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Abstract 

Identification of a Homeostatic Stem Cell Population  

in the Intestinal Upper Crypt 

 

Claudia Capdevila Castillo 

 

In the prevailing model, R-spondin (Rspo)-dependent Lgr5+ crypt base columnar (CBC) 

cells are the only dedicated intestinal stem cells (ISCs) that sustain epithelial regeneration during 

homeostasis by upward migration of their progeny through an elusive transit-amplifying (TA) 

intermediate in the upper crypt. Paradoxically, the intestinal epithelium is resilient to Lgr5+ CBC 

cell loss. Elicited by intriguing R-spondin (Rspo) gain- and loss-of-function phenotypes that 

suggest regeneration emerges from a subset of Lgr5- cells, here we combine single-cell RNA-

sequencing (scRNA-seq) with time-resolved fate mapping to identify a proliferative population of 

multi-potent upper crypt cells in the putative location of TA cells. Distinct from the Lgr5+ CBC 

cells and marked by expression of Fgfbp1 - a gene which we demonstrate is essential for 

regeneration - these cells generate progeny that migrate bi-directionally along the crypt-villus axis 

and, unexpectedly, also serve as a source for the Lgr5+ cells at the base. Fgfbp1+ cells are resilient 

to Rspo signaling blockade and sustain epithelial homeostasis in the context of Lgr5+ cell loss, 

suggesting functional independence. Consistent with their stem rather than TA cell function, our 

results point to the existence of a novel cellular hierarchy in the intestinal epithelium, contesting 

the regenerative capabilities of the Lgr5+ CBC cell and helping reconcile many of the Lgr5+ CBC 

model inconsistencies.
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Chapter 1: Introduction1 

Knowledge of the development and hierarchical organization of tissues is key to 

understanding how they are perturbed in injury and disease, as well as how they may be 

therapeutically manipulated to restore homeostasis. The rapidly regenerating intestinal epithelium 

relies on a homeostatic pool of actively cycling intestinal stem cells (ISCs) for its maintenance. It 

also harbors diverse cell types whose lineage relationships have been studied using numerous 

approaches, from classical label-retaining and genetic lineage tracing strategies to novel single-

cell RNA-sequencing (scRNA-seq) technologies (Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1 Parts of this Chapter are already published. They are directly taken or adapted from Capdevila, C., et al. Cellular 

origins and lineage relationships of the intestinal epithelium. Am J Physiol Gastrointest Liver Physiol 321, G413-

G425 (2021) 



2 

 

Figure 1.1: The field of intestinal epithelial regeneration benefits from input from various 

technologies.  While label -retention approaches using tritiated  (3H) thymidine analogs were 

predominant in the 1950s ɬ 1960s, our knowledge considerable expanded by the hand of 

biochemical perturbation studies and, importantly, with the introduction of more robust 

prospective lineage tracing methods like those making use of genetically engineered mouse 

models (GEMMs). More recently, these studies are benefiting from the advent of single-cell RNA -

sequencing technologies (scRNA-seq) and computational  lineage inference algorithms, in 

addition to intestinal epithelial organoid culture  and the access to human samples via surgical or 

endoscopic procedures. The latter provide a unique window of opportunity  to get invaluable 

snippets into human intestinal e pithelial biology and disease. 

 

In this Chapter, I provide an overview of the intestinal epithelial organization and describe 

our current knowledge on the developmental trajectories that dictate lineage specification and 

differentiation in this multi-faceted tissue. I also discuss how this model has been shaped by the 

hand of more recent scRNA-seq technologies, highlighting some of their advantages and 

limitations. I also outline how some of these methods are aiding our studies of injury-induced 

regeneration and the benefits that could arise from the combination of scRNA-seq with more 

traditional strategies for lineage reconstruction. Lastly, I describe what I believe is an emerging 

picture for intestinal epithelial regeneration and highlight some of our existing gaps in knowledge.

. 

1.1 Introduction to the Intestinal Epithelium 

The intestinal epithelium is one of the fastest self-regenerating and most complex tissues 

in mammals. Constituted by a simple monolayer of columnar epithelial cells with an overall 

turnover rate of 3-5 days in mice and humans, the intestinal epithelium’s functions go well beyond 

its well-known role of nutrient digestion and absorption, spanning multiple areas of physiology 

and disease1,2. Indeed, besides its main task of metabolite and water uptake, the intestinal 

epithelium samples antigens to immune system and is responsible for the induction of tolerogenic 

responses to food antigens and commensal bacteria3. It also constitutes the largest endocrine organ  
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in the body, being responsible for the secretion of a variety of hormones that regulate physiological 

responses like gastric emptying and the release of digestive pancreatic enzymes, blood glucose 

levels, as well as appetite and mood changes4-6. All these, coupled to its massive surface area, 

make the intestinal epithelium an exquisitely complex and multi-faceted tissue, whose myriad of 

cell types and molecular functions are only starting to become unraveled. 

 

Since approximately the 1950s7, the intestinal epithelium has also become a paradigm to 

study adult stem cell function. Adult stem cells, also known as somatic stem cells, are tissue-

residing cells responsible for the overall maintenance and homeostatic renewal of tissues 

throughout lifetime8,9. They are present in highly (and not so highly) proliferating tissues like the 

skin, the hematopoietic system and the skeletal muscle and are characterized by their ability to 

long-term self-renew and differentiate into all the tissue mature lineages, which tend to be short-

lived and ultimately perform its functions. Besides their role in homeostatic tissue replenishment, 

adult stem cells are attractive because of their ability to mount a regenerative response following 

acute injury, and therefore have become of great interest for their potential in regenerative 

medicine applications10-12. More recently, adult stem cells have gathered much attention because 

of their involvement as the putative cells of origin of cancer. The cancer stem cell hypothesis, 

developed more than four decades ago, states that tumor growth is fueled by small numbers of 

cells exhibiting stem cell characteristics13-15. The realization that these are the cells sustaining long-

term growth and most likely behind the high rates of recurrence observed in some malignancies 

has inspired the design of innovative cancer treatments aimed at targeting the stem cells or their 

niche14. Thus, understanding the mechanisms underpinning stem cell regulation and fate decision 

under homeostasis, in addition to what goes awry in disease, is a paramount quest in cell biology. 
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Owing to their extensive similarities in anatomy, physiology and genetics, in addition to 

their low maintenance costs, short life cycle, and high reproductive rates, mouse models have been 

widely used in biomedical research. In spite of some notorious differences, the gastrointestinal 

tract (and in particular, the small intestine) of mice and humans is anatomically comparable and 

displays a shared cellular composition16. Because of these reasons, much of our knowledge about 

the intestinal stem cell and its lineages we owe to our studies in rodents. 

 

Below we provide a systematic review of the general principles of intestinal epithelial 

organization using the mouse as a model, including a description of its main subtypes, the intestinal 

stem cell (ISC), and a historical review of the methods that have shaped our knowledge about what 

we nowadays consider is the intestinal epithelial lineage tree. 

 

1.1.1 Organization of the Intestinal Epithelium 

Unlike other epithelia like those present in the skin or the airways, the intestinal epithelium 

withstands unique mechanical forces, extreme pH variations and colonization by millions of 

bacteria1. As such, the intestinal epithelium has evolved to balance its function as a primarily 

absorptive epithelium to that of a barrier that protects us against microenvironmental insults and 

hazards. This is achieved in at least two different ways: the first is by limiting the lifetime of the 

vast majority of mature intestinal epithelial cells to 3-5 days (and hence by exhibiting a very rapid 

turnover), and the second is by shielding its stem and progenitor (proliferative) compartment away 

from the harmful luminal contents into inavaginations of the intestinal wall called crypts1,2. The 

crypts are in turn surrounded by finger-like protrusions called villi, which are over 80% composed 
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by absorptive enterocytes whose main job is to absorb nutrients and make them available to a dense 

network of capillaries and lymphatic vessels directly underneath. Therefore, this unique and 

repetitive architectural organization allows the intestine to carry out its main function with high 

efficiency, all the while minimizing damage to its stem cell compartment (Figure 1.2). The latter 

is compounded by the presence of an abundant protective layer of mucus and the secretion of 

antimicrobial peptides that keep the crypt relatively sterile and prevent bacterial and diet-derived 

toxins from coming in direct contact with the epithelium17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Overview of the intestinal epithelium and its intestinal stem cell (ISC) niche. The 

small intestine is organized into proliferative crypt compartments and villi  and has a defined 

hierarchical organization . The crypts harbor multiple  Lgr5+ ISCs that transition via  short-lived  

transit -amplifying (TA) intermediates prior to giving r ise to the major intestinal lineages, 
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including absorptive enterocytes, mucus -producing goblet  cells, chemo-sensory/immune -

modulatory  tuft cells, hormone-producing enteroendocrine cells, and Paneth cells. With the 

exception of the Paneth cell (which migrates downward to interdigitate  itself in between the 

ISCs), all these lineages cells are proposed to migrate upward from the crypt base as 

differentiation ensues, only to become shed into the luminal space when they reach the villus tips. 

Within the epithelial lineage, Paneth cells elaborate (nonessential) Wnt, EGF, and Notch signals 

that facilitate Lgr5+ ISC self-renewal and govern the early fate decision process. Surrounding the 

intestinal epithelium, mesenchymal cells secrete niche factors to orchestrate Wnt/R-spondin 

signaling near the crypt base and BMP gradients that facilitate differentiation a long the crypt-

villus axis. BMP = bone morphogenetic protein, ISC = intestinal stem cells, TA = transit -amplifying 

cell. 

 

1.1.2 The Lgr5+ Intestinal Stem Cell  

Although multiple competing models have been proposed throughout the years (see 

Chapter 2) the current working paradigm establishes that regeneration arises from an actively 

cycling population of crypt-base columnar (CBC) intestinal stem cells (ISCs) living at the base of 

the crypts. Formally identified in 200718, these are characterized by expression of the R-spondin 

(Rspo) receptor Lgr51,2,18 and their functional capacity for long-term self-renewal and multi-

lineage differentiation into the intestine’s both absorptive and secretory lineages1,2,18,19 – the 

former being essentially comprised of absorptive enterocytes and the latter being constituted by 

antimicrobial peptide and growth factor-secreting Paneth cells, mucus-producing goblet cells, a 

variety of enteroendocrine (EE) cells with unique hormone-secreting profiles, and chemo-

sensory/immune-modulatory Tuft cells (Figure 1.2). 

 

Wnt signaling plays a central role in intestinal epithelial physiology and is necessary for the 

maintenance of its stem and progenitor compartments. The latter is rooted in the realization that 

multiple secreted Wnt factors are produced by the epithelial cells at the crypt base20, that 

proliferative cells at the crypt bottom accumulate nuclear β-catenin21, that removal of the Wnt 
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effector Tcf-422, β-catenin23,24, or overexpression of the Wnt inhibitor Dkk-125,26 result in a 

complete loss of proliferation, and that activating Wnt pathway mutations or overexpression of 

oncogenic forms of β-catenin result in malignant transformation27-30, in addition to being causative 

of colorectal cancer in humans31,32. Later studies using pharmacological modulation of the 

Wnt/Rspo signaling axis have, among others, determined that Lgr5+ ISC self-renewal is actively 

dependent upon the presence of Wnt and Rspo ligands33,34 - two factors that are mainly secreted 

by a heterogeneous population of crypt-adjacent subepithelial mesenchymal cells constituting the 

stem cell niche35-40 (Figure 1.2 and Figure 1.3A). Thus, the localization of supportive niche 

factors in the crypt provides an environment favorable to the maintenance of the stem cell state, 

while alterations in the ratio of these self-renewal signals along the crypt-villus axis result in 

differentiation 1,2,19,37,39,41.   

Figure 1.3: Lgr5+ ISC behavior and population dynamics are governed by the Wnt/R -spondin  

signaling axis. A, Both Wnt and R-spondin prime ISCs to a competent state, yet the self-renewal 

properties, and hence the number of ISCs, is exclusively R-spondin -dependent.  In the absence of 

Wnt and Rspo ligands, the Lgr5+ ISCs are wired to differentiate . B, The intestinal epithelium is 

maintained by an equipotent Lgr5High ISC population following a pattern of population 

asymmetry, whereby loss of one stem cell clone to multi-lineage differentiation is compensated 
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by symmetric self-renewal of a neighboring stem cell42,43. Under normal con ditions  (Wnt and Rspo 

signals present), intestinal epithelial  regeneration is polyclonal, with multiple of these ISCs 

contributing with progeny to the tissue. Over time, however, neutral drift results in the 

establishment of a dominant ISC clone within the  crypt . Such a mechanism is proposed to have a 

protective effect by suppressing the accumulation of mutated lineages44,45. ISC = intestinal stem 

cell, TA = transit-amplifying cell, Rspo = R-spondin. 

 

During homeostasis, it is thought that multiple ISCs support intestinal epithelium turnover 

via neutral drift kinetics, whereby different ISC clones compete for niche space within the same 

crypt42,43. Although recent mathematical simulations contemplate the possibility of asymmetric 

ISC division46, the prevailing model states that ISC divisions result primarily in symmetric 

daughter cells whose fates are either supported by the permissive environment of the crypt to 

maintain stemness or become displaced/outcompeted and undergo differentiation as they fall 

outside the influence of supporting niche signals and exit the crypt compartment42,43,47.  This has 

led to a model whereby, although multiple Lgr5+ cells may have the functional capacity to act as 

stem cells, not all of them will effectively behave as such in light of this neutral yet highly strict 

competition regime. The ultimate result is monoclonal regeneration, whereby one individual 

Lgr5+ stem cell will take over and exclusively regenerate the crypt-villus unit it belongs to in its 

entirety over the course of three months (Figure 1.3B). This process occurs very fast, with over 

50% of the crypts having reached monoclonality within 8 weeks42,43. 

 

The previous studies determined that around 14-16 Lgr5+ ISCs live within the crypt1,42. Far 

from being equipotent, elegant studies using intravital microscopy (IVM) have refined this model 

and suggested that Lgr5+ cells exhibit extensive positional heterogeneity, with the ones displaying 

the highest levels of Lgr5 expression (Lgr5High) and occupying the center-most positions within 

the crypt being characterized by the highest clonal retention rates and the most stem cell potential47. 
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Therefore, in the intestinal epithelium, the balance of self-renewal to differentiation appears to be 

controlled at the population level rather than the single-cell level, with those cells in spatial 

proximity to the niche boundary and expressing the lowest levels of Lgr5 (Lgr5Low) displaying a 

greater propensity to become displaced into the villus and undergo differentiation47. Thus, new 

cells are born at the very base of the crypt and migrate upward in this model18,47. 

 

1.1.3   Origin of Differentiation in the Intestinal Epithelium 

Differentiation in the intestinal epithelium is thought to occur at the “origin of 

differentiation” or “+5” cell position, where cells choose between absorptive and secretory fates 

1,2,48. Differentiation is broadly defined by the progressive loss of self-renewal and multi-potency 

coupled to the acquisition of mature cell features, embodied by a series of intermediate or 

progenitor cell states with increasingly restricted lineage competence. Even though the mature 

intestinal epithelial subsets types are fairly well studied, the lineage trajectories and developmental 

intermediates of the intestinal epithelium have been poorly defined, and how fate decisions are 

made along each branch remains essentially unknown. This remains especially true for the transit 

amplifying (TA) cell: a developmental intermediate proposed to exist directly downstream of the 

ISC, at the interface between self-renewal and fate commitment. Similarly to short-term 

hematopoietic stem cells (ST-HSCs) and multi-potent progenitors (MPPs) in the blood, these cells 

are historically considered as the first step an ISC needs to take down its path to differentiation, 

and are presumed to undergo extensive proliferation before ultimately supplying the tissue with 

large amounts of short-lived cells of the intestine’s various lineages. According to their operational 

definition, TA cells proliferate every 12 hours and are go through 4-5 rounds of division, but 

eventually undergo multi-lineage differentiation and hence become exhausted unless actively 
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replenished by the Lgr5+ ISC pool2,49. TA cells are visible in histological preparations of the 

intestine as a group of highly immature and mitotically active cells in the intestinal upper crypt 

(also known as “TA” zone), and in many single-cell RNA-sequencing (scRNA-seq) datasets they 

are identified a priori by their proliferative gene expression program and lack of an Lgr5+ stem-

cell-specific signature33,50,51. Although studies using Lgr5-GFP-IRES-CreERT2 mouse model18 

have proposed that cells exhibiting low Lgr5-GFP levels (Lgr5-GFPLow) may represent the Lgr5+ 

ISCs’ (Lgr5-GFPHigh) earliest TA progeny47,52-54,  intestinal TA cells have escaped molecular 

definition for decades, and there currently is a lack of specific, validated markers for their 

prospective study or isolation. Indeed, the existence of such a multi-lineage-primed TA population 

has been called into question, with multiple reports suggesting the ability of Lgr5+ ISCs to undergo 

direct secretory cell specification while bypassing the putative TA state altogether1,54-57.  

Considering this, their transient nature, and the fact that important fate decisions are likely made 

immediately downstream of the ISC, one can understand why little is known about the 

developmental trajectories of the intestinal epithelium – starting from the fundamental question as 

to whether TA cells exist or not.  

