponin, 2% Triton X-100, 

0.02% Na Azide 

- 

Blocking buffer 

(Immunofluorescence) 

PBS, 1% BSA, 2% FBS, 0.1% Tween20 - 

Calcium and magnesium-free 

Hanks’ balanced salt solution 

(HBSS) 

- Gibco 

DNase/RNase free water  - Gibco  

FACS buffer PBS, 1% FBS, 1% HEPES, 0,5% DNase I, 

3 μl/ml Y-27632 

- 

PBST PBS, 0.1% Tween 20 - 

RNAscope H202 & Protease 

Plus Reagents 

- Advanced Cell 

Diagnostics 

RNAscope Target Retrieval 

Reagents 

- Advanced Cell 

Diagnostics 

RNAscope Wash Buffer Rea-

gents 

- Advanced Cell 

Diagnostics 
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Target retrieval solution (10x 

Citrate buffer, pH 6.0) 

ddH2O, 100mM (29.4 g/L) sodium citrate 

dehydrate, citric acid (for pH adjustment) 

- 

 

2.1.4  Chemicals and consumables 

Table 6 General chemicals and consumables. 

Name Supplier 

Agarose Sigma 

Ammonium hydroxide  Sigma 

Azoxymethane (AOM) Sigma 

Bovine serum albumin (BSA), Fraction V Life Technologies 

Cell strainer Falcon 

Citric acid Sigma 

Cover glasses Marienfeld 

CoverWell imaging chambers (whole-mount staining) Grace Bio-labs 

Dextran sodium sulfate (DSS) MP Biomedical 

Dithiothreitol (DTT) Sigma 

DNase I Invitrogen 

EcoMount (single-molecule RNA in situ hybridization) Biocare Medical 

Ethylenediaminetetraacetic acid (EDTA) Invitrogen 

Embedding Cassettes Simport 

Eosin  Roth 

Ethanol Merck 

ImmEdge pen (single-molecule RNA in situ hybridization) Vector 

Immu-Mount (immunostaining) Epredia 

Liberase TL Roche 

Mayer’s hematoxylin solution Roth 

Pap pen (immunostaining) Kisker 

Paraffin Roth 

Paraformaldehyde (PFA) Sigma 

Roti-Histokitt Roth 

Saponin Riedel-de Haën 
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Sodium citrate dihydrate Sigma 

SuperFrost Plus gold adhesion microscope slides Epredia 

SuperFrost Plus microscope slides R.Langenbrinck 

SYBR green master mix Thermo Fisher 

Triton X-100 Calbiochem 

Tween 20 Merck 

UltraComp eBeads Invitrogen 

VectaMount Aqueous Mounting Medium (whole-mount staining) Vector 

Xylene Roth 

 

2.1.5  Commercial kits 

Table 7 Commercial kits and their application. 

Name Application Supplier 

Chromium Single Cell Kits Single-cell RNA sequencing 10X GENOMICS 

iScript cDNA synthesis kit cDNA synthesis Bio-Rad 

NucleoSpin RNA isolation kit RNA isolation Macherey & Nagel 

RNAscope 2.5 HD Reagent Kit- 

RED 

Single-molecule RNA in situ 

hybridization 

Advanced Cell Di-

agnostics 

 

2.1.6  Antibodies 

Table 8 Primary antibodies for histological analysis. 

Name Dilution Supplier Catalog 

number 

Alexa Fluor 647 fluorophore-

conjugated phalloidin 

1:100 Life Technologies A22287 

Goat anti-αSMA 1:100 Abcam ab5694 

Mouse anti-E-cadherin 1:200 BD 610181 

Rabbit anti- active Yap1 1:200 Abcam ab205270 

Rabbit anti-Cd31 1:100 Cell Signaling Technology 77699T 

Rabbit anti-Ki67 1:100 Cell Signaling Technology 9192 
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Rabbit anti-Krt20 1:100 Cell Signaling Technology 13063 

Rabbit anti-Muc2 C3 1:1000 A gift from Prof. Gunnar C. Hansson - 

Rabbit anti-synaptophysin 1:50 Abcam ab178412 

Rabbit anti-vimentin 1:100 Cell Signaling Technology 5741S 

Rabbit anti-β3-tubulin (Tubb3) 1:100 Cell Signaling Technology 5568T 

 

Table 9 Secondary antibodies and other dyes for histological analysis. 

Name Dilution Supplier Catalog number 

DAPI 1:300 Roche 10236276001 

Donkey anti goat Alexa-Fluor 

647 

1:250 Jackson Immunoresearch 705-605-003 

Donkey anti mouse Alexa-

Fluor 488 

1:250 Jackson Immunoresearch 715-546-150 

Donkey anti rabbit Cy3 1:250 Jackson Immunoresearch 711-165-152 

 

Table 10 Antibodies and dyes for flow cytometric analysis. 

Name Dilution Supplier Catalog number 

Cd31 APC 1:200 BD 551262 

Cd326 (EpCAM) PE 1:200 Miltenyi Biotec 130-117-779 

Cd34 FITC 1:100 BD 560238 

Cd45 APC-Cy7 1:200 BD 557659 

FVS450 1:1000 BD 562247 

 

2.1.7  RNA probes for single-molecule in situ hybridization (sm-ISH) 

Table 11 RNA probes for sm-ISH. 

Gene name Target region Supplier Catalog number 

Bmp2 854 - 2060 Advanced Cell Diagnostics 406661 

Foxl1 954 - 1931 Advanced Cell Diagnostics 407401 

Grem1 398 - 1359 Advanced Cell Diagnostics 314741 

Rspo3 731-2164 Advanced Cell Diagnostics 402011 
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2.1.8  Primers for quantitative reverse transcription PCR (qRT-PCR) 

Murine primers were designed with the BLAST online tool. Primers were diluted to 10μM 

before use. The melting temperature was determined to be 60 °C. 

Table 12 Primers for quantitative reverse transcription PCR (qRT-PCR). 

Gene name Primer Sequence  Supplier 

Bmp2 Forward 5’- GACTGCGGTCTCCTAAAGGTCG-3’ 

Reverse 5’-CTGGGGAAGCAGCAACACTA-3’ 

Sigma 

Cd34 Forward 5’-GGCCAATAGCACAGAACTTCC-3’ 

Reverse 5’-CCCAACAGCCATCAAGGTTC-3’ 

Sigma 

Foxl1 Forward 5’-TCATCATGGATCGCTTCCCG-3’ 

Reverse 5’-CCTCTTCCTGCGCCGATAAT-3’ 

Sigma 

Gapdh Forward 5’- TCACCATCTTCCAGGAGCG-3’ 

Reverse 5’-AAGCAGTTGGTGGTGCAGG-3’ 

Sigma 

Grem1 forward 5’-AAGTGACAGAATGAATCGCACC-3’ 

reverse 5’-CCTCAGCTGTTGGCAGTAGG-3’ 

Sigma 

Id1 Forward 5’-GCTCTACGACATGAACGGCT-3’ 

Reverse 5’-AACACATGCCGCCTCGG-3’ 

Sigma 

Krt20 Forward 5’-GTCCCACCTCAGCATGAAAGA-3’ 

Reverse 5’-TCTGGCGTTCTGTGTCACTC-3’ 

Sigma 

Lgr5 Forward 5’-CCTACTCGAAGACTTACCCAGT-3’ 

Reverse 5’-GCATTGGGGTGAATGATAGCA-3’ 

Sigma 

Mgp Forward 5’-CCGAGACACCATGAAGAGCC-3’ 

Reverse 5’-GTTGCGTTCCTGGACTCTCTT-3’ 

Sigma 

Rspo3 Forward 5’-TTGACAGTTGCCCAGAAGGG-3’ 

Reverse 5’-CTGGCCTCACAGTGTACAATACT-3’ 

Sigma 

Wnt5a Forward 5’-ACGCTATACCAACTCCTCTGC-3’ 

Reverse 5’-AATATTCCAATGGGCTTCTTCATGG-3’ 

Sigma 

 

2.1.9  Laboratory instruments 
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Table 13 Laboratory instruments. 

Machine Application  Supplier 

BD FACS Aria III flow cytometer Fluorescence-activated single-cell 

sorting (FACS) 

BD Bioscience 

Cytek Aurora 3 laser spectral cy-

tometer 

Flow cytometry CyTek Biosciences 

Eppendorf centrifuge 5417C Eppendorf tubes centrifugation Eppendorf 

Eppendorf centrifuge 5810R Primary cell culture centrifugation Eppendorf 

EVOS M5000 imaging system Live cell imaging Invitrogen 

Hera cell 150 Incubator Primary cell culture Heraeus 

HistoCore AUTOCUT microtome  Tissue processing Leica 

HybEZ Oven Single-molecule in situ hybridization Advanced Cell Di-

agnostics 

Logos One automat Tissue paraffin embedding Milestone 

Mini Orbital Shaker for CO₂ Incu-

bator 

Cell culture Edmund Buehler 

NanoDrop One Microvolume 

UV/Visible Spectrophotometer 

Measurments of RNA concentration Thermo Fisher 

Observer 7 microscope imaging Zeiss 

PeqSTAR thermocycler cDNA sythesis Peqlab 

QuantStudio 3 Real-Time PCR 

System 

qRT-PCR Thermo Fisher 

TCS SP-8 microscope Confocal microscopy Leica 

 

2.1.10  Software 

Table 14 Software. 