 

The confinement of proliferation to the crypt enclosure has long been held as responsible 

for fueling villus repopulation, with dividing cells sitting at deep positions within the crypt pushing 

the maturing lineages above them and essentially resulting in a unidirectional flow of migration 

that extends all the way up to the villus tip47. This phenomenon, which has been observed since 

the early chemical mutagenesis studies in the late 80s58-60, has revealed that maturing cells move 

rapidly in coherent columns up the crypt-villus axis during the early stages of differentiation in a 

process that lasts approximately 3-5 days. This massive rate of division is compensated by 
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apoptosis at the villus tips, from where cells are shed onto de luminal space. However, multiple 

exceptions to this conveyor belt-like movement and upward flow of the epithelial sheet have been 

noted throughout the years. One of these is the Paneth cell, which is proposed to be born in the 

upper crypt and migrate downwards61, as well as certain types of EE cells48, which appear to 

remain stationary in the crypt. Thus, active forces62, sorting mechanisms via Eph-Ephrin 

signaling63, and rearrangements are also responsible for the exquisite zonation of the intestinal 

epithelium along the crypt-villus axis.  

 

Even though the picture remains incomplete, the next section describes our current 

knowledge on the specification of the mature intestinal lineages, which invariably depends on and 

evolves by the hand of new and more advanced technologies. These can broadly be categorized as 

biochemical and gene perturbation studies, genetic lineage tracing approaches, lineage tree 

inference by single-cell transcriptomics, and a combination of all the above. 

 

1.2 Lineage Relationships of the Intestinal Epithelium 

1.2.1 Lineage Reconstruction via Biochemical and Gene Perturbation Studies 

Studies using biochemical and genetic perturbations have yielded important principles of 

tissular hierarchical organization. While disruption of the Wnt/Rspo axis is known to unleash ISCs 

from the stem cell state33, Notch signaling is critical to bias cell fate towards the absorptive lineage 

in a second fate decision1,64,65. A simple molecular circuit downstream of the Notch1/2 receptors 

controls the absorptive/secretory switch. The latter was shown in a series of landmark studies, 

which demonstrated that Notch pathway inhibition (via genetic knockout of the NICD 

transcription factor target RBP-J or gamma-secretase inhibition via dibenzazepine, DBZ) leads to 
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a halt in proliferation and near-complete conversion of TA cells and CBC cells into post-mitotic 

goblet cells64,65, whereas overexpression of a constitutively active form of the mouse Notch1 

receptor leads to the reciprocal phenotype66. Biochemically, Notch blocks secretory cell 

differentiation through the antagonistic roles of HES1 and ATOH1 transcription factors 64,67. Upon 

activation of Notch receptors by either adjacent DLL1/DLL4-expressing Paneth cells or secretory 

progenitors, ISC/TA cells express HES1, whose two main roles include (1) repression of CDK 

inhibitors p27 and p57, hence favoring cell division; and (2) repression of ATOH1, which 

maintains Notch ligand expression in the plasma membrane and constitutes a master regulation for 

secretory fate specification. In the stem cell zone, DLL1+/DLL4+ Paneth cells trigger Notch1 and 

Notch2 activation on stem cells and keep them from differentiating into the secretory lineage. As 

daughter cells leave the Paneth/stem cell zone for the TA zone, some of these will stochastically 

lose access to Delta ligands, upregulate DLL1/DLL4 on their surface and become secretory-biased, 

subsequently supporting Notch activation in 6-8 surrounding progenitors to specify the enterocyte 

fate 1,64,65,68. This phenomenon, known as lateral inhibition, amplifies and stabilizes stochastic 

differences in Notch pathway activation, translating them into robust fate decisions. In parallel, 

through its cell cycle control, this system ensures that the ratio of absorptive to secretory progeny 

is skewed towards enterocyte production, since secretory progenitors are rendered post-mitotic. 

 

Eventually, the selection of the specific cell type that a progenitor becomes is dependent 

on the expression of one or several master regulator transcription factors, as dictated by multiple 

signaling cues (most notably, varying levels of Notch, Wnt, and EGF signals; see Beumer et al.19 

for an excellent review on the topic). This was demonstrated by distinct null and conditional loss-

of-function (LOF) animal models, in addition to pharmacological perturbation screens, which 
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facilitated the decoding of the genetic requirements for the specification of the intestinal epithelial 

cell lineages and suggested the existence of shared intermediate cell types, hence approximating 

lineage reconstruction in the intestine1. For example, enteroendocrine (EE) fate is known to be 

dependent on expression of the transcription factor Neurog3, which is followed by Neurod16. The  

essential requirement of Neurog3 for EE cell specification was demonstrated both in a Neurog3 

null mouse model69 and later confirmed in humans through genome screenings70. Like Atoh1, 

Neurog3 is repressed upon Notch signaling activation and actively promotes cell cycle exit via 

stimulation of the cell cycle inhibitor Cdkn171, further limiting the rate of cell division of the 

secretory progenitors along the EE branch. Indeed, cell cycle inhibition (via EGFR signaling 

blockade or MAPK inhibition) results in Lgr5+ ISC quiescence and the adoption of the EE fate72. 

Similarly, one report showed Gfi1 is required for Paneth and goblet cell generation, and 

highlighted its role in a putative mutually-exclusive EE versus goblet/Paneth cell fate decision 

through a common granulocytic progenitor73. Subsequent studies refuted the existence of such a 

precursor, ascribing prior results to the general repressive role Gfi1 exerts on Neurog374. This 

exemplifies some of the experimental challenges of LOF and overexpression approaches for 

lineage tree inference. Similar studies have attempted to address the cellular origins of tuft cells. 

These DCLK1+ chemosensory cells initiate type II immune responses against parasitic infections 

and were initially considered an EE subtype75-77. However, extensive marker profiling and LOF 

assays demonstrated that these do not belong to any of the identified epithelial lineages and should 

be considered a separate secretory type77. Together, these and other data suggest a paradoxical 

Notch-repressed, Atoh1-independent mechanism for tuft cell specification, although Atoh1 

indispensability is not embraced by all77-79.  As such, the ontogeny of tuft cells remains 

controversial. These unanswered questions highlight the need for novel approaches to fill our 



14 

 

knowledge gaps. As we will learn below, this “prototypic” intestinal lineage tree has been 

questioned and shaken to its roots throughout the past decade by the hand of new and more precise 

technologies (Figure 1.4). 

Figure 1.4: Evolving  lineage reconstruction techniques reshape our understanding of intestinal 

epithelial regeneration. Although genetic lineage tracing has been instrumental in the definition 

of individual populations of stem cells and progenitors, the advent of single -cell RNA -sequencing 

(scRNA-seq) has expanded our understanding on the cellular heterogeneity of this tissue and  

qualified t he dynamic relationship between t he stem cell compartment and the mature lineages. 

scRNA-seq has also been instrumental for helping uncover alternative lineage origins and the 

importance of cellular plasticity in intestinal epithelial repair following injury. GEMMs  = 

genetically engineered mouse models, ISCs = intestinal stem cells. 

 

1.2.2 Genetic Lineage Tracing Strategies 

The properties of long-term self-renewal and multi-lineage differentiation have served to 

operationally define adult stem cells and distinguish them from their immediate TA and early 

progenitor progeny. However, in some tissues, such as in the hematopoietic system, these 

properties have been assigned on the basis of transplantation and colony-formation assays80,81, in 
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which the fate of individual cells is evaluated following removal them from their native instructive 

niches82.  Lineage tracing is a technique that allows for the direct mapping of a founder’s cell 

progeny, in vivo and ideally at single-cell (clonal) resolution, hence bypassing these limitations83-

85. If carried out during homeostasis, it can reveal how tissue hierarchies are structured under 

physiologic conditions, and if performed under an injury-repair setting, it can serve to delineate 

how a system adapts or repurposes its available lineages to cope with different stressors. This 

approach is a step forward compared to lineage inference based on transplantation and in vitro 

assays, and constitutes an important deviation from the perturbational approaches discussed above 

- which indirectly probe the mechanisms of fate determination by measuring compositional 

changes in cell types after genetic mutation, overexpression, or cell-signaling interference. 

 

Prospective lineage tracing approaches all rely on the passage of a readily identifiable 

genetic label from a cell to its progeny83, and the resultant range of cell types observed in the 

descendants and their long-term persistence informs on the lineage potential and self-renewal 

capacities of the original labeled cell. In its stricter definition, lineage tracing lacks spatial 

resolution and therefore cannot inform on positional information of the various tracked lineages86. 

While spatial allocation has traditionally been the job of fate mapping, nowadays the boundaries 

between lineage tracing and fate mapping intertwine, with current lineage tracking schemes 

allowing for clonal or sub-clonal labelling and incorporation of spatial visualization into a cell’s 

progeny86. For simplicity and for historical reasons, we will refer to all the methods discussed 

below as lineage tracing, even if they do not necessarily fit the clonal labelling requirement of 

early analyses86.  
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Prospective lineage tracing techniques have served to delineate the intestinal epithelial 

lineage and to identify its potential stem cell sources, first through transient radioisotope labelling 

that led to the description of the crypt-base columnar cell (CBC)87-89, subsequently identified as 

the Lgr5+ ISC18, and later through a long-term labelling strategy with nucleotide analogs to report 

the existence of a putative quiescent, reserve ISC population at the +4 position90,91. The idea of a 

slow-cycling, reserve stem cell population that gets mobilized upon tissue damage is attractive, 

especially considering that rapidly cycling Lgr5+ ISCs are seemingly at odds with the attributes 

of relative rarity and quiescence of other well-studied stem cell populations such as hematopoietic 

stem cells8,92. Numerous and potentially overlapping label-retaining/quiescent populations have 

been proposed, identifiable by markers like Bmi1, mTert, Lrig1 and Hopx34,93-97. However, several 

contradictory reports have also been published regarding the identity, heterogeneity, and 

“professionalism” of the +4 ISC98. Indeed, some of these genes are promiscuously expressed and 

their mRNAs found in both Lgr5+ ISCs as well as in committed progenitor and differentiated cell 

types50,53,75,97,99. As a consequence, the degree of overlap and the possibility of interconversion 

between slowly and rapidly cycling ISCs remain intriguing95,100. 

 

The observation that discrete cell populations could be identified and isolated based on 

canonical marker expression enabled more contemporary prospective lineage tracing approaches, 

namely those making use of genetically engineered mouse models (GEMMs). Recombinase 

systems like Cre-LoxP, which allow for cell-type specificity and intersectional spatial and 

temporal transgene expression control83-85, constitute an essential tool for revealing the lineage 

history of newly identified cell types and refining the identities of some of the populations 

described above. Undoubtedly, one of the most valuable models for the identification of Lgr5 as a 
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bona fide ISC marker was the Lgr5-GFP-IRES-CreERT2 mouse18. Similar strategies enabled the 

characterization of intestinal progenitor populations, as well as the description of cell types that 

can aid intestinal epithelial regeneration upon damage or Lgr5+ cell loss (see Chapter 2). For 

instance, it was demonstrated that Dll1+ cells in the crypt were secretory progenitors68, and a 

combined lineage tracing/long-term label retention approach identified a subset of Lgr5+ cells as 

functionally complementary, non-dividing, secretory-biased cells56. These label-retaining cells 

(LRCs), recently shown to depend on activation of the non-canonical Wnt pathway57, can persist 

for days prior to differentiation into Paneth and EE subtypes, while goblet (and presumably tuft 

cells) are likely descendants of Dll1+ progenitors. The fact that some ISCs subsets can seemingly 

bypass the putative TA state to undergo direct secretory cell fate specification raises questions as 

to whether what we previously referred to as multi-potent TA cells might in reality constitute an 

absorptive-lineage primed progenitor state54, as these are remarkably proliferative. Interestingly, 

both Dll1+ and LRCs were recruited to aid in epithelial regeneration upon loss of Lgr5+ ISCs 56,68 

- a regenerative ability that was also demonstrated for Alpi+ enterocyte progenitors101, EE 

cells50,102, and even differentiated Paneth cells103,104. Thus, it appears that post-mitotic cells from 

both secretory and absorptive lineages can participate in intestinal epithelial regeneration, 

presumably upon exposure to the niche signals that are normally restricted to ISCs in the crypt. 

This is likely enabled by the epigenetic similarities between various crypt populations and 

ISCs98,102, as well as the presence of redundant niche sources38,39,105,106, which may allow more 

differentiated types to revert to the stem cell state with relative ease upon encountering the right 

stimuli. Interestingly, under this model, one could argue that any devoted reserve stem populations 

would become dispensable; indeed, the most recent studies suggest that de-differentiation 

(followed by subsequent upregulation of the ISC master regulator Ascl2) can almost completely 
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explain intestinal epithelial regeneration upon initial loss of Lgr5+ ISCs107,108. However, this also 

constitutes a highly controversial issue, with radioresistant and other reserve stem cell populations 

remaining very popular up to date109,110. Altogether, these reports highlight the complexity of tissue 

regeneration and the need of much broader approaches to capture the injury-repair response (which 

involves the coordinated action of multiple cell types and biochemical axes) in its full magnitude. 

 

1.2.3 Single-Cell Transcriptomic Methods for Lineage Inference 

The above approaches pose significant limitations. The reliance on prior knowledge 

invariably limits the scope of Cre-LoxP-based GEMMs since known markers are required to 

develop suitable Cre drivers in order to perform such genetic fate mapping. Considering increasing 

evidence for cell-to-cell variation, any survey that relies on individual markers will be limited in 

its distinction of cell subtypes and may fail to capture rare populations or intermediate states, 

ascribing function to a population that in reality may constitute a compendium of multiple cell 

types86,111. In addition, since these rely on the transfer of a label across generations, they invariably 

require cell division from the time of modification to the time of readout. Thus, subtle cell state 

transitions and quiescent cells in adult tissues will not be amenable to these approaches outside of, 

perhaps, a defined developmental window. Moreover, the majority of these methods require 

introduction of genetic modifications.  To complicate matters, recent reports have shown that some 

of these GEMMs do not faithfully report transcriptional activity, as their reporter signals do not 

directly correlate with single-molecule mRNA in situ hybridization (ISH)53. Finally, in many 

instances genetic modifications are technically challenging or not plausible to introduce, such as 

in human tissues. 
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A newer approach that overcomes some of these limitations employs scRNA-seq data to 

reconstruct lineages in an unbiased, marker-agnostic manner. This approach enables the study of 

the transcriptomes of individual cells at single-cell resolution to capture cellular 

heterogeneity112,113. scRNA-seq has become instrumental for cataloguing cellular constituents 

across tissues in health and disease, and has provided mechanistic insights into cellular function, 

dynamic processes like state transitions, and complex population-level responses110,114-118. 

Transcriptional profiles obtained through scRNA-seq also enable more accurate and robust 

identification of cell types and marker genes compared to the assessment of morphological 

characteristics or limited canonical marker expression119-121. An ultimate extension of this is 

embodied by the concept of signaling entropy122-124, which determines the degree of uncertainty, 

or differentiation potential, in a cell’s transcriptome by quantifying the relative activation levels of 

its molecular pathways as defined over an a priori specified protein interaction network. A more 

entropic gene expression profile (in which multiple lineage-specifying transcription factors are 

basally yet simultaneously active) is indicative of a higher developmental potential and phenotypic 

plasticity and may be used to assign stem cell identities a priori123,124. 

 

Similarly, scRNA-seq can aid in the assembly of developmental trajectories125, which are 

characterized by a progressive restriction in developmental potential and the concomitant 

acquisition of epigenetic, transcriptomic, functional, and morphological features characteristic of 

increasingly differentiated cell types. Assuming most developmental decisions are made gradually 

and accompanied by continuous changes in gene expression, cells can be computationally ordered 

into a continuum landscape (manifold) of cells states based on transcriptome similarity which 

represents cells at different stages of differentiation.  Although scRNA-seq only provides a static 
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snapshot of a cell’s transcriptional state, analyzing thousands of cells undergoing these transitions 

at different stages of the developmental process should enable the capture of an entire lineage, now 

feasible by current scRNA-seq platforms that allow for the massively parallel sequencing of large 

numbers of individual cells. Transcriptionally similar cells can be plotted in two-dimensional 

space, in so-called pseudotime, to visualize how hierarchies are built during development or 

maintained during adulthood, and help identify the gene expression changes which occur during 

these transitions126. However, resolving the correct lineage tree topology remains challenging, 

especially given that the available algorithms do not perform uniformly across datasets. Finally, 

although the majority of these algorithms rely on gene expression for their pseudotemporal 

analysis, it is worth noting that other strategies assess alternative transcriptome-readable 

biochemical parameters, such as the rate of mRNA splicing, to infer a lineage and importantly 

assign its directionality127. Nonetheless, assumptions are made about steady-state kinetics and 

uniform rates of splicing across different genes. 

 

The intestinal epithelium is particularly well-suited for scRNA-seq studies because it is a 

dynamic, self-renewing tissue whose vast cellular diversity and lineage relationships remain 

poorly understood128,129. Grün et al. devised an algorithm to identify rare cell types on scRNA-seq 

data acquired from intestinal organoids cultured ex vivo55. Their group identified the major 

intestinal epithelial subtypes, including transitions through the TA state (characterized by high 

ribosomal gene expression) and three putative EE progenitor clusters. These scRNA-seq data were 

used to delineate continuous maturation trajectories, like those from enterocyte precursors to fully 

mature enterocytes, and identified Reg4 as a new EE marker55. Reg4+ EE cells were further 

distinguished based on Chromogranin A (ChgA) expression, with ChgAHigh cells corresponding to 
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serotonin (Tph1+)- and substance P (Tac1+)- producing enterochromaffin (EC) cells55. Finally, 

they applied their algorithm to assess heterogeneity within Lgr5+ ISCs and their early progeny 

using an Lgr5-GFP-IRES-CreERT2;Rosa26-YFP mouse model. They described different stages of 

Paneth cell maturation and reported the enrichment of Lgr5 transcripts in early Paneth cells, 

pointing to this presumed R-spondin sensitivity as a potential mechanism through which a subset 

of this population reverts back to an ISC state upon injury55,102. Unlike other reports56,57,130, the 

authors assumed that the observed enrichment in Paneth/EE markers in part of the ISC clusters 

corresponded to rare populations of these secretory cells, concluding that Lgr5+ ISCs represent a 

homogeneous population55. However, it is also possible that this simply reflects that this method 

is not sensitive enough to capture low-level expression genes or that only the cells with the highest 

Lgr5 levels were profiled131. In a follow-up study132, the authors presented a novel algorithm for 

guided lineage inference and applied it to a similar dataset in which secretory cells emanated from 

a central, highly entropic ISC cluster as distinct branches, and enterocytes were seemingly 

connected to the ISCs via a TA population132.  Their interpretation underscores an emerging 

concept of TA cells as putative absorptive progenitors rather than true multi-potent progenitors 

with multi-lineage potential19,54,68. By combining lineage tracing with a CD24-based enrichment 

strategy, the authors also demonstrated two distinct lineage trajectories for Paneth cells, one arising 

from Dll1+ common Paneth/goblet cell progenitors and another directly from ISCs/TA cells132.  

This study supports an emerging model whereby direct specification of Paneth cells from ISC/TA 

can occur during homeostasis56,57. Taken together, these findings underscore the power of 

combining genetic lineage tracing strategies with single-cell transcriptomics to identify stem cells 

and progenitors and uncover alternative differentiation trajectories. 
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Recent studies have provided insight into cellular heterogeneity and spatial distribution 

within the gut epithelium.  Haber and colleagues119 profiled over 50,000 intestinal epithelial cells 

from wild type and Lgr5-eGFP knock-in mice with high granularity. Using unsupervised 

clustering methods, these studies organized major intestinal subtypes into multiple classes and 

stages of differentiation, derived their gene expression signatures, and identified novel candidate 

markers and regulatory transcription factors119. From their sequencing results, Haber et al. also 

provided novel putative Paneth marker genes (like Mptx2) and identified two Paneth cell subtypes 

based on the differential expression of α-defensins, each differentially enriched along the 

proximal-distal axis119. Of special interest was their characterization of enterocytes in up to seven 

stages of maturation. They described their differentiation trajectories in the proximal and distal 

small intestines and provided novel determinants of enterocyte fate (Batf2, Mxd3, etc.) and 

regional identity (Jund, Osr2, etc.)119. This work was complemented by that of Moor and 

colleagues133, who employed laser-capture microdissection (LCM) to characterize, at single-cell 

resolution, the transcriptomes of maturing enterocytes as they migrated along the crypt-villus axis. 

More than 80% (~8,000) of the enterocyte-specific genes detected were zonated, and each 

maturation stage was associated with clearly demarcated functions133. Enterocytes at the villus 

bottom were specialized in antimicrobial responses and expressed Reg-family genes and 

inflammasome components. As they migrated along the villus, their transcriptomes shifted to 

sequentially express carbohydrate, peptide, and fat absorption machineries, followed by purine-

catabolic, immuno-modulatory enterocytes at the villus tips133. Unlike the historical view that 

considered the mature lineages of the intestine as static and post-mitotic, these results added 

credibility to prior examples134 of the plasticity of the transcriptomes of otherwise terminally 
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differentiated cells, suggesting that cellular differentiation in the intestinal epithelium is a very 

dynamic process that starts in the crypts and spans to all the way along to the villus tips41,133,135. 

 

EE cells comprise a rare but highly diverse secretory lineage devoted to sensing nutrient- 

and microbiome-derived metabolites, functioning as specialized signal transduction and hormone 

secretion units. Their hormone secretion profile has resulted in a “one-cell one-hormone” 

nomenclature by which they have been traditionally classified4,5. Haber et al. used scRNA-seq to 

corroborate that EE secretion profiles are more overlapping than traditionally acknowledged, 

supporting the need for a new nomenclature system where the concomitant expression of multiple 

hormones is considered119. They also identified two different enterochromaffin (EC) subtypes 

expressing distinct Reg4 levels119, lending additional support to Reg4 as an EE marker55. The 

investigators additionally described two tuft progenitor populations and two mature subtypes, one 

enriched in neural development genes (tuft-1) and the other in genes specific for the immune 

response (tuft-2) 119. However, they did not address the developmental origin of these cells. To 

address controversies regarding tuft cell ontogeny and Atoh1 dependence, Herring et al. developed 

the p-Creode algorithm, which incorporates data modalities as variate as mass spectrometry, cell 

imaging, and scRNA-seq for lineage inference136. They conclude that tuft cells are specified 

separately from other secretory subtypes, sharing a common trajectory with enterocytes in the 

small intestine and arising independently near the ISCs in the colon136. Additional LOF 

experiments demonstrated Atoh1 dispensability and the potential non-secretory origin of tuft cells 

in the small intestine, but highlighted the necessity of Atoh1 in the colon136. This study also 

investigated the developmental origin of colonic Reg4+ deep crypt secretory cells, localizing them 

along the goblet cell trajectory136.  
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Traditionally seen as a secretory cell whose main function is exclusively to secrete mucus, 

scRNA-seq has revealed the existence of multiple goblet cell subpopulations and improved our 

understanding of all their various contributions to homeostasis independent of mucin production 

– including an essential role in regulating gut immune responses by sampling and delivering 

liminal antigens to the immune system137. Besides their known requirements for Gfi and Spdef, 

scRNA-seq has revealed several additional goblet-enriched markers and transcription factors, such 

as Bcas1, Sink4, Rep15, Creb3l1, and Foxa3, in addition to a variety of core mucus proteins and 

goblet-cell specific markers involved in protein biosynthesis and protein folding137. These studies 

have also revealed extensive heterogeneity in gcells, with some of them (presumably early or 

immature goblet cells) expressing enterocyte markers and being proliferative138. Indeed, some of 

these cells can  be seen during differentiation in the mid-upper crypt and acquire features related 

to microbial defense more characteristic of Paneth cells, suggesting the goblet cell program is also 

zonated along the crypt-villus axis138. The combined secretion of mucus and antimicrobial peptides 

by the hand of these cells may be a strategy to increase the concentration of defense proteins close 

the crypt epithelium. Indeed, crypt goblet cells are known to secrete a dense layer of mucus that 

keeps defensins close and bacteria at a distance, whereas those at the villus secrete a much looser 

mucus that enables nutritional uptake137. Along these lines, Nyström el al. analysed Muc2-

expressing cells in the mouse intestine and revealed that these constitute a dynamic population 

composed of two main types of goblet cells: canonical and non-canonical. While canonical goblet 

cells displayed a classic Atoh1+, mucus-producing goblet cell signature, non-canonical goblet cells 

were more similar in gene expression profile to enterocytes, exhibiting comparative higher levels 

of Hes1, Dmbt1, Muc17, and ion channels138. Furthermore, the expression of digestive enzymes 
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and other metabolically regulated genes suggests that these contribute to food digestion. 

Interestingly, these two subtypes appeared to emerge from two different lineage trajectories138.  

 

The study of injury-induced regeneration has also benefited from single-cell 

transcriptomics, especially for reconciling the multiple reported ISC populations. Comparative 

bulk RNA-seq analysis of putative ISC populations suggested that mTert+ and Bmi1+ cells isolated 

from reporter mice shared EE characteristics and were indeed transcriptionally distinct from Lgr5+ 

ISCs50.  Further analysis by scRNA-seq supported the heterogeneity of Bmi1+ cells not as putative 

ISCs but rather as post-mitotic EE subsets distinguished by their hormone-expression profiles50. 

These findings were underscored by Jadhav et al., who similarly concluded that Bmi1+ cells were 

EE precursors that can adopt an ISC-like epigenetic state upon injury – a property that was also 

shared by CD69+/CD274+ goblet cell precursors in the crypt102. Bmi1+ cells shared similarities to 

LRCs56 and Dll1+ progenitors 68 but lacked Neurog3 transcripts and Paneth/goblet markers, 

consistent with EE lineage-restricted cells that surpassed the earliest stage of EE specification. 

Since they co-express hormones associated with discrete EE subsets, Bmi1+ cells may represent a 

committed, multi-capable EE cell at incipient stages of differentiation50. Using Prox1 as an 

orthogonal marker of EE cells, scRNA-seq identified subsets with partial CBC transcript 

enrichment and mixed EE/tuft cell signatures, pointing to the existence of a shared common 

progenitor between the EE and tuft cell lineages50. Additionally, Prox1+ cells were capable of 

long-term multi-lineage differentiation50, a phenomenon similarly observed in Bmi1+ cells 34 and 

also accentuated after irradiation34,50. These studies support a plasticity model in which post-

mitotic, committed/differentiated populations enriched in EE markers and devoid of the Lgr5+ 

ISC signature possess injury-inducible stem cell activity50,98. 
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In addition to reconciling putative ISC identities, scRNA-seq has also been used to discover 

and characterize additional subpopulations that become activated upon damage, as well as the 

transcriptional programs that underlie the mechanisms of injury-induced regeneration. One of 

these corresponds to a population expressing high levels of clusterin (Clu), referred to by Ayyaz 

et al. as revival stem cells (revSCs)110. These were identified by scRNA-seq analysis of the 

regenerating intestinal epithelium three days post-irradiation as a rare, Lgr5-, YAP-dependent 

injury-induced quiescent cell type110. Clu reporter mice confirmed limited numbers of Clu+ cells 

during homeostasis, rarely localized in the crypt. Following irradiation, revSCs crypt localization 

was widespread, with Clu+-derived epithelium massively repopulating the small intestine and 

colon and giving rise to all the lineages over time110. Crypts containing revSCs lacked Lgr5 and 

Olfm4 expression, indicating these do not overlap with bona fide ISCs110. Consistent with this 

finding, ablation of Clu+ cells co-occurred with no detrimental phenotype under homeostasis; 

however, impaired epithelial regeneration was observed upon irradiation and colitis110. 

Interestingly, even though these cells are derived from Lgr5+ ISC progeny, their exact position 

within the lineage is poorly known. 

 

A similar study characterized an alternative injury-inducible population: a class of cells 

that revert to a fetal-like, SCA1+, Wnt-independent program to initiate epithelial regeneration after 

damage139,140. Shortly after parasitic helminth infection and radiation injury, SCA1+ cells form 

regenerative, primarily undifferentiated, proliferative crypts devoid of canonical ISC markers. By 

the time Lgr5+ ISCs re-emerge and repopulate the regenerating epithelium, Sca1 expression 

decreases139. Importantly, SCA1+ cells are part of the Lgr5+ ISC lineage in the adult small 
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intestine, but can arise and regenerate the epithelium independently of the Lgr5+ ISCs themselves 

and the Wnt/Rspo niche that is required for adult tissue maintenance139. The evidence of 

differentiated cells co-opting a fetal developmental program to repair adult tissue is remarkable 

and already reported in similar contexts, which points to an idea of re-deriving stem cell identities 

in the same way the tissue was originally formed140-142. Still, the degree of overlap between 

SCA1+, Clu+ and the other reported regenerative populations remains unclear109,128.  

 

1.2.4 Combination Approaches  

Some limitations to the use of single-cell technologies preclude our studies of cell identities 

and lineage relationships. Besides the major issues of gene and population dropout, some other 

problems associated with scRNA-seq involve the introduction of potentially ambiguous cell 

identities and the inherent difficulty in detecting delicate transitions between discrete fates. 

Furthermore, since the state manifolds used for lineage inference display the average trajectory of 

many individual cells, information about the dynamics of individual clones is invariably lost. For 

instance, a continuum of states may indicate a false trajectory, or assign false multi-potency to 

what in reality are different populations converging onto a similar state, sharing the same dynamic 

progression, but remaining uncommitted until they reach a branch point125,143. As a further 

complication, the passage of cells along developmental trajectories is rarely synchronous, and 

population-level analyses rarely provide sufficient resolution to dissect true cellular diversity or 

properly allocate lineages. This oftentimes results in the presence of “gaps” or discontinuities in 

the lineage, which emerge when very few cells differentiate along a branch at a certain moment in 

time, or when the transitional linking points between two states are missing (e.g. because of their 

rarity or instability). In such case, methods that pre-enrich for a population of interest or adopt 
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experimental designs that enhance temporal resolution are likely biased but should still be useful 

to complement scRNA-seq studies. Therefore, while coverage from multiple timepoints and a 

strong flux of cells along that branch may partially compensate for uneven or undersampling of 

cell states, only true lineage tracing (and at the clonal level) will resolve lineage restrictions 

downstream from a point of state convergence143.  

 

Another important aspect of scRNA-seq when it comes to lineage inference is that these 

are largely destructive methods that lack spatial resolution. Spatial understanding of self-renewal 

and differentiation are essential because of the anatomic localization of the ISC niche and the 

signaling gradients that promote differentiation (Figure 1.2).  The lack of consistency across 

published lineage reconstruction algorithms is also potentially problematic; many of these require 

extensive (non-justified or arbitrary) parameter tweaking and only work well for the dataset on 

which they were developed. Finally, none of these approaches prove true genetic relationships 

between cells. Thus, although the population-level structure of a state manifold could trace the 

sequence of molecular states experienced by a system, technical limitations exist that may obscure 

our understanding about the true lineage, and only bona fide lineage tracing analysis (in which the 

tree edges link cells with an empirical developmental relationship) can solve them. For this reason, 

unless combined with some type of genetic mapping strategy, all computational inferences require 

extensive experimental validation. 

 

One recent study by the Clevers group led by Gehart et al. demonstrates the effectiveness of 

combining temporally-resolved genetic labelling with scRNA-seq-based lineage reconstruction144. 

Neurog3 is a transcription factor essential for the EE program whose expression spikes in early 
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progenitors but rapidly drops as further differentiation ensues. The authors coupled Neurog3 

expression to a dual-fluorescence time reporter consisting in a fast-folding, destabilized 

mNeonGreen protein followed by a second, stable and slow-folding tdTomato fluorophore 

translated at an equimolar ratio. Using this reporter, the authors were able to sort populations based 

on distinct fluorescence emission and intensity profiles, obtaining a real-time, ordered 

differentiation trajectory of the EE lineage where the ratio of green:red is an estimate of the time 

elapsed since EE fate specification. By overlaying scRNA-seq profiles onto this molecular clock, 

the authors derived the EE developmental trajectory along what they described as five main 

lineages and described their associated gene expression signatures144. Their analysis also revealed 

remarkable plasticity across mature EE subpopulations, demonstrating that the five different EE 

lineages could still generate cells with highly divergent hormone repertoires. Similarly, this work 

also refined important aspects of EC differentiation144. Indeed, whereas the differential hormone 

expression found in EC cells at the crypt (Tac1High/Sct-) versus the villus (Tac1Low/Sct+) was 

previously ascribed to the existence of parallel lineages, their results suggested these two 

populations arise sequentially rather than in parallel, supporting a model where Tac1High cells 

constitute a link between an EC-biased progenitor and Sct+ EC cells144. These results added further 

depth to the description of BMP gradients shaping the EE hormonal expression profile along the 

crypt-villus axis135, suggesting that the different EE lineages reported to date are in actually 

different niche-induced states within the same lineage1,6,144. Similarly, their data refuted previous 

observations that considered Reg4+ and Reg4- EC cells as separate lineages119. In summary, 

Gehart and colleagues establish key fundamental developmental principles for these rare yet 

important cell types and introduce a novel concept of hormonal plasticity that reconciles previous 

observations of polyhormonal expression with gradual changes in hormone production as cells 
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mature along five main EE lineages.  Besides constituting a one-of-a-kind roadmap of the 

intestinal EE cell differentiation landscape that will inform the field in identifying relevant 

transiently-expressed regulators, this study also highlights the difficulty of inferring lineage 

trajectories and lineage relationships based on transcriptomic profiles alone and underscores the 

synergism of combining experimental labeling and computational approaches. 

 

1.3 Emerging Picture of Intestinal Epithelial Regeneration 

Most of our current knowledge on the relationships between the ISCs and their progeny is 

still grounded on early studies using genetic manipulation and cell signaling perturbations. 

However, these methods have failed to provide a consensus view on the molecular identities of the 

ISC, and how fate decisions are made along intermediate states remains essentially unknown. The 

latter is especially true for the so-called transit-amplifying (TA) population: a developmental 

intermediate proposed to exist directly downstream of the ISC. The model generated from these 

approaches is that of an intestinal epithelial lineage tree with a single trunk leading in a 

unidirectional manner to only a few, poorly defined branches (Figure 1.5A). As such, our current 

view on how the intestinal epithelium regenerates is incomplete. Prospective lineage tracing 

strategies using defined marker genes have helped reveal the intestinal epithelial lineage tree one 

cell population at a time, yet they are also not free of limitations as the specificity of these marker 

genes and how uniformly they delineate individual cell populations is often confounding. While 

the identity and behavior of these intermediate states still remains to be fully elucidated, novel 

scRNA-seq approaches have enabled the interrogation of large developmental continuums at 

unprecedented levels of detail and in a largely unbiased manner, refining our knowledge of the 

intestinal epithelial lineages50,55,57,110,119,132,133,136,139 (Figure 1.5B). With new cell atlas studies, 
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gene expression signatures for many of the mature and developing intestinal epithelial populations 

have been published, new intermediary secretory and functional absorptive subtypes have been 

defined, the classification of goblet, EE and tuft cells has diversified, and important regional 

differences across subtypes have been reported. Furthermore, these findings are aiding studies of 

intestinal epithelial regeneration upon injury.  
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Figure 1.5: Classical and rev ised models of the intestinal epithelial lineage hierarchy . A, 

previous understanding of the intestinal lineage separated absorptive and secretory progenitor 

lineages. B, refinement of this model demonstrates vast diversity and plasticity across multiple 

cell types. Diversification along the enteroendocrine lineage is shown, exemplified by 

enterochromaffin (EC) cells of different expression profiles and four main lineages of non -EC 

cells. Previous reports of polyhormonal expression may be due to g radual shifts in hormone 

expression along the crypt-villus in one same lineage. Canonical and non-canonical goblet cell 

descriptions are also represented, although when these two lineage bifurcate remains unclear. 