Name Application  Supplier 

Adobe Illustrator 2019 23.0.6 Figure processing Adobe 

EndNote 20 Citation formatting Clarivate Analytics 

FCS Express 7 Flow cytometry De Novo 

ImageJ 2.0.0 (Fiji) Image processing and analysis NIH 
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Imaris 9.8 Image processing Oxford Instruments 

Leica Application Suite X (LAS X)  Confocal imaging  Leica  

 

Microsoft office 2019 16.57 Data collection, processing, and 

presentation 

Microsoft 

Prism 8 Data analysis and statistic GraphPad 

QuantStudio 3 Real-Time PCR 

Software v1.7.1 

qRT-PCR Thermo Fisher 

RStudio1.4.1717 scRNA-seq data analysis RStudio 

Seurat v3 R package scRNA-seq data analysis Paul Hoffman, Satija 

Lab and Collaborators 

ZEN 3.4 Imaging Zeiss 

 

2.2  Methods 

2.2.1  Primary murine colon organoid culture 

The murine colon was dissected, opened longitudinally, and cut into 1-cm pieces. The 

tissue was washed three times in 1X phosphate-buffered saline (PBS), followed by incu-

bation for 20 min in 10 mM EDTA/PBS supplemented with 0.5 mM Dithiothreitol (DTT) at 

37 °C. The buffer was changed to ice-cold PBS, and the tube was vigorously shaken for 

30 sec to isolate colonic crypts. The supernatant containing crypts was collected and 

centrifuged at 400 g for 5 min at 4 °C, and tissue fragments were used for stromal cell 

isolation. The number of colonic crypts was determined, and 150 crypts were resus-

pended and seeded in a 10-μl drop of Matrigel (or Cultrex) in a 24-well plate (three drops 

per well). Matrigel was polymerized at 37 °C for 15 min and then 500 μl medium were 

added for each well: Advanced Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 con-

taining 10 mM HEPES, 2 mM GlutaMAX, 100 U/mL penicillin/streptomycin, 1.25 mM 

N-acetylcysteine, 1X B-27, 1X N2, 50 ng/mL mouse epidermal growth factor (EGF), and 

0.5 μM A38-01, which was supplemented with 0.328 nM surrogate Wnt (sWnt), 3 μM 

CHIR-99021, 25 % R-spondin 1 conditioned medium, and 100 ng/mL mouse noggin for 

maintenance in the full medium (FM) condition (Table 15). 10 μM Y-27632 (Rock inhibi-
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tor) were added after the initial seeding and after passaging. The organoids were incu-

bated at 37 °C in a humidified incubator with 5 % CO2. The medium was replaced every 

1-2 days. Every 4-5 days, the organoids were passaged as single cells after a 5-minute 

incubation in TryplE at 37 °C. A total of 2500 cells were seeded per 10 μl Matrigel drop in 

a 24-well plate (three drops per well). The organoids were cultured for at least one pas-

sage before specific experiments were carried out. To freeze organoids, single cells were 

suspended in 500 μl Cryo-SFM freezing medium and the organoid cells were transferred 

to a cryovial. The vial was placed in an isopropanol-containing freezing container and 

kept overnight at -80 °C. 

Table 15 Composition of colon organoid medium. 

Reagent Volume (per 1 ml medium) Final concentration 

A83-01 1 μL 0.5 μM 

Advanced DMEM/F-12 679.5 μL - 

B27 supplement (50x) 20 μL 1x 

CHIR-99021* 1 μL 3 μM 

Glutamax 10 μL 2 mM 

HEPES 10 μL 10 mM 

mouse epidermal growth factor 

(EGF) * 

1 μL 50 ng/mL 

mouse noggin 1 μL 100 ng/mL 

N-acetylcysteine 2.5 μL 1.25 mM 

N2 supplement (100x) 10 μL 1x 

Penicillin/Streptomycin 10 μL 100 U/ml 

R-spondin-1 conditioned medium 250 μL 25% 

surrogate Wnt (sWnt) * 2 μL 0.328 nM 

Y-27632 3 μL 10 μM 

* sWnt was prediluted to 1:100; mEGF and CHIR-99021 were prediluted to 1:10. 

 

Where indicated, sWnt, CHIR-99021, R-spondin 1, and noggin were withdrawn (-WCRN) 

for 48 hours to induce organoid differentiation after two days of culture in FM. For BMP2 

treatment, organoids were cultured in FM for two days followed by 48 hours of culture 
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with specified concentrations of recombinant mouse BMP2 (rBMP2) and removal of nog-

gin. To generate Bmpr1a knock-out (KO) organoids, 1.5 μM 4OH-tamoxifen were added 

to organoids derived from Axin2CreErt2/Bmpr1afl/fl mice for 24 hours.   

 

2.2.2  Primary murine colon stromal cell culture 

To isolate colon stromal cells, the tissue fragments were further processed from crypt 

isolation. The tissue fragments were washed four times with ice-cold PBS and shaken 

after every wash to remove epithelium. When clean supernatant was obtained, the tissue 

fragments were cut into tiny pieces and incubated in calcium and magnesium-free HBSS 

containing Liberase TL (1 unit/mL) and DNase I (1 unit/mL) at 37 °C for 1 hour, with pi-

petting every 10 min. Every 20 min, the digested fraction was collected and put into an 

ice-cold stromal cell medium containing Advanced DMEM/F12, 10 % fetal bovine serum 

(FBS), 100 U/mL penicillin/streptomycin, and 10 μM Y-27632 (Table 16). The collected 

fraction was filtered through a 70-μm cell strainer and centrifuged at 400 g for 5 min at 

4 °C. Colon stromal cells were seeded on 12- or 6-well plates, or 75 cm2 flasks, and cul-

tured in a stromal cell medium.  

Table 16 Composition of colon stromal cell medium. 

Reagent Volume (per 1 ml medium) Final concentration 

Advanced DMEM/F-12 887 μL - 

Fetal bovine serum (FBS) 100 μL 10% 

Penicillin/streptomycin 10 μL 100 U/mL 

Y-27632 3 μL 10 μM 

 

For BMP2 / GREM1 treatments, stromal cells were cultured with recombinant mouse pro-

teins: 50 ng/mL rBMP2 and/or 500 ng/mL rGREM1 for five days, unless otherwise indi-

cated.  

To perform a conventional epithelium-stroma co-culture, 4x104 primary stromal cells were 

added to 2500 epithelial cells in a 10-μl Matrigel drop and cultured with organoid medium 

for 4 days prior to analysis. 
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2.2.3  Reconstitution of colon assembloids 

Colon organoids aged 3-4 days were collected through physical pipetting with organoid 

harvesting solution and put on ice for 30 min. When the Matrigel was depolymerized com-

pletely, the intact organoids were washed gently with Advanced DMEM/F-12 and were 

allowed to settle by gravity (or centrifuging at 100 g for 1 min at 4 °C). The supernatant 

was removed, and the organoids were resuspended in Matrigel. The primary colon stro-

mal cells cultured in 75-cm2 flasks were treated with 5 mL TrypLE and incubated for 

15 min at 37 °C. The dissociated cells were washed with Advanced DMEM/F-12 and cen-

trifuged at 400 g for 5 min at 4 °C. The cell number was determined, and the cells were 

resuspended in Matrigel (1.5 x 105 cells per 3.5 μL Matrigel). After being sprayed with 

70 % (vol/vol) ethanol, a sheet of Parafilm measuring 2.5 x 3 cm was placed in a 100-mm 

petri dish, with several drops of PBS placed around the Parafilm to maintain humidity. A 

2-μL Matrigel droplet containing stromal cells was placed on the Parafilm using a P10 

pipette. After that, 0.5 μL of organoids with 1.5 μl of stromal cells were immediately but 

slowly added into the droplet (4 μL Matrigel per assembloid in total). Ideally, organoids 

should be in the center of the droplet and the organoid number should be comparable. 

The petri dish containing six assembloids was covered with a lid and incubated at 37 °C 

for 10-15 min to solidify the gel. The assembloids were removed from the Parafilm using 

fine forceps and put into a 12-well plate (6-8 assembloids per well). Unless otherwise 

indicated, each well contained 1.5 mL of organoid medium without sWnt, CHIR-99021, 

R-spondin 1, and noggin. The plate was placed onto an orbital shaker at 120 rpm in the 

cell incubator. The assembloids were left to mature and were collected for further anal-

yses after 4-5 days of shaking the culture, unless indicated otherwise. Mature assem-

bloids can be passaged and reconstituted with fresh stromal cells. 