Enterocyte maturation stages are also depicted, as these carry out specific functions as they 

differentiate. Alternative lineage origins are also shown here, including label -retaining Lgr5+ 

label retaining cells (LRCs) giving rise to Paneth and enteroendocrine cells, as well as non-

conventional tu ft cell origins. Finally, note the inclusion of injury -responsive populations (gray 

arrows), including potentially overlapping, newly defined Sca1+ and Clu+ populations at an 

undefined po sition within the lineage. Question marks (?) indicate aspects requir ing further 

investigation. ISC = intestinal stem cell, TA = transit -amplifying cell.  

 

A key message from these studies is that the cellular diversity of the intestinal epithelium 

is more vast than previously envisioned.  In addition, there is a growing realization that single 

canonical marker expression fails to characterize the diversity of otherwise well-studied stem and 

progenitor populations, underscoring the need of multi-dimensional data for appropriate cell 

classification. Interestingly, scRNA-seq is challenging existing paradigms and revealing that 

features like multi-lineage differentiation may need to be explained at the population level, as 

individual stem cells or progenitors within a pool may display a pre-determined bias for 

differentiating towards one lineage over others57,145,146. Thus, it appears clear that Lgr5+ ISCs are 

neither homogeneous nor equipotent, and that their fates are intertwined with extrinsic signals from 

the niche. This heterogeneity, perhaps overlooked due to reliance on Cre-LoxP approaches where 

clonal resolution becomes lost in translation18,86, underscores the importance of actual clonal 

analysis in our lineage tracing endeavors. 
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The high granularity of single-cell approaches poses their own challenges and raises new 

questions as to what constitutes a transient cell state versus a discrete cell population, as well as 

the significance of distinctly clustered single-cell populations seen in many of these transcriptomic 

studies. The latter relates to clustering being as much of an art as it is a science.  What defines a 

functional state as opposed to a new cell type?  How many of these finer granularity cell-type 

descriptions are biologically relevant? How do we approach the inconsistencies found in clustering 

algorithms, and how do we decide which one is more suited to our dataset? Thus, scRNA-seq data 

lacks meaning in the absence of experimental validation. Interestingly, genetic labelling and 

computational lineage inference can be combined, allowing us to address complex questions that 

could otherwise not be tackled separately144,147-150. Therefore, rough lineage trajectories may be 

described based on the initial transmission of a genetically heritable mark and then refined and 

annotated using single-cell transcriptomics.  Recent approaches leverage a combinatorial increase 

in label diversity to gain single-cell resolution using heritable genetic barcodes, some of which are 

mutable or evolve within genetically-encoded CRISPR/Cas9 arrays that can even spread across 

the multiple lineages of entire organisms86,148. When these genetically inheritable barcodes are 

transcribed, single-cell transcriptomics can be used for concomitant cell type identification and 

barcode retrieval to identify genetically-supported, clonal lineage relationships151-155. While 

potentially promising, none of these approaches have been applied to interrogate the lineage 

relationships of the adult intestinal epithelium yet.  Still, we anticipate this will open the door to 

new and exciting discoveries in the field.  One can also anticipate that other “-omic” measurements 

will come into play, especially those using epigenetic information156, as these “hidden variables” 

may anticipate changes in gene expression.  
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Finally, lineage tracing in the context of experimental perturbations (e.g., cell-type specific 

ablation, genetic perturbations, or pharmacological modulation of cell-cell signaling) may reveal 

how lineages are structured as a function of gene regulation and signal transduction33,157. This is 

grounded in our belief that homeostasis is sometimes best understood upon perturbation of the 

steady-state33. Our ability to grow intestinal epithelial organoids in culture in a seamless fashion 

is also helping advance our lineage reconstruction endeavors, as these constitute a readily 

accessible platform that facilitates batched and controlled biochemical perturbation of multiple 

signaling pathways simultaneously72,158. Organoids have also been used in combination to lineage 

tracing and scRNA-seq-based lineage inference to aid our understanding of new putative 

stem/progenitor cell populations, the injury-repair process, and human disease109,159,160. Studies of 

disease states are facilitated by the generosity of patients undergoing surgery and/or endoscopic 

procedures and by large biobanking efforts, which provide us with valuable human tissues to help 

us better understand human intestinal biology. Thus, these are all tools in our arsenal that can be 

used combinatorially with other approaches. The possibilities are endless – we just need to use 

them to address the right questions. 
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Chapter 2: Assumptions and Limitations of the Current 

Model: the Search for Alternative Regenerative Sources 

Once ruled by multiple competing models of regeneration, the intestinal epithelium has 

been proposed to operate by a single pool of rapidly dividing homeostatic intestinal stem cells 

(ISCs) characterized by the expression of the R-spondin (Rspo) receptor Lgr5 since 2007. As a 

vast majority of publications can attest, very few genetically engineered mouse models in our 

generation have been as influential as the Lgr5-GFP-IRES-CreERT2 mouse18, and our knowledge 

about the intestinal epithelium has expanded ever since its generation. However, in words of the 

British statistician George E. P. Box, “All models are wrong, but some are useful”. 

 

While the goal of Chapter 1 is to the basis of what we know so far, this Chapter aims to 

delve deeper into some of the aspects of intestinal epithelial regeneration that have been far more 

elusive. Here, I review some of assumptions on which the current model stands, together with 

some of its limitations, and discuss how the field has worked around its inconsistencies. The latter, 

which revolve about our lack of understanding on the intestine’s early fate decision process 

downstream of the ISC and the apparent dispensability of the Lgr5+ cell compartment for 

homeostatic regeneration, appear to be ultimately rooted in our lack of a thorough understanding 

of the cells types living in the intestinal upper crypt and, by extension, of the intestine’s so-called 

transit-amplifying (TA) cell.  

 

2.1  Regeneration Sources through the Years 

Prior to the description of Lgr5 as a molecular marker for ISCs18, scientists have 

acknowledged the existence of a functional stem cell compartment in the intestine since 
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approximately the 1950s7 and more formally since the late 1980s, when Winton and Ponder58, and 

later Bjerknes and Cheng59,161 proved the existence of long-lived, pluripotent stem cells 

somewhere within the crypts of the intestinal epithelium. At the time, two schools of thought 

existed regarding the potential location and identity of the ISC: those who thought stemness 

resided at the very base of the crypt, in the so-called crypt base columnar (CBC) cells89, and those 

who considered stem cells resided supra-basally, approximately 4 positions up from the very 

bottom of the crypt and above the uppermost Paneth cell, in the so-called +4 cell position49. Unlike 

the former, these cells were characterized by the properties of label retention – a well-accepted 

stem cell attribute at the time8,92 (Table 2.1). 

 

Table 2.1. Comparison of features of  two main proposed putative intestinal stem cell (ISC) 

×Ö×ÜÓÈÛÐÖÕÚȯɯ"Ùà×Ûɯ!ÈÚÌɯ"ÖÓÜÔÕÈÙɯȹ"!"ȺɯÊÌÓÓÚɯÈÕËɯ/ÖÛÛÌÕɀÚɯǶƘɯcell.   aContrary to popular belief,  

/ÖÛÛÌÕɀÚɯÖÙÐÎÐÕÈÓɯËÌÚÊÙÐ×ÛÐÖÕɯÖÍɯÛÏÌɯǶƘɯÊÌÓÓɯÞÈÚɯÛÏÈÛɯÖÍɯÈÕɯÈÊÛÐÝÌÓàɯÊàÊÓÐÕÎɯ×Ö×ÜÓÈÛÐÖÕȭ bLabel  

retention in the original +4 cell description did not stem from replicative quiescence, but rather 

was proposed to arise from asymmetric inheritance of newly synthesized DNA strands following  

ÙÌ×ÓÐÊÈÛÐÖÕɯȹÈÚɯ×ÌÙɯÛÏÌɯɁÐÔÔÖÙÛÈÓɯÚÛÙÈÕËɯÏà×ÖÛÏÌÚÐÚɂȺ. cAlthough multiple  markers have been 

proposed for the +4 cell, these mark quiescent (reserve) populations  with injury -inducible stem 

cell activity  and hence it is uncl ear how well they represent /ÖÛÛÌÕɀÚɯǶƘɯÊÌÓÓ. In the absence of a 

good marker, the existence of such a population  has never been formally demonstrated. 
eAlthough our current view of the +4 cell is that of a highly radio -resistant reserve stem cell 

populati ÖÕȮɯ/ÖÛÛÌÕɀÚɯǶƘɯÊÌÓÓɯÐÚɯÌßØÜÐÚÐÛÌÓàɯÙÈËÐÖÚÌÕÚÐÛÐÝÌɯÐÕɯÐÛÚɯËÌÍÐÕÐÛÐÖÕȭ The latter is seen as an 

ÌßÌÔ×ÓÐÍÐÊÈÛÐÖÕɯÖÍɯɁÈÓÛÙÜÐÚÛÐÊɯÊÌÓÓɯËÌÈÛÏɂɯɬa way to prevent harmful mutations from accumulating 

in the ISC and propagating through the tissue. 

 
Putative Intestinal Stem Cell (ISC) Crypt Base Columnar  

Cell (CBC) 

Pottenôs  

+4 Cell  

Original Description Cheng and Leblond, 197489 Potten, 1978162 

Morphological Attributes Broad base, scant cytoplasm, 

flat wedge-shaped nucleus, 

slender apical extension with 

microvilli  

N/A 

Cell Position In between Paneth cells 

(positions 0 to +3) 

Suprabasal, above uppermost 

Paneth cell (+4 position) 

Number per Crypt 14-16 4-8 
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Proliferative Characteristics Actively cycling (cell cycle 

length of 21.5h) 

Actively cyclinga 

Label Retention? No (random chromosome 

segregation) 

Yes (proposed to stem from 

selective/asymmetric 

chromosome segregation)b 

Validated Molecular Markers? Yes: Lgr5 None 

Other Proposed (Surrogate) Markers Ascl2, Olfm4, Smoc2 Bmi1, HopX, mTert, Lrig1c 

Telomerase Activity? Yes Unclear 

Formal Demonstration of Stemness? Yes: Lineage Tracing  N/Ac 

Sensitivity to Radiation Moderately radiosensitive  

(10-14 Gy) 

Exquisitely radiosensitive 

 (<1 Gy)e 

 

2.1.1 Crypt Base Columnar (CBC) Cells and the Stem Cell Zone Model 

Crypt base columnar (CBC) cells were first described in 1974 by Cheng and Leblond, who 

originally identified them as a continuously cycling population of small, immature cells living at 

the bottom of the murine intestinal crypt in between long-lived Paneth cells88,89,163. 

 

Using 3H-thymidine labeling, the authors observed what appeared to be the propagation of 

rare radioisotope-labeled phagosomes from the CBC cell onto the four mature cellular subtypes 

(nowadays six) of the intestinal epithelium, concluding that CBC cells acted as stem cells. 

Although the evidence was indirect and limited at the time and would hardly be considered a robust 

lineage tracing approach as we consider it today83, further clonal labeling studies using chemical 

mutagenesis in the mouse intestinal epithelium58,59 correlated the pervasiveness of a clone and its 

longevity to the presence of at least one CBC cell, lending further credence to the idea of CBC 

cells acting as stem cells and describing the intestinal crypt’s drift to monoclonality for the first 

time. However, it wasn’t until the discovery of Lgr5 as a molecular marker of CBC cells and the 

use of genetic lineage tracing that Lgr5+ CBC cells were directly demonstrated to meet the 



39 

 

operational definition of  a stem cell; that is, their ability to undergo multi-lineage differentiation 

into all the mature tissue lineages as well as to long-term self-renew18. This followed the realization 

that Wnt signaling played a central role in the pathophysiology of the intestine, indicating that Wnt 

target genes (as is Lgr5) were likely good candidate stem cell markers. Furthermore, the ability of 

single individual Lgr5+ cells to generate ever‐expanding organoids with all hallmarks of in vivo 

epithelial tissue in a Petri dish was a further demonstration of the Lgr5+ cell stem cell capacity164. 

Somewhat counterintuitively of what one would tacitly expect of a stem cell at the time, Lgr5+  

cells have been shown to divide once daily with a cell cycle time of, on average, 21.5h165. They 

are also relatively abundant (14 to 16 per crypt42), which is at odds with the perceived (although 

non-defining) attributes of rarity and replicative quiescence of a prototypical stem cell. 

Furthermore, unlike their proposed +4 counterparts, these cells segregate their chromosomes 

randomly during division165 and can withstand moderate doses of radiation18,34,92. Interestingly, 

they have been shown to display high levels of telomerase165. 

 

2.1.2 The +4 Stem Cell Model 

Originally described in 1978 as label retaining cells (LRCs) by Potten162,166, these supra-

basal stem cells are proposed to exist directly above the uppermost Paneth cell, about 4 positions 

from the crypt bottom (at the so-called +4 position), and are exquisitely radiosensitive to low doses 

of radiation90,167. Although label retention can be seen as a feature of replicative quiescence, 

Potten’s +4 cells are, like CBC cells, proposed to be actively cycling. Thus, label retention here is 

proposed to stem from the +4 cell’s ability to retain its original DNA copy upon division and 

consequently to protect its DNA from the mutational load associated with replicative stress (as per 

Cairn’s selective DNA segregation hypothesis, or “immortal strand” hypothesis162,168,169). 
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Intriguingly, the immortal strand hypothesis has been subject to controversy: very few convincing 

examples have been reported170 and to this date its molecular machinery remains unidentified171. 

Al though their exquisite radiosensitivity would argue against that, it is unclear up to what extent 

Potten’s observation of label retention simply reflected the observation of a slowly-cycling cell. 

 

Definitive proof of stemness requires that a putative stem cell be experimentally linked to 

its progeny (see Chapter 1). Unlike its CBC counterpart, however, the characterization of the +4 

cell has been hampered by the lack of a good molecular marker. Although multiple such markers 

have been proposed for the +4 cell over the years, including Hopx, mTert, Lrig and BmiI34,93-95,97 

(discussed later on in this Chapter), these appeared to mark radioresistant, quiescent populations 

capable of undergoing multi-lineage differentiation and replenishing the Lgr5+ compartment upon 

conditions of damage or Lgr5+ cell loss, and hence were considered a “reserve” stem cell pool. 

However, such markers have been shown to be promiscuously expressed throughout in the crypt, 

even in the Lgr5+ cells themselves as well as mature differentiated cell types50,53,99,102. 

Furthermore, their respective lineage tracing alleles exhibit activity in cells other than LRCs172. As 

such, the existence of such a reserve stem cell population and how well this defines Potten’s (and 

more recently Winton’s56) +4 LRC has been subject of controversy, yielding instead to a model 

that considers the Lgr5+ cells as the only stem cells of the intestinal epithelium and further 

relegates the repair process and the dispensability of the Lgr5+ cell for homeostatic regeneration 

to the existence of cellular plasticity1,98. 
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2.2  Assumptions of the Lgr5+ Intestinal Stem Cell Model 

According to the prevailing model, Lgr5+ CBC cells at the very base of the crypt constitute 

workhorse stem cells responsible for homeostatic intestinal epithelial self-renewal. However, the 

Lgr5+ ISC model is based on several assumptions, as stated below: 

 

¶ The Lgr5-GFP-IRES-CreERT2 mouse model from which the observations of long-term 

self-renewal and multi-lineage differentiation derive is generated using a knock-in/knock-

out (KI/KO) strategy whereby introduction of a CreERT2 cassette abrogates endogenous 

Lgr5 expression18. It assumes that effectively halving the dose of the Wnt-target gene Lgr5 

mRNA co-occurs with no detrimental effect, and thus that the functional behavior (and 

hence lineage tracing properties) of the Lgr5+  cell are not altered in these mice. Although 

possible, it is questionable that no effect arises as a consequence, given that Rspo signaling 

(through the LGR5 receptor and ZNRF3/RNF43 co-receptors) proves essential to the 

maintenance of the Lgr5+ cell state33. 

 

¶ The Lgr5+ ISC model is built on a genetic lineage tracing model that involves Cre-

mediated recombination and tamoxifen (TAM), both of which are known to perturb/injure 

populations of epithelial and highly proliferative cells173-175. As such, even though it 

queries the behavior and stem properties of a cell within as close as its native environment 

as possible, it is well documented that the gold standard may not be appropriate to the study 

of certain populations. Furthermore, recent studies in the gut suggest there is some damage 

that occurs as a consequence of TAM administration, and which causes cell death of a 

small number of cells in both CBC positions but preferentially at the +4 position176. The 
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authors argue that TAM-induced death at higher positions within the crypt (as marked in 

this case by Bmi1-CreERT2) enhances lineage tracing from Lgr5+ CBC cells, hence 

boosting their apparent stem properties176. Indeed, suppression of apoptosis (by 

overexpressing the pro-survival gene Bcl2 or deleting Chk2) dramatically blocks cell death 

at this position and, in this context, the ability of Lgr5+ cells to lineage trace is severely 

reduced176. 