To monitor assembloid growth, the epithelial cells from tg Act-DsRed mice were assem-

bled with the stromal cells from tg Act-CFP mice. To visualize Axin2+ cells and their im-

mediate progeny, the assembloids were generated with epithelial cells from 

Axin2CreERT2/Rosa26-tdTomato mice and were treated with 1.5 μM 4OH-tamoxifen for 

24 hours before collecting. Bmpr1a KO organoids were assembled with WT stromal cells 

to make epithelium-specific Bmpr1a KO (Bmpr1a△EPI) assembloids. To induce knock-out 
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of Bmpr1a, the stromal cells from Bmpr1afl/fl mice were treated with 4 μM TAT-CRE Re-

combinase for 24 hours. The KO stromal cells were expanded, harvested, and assembled 

with WT organoids to make mesenchyme-specific Bmpr1a KO (Bmpr1a△MES) assem-

bloids.  

 

2.2.4  Reconstitution of colon tumor assembloids 

To induce colitis-associated tumors, mice were administered intraperitoneal injections of 

9.5 mg/kg azoxymethane (AOM). Five days later, mice received 2 % dextran sodium sul-

fate (DSS) in drinking water for a period of six days. Mice were monitored for three months 

before analyses. The colon was dissected and opened longitudinally for the assessment 

of tumors. To prepare the organoid culture, tumor tissue was dissected and incubated in 

TrypLE for 10 min at 37 °C. Cells were washed in 0.1 % BSA/PBS, seeded in basement 

membrane, and cultured with full organoid medium. sWnt and CHIR-99021 were with-

drawn to select Wnt-independent organoids. The colon tumor assembloids were then 

generated with Wnt-independent organoids. 

 

2.2.5  Single-cell RNA sequencing 

The assembloids derived from two C57BL/6 mice were incubated in calcium and magne-

sium-free HBSS containing Liberase TL (1 unit/mL) and DNase I (1 unit/mL) at 37 °C for 

1 hour, with pipetting every 10 min. Every 20 min, the digested fraction was collected and 

put into an ice-cold stromal cell medium containing Advanced DMEM/F12, 10 % FBS, 

10 % penicillin/streptomycin, and 10 μM Y-27632. The collected fraction was filtered 

through a 70-μm cell strainer and centrifuged at 400 g for 5 min at 4 °C. Cell clusters were 

incubated with TrypLE for 5 min at 37 °C and filtered through a 40-μm cell strainer. Each 

sample was run with Chromium Single Cell kits, following the manufacturer’s instructions. 

A total of 16242 EpCAM-negative cells from assembloids were analyzed. Seurat v3 R 

package68 was used for the whole pipeline, with a cut-off of at least 500 genes in a single 

cell and a maximum of 10 % mitochondrial reads. Normalization was carried out using 

the SCTransform function, including a mitochondrial percentage regression. Integration 

was performed with SCTransform to eliminate the batch effect of the two samples. A 
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t-distributed stochastic neighbor embedding (t-SNE) analysis was applied using the first 

30 PCA dimensions. The Seurat FindClusters function was applied with a resolution of 

0.1. For the dot plot presentation, the expression of genes in each cluster was repre-

sented as the average level of expression of those cells and the proportion of cells that 

express those genes. Cell-cell interactions were assessed with R package CellChat69 us-

ing standard settings with at least 10 cells supporting each interaction. 

 

2.2.6  Histology and imaging 

Organoids/assembloids were transferred to 4 % paraformaldehyde (PFA) and fixed for 

2 hours at room temperature (assembloids were fixed overnight at 4 °C), followed by in-

cubation in 0.1 % BSA/PBS for at least 30 min, embedding in 2 % agarose, dehydration, 

and embedding in paraffin. 5-μm sections (prepared with HistoCore AUTOCUT micro-

tome) were deparaffinized and rehydrated, followed by antigen retrieval in citrate buffer. 

A hydrophobic barrier was created with a Pap pen around the sections. Non-specific an-

tibody binding was blocked by incubation in blocking buffer (0.1 % Tween/PBS [PBST] 

supplemented with 5 % FBS and 1 % BSA) for 1 hour, followed by overnight incubation 

with primary antibodies. The next day, they were washed with PBST, incubated with sec-

ondary antibodies (Alexa 488, Cy3, or Alexa 647) (1:250) for 2 hours at room tempera-

ture, and counterstained with DAPI (1:300). After staining, the sections were washed with 

PBST, mounted with Immu-Mount, and covered with cover glasses. For whole-mount 

staining of assembloids, the latter were fixed in 4 % PFA for 1 hour at room temperature, 

then washed with PBS followed by permeabilization in blocking buffer (PBS with 3 % 

BSA, 1 % saponin, and 1 % Triton X-100, 0.02 % Na Azide) overnight prior to staining. 

The staining procedure was the same as that for sections. After staining and washing, 

the assembloids were transferred to a microscope slide with a CoverWell imaging cham-

ber, and mounted with VectaMount aqueous mounting medium.  

Immunofluorescence imaging procedures were acquired with the Zeiss Observer 7 mi-

croscope and the confocal laser scanning microscope Leica TCS SP8. Live cell imaging 

was performed on the EVOS M5000 imaging system. Images were analyzed with Leica 

Application Suite X (LAS X), ZEN 3.4, ImageJ 2.0.0 (Fiji), and Imaris 9.8. 
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2.2.7  Tissue processing 

The colon samples were placed in embedding cassettes, fixed with 4 % PFA solution for 

24 hours at 4 °C, followed by washing with PBS. Samples were embedded in paraffin 

overnight using Logos One automat, cut into 5-μm thick sections, and stained with hema-

toxylin and eosin (H&E) by Anja Kuehl from Charité Core Unit Immunopathology for Ex-

perimental Models. Briefly, sections were dewaxed by incubation in two rounds of xylene 

for 2 min each time, 100 % ethanol for 1 min, 96 % ethanol for 1 min, 85 % ethanol for 

1 min, 70 % ethanol for 1 min, and distilled water for 1 min. Then sections were stained 

with hematoxylin for 2 min, washed with tap water until the water turned clear, then 

stained with eosin for 1 min, followed by incubation in 70 % ethanol for 1 min, 85 % eth-

anol for 1 min, 96 % ethanol for 1 min, 100 % ethanol for 1 min, and two rounds of xylene 

for 2 min each time. After staining, the sections were covered with mounting medium 

(e.g., Histokitt). 

 

2.2.8  Single-molecule RNA in situ hybridization 

Assembloid/colon tissue sections measuring 5 µm in thickness were used for single-mol-

ecule in situ hybridization (sm-ISH) (SuperFrost Plus gold adhesion microscope slides 

were used for assembloids). RNAscope Red Detection Kit was used to detect the RNA 

in situ signal according to the manufacturer's protocol. Slides were baked in the HybEZ 

Oven at 60 °C for 1 hour and deparaffinizated by two rounds of xylene incubation for 

5 min each time, followed by two rounds of incubation for 2 min each in 100 % ethanol. 

Samples were incubated with hydrogen peroxide at room temperature for 10 min. After 

washing in distilled water, samples were placed into boiled Target Retrieval Reagents 

and incubated at about 95 °C for 15 min. After target retrieval, samples were immediately 

washed with distilled water briefly, followed by incubation in 100 % ethanol for 3 min. 

ImmEdge pen was used to draw a hydrophobic barrier around the sections. On the next 

day, the samples were incubated with Protease Plus at 40 °C for 20 min for assembloids 

(30 min for colon tissue) and washed with distilled water. Hybridization with specific 

probes and amplification of the signal were performed with washing in Wash Buffer rea-

gents after each incubation. Of note, probes needed to be prewarmed at 40 °C for 10 min 

before use. Samples were incubated with probes at 40 °C for 2 hours, then with AMP1 at 
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40 °C for 30 min, AMP2 for 15 min, AMP3 for 30 min, AMP4 for 15 min, AMP5 at room 

temperature for 45 min and, finally, AMP6 at room temperature for 15 minutes. Next, Fast 

Red-A and Fast Red-B reaction mix was used to incubate slides at room temperature for 

10 min to detect the signal. Samples were then counterstained in 50 % hematoxylin for 

2 min and 0.02 % ammonia water for 10 sec. After washing with distilled water, samples 

were baked in the HybEZ Oven at 60 °C for 20 min, dehydrated briefly with xylene, and 

covered with EcoMount mounting medium. Images of samples were obtained with the 

Zeiss Observer 7 microscope and analyzed with ImageJ 2.0.0 (Fiji). 

 

2.2.9  Flow cytometry 

The colon stromal cells were extracted from culture plates for CD34+ cell proportion anal-

ysis after BMP2 treatment. Sub-clusters of cells were stained with antibodies against cell 

surface markers, including CD326 (EpCAM) PE (1:200), CD45 APC-Cy7 (1:200), CD31 

APC (1:200), and CD34 FITC (1:100), and compensation control (UltraComp eBeads). 

Live/dead staining was performed by incubating cells with Fixable Viability Stain FVS450 

(1:1000) according to the manufacturer’s protocol. Flow cytometry experiments were per-

formed on a Cytek Aurora 3-laser spectral cytometer. Data were analyzed with FCS Ex-

press 7 software. 

For the experiment of BMP2 treatment of CD34+ cells, stromal cells were isolated from 

mouse colon tissue as described above. Following appropriate antibody staining (CD326 

(EpCAM) PE [1:200], CD45 APC-Cy7 [1:200], CD31 APC [1:200], CD34 FITC [1:100], 

FVS450 [1:1000]) and compensation control, samples were sorted into CD34+ (live, Ep-

CAM- CD45- CD31- CD34+) or CD34- (live, EpCAM- CD45- CD31- CD34-) populations in 

sterile condition using a FACS Aria III. 

 

2.2.10  RNA isolation and qRT–PCR 

Cell medium was removed following retrieval of cells from cultures, and RNA was isolated 

using the NucleoSpin RNA isolation kit according to the manufacturer’s instructions. 

Measurement of the RNA concentration was performed with NanoDrop One Microvolume 
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UV/Visible Spectrophotometer. Complementary DNA (cDNA) was obtained with the iS-

cript cDNA synthesis kit via reverse transcription with the PeqSTAR thermocycler. Re-

lated components are shown in Table 17 and reverse transcription was performed using 

the program shown in Table 18. cDNA was stored at -20 °C after reverse transcription. 

Table 17 Components for reverse transcription reaction. 

Name Volume (per 20 μl) 

RNA + DNase/RNase free water 15 µL (RNA: 500 ng) 

5xiScript reaction Mix 4 µL 

iScript reverse transcriptase 1 µL 

 

Table 18 Reverse transcription program. 

Time Temperature 

5 min 25 °C 

21 min 46 °C 

1min 95 °C 

- 4 °C 

 

qRT–PCR was performed using SYBR-green and the QuantStudio Real-Time PCR Sys-

tem. Primers for qRT-PCR analysis (Table 12) were validated by serial dilutions of RNA 

template, which was plotted against the threshold cycle (Ct) to create a standard curve. 

The qRT-PCR reaction mixture (Table 19) was prepared and added into a 96-well plate 

(15 μL/well). 

Table 19 Components of qRT-PCR reaction mixture. 

Name Volume (per well) 

SYBR green master mix 10 µL 

Primer mix (forward + reverse primers) 1 µL 

DNase/RNase free water 5 µL 
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cDNA was pipetted into the 96-well plate (5 μL/well) containing reaction mixture to ensure 

a total volume of 20 μL per well. The 96-well plate was covered with a film, centrifuged 

briefly, and put into the QuantStudio 3 Real-Time PCR System. The program for quanti-

tative PCR is shown in Table 20. 

Table 20 qRT-PCR program. 

Stage Step Time Temperature 

Hold Inactivation of RT and activation of Taq polymerase 10 min 95 °C 

PCR 

(40 cycles) 

Melting of double strands 

Primer annealing and elongation 

15 sec 

1 min 

95 °C 

60 °C 

Melt curve Denaturation 

Annealing 

denaturation 

15 sec 

1 min 

15 sec 

95 °C 

60 °C 

95 °C 

 

For each primer pair and RNA sample, the reaction was done in technical duplicate. 

QuantStudio 3 Real-Time PCR Software v1.7.1 was applied to analyze amplification plots 

of qRT-PCR. The expression levels were quantified relatively calculating ΔCt as well as 

2-ΔΔCt with glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as an endogenous ref-

erence. 

 

2.2.11  Statistical analysis 

Data are expressed as mean ± SEM. A p-value of <0.05 was considered significant. The 

Mann-Whitney test (two-tailed) was applied to identify differences between the two 

groups. The Kruskal-Wallis test followed by a respective post-hoc analysis (Dunn’s mul-

tiple comparisons test) was used for statistical comparison of more than two groups. No 

statistical methods were used to predetermine sample size. Data are displayed for inde-

pendent biological samples, and at least two independent experiments were performed 

for the displayed datasets. GraphPad Prism 8 and RStudio1.4.1717 were used for data 

visualization and statistical analysis. 
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3 Results 

3.1  Self-sufficient colon assembloids recapitulate in vivo epithelial crypt or-

ganization 

To investigate the crosstalk between epithelium and stromal cells in the context of crypt 

development and homeostasis, I aimed to develop a co-culture system that includes both 

cell types. Simply adding primary stromal cells to epithelial cells in a drop of Matrigel did 

not lead to a clear pattern of interaction between these two cell types or in vivo-like mor-

phology, as stromal cells tended to migrate out of the Matrigel and adhere to the bottom 

of the plate (Figure 4).  

 

Figure 4 Conventional co-culture of colon organoids and stromal cells. 

Colon organoids cultured with stromal cells did not show in vivo-like morphology. Scale bar: 100 

µm. 

 

To overcome this, I developed a two-step process to generate an assembloid co-culture 

model (Figure 5a-c). Using isolated murine colon crypts and stromal cells, I first gener-

ated three-dimensional (3D) epithelial organoids as well as primary stromal cell cultures 

as described previously30,36 (Figure 5a). For assembly, I mixed the pre-cultured stromal 

cells into a drop of Matrigel and immediately added individual organoids into each droplet 

(Figure 5a, b). To maintain an even layer of stromal cells around the organoids and en-

sure equal access of the entire surface to the medium, the cultures were grown on an 

orbital shaker (Figure 5a, b). 

Co-culture Organoid culture 



Results 

 39 

 

Figure 5 Schematic presentation and images of generating colon assembloids. 

a) Step 1: Murine colon crypts and stromal cells were isolated and cultured separately. Step 2: 

Organoids and stromal cells were assembled and grown on an orbital shaker. 

b) Upper left panel: Droplets of assembloids were placed on the Parafilm; upper right panel: 

assembloids were cultured in a 12-well plate; lower panel: the culture plate was placed on an 

orbital shaker. 

c) Bright-field images of assembloids on day 0 and day 4. Scale bar: 100 µm. 

 

To monitor the epithelium and stroma over time in the culture, I assembled DsRed-labeled 

organoids with CFP-labeled stromal cells derived from tg Act-DsRed and tg Act-CFP 

mice, and cultured them in full 3D organoid medium (FM). Using live-cell fluorescent im-

aging or whole-mount staining with confocal microscopy, I was able to follow the spatio-

temporal growth of epithelial and stromal compartments (Figure 6a, b). Daily tracing of 

the assembloids demonstrated a fast expansion of the epithelial compartment (Figure 6a, 

b). At day 4 of the assembloid culture, the epithelia formed crypt-like structures sur-

rounded by a tightly connected stromal layer (Figure 6c). 
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Figure 6 Colon assembloids grown in full medium (FM). 

a) Live fluorescent images of assembloids cultured in FM for 1-4 days. The epithelium was de-

rived from tg Act-DsRed mice, the stroma from tg Act-CFP mice. Scale bar: 100 µm. 

b) Confocal microscopy images of whole-mount staining for assembloids cultured in FM for 1-

4 days. The epithelium was derived from tg Act-DsRed mice, the stroma from tg Act-CFP 

mice. Scale bar: 100 µm. 

c) H&E staining images of assembloids cultured in FM for 4 days. Scale bar: 100 µm. 

 

Since stromal cells provide important niche factors for intestinal crypts in vivo14, I asked 

myself whether epithelial crypt formation could be induced by factors produced by the 

stromal cells alone. Therefore, I removed Wnt activators (Wnt [W], CHIR-99021 [C], R-

spondin [R]) and the BMP inhibitor noggin (N) (WCRN) from the culture medium, which 

are normally required for stem cell maintenance in organoid cultures36,37,39. Despite the 

absence of such critical factors, I found that epithelial expansion in assembloids grown in 

WCRN-free (-WCRN) medium leads to the formation of crypt-like structures comparable 

to those formed in FM (Figure 7a, b). Since the supplementation of growth factors was 

dispensable, I employed the WCRN-free medium for all subsequent experiments in the 

current study. 

c
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Figure 7 Colon assembloids grown in medium without sWnt, R-spondin1, CHIR99021, and 
noggin (-WCRN). 

a) Live fluorescent images of assembloids cultured in -WCRN medium for 1-4 days. The epithe-

lium was derived from tg Act-DsRed mice, the stroma from tg Act-CFP mice. Scale bar: 

100 µm. 

b) Confocal microscopy images of whole-mount staining for assembloids cultured in -WCRN 

medium for 1-4 days. The epithelium was derived from tg Act-DsRed mice, the stroma from 

tg Act-CFP mice. Scale bar: 100 µm. 

 

I performed a time-course experiment to observe crypt formation in assembloids grown 

in -WCRN medium for 1 to 4 days (Figure 8a). On day 1, the epithelium in assembloids 

presented as a monolayer forming a simple cyst-like structure (Figure 8a). This was fol-

lowed by epithelial cell thickening and polarized organization of stromal cells in parallel to 

the epithelial lining one day later (Figure 8a). On day 3, I observed multiple epithelial in-

vaginations with migration of stromal cells into the space between them, followed by a 

formation of true crypts on day 4 (Figure 8a).  