 

¶ The Lgr5+ ISC model assumes that the Lgr5+ cells constitute a homogeneous population 

of stem cells - this is indeed one of the underlying assumptions of the neutral drift kinetic 

model42, which requires functional homogeneity within the Lgr5+ cell compartment in 

order to be valid (see Chapter 1). According to this model, which assumes that all cells are 

equal and  endowed with the potential for long-term stemness, cell fate is determined at the 

population level (rather than at single-cell level) after the division of the Lgr5High stem cell, 

potentially by availability for niche space at the base. Homeostasis is therefore maintained 

by neutral competition between equal stem cells42. However, single-cell transcriptomics is 

revealing ever-increasing heterogeneity within populations marked by a single gene (see 

Chapter 1).  The Lgr5+ compartment is no exception to that, with multiple publications 

now reporting the existence of subsets of Lgr5+ cells not only at the transcriptomic  

level130,131 but most importantly at the functional level. Indeed, some Lgr5+ cells have been 

shown to act merely as secretory progenitors as opposed to stem cells with the ability to 

self-renew and give rise to all mature intestinal epithelial lineages56,57– hence suggesting 

there is indeed heterogeneity within the Lgr5+ compartment.   
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¶ The current model endows every Lgr5High stem cell with stemness based on the fact that “a 

majority” of Lgr5High cells can establish organoids42 – a fraction that is still extremely 

limited and treats in vitro clonogenicity as a surrogate for stemness. Indeed, even Lgr5Low 

cells (presumed to represent the earliest Lgr5+ ISC progeny, discussed below), secretory-

biased Lgr5High cells, and even Lgr5- cells can grow and be propagated as organoids in 

vitro at similar rates when exposed to Wnt3a and other abundant nice signals normally 

restricted to the crypt base34,50,54,56,68,103,177. It is therefore questionable that the artificial 

environment of the organoid culture can be used to make any meaningful claim about what 

a cell may or may not do in its native environment. 

 

¶ The current model assumes that Lgr5Low cells, located at the border between the crypt base 

and the upper crypt, represent the Lgr5High cell’s earliest TA progeny and thus are directly 

derived from the division and subsequent upward migration of the stem cells at the very 

bottom of the crypt18,52-54. However, such directionality has been challenging to prove 

experimentally and to this date remains an assumption. The latter has to do with the 

inherent limitations of population-based lineage tracing strategies using single markers and 

the inability to finely pinpoint where exactly tracing originates in the absence of clonal 

resolution. Therefore, while easier to perform, population-based lineage tracing strategies 

like the one that led to the identification of Lgr5 as an ISC marker18 describe the collective 

activity of the Lgr5+ cell population as a bulk, but do also leave the door open for the 

possibility of internal heterogeneity and off-target effects to confound result interpretation. 

Indeed, it is well known that lineage tracing is tamoxifen (TAM) dose-dependent and at 

high TAM doses all CBC cells (presumably high and low) are labeled at baseline 
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irrespective of their position within the crypt. Thus, in the absence of any systematic 

approach to distinguish the contributions of Lgr5+ cells at different positions it is hard to 

dissect where tracing originates and to fully assert that Lgr5Low cells are indeed derived 

from Lgr5High cells. Although the cells have been proposed to move overall upward, this 

has been through the lens of pioneering studies in the field using intravital microscopy 

(IVM)  which, although elegant in conception, offers peripheral views of the crypt base 

compartment in exclusivity and for limited periods of time47. The latter relates to the lack 

of direct characterization of the TA compartment (presumably marked by Lgr5Low 

expression) as one if the major Lgr5+ ISC model limitations (see below). 

 

2.3 Limitations of the Lgr5+ Intestinal Stem Cell Model 

2.3.1 Unknown Lineage Trajectories and Elusive Transit-Amplifying State 

One fundamental issue of the Lgr5+ stem cell model is that it is incomplete. The current 

working paradigm establishes that Lgr5+ intestinal stem cells (ISCs) differentiate into a poorly 

defined yet highly proliferative transit-amplifying (TA) state in the upper crypt upon exiting the 

niche influence zone, from which lineage-biased, specific progenitors emerge1,2. However, this 

aspect of intestinal epithelial regeneration has suffered from a lack of direct evidence, and a formal 

definition of the intestine’s TA population, as well as the nature of and inter-relationships between 

other immature crypt resident cells, has been evasive for decades.  

 

Early on in the century, the existence of a cell of TA properties did not escape the scientists’ 

attention. These progenitors, which are seen in the intestinal upper crypt directly above the CBC 

compartment, were found to divide every 12-16h and generate about 300 cells per day,  hence 
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being responsible for building tissue mass49. With an average crypt-residence time of 48-72h, these 

are then short-lived progenitors which undergo up to 6 rounds of division prior to reaching the 

crypt-villus junction, from where they transition into the villus compartment, lose proliferative 

competency, and terminally differentiate178. 

 

Even though a paucity of molecular markers has hampered the identification of the intestine’s 

TA population, several efforts carried out by the scientific community have sought to get around 

this fact and attempted to capture a putative TA cell by its two defining properties: its presumed 

direct (and assumed hierarchical) lineage relationship to the Lgr5+ cell and its extensive 

proliferative capacity. In this sense, FACS analysis of Lgr5-GFP-IRES-CreERT2 mouse intestine 

reveals the existence of at least two populations, characterized by high and low levels of Lgr5-

GFP (Lgr5-GFPHigh, Lgr5-GFPLow) which have been proposed to represent the Lgr5+ stem cells 

and their immediate TA daughters, respectively52. The latter is proposed to arise from GFP’s 

prolonged stability in the absence of active Lgr5 expression, in addition to low levels of Wnt 

signaling53. However, while the Wnt-rich molecular signature of the Lgr5High stem cell has been 

extensively characterized52,53, less is known about that of the Lgr5Low, putative TA cell. In order 

to get a better understanding of the Lgr5Low state, Basak et al. generated a novel Ki67-RFP allele 

to label actively cycling cells and used it in conjunction to Lgr5-GFP-IRES-CreERT254. This 

allowed the authors to isolate crypt stem and progenitor cells with varying levels of Wnt signaling 

(as per Lgr5-GFP intensity) and at different stages of the cell cycle (based on Ki67-RFP positivity) 

in Lgr5-EGFP-IRES-CreERT2; Ki67-RFP mice. Here, Lgr5-GFPLow/Ki67+ cells were considered 

to represent the Lgr5High cell’s earliest TA progeny, and, consistent with their limited self-renewal 

capacity, these were found to exhibit limited ability to initiate clonogenic organoid culture in vitro 
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compared to their Lgr5High counterparts. Comparison of Lgr5High (stem) versus Lgr5Low (TA) 

molecular signatures by microarray revealed enrichment of Lgr5+ CBC signature genes as well as 

Wnt targets in Lgr5High cells. This, together with their increased clonogenic capacity, was an 

indication to the authors that the Lgr5High fraction does indeed represent Lgr5+ ISCs. Given the 

enrichment of secretory genes and overall molecular resemblance between the label retaining cells 

(LRCs) by Buczacki et al.56, Dll1+ progenitors68 and Lgr5-GFPLow/Ki67- cells54, this study 

additionally proposed that Lgr5-GFPLow/Ki67- cells represent previously described secretory 

progenitors directly derived from the Lgr5High cell, whereas Lgr5-GFPLow/Ki67+ “TA” cells likely 

constitute absorptive progenitors. The basis for this idea was the lack of secretory gene expression 

in the Lgr5-GFPLow/Ki67+ cells. However, although this study opened the door to TA cell being 

along the absorptive lineage and questioned the existence of cellular multi-potency within this 

population, it still failed to provide a complete picture of the TA landscape. The latter has to do 

with the fact that the TA population has not been able to be studied directly because no specific 

molecular markers for their prospective study and isolation have been reported up to date. 

 

The apparent lack of specific markers for the TA cell may be rooted in the idea that this 

population may be transient and characterized by the simultaneous expression of genes for both 

absorptive and secretory lineages at very low levels131 – a phenomenon not indifferent to the 

hematopoietic field and known as multi-lineage priming179,180. Even if the lateral inhibition that 

dictates the absorptive versus secretory fates is a pervasive process in which a cell enforces a 

reciprocal identity on its neighbor181, Kim et al. provide evidence that some degree of multi-

lineage priming does indeed occur in a subset of Lgr5+ cells131. These cells display low levels of 

known ISC transcripts and co-express markers of mature secretory cells and enterocytes, and 
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therefore may represent an Lgr5Low intestinal bi-potential progenitor (IBP) downstream of the 

Lgr5High ISC -- hence contrasting with the prior study in which the absorptive and secretory 

identities are already segregated in Lgr5Low/Ki67+ versus Lgr5Low/Ki67- cells54. These 

discrepancies are likely rooted in the poorer sensitivity of sequencing and microarray techniques 

compared to RNA in situ hybridization (ISH), which offers single-molecule resolution. 

 

2.3.2 Lgr5+ Cells are Dispensable for Homeostatic Regeneration 

Besides its incompleteness, another problematic aspect of the prevailing Lgr5+ ISC model 

is that it fails to explain, in a systematic manner, how the epithelium regenerates in the absence of 

its homeostatic stem cell population. Indeed, collateral to the description of Lgr5 as the first 

molecular marker of the CBC and the introduction of the Lgr5-EGFP-IRES-CreERT2mouse model 

to the field18 was the appearance of a second model that enabled selective ablation of the Lgr5+  

cells by knocking the diphtheria toxin receptor (DTR) in place of Lgr5: the Lgr5-DTR-GFP 

mouse157. And with this came a surprising finding: that the Lgr5+ cells are dispensable for 

homeostatic regeneration. Thus, making use of diphtheria toxin (DT) to selectively ablate the ISC 

compartment, the authors of this seminal study were able to demonstrate that the intestinal 

epithelium is not only resilient to loss of its homeostatic stem cell population but also that it can 

sustain regeneration in its absence157.  

Using an alternative strategy, Yan et al. further contested the regenerative capacity of the 

Lgr5+ CBC cells – this time by pharmacological modulation of the Wnt/R-spondin (Rspo) 

signaling axis that governs Lgr5+ cell behavior33. Similar to DT-ablation, Rspo signaling blockade 

via systemic overexpression of the LGR5 ecdotomain (LGR5-ECD) leads to a phenotype of Lgr5+ 

CBC cell loss and suppression throughout the mouse intestine that similarly does not abrogate 
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homeostatic regeneration, as crypt cell proliferation is maintained and the major mature lineages 

continue to be allocated in this context33. Interestingly, the reciprocal phenotype (in which 

perpetual Lgr5+ CBC cell self-renewal is induced at the expense of halted Lgr5+ cell 

differentiation via Rspo overexpression) similarly co-occurs with no detrimental intestinal 

epithelial response, and the intestine continues regenerating in the absence of any regenerative 

Lgr5+ CBC cell contribution33. 

Different mechanisms have been evoked to reconcile how the epithelium regenerates upon 

absence of its homeostatic stem cell compartment. These can be broadly categorized as the 

existence of reserve stem cell populations versus plasticity. 

2.3.2.1 Review of +4 and Other Reserve Stem Cell Populations. One of the features of 

radiation-induced damage, cytotoxic doxorubicin treatment, and diphtheria-toxin administration 

in the Lgr5-DTR-GFP mouse is that, while all these result in Lgr5+ CBC cell loss, Lgr5+ cells 

reappear within a couple of days. While this suggests the existence of a mechanism that supports 

replenishment of CBC cells independently of their self-renewal, the source of the Lgr5+ cells in 

this context has been subject of debate. One of these sources stems from the existence of putative 

reserve ISC populations that become mobilized upon damage or Lgr5+ cell loss. 

Ideas about a facultative or dedicated pool of reserve ISCs originated earlier in the century, 

and derived from Potten’s observations that rare cells residing mainly at the +4 position are able 

to retain S phase labels for long periods of time (discussed earlier in this 

Chapter)49,90,91,162,166,167,178. Although Potten considered the +4 cell to be actively cycling and label 

retention to be a property associated with asymmetric DNA segregation during mitosis, it is 

nowadays well accepted that label retention indicates replicative quiescence.  Contemporary to the 
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description of Lgr5 as the best molecular marker for CBC cells, Mario Capecchi’s group described 

Bmi1 (a polycomb-repressing complex (PRC) component involved in the self-renewal of neuronal, 

hematopoietic, and leukemic cells) as a marker of cells at around the +4 position, directly above 

the uppermost Paneth cell94. Using a Bmi1-CreER lineage tracing schema comparable to that 

described for the Lgr5+ CBC cells and similarly to the latter, Bmi1+ cells were found to self-renew 

and replenish the all mature lineages, hence consistent with their stem cell identity94. However, the 

functional distinction between these two proposed ISC populations (as well as their hierarchical 

relationship) remained unclear at the time. Insights into a putative two-stem-cell model came a 

few years later. Using their diphtheria toxin ablation model, Tian et al. demonstrated that, 

following Lgr5+ cell ablation, Bmi1-expressing cells become mobilized to compensate for Lgr5+ 

cell loss and maintain homeostasis, suggesting these represent an alternative “reserve” stem cell 

pool. A parallel study led further credence to these findings and assigned clear and distinct 

functional roles to these two putative ISC populations34. Thus, while Lgr5 was found to mark 

mitotically active, Wnt-sensitive, moderately radiosensitive stem cells that take on a primary role 

during homeostatic regeneration, Bmi1 appeared to mark highly radioresistant, slowly cycling 

ISCs that contribute weakly to homeostasis but are capable of dramatically proliferating and 

replenishing the intestinal epithelium following high-doses of radiation34. Taken together, these 

data provided direct evidence that Bmi1 marked a quiescent, injury-inducible reserve ISC 

population and supported a model whereby distinct ISC populations co-exist to facilitate 

homeostatic versus injury-induced regeneration34. 

Besides Bmi1, other markers like mTert, Lrig1 and Hopx have been proposed for the +4 

“reserve” stem cell population. For instance, Hopx was found to mark a quiescent population of 

label-retaining cells identified after irradiation and pulse labeling with 5-bromodeoxyuridine. A 
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Hopx-CreER lineage tracing scheme similarly revealed that all mature differentiated intestinal 

epithelial cell types (including Paneth, goblet, EE cells, and enterocytes), in addition to the Lgr5+ 

CBC cells, were indeed derived from Hopx+ cells at the +4 cell position.  These findings were 

consistent with the interpretation that Hopx labels a quiescent population of ISCs, a fraction of 

which is label-retaining, which can give rise to more rapidly proliferating Lgr5+ ISCs. 

Interestingly, this study additionally found that Lgr5+ CBC cells can give rise to Hopx+ cells 

during homeostasis, suggesting the existence of bidirectional relationship between these two 

proposed stem cell pools. Taken together, these data lent experimental support to a proposed 

model182 in which slowly cycling ISCs at the +4 position are able to dynamically inter-convert 

with more rapidly cycling ISCs at the crypt base (CBCs), indicating that adult stem cell 

compartments can regenerate one another. 

Despite the elegant genetic evidence in support of a two-stem-cell model, these results also 

fueled existing controversy regarding the identity of these cells, their hierarchical relationship to 

one another, and how overlapping in nature are their respective markers. For instance, while 

Lrig1+ cells were found to be slowly cycling, they appeared to be more proliferative than the 

previously proposed Bmi1+  and mTert+  populations97. Furthermore, not all these markers were 

found in the same cells or at the same frequencies throughout the intestine length. Indeed, Lrig1+ 

cells were also found in the colon, unlike what was observed of Bmi1+ and mTert+ cells (which 

were rare and appeared to display a steep gradient of expression from proximal to distal intestine). 

Unlike the previous reported markers, Lrig1 also appeared to mark cells throughout the crypt 

(including the crypt base), even if they appeared to be distinct to Lgr5+ CBC cells as supported by 

transcriptome profiling97. Thus, based on proliferation rates, cell position, and their reported cell 

number(s) per crypt, it was proposed that Lrig1+  ISCs were downstream from the more quiescent 
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Bmi1+ or mTert+ ISCs97, but their exact position along the lineage remained unclear. This is all 

compounded by contradictory reports, which suggest Lrig1 is simply a general regulator of the 

stem cell compartment183. 

Further controversy in the field arose from the finding that the mRNAs associated to some 

of these markers were expressed equivalently in both Lgr5+ CBC cells and the proposed reserve 

stem populations, in addition to much broadly within the crypt and TA compartment53,99. As a 

consequence, these studies cast serious doubts on the fidelity and validity of previous lineage-

tracing-based evidence of stemness at the +4 cell position, suggesting that the tracing emanating 

from these strains is not representative of a distinct reserve population but simply captures the 

properties of Lgr5+ CBC cells53. While one underlying explanation to the overlap could be that 

the inherent heterogeneity yet inter-relatedness between the intestine’s stem cell pools places these 

along a gene expression continuum95,97, an alternative explanation could be that the presence of 

endogenous mRNAs does not correlate with reporter activity emanating from a single locus. This 

was precisely the focus of two follow-up papers, which highlighted that expression of the +4 

CreER drivers is limited to cells other than CBC cells, equally distinct from previously reported 

LRCs, and discrepant from other reported +4 GFP reporters172,184. Thus, although the broad 

acceptance of the +4 reserve ISC model has been precluded by observations of promiscuous 

mRNA expression, these findings demonstrate that the cell populations labeled by Bmi1- and the 

Hopx-CreER alleles are largely overlapping and yet molecularly distinct from the Lgr5-GFP+ 

CBCs, providing molecular support for the cell ablation studies demonstrating their functional 

dissimilarity172.  

 2.3.2.2 Reconstitution of the Lgr5+ CBC Compartment via Mechanisms of Plasticity. The 

broad expression of putative reserve ISC markers in Lgr5+ CBC cells and, overall, the controversy 
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surrounding the identity of the +4 stem cell population has caused the reserve stem cell model to 

lose populatity in favor of a trend that sees the intestinal epithelium as an extremely plastic entity, 

whose relatively unvariant epigenetic landscape makes it easy to repurpose its mature lineages to 

re-derive stem potential98,108,185. Indeed, the same functions attributed to reserve stem populations 

can be fulfilled by a variety of cells that could otherwise be considered  as lineage-committed1,98. 

Furthermore, with the advent of chromatin and transcriptome profiling, it has become clear that 

some of these putative +4 reserve markers are expressed in mature cell populations, and subsequent 

studies have demonstrated that some of these reserve ISC populations in reality constitute secretory 

progenitors downstream of the ISC50,102, lending further credence to the plasticity model. 

The Notch ligand Dll1 is strongly up-regulated in a small subset of immediate Lgr5+ ISC 

cell daughters present in the TA cell zone and, among other functions, has been proposed to 

activate Notch signaling in nearby TA cells to guide their  specification along the enterocyte 

lineage (see Chapter 1). Using a Dll1-GFP-IRES-CreERT2 lineage tracing strain, Van Es et al. 

demonstrate that acute TAM administration results in labeling of Dll1+ cells at the +5 cell position, 

directly above the uppermost Paneth cell 68. These cells go on to generate small, short-lived clones 

of all four secretory cell types (Paneth, goblet, tuft, and EE cells, but never enterocytes) under 

homeostatic conditions, consistent with their role as short-lived secretory progenitors downstream 

of the Lgr5+ ISC. However, when these were pre-labeled in the setting of sublethal irradiation, 

Dll1+ cells were found to trace into confluent ribbons of cells emanating from the crypt bottom 

and also into enterocytes, suggesting their ability to regain stem cell potential upon tissue 

damage68. The latter was consistent with the observation that single-sorted Dll1+ cells can grow 

as intestinal epithelial organoids in vitro when provided with exogenous Wnt signals68. 
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Lending further credence to the idea of plasticity along the secretory lineage was a 

publication on label retaining cells (LRCs) from the Winton group. Parting from the observation 

that candidate marker genes, rather than quiescent populations themselves, have been the focus of 

study, Buczacki et al. used a histone label retention-based lineage tracing strategy to provide 

evidence for a quiescent population of crypt-residing cells expressing high levels of Lgr556. 

Contrary to their expected role as multi-potent stem cells, these quiescent Lgr5+ cells were found 

to exclusively generate Paneth and EE subtypes, effectively identifying these as short-lived 

secretory progenitors. These cells were able to withstand moderate doses of radiation and were 

relatively abundant (2-3 cells/crypt) compared to Potten’s LRC56 - most likely because the 

nucleotide labelling approaches used in the past were limited to the exclusive labeling of cells 

captured in S phase before onset of quiescence, and therefore incompletely marked label-retaining 

populations. Interestingly, and contrary to the Dll1+ secretory progenitors from above, these were 

not only found at around the +4 cell position but also found right within the CBC/Paneth cell zone. 

However, and similarly to the latter, these cells were also found to regain stemness, reconstitute 

the Lgr5+ stem cell pool, and participate in intestinal epithelial regeneration following cytotoxic 

damage56. Thus, albeit normally fate-committed and restricted in their potential, these cells retain 

the ability to acquire stem cell function and can be recruited under conditions of injury-induced 

regeneration. Such plasticity is also evident in organoid culture, with Lgr5+ LRCs displaying an 

equivalent clonogenic potential relative to non-label retaining Lgr5High CBC cells56. 

 

Two additional studies published back-to-back endowed another subset of secretory 

progenitors, this time along the EE lineage, with plasticity50,102. By comparing their transcriptome 

profile to that of Lgr5+ cells, well known secretory and absorptive progenitors102 and to other 
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proposed reserve stem populations50, and by demonstrating their absence in Atoh-/- intestines102, 

Jadhav et al. and Yan et al. both concluded that Bmi1-GFP+ cells (previously considered to 

represent a reserve ISC population) constitute indeed preterminal EE cells50,102. Although Bmi1 

EE cells displayed features highly reminiscent of Dll1+ and LRC injury-inducible populations, 

these cells expressed high levels of EE (but not goblet or Paneth) cell markers, their rich hormone 

repertore, CHGA and Neurod1 positivity suggesting an advanced differentiation stage compatible 

with a “multicapable” EE population50. Using Prox1 as an orthogonal marker, Yan et al. validated 

that Prox1 marks progenitors with dual tuft and EE cell identity that similarly possess injury-

induced stem cell activity102. Molecular profiling of Bmi1-GFP+ cells in the context of 10Gy 

irradiation that eliminates the Lgr5+ CBC cells revealed that these cells were undergoing a 

transition into the Lgr5+ state, consistent with their plasticity during injury-induced 

regeneration102. A similar finding was made of CD69+CD274+ cells (considered to be goblet cell 

progenitors in the intestinal TA zone)102. Importantly, significant modulation of the chromatin 

accessibility landscape, with loss of enhancers specific for the secretory lineage and regaining of 

those specific to the Lgr5+ CBC cell, appeared to underlie these changes - hence consistent with 

reversion to the stem cell state102. The basis of this exceptional plasticity may be the inherently 

low epigenetic barriers found across mature intestinal epithelial cells versus stem cells, as indicated 

by the differential openness of chromatin along lineage-specific enhancers in the absence of strong 

histone mark deposition102,185. 

 

Consistent with this finding, plasticity was, expectedly, also found within the more 

abundant and proliferative absorptive precursors. Marked by expression of alkaline phosphatase 1 

or Alpi1 (also a mature enterocyte marker in the villus), these cells are found in the upper portion 
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of the upper crypt, roughly spanning from positions +6/+7 upward (but more abundantly starting 

positions +11 and above), in proliferative cells comprising the bulk of the TA zone and separate 

from Dll1+ secretory progenitors101. Making use of an Alpi-IRES-CreERT2 knock-in allele for 

lineage tracing, these cells were found to generate short-lived clones entirely composed of 

enterocytes during homeostasis101. While the majority of these clones emerged at around position 

+8 in the upper crypt and were lost from the villus tips within 6 days, Alpi1+ progenitors were 

shown to support long-term regeneration in the setting of Lgr5+ cell ablation, consistent with de-

differentiated Alpi+  cells regaining stem cell activity and exhibiting the Lgr++ CBC cell 

characteristics of self-renewal and multi-potency. This was confirmed by single-cell RNA-

sequencing (scRNA-seq), which revealed that, upon damage to the stem cell compartment, Alpi+  

progenitors downregulate enterocyte-specific genes, become more proliferative and upregulate the 

Lgr5+ CBC cell gene signature101. Interestingly, this property was exclusive to the Alpi1+ 

absorptive precursor and not to the Alpi1+ enterocyte, as induction of lineage tracing 3 days prior 

to Lgr5+ cell loss resulted in no such stem cell-like tracing101. This implies that the labeled Alpi+  

enterocytes that have exited the crypts after 3 days, which are no longer proliferative, do not have 

the functional capacity to regain stemness. Thus, it appears that plasticity rests in the permissive 

epigenetic state found in the enterocyte precursors101,185. 

 

The observation that mature enterocytes cannot participate in injury-induced regeneration 

may suggest that there may be limits to plasticity, and that more differentiated/post-mitotic cell 

types are perhaps epigenetically locked in a state that prevents them from regaining stem potential. 

Alternatively, and given the multiple and potentially redundant sources of injury-induced stem cell 

activity, this could also indicate that such cells are no longer needed if there are alternative injury-
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inducible stem cell pools in closer proximity to the vacant stem cell niche. In other words, it is also 

possible that these cells are simply not found in a favorable environment that would support their 

re-acquisition of stemness (i.e. far from the favorable environment of the crypt). Reports 

demonstrating ectopic crypt formation along bone morphogenetic protein-inhibited villi186,187 (that 

is, following modulation of niche signaling gradients along the crypt-villus axis) may be indicative 

of the latter. Three recent papers that described regenerative potential within mature Paneth cells 

delved deeper into this question and highlighted important principles about the molecular 

mechanisms governing de-differentiation. Using a Lyz1-CreERT2 lineage tracing strategy, Yu and 

colleagues reported that a subset of normally post-mitotic Paneth cells is able to proliferate and 

regain stem potential to reconstitute full crypt and villus compartments in the setting of irradiation 

or enforced activation of Notch signaling104. The latter was consistent with the ability of irradiation 

damage to re-initiate Notch signaling in Paneth cells. Interestingly, this was not observed in the 

setting of Wnt/β-catenin signaling augmentation (the primary pathway responsible for Lgr5+ stem 

cell maintenance), suggesting Wnt/β-catenin signaling on its own does not underlie Paneth cell 

plasticity104. Alternatively, and since high Wnt signaling is reportedly needed for Paneth cell 

maturation and positioning within the crypt base63,64 this may indicate that Wnt signaling is simply 

not enough to drive de-differentiation in this context, in spite of its participation in other settings. 

Indeed, Wnt signaling appears to be essential for the quiescence exit of mTert+ putative “reserve” 

ISCs93 as well as for Dll1+  progenitors to regain stemness, as seen in organoid culture68. The  

finding that canonical Wnt activation on its own is insufficient to trigger Paneth cell de-

differentiation is resonant with the idea that chemosensory Dclk1+ tuft cells, while unresponsive 

to radiation damage, are capable of de-differentiation and initiating tumorigenesis in the setting of 

chemical colitis and Apc deletion, but not under conditions of canonical Wnt activation alone78. 
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Given expression of Lyz1 in both mature and immature Paneth cells, the authors wondered whether 

these findings could be reflecting the activity of only a subset of not fully differentiated Paneth 

cells. Contrary to the finding that mature enterocytes do not regain plasticity101, a 30-day gap  

period (the average time it takes for secretory precursors to mature184) between induction of tracing 

and radiation injury still resulted in stem cell-like lineage tracing into crypts and villi, indicating 

that mature Paneth cells do indeed harbor de-differentiation potential. Using an orthogonal Defa4-

CreERT2 allele, Jones and colleagues reported similar findings; namely, that gamma-secretase 

ADAM10-dependent Notch signaling activation was necessary to promote plasticity and regaining 

of stem cell potential in Paneth cells in the context of cytotoxic damage, and that on its own Notch 

signaling was sufficient to drive Paneth cell de-differentiation103. Lastly, Schmitt et al. reported 

similar findings and Paneth cell de-differentiation in the context of Lgr5+ CBC cell loss to DSS-

driven colitis188. Paradoxically, Wnt signaling activation downstream of SCF/c-Kit activation and 

Gsk3β inhibition appears to mediate de-differentiation in this context. While this could reflect the 

pleiotropic effects of Gsk3β inhibition on additional pathways other than Wnt signaling, it is also 

possible that distinct underlying mechanisms of plasticity may be associated with different types 

of injury. 

 

Overall, all these studies indicate that a large and varied pool of cells across both the 

absorptive and secretory lineages and at different stages of differentiation can make themselves 

available to support regeneration following Lgr5+ cell damage or loss.  

 

2.3.2.3 Reverse or Reserve? An outstanding question following the multiple reports of plasticity 

after damage is how much of this homeostatic response to injury reflects de-differentiation of 
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Lgr5+ cells recent progeny versus the activation of putative facultative reserve (or “revival”) stem 

populations, which still remain popular108,110. By timing the interval between Lgr5-driven lineage 

tracing and lethal injury, Murata et al. demonstrate that Lgr5+ CBC cell reconstitution and 

resultant intestinal epithelial regeneration following high-dose radiation is explained almost 

exclusively from de-differentiation of the Lgr5+ CBC cell own recent progeny in the upper crypt, 

with at best a small contribution from older cells107. Furthermore, these results were replicated in 

the absence of secretory or absorptive progenitors, indicating that one lineage can indeed 

compensate for the other. Interestingly, this study also showed that the reconstitution of the Lgr5+ 

CBC compartment and associated regenerative response were abrogated in the context of loss of 

the Lgr5+ CBC cell marker and master regulator Ascl2 in early de-differentiating cells, suggesting 

its essential role following damage107. Further characterization of the Ascl2+ de-differentiating 

cells revealed no clear enrichment of proposed +4/reserve markers and little to no Lgr5 mRNA 

expression, indicating that Ascl2 precedes Lgr5 activation as these cells move downward and are 

on their way to become Lgr5+ CBC cells. Through the identification of Acsl2 binding sites in the 

genome, the authors further demonstrated IL-11 receptor (IL11ra1) as an Ascl2 target gene, and 

demonstrated that addition to recombinant IL-11 to organoid culture does indeed augment the 

clonogenic capacity of de-differentiating Ascl2+ cells107. This is joined by other publications that 

implicate YAP/TAZ signaling as well as co-opting of a fetal developmental program in the injury-

repair response139,142,189. Collectively, these findings shed light into a potentially tractable pathway 

to modulate the intestine’s plastic response to damage and suggest that de-differentiation from 

early crypt progenitors, and not mobilization of a dedicated or facultative quiescent stem cell pool, 

is the principal means to restore homeostasis following Lgr5+ CBC cell loss. 
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2.4 Closing Remarks and Next Questions 

In spite of its popularity, the Lgr5+ ISC model sits on several assumptions that lack 

sufficient or direct experimental support, and also has its limitations. Besides obviating the 

identification and functional characterization of a key piece in the puzzle (the so-called TA cell), 

the dispensability of Lgr5+ cells during homeostasis may appear at first incompatible with the role 

of these as an actively cycling population and the sole stem cell contributor to intestinal epithelial 

regeneration. This is further exacerbated considering the intestine’s incredibly rapid turnover.  

 

One of the working hypothesis to account for these perplexing findings is that, upon Lgr5+ 

cell damage or loss, permissive conditions allow dedicated reserve stem cell populations to 

mobilize and reconstitute the Lgr5+ stem cell pool. Multiple markers have been proposed for such 

populations - however, their reported diversity has similarly raised questions about ISC inter-

relatedness, hierarchy, and interconversion. Although several attempts at reconciliation have been 

made33,172,184, the reserve stem cell model is surrounded by controversy stemming from ambiguous 

gene expression domains for the putative reserve ISC markers as well as unfaithful Cre 

recombinase activities in their respective lineage tracing alleles. One key message from these 

studies is that these represent dynamic and heterogeneous cell populations. Indeed, the marker 

genes identified as proxies of these quiescent cell types are often not unique to a specific lineage 

but, rather, co-expressed at lower levels in other cells53,172. As a consequence, the functional 

overlap between these populations remains to this date unclear. Importantly, these ‘‘reserve’’ and 

the more recently reported ‘‘revival’’ ISCs110 are rare and don’t exist in numbers sufficient enough 

to account for the vast degree of regeneration observed and at such unprecedented speed34,95,104,107. 
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Furthermore, not all these populations appear throughout the small intestine length, and a vast 

majority of them are absent in the colon107. 

 

The controversial reports of reserve ISC have been compounded by the finding that some 

of their associated markers and respective CreER drivers do appear to label differentiated cell 

types50,102. The description of the ability of committed or even fully-differentiated cell types to 

regain regenerative potential via mechanisms of plasticity has further called the concept of a 

dedicated reserve stem cell population into question, painting a  far more plastic and dynamic 

picture of intestinal regeneration1.  The latter is supported by a model in which de-differentiation 

from immediate Lgr5+ cell progeny appears to be the major driver of regeneration following 

damage or Lgr5+ CBC cell loss107. Intriguingly, similar mechanisms of daughter cell plasticity 

have been reported in other epithelia, like the de-differentiation of committed mature airway cells 

in the lung190 and of Troy+ chief cells in the gastric corpus191. However, even though the reserve 

stem cell model has largely subsided to plasticity, the idea of a ‘‘reserve’’ LRC population has 

resurfaced recently and still remains popular110. An alternative possibility is that the intestine relies 

on different sources to support regeneration depending on the context. 

 

One key observation from different lines of evidence is that the cells that harbor the 

competence to immediately repopulate the Lgr5+ CBC cell compartment appear to reside 

unequivocally in the intestinal upper crypt107,192 and are deeply radiosensitive (>6 Gy)192. This 

upper crypt is thought to harbor TA progenitors which, historically, were also proposed to harbor 

the regenerative potential to reconstitute the stem cell compartment should it incur any damage178. 

Although others have undertaken approaches to study early progenitor differentiation54,68,101,131, 
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these have suffered from several limitations and failed to provide a complete picture of the 

intestine’s TA population with success. This is particularly true for the proliferative bulk of cells 

located in between the +4 and +8 positions, for which no molecular markers have been described. 

The latter has a far deeper, yet frequently overlooked, implication: and that is the lack of direct 

genetic evidence in support that the Lgr5Low state (and by extension, the bulk of proliferative cells 

sitting above the stem cell compartment in the TA zone) are direct progeny from the Lgr5High cells 

at the very crypt base. Thus, there remains a gap in our knowledge of the TA cell/state and 

hierarchy – and while we can partially assess ISC biology making use of the currently available 

Lgr5+ ISC reporters, we still miss a reliable TA marker to study how fate decision and regeneration 

are regulated downstream of the ISC, and potentially altered during aging, injury, and disease.  