In vivo, colonic stem cells require high Wnt signaling activity, which is highest at the crypt 

bottom and induces the expression of the bona fide Wnt target gene Axin228,39,70. To vis-

ualize Wnt-activated stem cells over time, I applied Axin2CreErt2/Rosa26-tdTomato line-

age-tracing mice, as described before13,28, to generate assembloids grown for 1 to 

4 days, and treated them with tamoxifen for 24 h to induce tdTomato expression in Axin2-

expressing cells (Figure 8b). I found that tdTomato+ cells were spread over the epithelium 

on day 1, while the proportion of positive cell islets was reduced with epithelial expansion 

one day later (Figure 8b). On day 3, tdTomato+ cells began to concentrate in the lower 
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part of invaginations and ultimately stayed at the base of each crypt in assembloids on 

day 4 (Figure 8b). My findings showed a dynamic change of Wnt signaling activity during 

assembloid maturation and an in vivo-like Axin2+ cell distribution in mature epithelia of 

assembloids cultured without supplementation of Wnt-inducing factors. 

 

Figure 8 Cellular organization and Axin2+ cell distribution during assembloid maturation. 

a) H&E staining images of assembloids cultured in medium without sWnt, CHIR99021, R-spon-

din1, and noggin (-WCRN) for 1-4 days. Scale bar: 100 µm. 

b) Confocal microscopy images of whole-mount staining for assembloids (cultured in -WCRN 

medium) derived from Axin2CreERT2/Rosa26-tdTomato mice, cultured in -WCRN medium 

for 1-4 days, showing Axin2 lineage tracing for 24 h. Scale bar: 100 µm. 

 

Yap1 is a transcriptional regulator that is largely inactive in the epithelium during homeo-

stasis but becomes active during development and is re-induced by injury, whereupon it 

drives a “fetal-like” regeneration process71-73. Using immunofluorescence labeling, I ob-

served that in sections of adult mouse colon, active Yap1 was indeed only present at low 

levels, whereas it was highly expressed in the nuclei of organoids grown in FM, indicating 

that organoids resemble regenerative epithelium (Figure 9a). Notably, assembloids also 

had high nuclear levels of active Yap1 at early stages on days 1 and 2, before being shut 

b
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down on days 3 and 4, as crypts formed (Figure 9b). These results demonstrate that as-

sembloids mimic the crypt maturation from “fetal-like” regenerative cells to normal adult 

crypts. 

 

Figure 9 Active Yap1 staining for the colon, organoids, and assembloids. 

a) Immunofluorescence images of the colon and organoids stained for active Yap1. Scale bar: 

100 µm. 

b) Immunofluorescence images of colon assembloids cultured in -WCRN medium for 1-4 days 

stained for active Yap1. Scale bar: 100 µm. 

 

To further explore how closely assembloids resemble the native tissue, I compared crypts 

in colon tissue with those in assembloids (Figure 10). I found a similar cellular crypt or-

ganization, with cell proliferation restricted to the lower part of the crypts, as assessed by 

Ki67 staining (Figure 10, left), while Krt20-expressing differentiated surface enterocytes 

were located in the upper part (Figure 10, second from left). In addition, numerous Muc2+ 

goblet cells and synaptophysin (Syp)+ enteroendocrine cells were identified in the assem-

bloids, resembling in-vivo crypts (Figure 10). High-resolution imaging of enterocytes, gob-

let cells, and enteroendocrine cells in the assembloids revealed that they appeared fully 

differentiated and closely resembled the morphology of these cell types in vivo (see mag-

nifications in Figure 10). 
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Figure 10 Epithelial cell organization in assembloids compared to in vivo crypts. 

Immunofluorescence images of colon assembloids (grown in -WCRN medium) and colon tissue 

stained for proliferative cells (Ki67), enterocytes (Krt20), goblet cells (Muc2), and enteroendocrine 

cells (Syp). Scale bar: 100 µm. 

 

Notably, this cellular self-organization could not be achieved in colonic organoids: Most 

cells in organoids grown in FM were highly proliferative (Ki67+), while differentiated cells 

such as Krt20+ enterocytes and Muc2+ goblet cells were rarely observed (Figure 11). 

While differentiation of organoids can easily be achieved by removing growth factors from 

the medium39, this approach enriches differentiated cells at the expense of proliferation 

and stemness (Figure 11), such that organoids represent a rather binary setting – either 

stemness or differentiation. Taken together, these results demonstrate that colon epithe-

lia grown as assembloids rebuild and faithfully mimic the epithelial cellular architecture 

and cell-type composition of the native tissue. 
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Figure 11 Colon organoids require additional sWnt, CHIR99021, R-spondin1, and noggin 
(WCRN) for proper cell turnover. 

Immunofluorescence images of colon organoids cultured in full medium (FM) or -WCRN medium, 

stained for proliferative cells (Ki67), enterocytes (Krt20), and goblet cells (Muc2). Scale bar: 

100 µm. 

 

 

3.2  Stromal cellular diversity in colon assembloids 

The thus obtained data indicated that stromal cells are a determinant of epithelial crypt 

formation and cellular organization. To shed light on the cellular diversity in the stroma of 

colon assembloids, single-cell RNA sequencing (scRNA-seq) from assembloids were 

performed and cataloged 16,242 non-epithelial cells (EpCAM-negative) for further analy-

sis. Graph-based clustering revealed six distinct cell clusters (Figure 12a, b, scRNA-seq 

analyses performed in collaboration with Hao Li): two distinct fibroblast-like stromal cell 

populations stromal 1 and 2 (both expressing fibroblast markers such as Col1a2 and Pdg-

fra), myofibroblasts (Acta2 high), neurons (Elavl4+), glial cells (S100b+), and endothelial 

cells (Pecam1+). I visualized endothelial cells in assembloids by immunofluorescence and 

identified CD31+ endothelial cells similar to those found in the colon tissue (Figure 12c). 

I used β3-tubulin (Tubb3) to identify neuronal cells that were distributed throughout the 

stroma compartment as observed in the colon (Figure 12c). Vimentin (Vim)+ fibroblasts 

were located beneath and between crypts in close contact with the epithelium, whereas 
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α-SMA+ myofibroblasts were found mainly in the outer layer, similar to the lamina muscu-

laris mucosae in the colon (Figure 12d). 

 

Figure 12 Mesenchymal cellular complexity in colon assembloids. 

a) t-SNE plot of the scRNA-seq dataset from colon assembloid stromal cells. 

b) Dot plot showing the expression of known marker genes against stromal cell clusters identified 

by scRNA-seq. The circle size represents the within-cluster probability of gene detection. The 

fill color represents the normalized average expression level. 

c) Immunofluorescence images of colon assembloids and colon tissue stained for endothelial 

cells (Cd31) and neural cells (Tubb3). Scale bar: 100 µm. 

d) Immunofluorescence images of colon assembloids and colon tissue stained for fibroblasts 

(Vim) and myofibroblasts (αSMA). Scale bar: 100 µm. 

 

To understand the intercellular communication networks in the stromal compartment in 

assembloids, we performed a CellChat analysis and found that there were numerous sig-

naling crosstalks among stromal cell clusters, including Collagen and Laminin pathways 

(Figure 12a, b, CellChat analysis performed by Hilmar Berger), both of which are critical 
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for maintaining the extracellular matrix and supporting stem cell survival74,75. Of note, 

Stromal 2 was the main resource of BMP ligands that were sensed by Stromal 2 itself 

and other cell clusters (Figure 12b). 

 

Figure 13 Intercellular communication networks in the stromal compartment in assem-

bloids. 

a) Identified pathway interactions across stromal clusters. 

b) Collagen, laminin, and BMP signaling interactions across stromal clusters. 

 

Based on the expression of the marker genes Cd34, Cd81 and Foxl112,29,30,76 I identified 

the stromal cell population 1 as trophocytes (Cd34+ Cd81+ Foxl1-) and the stromal cell 

population 2 as telocytes (Cd34- Cd81- Foxl1+) (Figure 14a). Stromal 1 was also marked 

by the Wnt agonist Rspo3 (Figure 14a, c), a key driver of stem cell turnover13,77, while 

stromal 2 expressed high levels of the non-canonical Wnt ligand Wnt5a, and periostin 

(Postn) (Figure 14a, c), which is in line with previous in-vivo findings12,29. Of note, Wnt5a 

and Postn were shown to be critical for epithelial homeostasis and tissue repair78,79. I 

assessed the spatial distribution of the two mesenchymal populations in assembloids us-

ing single-molecule in situ hybridization (sm-ISH) for Foxl1 and Rspo3 (Figure 14b). Foxl1 
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expression (stromal 2/telocytes) was located primarily along the crypt axis with only a few 

cells in close proximity to the epithelium at the crypt base. Rspo3 expression detecting 

trophocytes (stromal 1) was confined to beneath the crypts. Overall, these data demon-

strate that assembloids imitate not only the epithelial but also the mesenchymal architec-

ture of colonic crypts in vivo to a great extent, recapitulating the diversity and spatial dis-

tribution of stromal cells including telocytes and trophocytes. 

 

Figure 14 Subsets of stromal fibroblasts in assembloids. 

a) t-SNE expression plots of telocyte marker genes (Foxl1, Postn, and Wnt5a) and trophocyte 

marker genes (Cd34, Cd81, and Rspo3) in the assembloid dataset. Cells colored by normal-

ized expression of indicated marker genes. 

b) Single-molecule in situ hybridization (sm-ISH) showing the localization of Foxl1 and Rspo3 in 

assembloids and the colon tissue. Scale bar: 100 µm. 

c) Dot plot showing the expression of Wnt signaling molecules in identified clusters. 
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3.3  BMP signaling is spatially organized in colon assembloids 

Telocytes and trophocytes are decisive for the epithelial hierarchical organization of the 

crypt as they express molecules with opposing effects on BMP signaling29. To explore 

the functionality of the identified telocytes and trophocytes in assembloids, I assessed the 

expression of factors that regulate BMP signaling. The BMP antagonists Grem1, Grem2, 

and Mgp were expressed in the stromal 1 population, while the BMP agonists Bmp2, 

Bmp5, and Bmp7, were almost exclusively expressed in stromal 2 (Figure 15a, b). sm-

ISH of assembloids and colon tissue sections revealed expression of Bmp2 predomi-

nantly at the top of crypts in both epithelial and stromal cells, gradually decreasing to-

wards the base, before disappearing completely in the stem cell compartment (Fig-

ure 15c). The spatial distribution of the BMP inhibitor Grem1, which was previously shown 

to be a specific trophocyte marker29, was present in subcryptal stromal cells in colon tis-

sue, and expression was also concentrated in this compartment in assembloids (Fig-

ure 15c). These findings suggest that assembloids have functional telocytes and tropho-

cytes that orchestrate a gradient of BMP signaling molecules along the crypt axis. 
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Figure 15 BMP gradient in colon assembloids. 

a) Dot plot showing the expression of BMP signaling molecules in identified clusters. 

b) t-SNE expression plots of BMP ligand genes (Bmp2, Bmp5, and Bmp7) and Bmp antagonist 

genes (Grem1, Grem2, and Mgp). 

c) sm-ISH showing the localization of Bmp2 and Grem1 in assembloids and colon tissue. Scale 

bar: 100 µm. 

 

 

3.4  BMP signaling drives crypt formation 

BMP is established as a factor that drives cell differentiation in the gastrointestinal tract43. 

Standard colon organoids exposed to varying concentrations of recombinant BMP2 dis-

play pronounced growth inhibition (Figure 16a). qPCR revealed an increased expression 

of the BMP target gene Id1 and the differentiation marker Krt20 in response to a BMP 

concentration gradient. In contrast, the stem cell marker Lgr5 was already strongly down-

regulated by a low dose of BMP2 (5 ng/mL) (Figure 16b). Notably, the endogenous Bmp2 
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expression was strongly upregulated by BMP2 (Figure 16b). This is consistent with our 

previous findings in the stomach which showed a positive feed-forward loop of BMP sig-

naling in epithelial cells triggered by intercellular signaling from the stroma80.  

 

Figure 16 BMP2 gradient treatment of colon organoids. 

a) Representative images of colon organoids cultured in full medium (FM) or exposed to the 

indicated BMP2 concentrations (without noggin). Scale bar: 100 µm. 

b) qPCR for Lgr5, Krt20, Bmp2, and Id1 from organoids cultured in the indicated conditions 

(n=3). 

 

sm-ISH analysis showed that Bmp2 was expressed in differentiated surface cells in the 

colon in vivo as well as in our assembloids (Figure 15c). To address whether unspecified 

and differentiated colon epithelial cells exhibit differences in Bmp2 expression, I differen-

tiated organoids by removing the growth factor cocktail WCRN, which maintains stem-

ness, thereby inducing growth inhibition and cell differentiation (Figure 17a, 11). This was 

validated by a strongly reduced expression of the stem cell marker Lgr5 and upregulation 

of the enterocyte marker Krt20 at the mRNA level (Figure 17b). Organoids in -WCRN 

medium showed an almost 10-fold increased expression of endogenous Bmp2, concom-

itant with an upregulation of Id1 (Figure 17b), indicating that cells that exit the stem cell 

niche initiate Bmp2 expression even without exposure to BMP ligands. Taken together, 

my data support the hypothesis that exposure of epithelial cells to the stem cell niche 

inhibits epithelial Bmp2 expression, while cells that migrate out of the stem cell niche 

induce Bmp2 expression, which is further augmented via a feed-forward loop to enforce 

cellular differentiation. 
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Figure 17 Differentiated colon epithelial cells induce Bmp2 expression. 

a) Representative images of colon organoids cultured in full medium (FM) or medium without 

sWnt, CHIR99021, R-spndin1, and noggin (-WCRN). Scale bar: 100 µm. 

b) qPCR for Lgr5, Krt20, Bmp2, and Id1 from organoids cultured in the indicated conditions 

(n=6). Data are presented as mean ± SEM. Statistical analyses were performed using the 

Mann-Whitney test (two-tailed). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

I took advantage of the assembloid culture technique to explore the role of BMP signaling 

in establishing crypt cell organization. To this end, I generated genetically heterogeneous 

assembloids with wild-type (WT) stromal cells and BMP type I receptor Bmpr1a KO epi-

thelial cells (Bmpr1a△EPI) that were derived from Axin2CreErt2/Bmpr1afl/fl mice. I found 

that assembloids containing Bmpr1a KO epithelial cells failed to compartmentalize, with 

the epithelium remaining organized in a flat monolayer (Figure 18a). In addition to the 

defective crypt formation, epithelial cells also failed to differentiate, as assessed by the 

expression of Krt20 and Muc2 (Figure 18b). In contrast, the pan-proliferative marker Ki67 

was expressed throughout the epithelium. Overall, these results demonstrate that induc-

tion of BMP signaling in epithelial cells is essential for cell specification and crypt for-

mation. 
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Figure 18 Epithelium-specific Bmpr1a knock-out assembloids. 

a) H&E staining images of the assembloid derived from wild-type mice (WT) and the assembloid 

comprising epithelial cells from Axin2CreErt2/Bmpr1afl/fl mice (Bmpr1a△EPI). Scale bar: 

100 µm. 

b) Immunofluorescence images of WT and Bmpr1a△EPI assembloids stained for Ki67, Krt20, and 

Muc2. Scale bar: 100 µm. 

 

 

3.5  BMP signaling modulates stromal cell functions 

As indicated above, the stromal compartment is an important reservoir of BMP signaling 

molecules29,81. However, whether and how BMP signaling also affects this compartment 

itself is less clear. To investigate this, I generated assembloids with Bmpr1a KO stromal 

cells and WT epithelial cells (Bmpr1a△MES). Strikingly, the epithelial cells again failed to 

compartmentalize and crypt structures emerged only rarely and focally (Figure 19a). Sim-

ilarly to the Bmpr1a△EPI assembloids, most epithelial cells of the Bmpr1a△MES assembloids 

remained proliferative and failed to differentiate (Figure 19b). These findings suggest that 

crypt generation also requires activation of BMP signaling in the stroma. 
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Figure 19 Stroma-specific Bmpr1a knock-out assembloids. 

a) H&E staining images of the wild-type (WT) assembloid and the assembloid comprising 

Bmpr1a KO stromal cells derived from Bmpr1afl/fl mice (Bmpr1a△MES). Scale bar: 100 µm. 

b) Immunofluorescence images of WT and Bmpr1a△MES assembloids stained for Ki67 and Krt20. 

Scale bar: 100 µm. 

 

To study the impact of BMP signaling on mesenchymal stromal cells, I treated primary 

colon stromal cells with BMP2. qPCR confirmed their responsiveness by an upregulated 

expression of Id1 after BMP2 treatment (Figure 20). I noticed that, similar to the epithe-

lium, BMP2 also triggered the expression of Bmp2 (Figure 20). Given that Bmp2 is ex-

pressed mainly in telocytes, but not in trophocytes in assembloids, which is consistent 

with in-vivo data14, I wondered whether Bmp2 induces telocyte-like features. Remarkably, 

I found that the telocyte markers Foxl1 and Wnt5a were both increased, while the troph-

ocyte markers Cd34 and Grem1 were downregulated after rBMP2 treatment (Figure 20). 

These effects could be reversed by adding the BMP inhibitor GREM1 to the culture (Fig-

ure 20), which in turn resulted in an increased expression of Grem1 (Figure 20). 
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Figure 20 BMP2 and GREM1 treatment of primary colon stromal cells. 

qPCR for BMP target gene Id1, telocyte marker genes (Bmp2, Foxl1, and Wnt5a), trophocyte 

marker genes (Cd34 and Grem1) of primary murine colon stromal cells cultured in normal me-

dium, or treated with 50 ng/mL BMP2, 500 ng/mL GREM1, or 50 ng/mL BMP2 and 500 ng/mL 

GREM1 (n=6). Data are presented as mean ± SEM. Statistical analyses were performed using 

the Kruskal-Wallis test, followed by Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001. 

 

Flow cytometry of stromal cells treated with BMP2 revealed a remarkable reduction in the 

proportion of EpCAM- CD45- CD31- (non-epithelial, non-immune, non-endothelial) CD34+ 

stromal cells (Figure 21a, b; experiment performed in collaboration with Kimberly Hartl) 

in the culture, indicating that BMP induces a loss of the trophocyte-like cell population. 