 

Even if Lgr5+ CBC cell ablation does not compromise epithelial integrity during 

homeostasis157, it has been proposed that Lgr5+ cells are absolutely required in the setting of 

regeneration following radiation-injury192. The underlying implications for these findings, as 

interpreted by the authors, are two-fold: 1) that transition through an Lgr5+ cell state is needed in 

order to orchestrate the injury-induced regenerative wave, and 2) that if these cells are dispensable 

during homeostasis is simply because they are rapidly replenished from other sources. This is 

supported by the fact that, when Lgr5+ CBC cell replenishment is blocked (for instance, by DT 

administration in Lgr5-DTR-GFP mice following 10 Gy irradiation), the regenerative response is 

impaired and mice succumb to intestinal failure192. Strikingly, prolonged phenotypes of Lgr5+ cell 

suppression via Rspo signaling inhibition  would argue against this case33. In this setting, which 

unlike the former does not involve cell killing, Lgr5+ cells not only are efficiently ablated 

throughout the intestine length but also can be kept from reappearing for up to 2 weeks. In such a 
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period, the intestine displays sustained crypt proliferation, exhibits mature villus cell turnover, and 

has had the chance to regenerate 3-5 times in the absence of Lgr5+ cells. Even more interestingly, 

Rspo signaling augmentation (which induces perpetual Lgr5+ CBC cell self-renewal and 

effectively halts any mature cell contribution from their differentiation) similarly co-occurs with 

no detrimental phenotype, and the intestine can still regenerate and support villus turnover in the 

absence of Lgr5+ CBC cell contribution33. 

 

While mechanisms of de-differentiation and plasticity could be behind this, these findings 

appear to hint at an alternative possibility: that the regenerative contributions of the Lgr5High CBC 

cell during homeostasis may be limited, and that perhaps other populations are responsible for the 

bulk of intestinal epithelial regeneration seen under steady-state conditions. In an effort to 

characterize what other regenerative populations live in conjunction with the Lgr5+ cells in the 

intestinal upper crypt, here we made use of scRNA-seq in the context of pharmacological 

modulation of the Wnt/Rspo signaling axis that controls Lgr5+ cell behavior, and identified what 

we believe is the first specific and validated marker for the cells of the TA zone (Chapter 3)193. 

Using a dual fluorescent time-reporter and conventional lineage tracing, we validate that these 

cells are multi-potent and support homeostatic intestinal epithelial regeneration by giving rise to 

all mature lineages and, strikingly, also to the Lgr5+ cells at the crypt base193. Consistent with their 

stem rather than TA cell function, the latter underscores the benefit of combining multiple 

orthogonal and unbiased approaches to studying intestinal epithelial regeneration (Chapter 1) and 

resolves many of the apparent inconsistencies of the Lgr5+ stem cell model. It also serves as a 

cautionary tale to remind us how everything depends through the lens of which is seen, and, 
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ultimately, how our interpretations of the data are ultimately bound by the current model and its 

underlying assumptions. 
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Chapter 3: Time-Resolved Fate Mapping Identifies the 

Intestinal Upper Crypt as an Origin of Lgr5+ Crypt Base 

Columnar Cellsii 

 

In the prevailing model, Lgr5+ cells are the only intestinal stem cells (ISCs) that sustain 

homeostatic epithelial regeneration by upward migration of progeny through elusive upper crypt 

transit-amplifying (TA) intermediates. Here, we identify a proliferative upper crypt population 

marked by Fgfbp1, in the location of putative TA cells, that is transcriptionally distinct from Lgr5+ 

cells. Using a kinetic reporter for time-resolved fate-mapping and Fgfbp1-CreERT2 lineage tracing, 

we establish that Fgfbp1+ cells are multi-potent and give rise to Lgr5+ cells, consistent with their 

ISC function. Fgfbp1+ cells also sustain epithelial regeneration following Lgr5+ cell depletion. 

We demonstrate that FGFBP1 produced by the upper crypt cells is an essential factor for crypt 

proliferation and epithelial homeostasis. Our findings support a model in which tissue regeneration 

originates from upper crypt Fgfbp1+ cells that generate progeny propagating bi-directionally along 

the crypt-villus axis and serve as a source of Lgr5+ cells in the crypt base.   

 

 

                                                 
ii Parts of this Chapter are already published. They are directly taken or adapted from Capdevila, C., et al. Time-

resolved fate mapping identifies the intestinal upper crypt as an origin of Lgr5+ crypt base columnar cells. Cell 187, 

3039-3055 (2024). 
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Figure 3.1. A revised model for intestinal epithelial regeneration places the upper crypt at the 

center of tissue homeostasis. Intestinal epithelial regeneration originates from the upper crypt, 

not the crypt base. Fate mapping demonstrates that Fgfbp1 marks multi -potent upper crypt 

intestinal stem cells (ISCs) that repopulate the intestinal epithelium, including the Lgr5+ crypt 

base columnar (CBC) cells, under homeostatic conditions. Our findings unveil a novel cellular 

hierarchy in the intestinal epithelium and revise the model for how this tissue regenerates during 

homeostasis. 
  

 

3.1 Introduction 

The intestinal epithelium exhibits rapid physiological renewal with continuous turnover 

every 3-5 days supported by intestinal stem cells (ISCs) located within the crypts1,2. However, the 

precise location and identity of the ISC have been intensely debated1. It is currently accepted that 

actively cycling Crypt Base Columnar (CBC) cells marked by expression of the R-spondin (Rspo) 

receptor Lgr5 constitute the only dedicated stem cell population in the intestine18. These cells, 

which live at the base of the intestinal crypts interspersed in between long-lived secretory Paneth 
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cells, are capable of long-term self-renewal and are thought to transition through so-called transit-

amplifying (TA) intermediates in the upper crypt prior to multi-lineage differentiation into all the 

intestine’s mature lineages18. Additionally, ex vivo clonogenic culture of isolated Lgr5+ cells 

yields growth of intestinal epithelial “organoids” capable of both multi-lineage differentiation and 

sustained proliferation, demonstrating stem cell activity164.  

 

Lgr5+ ISCs divide daily, symmetrically, and are relatively abundant. Far from being 

equipotent, studies using mathematical modelling42,43 and intravital microscopy (IVM) 

demonstrated that Lgr5+ ISCs not only abide by the principles of neutral drift competition but also 

exhibit extensive positional heterogeneity47, with cells displaying the highest degree of Lgr5 

expression (Lgr5High) occupying the center-most positions at the crypt base (positions 0 to +3) and 

being characterized by the highest clonal retention rates and stem potential. Lgr5High cells are 

proposed to give rise to progeny that progressively turn off Lgr5 expression and climb up the crypt-

villus axis, hence undergoing differentiation. Therefore, in the prevailing model, Lgr5Low cells 

occupying positions +4/+5 are directly derived from Lgr5High cells and represent their short-lived, 

early TA progeny. Despite IVM and Lgr5 lineage tracing experiments having extensively validated 

the upward flow of cells from the crypt base onto the villus compartment, TA cells have eluded 

molecular definition and thus have never been directly investigated. 

 

Pharmacological modulation of Wnt/Rspo signaling revealed striking phenotypes of crypt 

hyperplasia and Lgr5+ cell loss upon Rspo gain- and loss-of-function, respectively, leading to a 

model in which Lgr5+ ISCs are wired to undergo differentiation by default unless Wnt/Rspo 

signals are present33. Rspo signaling augmentation has been shown to reinforce the Lgr5High cell 
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state and trap Lgr5+ ISCs in a perpetual state of self-renewal whereby mature lineage allocation 

from the CBC cells is inhibited, resulting in a dramatic phenotype of increased Lgr5+ cell number, 

total crypt cell proliferation, crypt hyperplasia, and villus lengthening33. Interestingly, this 

pharmacological Lgr5+ ISC entrapment does not impair tissue regeneration as under this context 

the intestinal epithelium is maintained and actually grows in size independently of Lgr5+ CBC 

cell contribution. Conversely, Rspo inhibition by administration of the soluble receptor decoy Lgr5 

ectodomain (Lgr5-ECD) leads to complete Lgr5+ ISC cell loss due to accelerated multi-lineage 

differentiation into the villus. This pharmacological suppression similarly co-occurs with no 

detrimental phenotype as both specification of villus cell lineages and crypt proliferation are 

preserved in the absence of a regenerative Lgr5+ CBC compartment33.  

 

The remarkable lack of an impaired regenerative response that arises as a consequence of 

halting Lgr5+ cell-driven regeneration either by pharmacologically blocking differentiation or 

promoting it at the cost of exhausting the Lgr5+ cell pool is in agreement with a diphtheria-toxin 

ablation model that concluded that Lgr5+ cells are dispensable for homeostasis157. Although 

different mechanisms have been evoked to reconcile how the intestine regenerates in the absence 

of its homeostatic ISC population (from mobilization of quiescent, reserve label-retaining cells 

(LRC) residing at the +4 cell position34,93-95,97,157 to post-mitotic populations along the 

absorptive101 and secretory lineages50,56,68,102-104 regaining stem potential through cellular 

plasticity), these results could alternatively point to the existence of another homeostatic, Lgr5- 

regenerative population of unclear identity aside from Lgr5+ CBC cell. Here, we sought to identify 

this regenerative population. 

 



68 

 

One of the challenges in studying intestinal epithelial regeneration arises from the fact that 

the intestinal crypt is populated by highly dynamic and heterogeneous cell types undergoing rapid 

cell transitions. Thus, the cell types residing in the upper crypt have eluded molecular definition 

due to a lack of specific markers for their prospective study and isolation. This includes the TA 

cell1,194 : a population proposed to be immediately downstream of the Lgr5+ cell and operationally 

defined by its multi-potency but limited self-renewal potential, hence distinguishing it from bona-

fide stem cells1,2,178. Building upon our intriguing observations from 201733, here we aimed to 

dissect the cellular heterogeneity in the crypt compartment using single-cell RNA-seq (scRNA-

seq) in the context of pharmacological modulation of the Rspo signaling axis. This allowed us not 

only to characterize the cell types present in the crypts under homeostasis, but also to understand 

their dynamic interplay in response to niche cues. Here, we found the gene Fibroblast growth 

factor binding protein 1 (Fgfbp1) marks an immature, proliferative population of upper crypt cells 

distinct from the Lgr5+ CBC cells. We validated the conserved spatial distribution of these cells 

in the upper crypt zone along the entire murine small intestine length, and functionally 

characterized them using a novel knock-in allele (termed “Fgfbp1-TimeRò) for the constitutive 

labelling of Fgfbp1+ cells and time-resolved fate mapping of their progeny. Our Fgfbp1-TimeR 

allele revealed that Fgfbp1+ cells are multi-potent, giving rise to all intestinal lineages. 

Surprisingly, Fgfbp1+ cells were also found to give rise to all Lgr5+ cells within the crypt base 

during homeostasis, consistent with stem cell function. These results were further validated using 

a novel Fgfbp1-CreERT2 strain for lineage tracing, which highlighted the rapid and complete 

replacement of Lgr5+ cells by the upper crypt. Finally, Fgfbp1 conditional knockout (cKO) in the 

intestinal epithelium revealed that FGFBP1, secreted by upper crypt cells, is essential for intestinal 

epithelial homeostasis and Lgr5+ cell maintenance. These results underscore the importance of a 



69 

 

previously unappreciated epithelial niche signal and effectively place the upper crypt zone at the 

source of intestinal epithelial regeneration. 

 

3.2 Results 

3.2.1 Fgfbp1 Marks Proliferative Upper Crypt Zone Cells  

Lgr5+ CBC cell self-renewal is dependent on the Wnt/Rspo signaling axis, which can be 

pharmacologically modulated at the ligand level33,195. Systemic Rspo overexpression (via 

intravenous adenovirus injection with resultant hepatic transduction and secretion into the 

circulation) induces a tissue growth phenotype characterized by crypt hyperplasia, Lgr5+ cell 

expansion, and villus lengthening in mice33,34. In contrast, systemic overexpression of the soluble 

Lgr5 ectodomain (Lgr5-ECD) for Rspo signaling inhibition results in complete loss and 

suppression of all Lgr5+ cells throughout the intestine33. Notably, tissue architecture and crypt 

proliferation are maintained despite Lgr5+ cell depletion via the Lgr5-ECD33, analogous to that 

observed following DT-mediated Lgr5+ cell ablation157.  

 

We sought to understand the early transcriptional changes undergone by the Lgr5-GFP+ 

cells immediately following enhancement versus suppression of the Wnt-dependent Lgr5+ cell 

state. For this, we used the well-documented stability of the Lgr5-GFP signal53 as a lineage tracer 

to enrich for those cells fluxing into or out of the Lgr5+ state and increase their representation for 

profiling. ScRNA-seq analysis of FACS-sorted Lgr5-GFP+ (both Lgr5-GFPHigh and Lgr5-

GFPLow) and Lgr5-GFP- cells from Lgr5-GFP-IRES-CreERT218 mouse intestine revealed 

dynamic alterations in the relative proportions of cells in each cluster (Figure 3.2A-D), consistent 

with Rspo-mediated modulation of crypt cellular composition. Clusters were identified by 

canonical markers for each of the major described cell types33,50,53.  Lgr5+ CBC signature genes53 
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were used to identify two CBC cell clusters in different phases of the cell cycle, which were further 

annotated as “cycling CBC” versus “non-cycling CBC”.  A third cluster contained proliferative 

cells lacking the Lgr5+ CBC signature and was tentatively annotated as the putative “TA” cluster 

(Figure 3.2A-C). Acute Rspo treatment led to expansion of the Lgr5+ CBC clusters with 

concomitant depletion of the “TA” cluster, consistent with Rspo function in enforcing Lgr5+ CBC 

cell states.  Conversely, acute Lgr5-ECD or soluble Fzd8 cysteine-rich domain (CRD)33 (a soluble 

inhibitor of Wnt ligands) treatments led to expansion of the “TA” cluster with concomitant 

depletion of the CBC clusters (Figure 3.2A&D) , consistent with blockade of Lgr5+ CBC states.  

We identified Fgfbp1 as a highly cluster-specific gene expressed in the “TA” population, along 

with other enriched genes such as Dmbt1 and Kcnn4 (Figure 3.2A-C, Figure S3.1A-B, and 

Tables S3.1-S3.3).  

 

Figure 3.2: Single-cell analysis identifies Fgfbp1 as a marker of the putative transit -amplifying 

(TA) cell.  A , Left, co-embedded UMAP projection of 13,095 single cells consisting of 11,218 FACS-

sorted Lgr5ɬGFP+ (Lgr5-GFPHigh and Lgr5-GFPLow) and 1,877 Lgr5ɬGFP- cells (GSE92865 ) following 

Wnt/R-spondin modulation, colored by cluster. Right, UMAP projection highlighting in red 
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either the Lgr5ɬGFP- control cells or the Lgr5ɬGFP+ cells. B, DotPlot visualization of selected 

differentially expressed genes of the annotated clusters in (A), highlighting the putative  transit -

amplifying (TA)  cluster. C, Density plots showing expression of Lgr5, Ascl2, TA cell marker 

Fgfbp1, and the predicted cell cycle distribution of cells. D , Distribution of cell types  across 

individual treatment conditio ns (highlighted in red).  

 

 

We next sought to map the anatomic location of the “TA” subset within the tissue. 

Accordingly, in situ hybridization (ISH) revealed that the Fgfbp1 mRNA is localized to 

proliferative cells of the upper crypt zone above the CBC compartment in the adult small intestine, 

minimally overlapping with Lgr5Low cells (previously proposed to represent TA cells52,54 at the +4 

position (Figure 3.3A-E and Figure S3.1C-E), concordant with the presumed location of TA cells 

and distinct from the Lgr5High CBC cells at the crypt base.  Similarly, Dmbt1 and Kcnn4 localized 

to the upper crypt zone above the CBC cells (Figure S3.1A-C), consistent with the existence of a 

distinct and specific transcriptional program in the upper crypt. Interestingly, Dmbt1 ISH 

demonstrated a similar mRNA distribution in the upper crypt zone but extended into the crypt-

villus junction, consistent with expression in both TA cells and early enterocytes as predicted by 

scRNA-seq (Figure 3.2B and Figure S3.1A-C).   
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Figure 3.3. Fgfbp1 is expressed in proliferative upper crypt zone cells , in a spatially segregated 

manner from the Lgr5+ CBC cells . A, Fgfbp1 in  situ hybridization (ISH) combined with Ki67 

ÐÔÔÜÕÖÚÛÈÐÕÐÕÎɯÐÕɯ63ɯÔÜÙÐÕÌɯÐÕÛÌÚÛÐÕÌɯȹÓÖÞɯÔÈÎÕÐÍÐÊÈÛÐÖÕɯÝÐÌÞȺȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƖƙƔɯϟÔȭɯB, Top, 

spatial segregation of Fgfbp1and Lgr5 transcripts along the WT murine intestine. Bottom, higher 

magnification views of boxed ÙÌÎÐÖÕÚɯȹ3 ɯǻɯ3 ɯáÖÕÌȮɯ"!"ɯǻɯ"!"ɯáÖÕÌȺȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯC, 

Spatially segregated expression of Fgfbp1 transcripts and Lgr5-GFP confirmed in Lgr5-DTR-GFP 

intestine. Scale bar = 5ƔɯϟÔȭɯD, Positional distribution of crypt cells with detectable Fgfbp1 

expression along the intestine length demonstrates an upper crypt expression domain, as 

determined by ISH. The center-ÔÖÚÛɯÕÜÊÓÌÜÚɯÈÛɯÛÏÌɯÝÌÙàɯÊÙà×ÛɯÉÈÚÌɯÞÈÚɯÈÚÚÐÎÕÌËɯÈÚɯ×ÖÚÐÛÐÖÕɯɁƔɂȭɯ

E, Quantitative multiplex mRNA single -molecule fluorescence ISH (smFISH) analysis of jejunal 

crypts highlights two distinct domains, an upper crypt (UC) Fgfbp1+ zone and an Lgr5+ CBC zone. 