Thus, my data suggest that the spatial organization of niche cells along the crypt axis is 

driven by BMP signaling: Surface epithelial cell-derived Bmp2 induces differentiation into 

telocyte-like cells that themselves express Bmp2, thereby further stabilizing BMP signal-

ing. The base, by contrast, is characterized by a lack of BMP signaling, sustained by 

stromal expression of BMP inhibitors. 
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Figure 21 Flow cytometry analysis for CD34+ cells from BMP2 treated primary stromal cells. 

a) Representative flow cytometry gating strategies for analyses of alive (FVS450-) EpCAM (PE)- 

CD45 (APC-Cy7)- CD31 (APC)- primary murine colonic stromal subsets. Cells were gated with 

forward and sideward scatter (FSV-A and SSC-A) (panel 1), and dead cells were excluded by 

staining and gating for negative cells with FVS450 (panel 2). Immune cells and epithelial cells 

were excluded by gating the double negative population (CD45 (APC-Cy7)-/EpCAM (PE)-) 

(panel 3). Finally, endothelial cells were excluded by gating for CD31 (APC)-negative cells 

(panel 4). 

b) Flow cytometry analysis of the EpCAM- CD45- CD31- CD34 (FITC)+ cell proportion in primary 

murine colon stromal cells cultured in normal medium or treated with the indicated BMP2 

concentrations. 

 

To further examine the effect of Bmp2 on trophocytes, fluorescence-activated single-cell 

sorting (FACS) was performed to isolate EpCAM- CD45- CD31- CD34+ stromal cells from 

murine colon and exposed them to different concentrations of BMP2 (Figure 22a; exper-

iment performed in collaboration with Kimberly Hartl). qPCR showed that BMP2 promoted 

a concentration-dependent decrease of trophocyte gene expression, including Cd34, 

Rspo3, Grem1, and Mgp, while the expression of telocyte marker genes was increased 

(Figure 22b). Together, these results demonstrate that BMP signaling determines the 

functional state of stromal cells, allowing a functional transition from a trophocyte- to a 

telocyte-like state upon exposure to Bmp2. 
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Figure 22 Impact of BMP2 on CD34+ stromal cells. 

a) Representative FACS gating strategies for sorting EpCAM- CD45- CD31- CD34+ murine stro-

mal cells. Cells were gated with forward and sideward scatter (FSV-A and SSC-A) (panel 1), 

and dead cells were excluded by staining and gating for negative cells with FVS450 (panel 2). 

Immune cells and endothelial cells were excluded by gating the double negative population 

(CD45 (APC-Cy7)-/CD31 (APC)-) (panel 3). Finally, stromal cells were sorted by gating for the 

EpCAM (PE)-/CD34 (FITC)+ population (panel 4). 

b) qPCR for telocyte marker genes (Bmp2, Foxl1, and Wnt5a), trophocyte marker genes (Cd34, 

Grem1, Rspo3, and Mgp) of EpCAM- CD45- CD31- CD34+ primary murine colon stromal cells 

exposed to the indicated BMP2 concentrations (n=3). 

 

3.6  Creation of colon tumor assembloids 

To investigate whether assembloids can also be used to model intestinal tumorigenesis, 

we induced colitis-associated tumors in mice using the previously established 

azoxymethane (AOM) / dextran sodium sulfate (DSS) model (Figure 23a, this experiment 

was performed by Julian Heuberger)82. Organoids from the tumor tissue were grown and 

found that they exhibited Wnt-independent growth (Figure 23b, this experiment was per-

formed by Julian Heuberger). 
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Figure 23 Establishment of AOM/DSS colitis-associated tumor model. 

a) Representative images of wild-type (WT) colon tissue and AOM/DSS colon tumor tissue. (Im-

ages obtained from Julian Heuberger.) 

b) Representative images of AOM/DSS tumor organoids cultured in full medium (FM), or medium 

without sWnt and CHIR99021. Scale bar: 100 µm. (Images obtained from Julian Heuberger.) 

 

I then generated tumor assembloids using the Wnt-independent organoids and wild-type 

stromal cells. Colon tumor cells in assembloids grew as irregular ridges rather than typical 

crypt-like structures (Figure 24a), similarly to the tumor morphology in vivo, which I did 

not see when I cultured tumors as organoids (Figure 23b). Like the tumor cells in vivo, 

most epithelial cells in the assembloids were highly proliferative, and differentiation into 

colonocytes or goblet cells was impaired (Figure 24b). Interestingly, I noticed active nu-

clear Yap1 in both tumor assembloids and the tissue (Figure 24c), indicating a more prim-

itive state with fetal-like properties83. Overall, these results confirm that the assembloid 

model is also able to accurately capture the morphological characteristics of colon tumors, 

suggesting that assembloids are a valuable tool for studying tumor biology and testing 

targeted interventions. 
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Figure 24 Generation of colon tumor assembloids. 

a) H&E staining images of the colon tumor assembloid and the colon tumor tissue derived from 

AOM/DSS mouse model. Scale bar: 100 µm. 

b) Immunofluorescence images of the tumor assembloid and the tumor tissue stained for Ki67, 

Krt20, and Muc2. Scale bar: 100 µm. 

c) Immunofluorescence images of the tumor assembloid and the colon tumor stained for active 

Yap1. Scale bar: 100 µm. 
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4 Discussion 

In this study I developed an assembloid culture system that enables the study of intercel-

lular communication and self-organization of gastrointestinal tissues. By combining differ-

ent cell types that can be isolated from different lines, the system lends itself to straight-

forward genetic modification of specific subsets of cells, which allowed me to dissect the 

molecular signals provided by stromal cells along the crypt axis that control epithelial 

proliferation and differentiation. The resulting data reveal a close interplay between the 

epithelium and the mesenchymal stroma during the process of crypt maturation, and pro-

vide information on key principles of regulation and mucosal homeostasis. My findings 

show that the epithelium shapes its own niche and that it is the reciprocal communication 

between the epithelium and the stroma that serves as the basis for homeostasis (Fig-

ure 25). By recapitulating the processes that coordinate epithelial self-organization and 

maturation, this system enables the investigation of gastrointestinal mucosal develop-

ment and homeostasis in vitro, and will drive a better understanding of processes respon-

sible for tissue dysfunction and malignant transformation. 

 

Figure 25 Schematic representation of the cellular interplay during crypt formation. 

1) Stem cells are maintained by growth factors derived from trophocytes, such as Grem1 and 

Rspo3. Grem1 augments its own expression and thus stabilizes the stem cell niche. 
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2) With epithelial expansion a state is reached where the epithelium begins to fold and cells that 

are more distant from the stem cell niche initiate Bmp2 production. This shifts the BMP sig-

naling in the stroma and allows a functional transition of stromal cells from a trophocyte- to a 

telocyte-like state;  

3) Telocytes in turn also produce Bmp2 and, via this paracrine feed-forward loop of Bmp2 be-

tween the epithelium and the stroma, they further boost epithelial differentiation, compart-

mentalize telocytes and trophocytes, and ensure proper crypt formation. 

 

4.1  Gastrointestinal cell culture systems 

Currently, gastrointestinal organoids represent the standard for studying epithelial stem 

cell behavior in the gastrointestinal tract84. The organoid system has revolutionized bio-

medical research and also lends itself to the modeling of gastrointestinal disorders33,40. 

Organoids even mimic intestinal epithelial self-organization to a certain degree35. How-

ever, they mostly resemble the crypt base stem cell compartment36. Although differentia-

tion can be induced by withdrawal of growth factors, the differentiation capacity of organ-

oids is limited, and the stem cell compartment is lost in differentiation conditions, thus 

preventing the modeling of true homeostasis. This holds true particularly for colon organ-

oids, which rely on high Wnt supplementation in contrast to organoids from the small 

intestine, resulting in a highly proliferative epithelium36. The assembloid system enables 

the generation of a culture that resembles mature crypts and contains both adult stem 

cells as well as differentiated cells, which I find to be a result of a reciprocal interplay 

between the stroma and the epithelium in the establishment of gastrointestinal crypts. 

Assembloids thus anatomically resemble the in-vivo state more closely and comprehen-

sively than conventional organoid technology. 

The high proliferative activity of the epithelium in the gastrointestinal tract makes it chal-

lenging to establish an ideal culture condition that includes less proliferative cells from the 

stroma. My data indicate that it is the absence of the stromal compartment that prevents 

colon organoids from faithfully replicating the cellular and morphological complexity of the 

epithelium in vivo. Recently, several groups have used co-culture systems with defined 

gastrointestinal cell subsets such as epithelial cells and fibroblasts/myofibroblasts85,86, 

vessels87, immune cells88, or neural cells89,90 derived from adult primary stem cells or 

pluripotent stem cells. These systems used either air-liquid interface (ALI) cultures where 
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stromal cells were separated from the epithelium or relied on the traditional organoid 

technique, with the additional cell types added to the static Matrigel drop. Both ap-

proaches have provided important insights but are unable to fully recapitulate the inter-

play between the epithelium and the stroma or the emergence of mature crypts in vitro. 

My system allows the expansion of epithelial cells in direct contact with the stromal cells 

and I was able to show that this close interplay is a crucial foundation for crypt maturation 

and the corresponding organization of the stroma.  

A previous study reported the generation of assembloids from the urinary bladder as well 

as corresponding tumors91. These multilayer assembloids also exhibited characteristics 

of the mature adult tissue and elucidated the determination of tumor plasticity induced by 

stromal cells. However, unlike my colon assembloids, the stromal compartment of the 

bladder assembloid system was derived from heterologous origins, including mouse em-

bryonic fibroblasts and the human lung microvascular endothelial cell line-5a (HULEC-

5a). These cell lines indeed also supported the formation of organotypic structures by the 

epithelium. In my assembloid system, I used primary stromal cells from homologous tis-

sue and was able to demonstrate the remarkable anatomical self-organization of these 

cells as well the underlying signals. Notably, primary stromal cells in my culture provide 

the Wnt activators and BMP inhibitors necessary for maintaining colon stem cells, making 

the colon assembloids self-sufficient with regards to these essential signaling pathways. 

 

4.2  Trophocytes and telocytes 

The subepithelial mesenchyme consists of distinct stromal cell types and forms a stem 

cell niche maintaining epithelial homeostasis14. Previous studies showed that the gastro-

intestinal stromal cells play a critical role during H. pylori infections and colitis13,28,92. The 

stromal cells respond to inflammation and injury, augment expression of key growth fac-

tors, such as Wnt agonist Rspo3 and BMP antagonist Grem1, and therefore promote 

epithelial regeneration13,92. Recently, several studies identified specific stromal cell sub-

populations that are pivotal for epithelial homeostasis30,31,93. Degirmenci et al. showed 

that GLI1+ stromal cells form critical Wnt-producing niches for colonic stem cell renewal93. 

Stzepourginski et al. suggested that pericryptal Cd34+ stromal cells are a major compo-

nent of the intestinal stem cell niche30. Cd34+ cells that produce Wnt2b, Rspo1, and 
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Grem1 are rapidly activated by DSS colitis, augmenting Grem1 and Rspo1 as well as key 

factors that are important for the immunity of gastrointestinal tract and tissue repair, such 

as IL-7, Ccl2, and Ptgs230. Upon intestinal injury, a subcluster of intestinal mesenchymal 

cells, named MAP3K2-regulated intestinal stromal cells (MRISCs), were described as 

being the main source of Rspo131. Using single-cell RNA sequencing and fine-resolution 

microscopy, Kinchen et al. and McCarthy et al. provided a coherent view of stromal fibro-

blast clusters, such as trophocytes and telocytes12,29. These two subsets of fibroblasts 

regulate epithelial cell proliferation and differentiation by generating BMP and Wnt signal-

ing gradients12,29,30. Trophocytes enrich underneath crypts and produce mainly BMP an-

tagonists and Rspo3 to drive stem cell replication12,29,30. In contrast, BMP ligands and 

non-canonical Wnts expressed in telocytes that are distributed along crypts inhibit epithe-

lial proliferation but promote differentiation12,29,30. 

The colon assembloids show functional and organized stromal cell populations, including 

stromal 1 and stromal 2, resembling trophocytes and telocytes in vivo. The molecular, 

anatomical, and functional properties of these two stromal cell types are becoming in-

creasingly appreciated. However, the relationship between trophocytes and telocytes re-

mains unclear. My data suggest that stromal cells are able to switch their functional state 

from trophocytes to telocytes in response to BMP signals from the differentiating epithe-

lium. At the same time, the BMPs produced by telocytes further boost epithelial differen-

tiation. Through this bidirectional communication between the epithelium and the mesen-

chyme, telocytes and trophocytes become compartmentalized and in turn maintain proper 

epithelial cell turnover and differentiation. 

 

4.3  The impact of BMP signaling on cell organization 

BMP signaling is required for epithelial cell differentiation in the gastrointestinal tract43. 

BMP drives rapid terminal differentiation of stem cells into Muc5ac+ mucus pit cells in the 

stomach80. In the intestine, BMP signaling gradients control enteroendocrine cell special-

ization, as well as zonation of goblet cells and enterocytes57,94. In this study I demon-

strated that not only the critical BMP ligand Bmp2 triggers its own expression in both 

colonic epithelium and stroma, but that the BMP inhibitor Grem1 augments its own ex-

pression as well. These two feed-forward loops of BMP signaling shape and stabilize the 
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polarized crypt architecture with its two distinct compartments: the proliferative base and 

the differentiated surface.  

Previous studies have indicated that a deficiency of BMP signaling in the gastrointestinal 

epithelium or mesenchyme leads to pathological mucosal alterations47,48,58-60,95,96. In the 

stomach, deletion of Bmpr1a or overexpression of noggin promotes cell proliferation with 

increased numbers of chief cells, while the numbers of parietal cells are decreased95,96. 

Upon blocking BMP signaling, the intestinal epithelium shows abnormal hyperprolifera-

tion, formation of ectopic crypt units, and induces polyposis with an elevated cancer 

risk48,58-60. Deficiency of Bmpr1a in the intestinal stroma expands the stromal cell com-

partment, promotes the infiltration of immune cells, and alters extracellular matrix pro-

teins, cytokines, and chemokines, eventually leading to polyposis induction47. Interest-

ingly, an impaired crypt architecture and development of cyst-like aberrant structures 

within the colonic epithelium are found in most mouse models applied by these studies. 

These structures were also present in our Bmpr1a△EPI and Bmpr1a△MES assembloids, 

indicating that BMP signaling plays a significant role in proper crypt formation, and its 

absence induces premalignant pathologies. Apart from BMP, several molecular players 

that I observed to be regulated in the stroma by BMP, including Foxl1 and Wnt5a, are 

also involved in the emergence of intestinal crypts/villi during fetal development or wound 

healing78,97-99, suggesting that BMP signaling orchestrates intercellular communication in 

the crypt. 

 

4.4  Colon tumor model 

Tumor formation involves both neoplastic epithelial cells and the complex microenviron-

ment including the stroma100. Tumor development is not determined solely by genetic 

mutations in tumor cells, but also by the heterogeneity within cell types of the tumor mi-

croenvironment100. The interaction between tumor cells and the stroma shapes the tumor 

microenvironment and eventually supports tumor progression100. It has been shown that 

fibroblasts within the tumor exhibit augmented proliferation, extracellular matrix produc-

tion, and cytokine secretion, which leads to extensive tissue remodeling101. The remod-

eled tumor microenvironment actively affects therapeutic response and resistance and 

therefore results in a poor prognosis for several types of cancer102,103. The fact that the 
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assembloid technique can capture several pathophysiological characteristics of colon tu-

mors, including abnormal morphology, enhanced proliferation, and impaired differentia-

tion, makes this technique very appealing. The reconstitution of tumor cells and stromal 

cells allows the model to better replicate the complexity of the tumor ecosystem, which is 

essential for improving the development of therapeutic strategies, especially for drug-

resistant tumors. Further studies are needed to explore how tumor epithelial cells and 

stromal cells influence each other in assembloids, and how this interaction affects tumor 

development. 

 

4.5  Future prospects 

The incorporation of stromal cells into assembloids will enable insights into the interplay 

between the epithelium and the stroma in the context of injury and malignant transfor-

mation. Furthermore, I found that colon assembloids comprise cell types of the enteric 

nervous system and endothelium, which are also critical for gut homeostasis16,104. The 

assembloid system will enable the further exploration of their function, maturation, and 

interplay with other cell types. The current colon assembloid lacks an immune compart-

ment that manipulates the development of inflammatory and malignant disorders. The 

addition of immune cells will enable the study of specific immune cells for homeostasis 

and gastrointestinal pathology. Notably, my system allows a rapid and simple cell-type-

specific knockout of genes in defined subsets of cells, allowing simple and rapid validation 

of genetic alterations and perturbations of signaling pathways in either the epithelium or 

the stroma. The current assembloid model has been created only with murine colonic 

cells. Further investigation of the feasibility of the assembloid model in other organs as 

well as in human cells will be important. 
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5 Conclusions 

Taken together, my results demonstrate that the colon assembloid system resembles the 

colonic crypt structure, including its key characteristic features such as stem cell organi-

zation, turnover, differentiation, and formation of signaling gradients along the crypt axis. 

Crypt formation is orchestrated by a bidirectional communication between the epithelium 

and the surrounding mesenchymal stroma. My findings reveal that the epithelium is not 

only controlled by the surrounding niche, but that it also shapes its own niche, resulting 

in a spatially and functionally highly organized microenvironment. I identified BMP signal-

ing as a crucial signal that, in addition to driving epithelial differentiation, serves as a key 

signal in shaping the niche. Activation of BMP signaling promotes a functional switch in 

stromal cells from trophocyte-like stem cell niche cells to telocyte-like cells that produce 

several mediators which in turn promote differentiation. The assembloid system is thus 

suitable for modeling the complex interplay of epithelium and stroma in the gut and ena-

bled us to identify key principles of mucosal self-organization.
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