Data represent mean mRNA integrated density with S.E.M. for Lgr5 and Fgfbp1 transcripts 

acquired from >50 individual crypts, n=2 mice.  

 

 

We next queried normal unperturbed crypts for our “TA” signature by projecting our 

single-cell clusters onto a reference scRNA-seq dataset comprising crypt-enriched epithelium 

spanning multiple regions along the small intestine length119. Indeed, our Fgfbp1-enriched “TA” 

cluster mapped directly onto the putative “TA/progenitor” populations annotated in the reference 

dataset, which were distinct from the Lgr5+ CBC clusters (Figure 3.4A and Table S3.4). 

Congruent with our ISH data, this finding confirmed that the Fgfbp1+ cell population is not an 

artifactual or induced regenerative state secondary to pharmacological modulation, but rather that 

it is also present in the unperturbed crypt during homeostasis. To understand the relationship 

between the “TA/progenitor” population and the Lgr5+ CBC cells, we performed RNA-Velocity 

analysis127,196 on the reference dataset. Unexpectedly, this raised the possibility that the Fgfbp1-

enriched “TA early/progenitor” cluster(s), corresponding to the “TA” cluster from our 

pharmacological perturbation analysis, is the origin of the mature cell lineages and also of the 

Lgr5+ CBC cells (Figure 3.4A-B and Figure S3.1F). Analysis of another scRNA-seq dataset 

enriched for secretory lineage cells57 also yielded a similar trajectory (Figure S3.1G and Table 

S3.5) and surprisingly placed the Lgr5+ CBC cells along the secretory branch. These findings 
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raised the possibility that the Fgfbp1+ upper crypt cells may potentially serve as stem cells 

upstream of the Lgr5+ CBC cells, in contrast to the prevailing model in which Lgr5+ CBC cells 

give rise to downstream TA/progenitor cells prior to multi-lineage differentiation. Together, these 

data show Fgfbp1 is enriched in a discrete population in the upper crypt zone that is both spatially 

and transcriptionally distinct from the Lgr5+ CBC cells and raise the possibility of an alternative 

cellular hierarchy. 

 

 

 

 

 

 

 

Figure 3.4. Fgfbp1+ cells are transcriptionally distinct from the Lgr5+ CBC cells and appear to 

give rise to all intestinal epithelial lineages, including the Lgr5+ cells themselves, as per RNA-

Velocity analysis. A, Seurat unimodal UMAP projection of Yan et al., Nature, 2017 dataset 

(GSE92865). B, RNA-Velocity analysis of Haber et al., Nature, 2017 dataset (GSE92332). Velocity 

field arrows inferred using scVelo stochastic model and projected onto the UMAP space indica te 

predicted lineage trajectories.  

 

 

3.2.2 The Fgfbp1-TimeR Allele is a Kinetic Reporter for Time-Resolved Fate 

Mapping of the Cells in the Intestinal Upper Crypt  

To experimentally validate these findings, we generated a knock-in kinetic reporter allele 

(termed “Fgfbp1-TimeR”) to study Fgfbp1 and the in vivo function of Fgfbp1-expressing cells in 

the mouse intestinal epithelium through time-resolved fate mapping. Fgfbp1 is located on 

chromosome 5 and encodes a secreted glycoprotein that has been proposed to serve as a chaperone 
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for fibroblast growth factors (FGFs) stored on heparan sulfate proteoglycans in the extracellular 

matrix and increase their availability to cognate FGF receptors (FGFRs) to positively modulate 

FGF signaling197,198. More recently, it has been shown to promote blood-brain barrier development 

via effects on Wnt/beta-catenin signaling, suggesting a possible role in augmenting canonical Wnt 

signaling199. We targeted the murine Fgfbp1 locus to insert a dual-fluorescent reporter cassette, 

comprised of DsRedE2-P2A-mTagBFP2, under control of the endogenous Fgfbp1 promoter 

(Figure 3.5). These fluorophores were chosen for their reported spectral and non-cytotoxic 

properties in addition to their differential stability and protein folding kinetics200,201, allowing for 

time-resolved mapping of Fgfbp1+ cells and their progeny. In order to faithfully capture 

transcriptional activation of the Fgfbp1 gene, DsRedE2 was destabilized using an N-terminal 

1xUbVR motif202 and a C-terminal PEST sequence203, resulting in an estimated half-life on the 

order of minutes to hours (Figure S3.2A-B). The destabilized DsRed was separated by a P2A 

sequence from mTagBFP2, which has an estimated half-life of ~3.5 days201, corresponding to one 

turnover of the intestinal epithelium. This configuration ensures stoichiometric expression of the 

two fluorophores, the ratio of DsRed:mTagBFP2 informing on the time elapsed since Fgfbp1 

activation.  Importantly, this labelling strategy does not require the use of CreER or tamoxifen, 

both of which have been reported to damage gut epithelium and potentially confound studies of 

proliferating cells173,176. Our Fgfbp1-TimeR reporter allele was engineered to preserve expression 

and secretion of the endogenous Fgfbp1 product (sFgfbp1), hence avoiding potential issues 

associated with haploinsufficiency.  Finally, we included an N-terminal FLAG for epitope tagging 

of sFgfbp1 and engineered two LoxP sites to allow for conditional deletion of Fgfbp1 (Figure 3.5). 

Since Fgfbp1’s protein coding sequence is contained within one exon, the second LoxP site was 

encrypted within a synthetic intron engineered in the Fgfbp1 gene body. Both the FLAG-tag and 



75 

 

LoxP-containing synthetic intron constructs were extensively validated prior to incorporation into 

the Fgfbp1-TimeR allele (Figure S3.2C-D). 

 

 

 

 

 

 

 

 

 

Figure 3.5. Targeting strategy for the dual -fluorescence Fgfbp1-TimeR knock -in allele. ** 

indicates destabilized DsRed, SP = signal peptide.  

 

The Fgfbp1-TimeR mice were born at mendelian ratios, appeared normal and were fertile. 

The adult mouse small intestine was grossly normal in architecture and all epithelial lineages were 

present. Histological analysis of the intestine demonstrated faithful DsRed reporter expression in 

the upper crypt above the Lgr5+ CBC compartment in a distribution that mirrored Fgfbp1 mRNA 

expression (Figure 3.6A-B and Figure S3.2E). Due to the relative dimness and instability of the 

fluorophore against the high autofluorescence background of intestinal epithelial cells, 

endogenous DsRed was not readily detected by flow cytometry, but could be visualized by indirect 

immunofluorescence (IF) in fixed tissues (Figure 3.6A-B and Figure S3.2F-G). The FGFBP1 

protein expression domain was additionally examined by anti-FLAG IF, which revealed an upper 

crypt epithelial expression pattern that mirrored that of the DsRed signal and the Fgfbp1 mRNA 

(Figure S3.2H). This was congruent with the fidelity of the Fgfbp1-TimeR allele in reporting 

transcriptional activity, and confirmed that the Fgfbp1 expression domain is distinct from the 

Lgr5+ CBC compartment (defined as cell positions 0 to +3). On the other hand, endogenous 

mTagBFP2 was detected by flow cytometry (Figure S3.2I). Notably, whereas DsRed was 

confined to the upper crypt zone, mTagBFP2 was seen in epithelial cells of all crypts and villi 
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throughout the intestine, identifying these as progeny derived from the DsRed+ cells in the upper 

crypt (Figure 3.6A-B). Importantly, no mTagBFP2 or DsRed signals were seen in WT control 

intestine (Figure S3.2G&J).   
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Figure 3.6. The Fgfbp1-TimeR allele is a faithful reporter of Fgfbp1+ cells and their progeny.  A, 

Spatial restriction of labile DsRed signal to the upper crypt zone and relatively broad distribution 

of long-lived mTagBFP2 along the crypt-villus axis in Fgfbp1-TimeR intestine. Jejunum, scale bar 

ǻɯƙƔɯϟÔȭɯ!Ȯɯ#Ú1ÌËɯversus mTagBFP2 distribution along the Fgfbp1-TimeR intestine. Left, swiss-roll 

of small intestine, low magnification. Scale bar = 1 mm. Right, higher magnification views of 

crypts from the proximal (a) and ËÐÚÛÈÓɯȹÉȺɯÐÕÛÌÚÛÐÕÌȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭ 

 

Consistent with its broad expression along the crypt-villus axis, mTagBFP2 IF revealed 

extensive co-localization with markers of both absorptive and secretory lineages, suggesting multi-

potency of the Fgfbp1+ upper crypt population in the small intestine (Figure 3.7). mTagBFP2+ 

traces were also observed in all the crypt bases, with overlap noted in scattered LYZ+ Paneth cells 

(Figure 3.7 and Figure S3.2K) that likely represent newly-derived Paneth cells due to fewer 

LYZ+ granules.  Interestingly, the vast majority of Paneth cells were mTagBFP2 negative, which 

is consistent with time-dependent fluorescence decay attributable to their long lifespan of >3-8 

weeks204 (Figure 3.7). Thus, the absence of mTagBFP2 signal in the majority of Paneth cells 

further validated the fidelity of the Fgfbp1-TimeR allele as a kinetic reporter. Importantly, these 

findings were congruent with our RNA-Velocity analysis demonstrating a lineage trajectory from 

the Fgfbp1+ subset to the mature lineages.   
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Figure 3.7. Multi -potency of the Fgfbp1+ upper crypt population, as revealed by the Fgfbp1-

TimeR allele.  A Left, co-localization of mTagBFP2 with enterocyte (FABP1), goblet (MUC2), 

enteroendocrine (CHGA), and Paneth cell (LYZ) markers in Fgfbp1-TimeR intestine. Jejunum, 

ÚÊÈÓÌɯÉÈÙɯǻɯƖƙɯϟÔȭɯ3Ö×ɯÙÐÎÏÛȮɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯÌßÈÔ×ÓÌÚɯÍÖÙɯ+89ǶɤÔ3ÈÎ!%/ƖǶɯȹÚÖÓÐËɯÓÐÕÌÚȮɯÞÏÐÛÌɯ

arrowhead) and LYZ+/mTagBFP2-(dashed lines)Paneth cells. Jejunum, ÚÊÈÓÌɯÉÈÙɯǻɯƖƙɯϟÔȭ Bottom 

right, quantification of mTagBFP2+ signal among LYZ+ Paneth cells. Data represented as mean 

with S.D., n=3 mice.  

 

We next wondered whether the Fgfbp1+ cells in the upper crypt zone also gave rise to 

Lgr5+ CBC cells, as suggested by RNA-Velocity analysis. IF analysis of Fgfbp1-TimeR; Lgr5-

DTR-GFP mouse tissues revealed direct overlap between mTagBFP2 and Lgr5-GFP, indicating 

that the Fgfbp1+ upper crypt zone cells do indeed give rise to the Lgr5+ CBC cells in the crypt 

base throughout the length of the small intestine (Figure 3.8A-B). This was further confirmed by 

flow cytometry analysis, which revealed mTagBFP2 co-expression in the entire population of 

Lgr5-GFP+ cells, including both Lgr5-GFPHigh and Lgr5-GFPLow (Figure 3.8C). Our quantitative 

analysis demonstrated that all (or nearly all) Lgr5-GFP+ cells derive from Fgfbp1+ cells within a 

relatively short time-frame  (as per mtagBFP2 half-life) (Figure 3.8D), despite the fact that there 

is minimal overlap between DsRed and Lgr5-GFP at the crypt base (defined by cell positions 0 to 

+3) (Figure 3.8A-D).  Notably, in the rare instances of overlap between Fgfbp1 expression 

(denoted by DsRed signal) and Lgr5-GFP, this overlap occurs in the +4/+5 cell position rather 

than the crypt base (Figure 3.8D). Together, these findings suggest that the Fgfbp1+ upper crypt 

zone cells (at positions +4 to +13) give rise to the Lgr5+ CBC cells (at positions 0 to +3) during 

homeostasis. 
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Figure 3.8. The Fgfbp1+ upper crypt population gives rise to the Lgr5+ CBC cells during 

homeostasis, as per the Fgfbp1-TimeR allele. A, Extensive co-expression of mTagBFP2 and Lgr5-

GFP is observed throughout the length of the Fgfbp1-TimeR; Lgr5-DTR-GFP intestine. mTagBFP2 

is pseudo-colored in red to visualize overlap with Lgr5-GFP ȹàÌÓÓÖÞȺȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƖƙɯϟÔȭɯ!Ȯ 

Overlapping expression of mTagBFP2 and Lgr5-GFP, but not DsRed and Lgr5-GFP, is observed 

in Fgfbp1-TimeR; Lgr5-DTR-GFP ÐÕÛÌÚÛÐÕÈÓɯÊÙà×ÛÚȭɯ)ÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔ. C, Left, flow 

cytometry analysis of EPCAM+/ Lgr5-GFP+ cells from Fgfbp1-TimeR; Lgr5-DTR-GFP jejunum. 

Right, mTagBFP2+ signal is observed in both Lgr5-GFPHigh and Lgr5-GFPLow epithelial cells. D, 

Quantitation of mTagBFP2 and DsRed distribution among Lgr5-GFP+ cells in Fgfbp1-TimeR; Lgr5-

DTR-GFP intestine by IF. Extensive overlap between Lgr5-GFP/mTagBFP2 versus minimal 

overlap between Lgr5-GFP/DsRed are observed. The Lgr5-GFP/DsRed overlap is predominantly 

restricted to the +4/+5 cell positions. Data represented as mean with S.D., n=3 mice. 
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3.2.3 Fgfbp1-CreERT2 Lineage Tracing demonstrates Homeostatic Lgr5+ CBC 

Cell Replacement Originating from the Upper Crypt Zone  

To further investigate the kinetics of regeneration from the Fgfbp1+ upper crypt zone, we 

generated an Fgfbp1-CreERT2 knock-in allele (Figure 3.9A) and performed tamoxifen (TAM)-

induced lineage tracing in Fgfbp1-CreERT2; Rosa26-tdTomato mice. Acute TAM treatment 

resulted in tdTomato+ labeling of upper crypt cells above the Lgr5+ CBC compartment by 18h 

(Figure 3.9B-E and Figure S3.3A). With this TAM dose, scattered tdTomato+ cells were 

observed in every crypt. However, crypt-based labeling at 0 to +3 positions was notably absent 

throughout the intestine, with only sporadic isolated tdTomato+ cells found in 2.6% +/- 1.4% 

(S.E.M.) of all crypts. At D2 post-TAM, there continued to be a notable absence of tdTomato+ 

cells at the crypt bases, and only rare, isolated tdTomato+ crypt-base cells could be observed in 

12.1% +/- 3.0% (S.E.M.) of all crypts (Figure 3.9C-E and Figure S3.3A). The clear spatial 

segregation between Lgr5-GFP and tdTomato signals in Fgfbp1-CreERT2; Rosa26-tdTomato; 

Lgr5-DTR-GFP mice (Figure S3.3B-C) confirmed that Fgfbp1 and Lgr5 label distinct zones. 

Between D2 and D4, tdTomato+ lineage traces rose up and reached the villus tips, consistent with 

rapid villus cell turnover originating from the upper crypt zone (Figure 3.9C-E and Figure S3.3B-

C). This was also appreciated by 3D whole mount confocal reconstruction (Figure S3D and 

Supplemental Video S3.1). However, by D4, consistent infiltration of crypt bases by tdTomato+ 

cells was observed, followed by widespread regeneration along the crypt-villus axis by D7 (Figure 

3.9C-E, Figure 3.10, Figure S3.3A & D-E, and Supplemental Video S3.1). The tdTomato+ cells 

found at the crypt bases were confirmed to be Lgr5+ CBC cells by IF (Figure 3.10). Strikingly, 

the majority of Lgr5+ CBC cells within each crypt became tdTomato+ by D7 to D14, suggesting 

the Lgr5+ CBC compartment is rapidly regenerated by Fgfbp1+ cells from the upper crypt zone 
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within two weeks (Figure 3.9E, Figure 3.10, Figure S3.3A&D and Supplemental Video S3.1). 

Notably, regeneration of the CBC compartment occurs more slowly than that of the villi. 

Figure 3.9. Fgfbp1-CreERT2 lineage tracing reveals homeostatic replacement of the crypt base 

compartment by the upper crypt zone. A, Targeting strategy for the Fgfbp1-CreERT2 knock-in 

allele. SP= signal peptide. B, Labeling of tdTomato+ cells in the upper crypt (UC), but not the crypt 

base (CBC), 18h post-tamoxifen administration in Fgfbp1-CreERT2; Rosa26-tdTomato mice. Jejunum, 

ÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ"ȮɯFgfbp1-CreERT2; Rosa26-tdTomato lineage tracing time-course demonstrates 

rapid reconstitution of villus cells from the Fgfbp1ǶɯÜ××ÌÙɯÊÙà×ÛɯáÖÕÌȭɯ)ÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ

D, Distribution of tdTomato+ cells along the crypt -villus axis over time in Fgfbp1 -CreERT2; 

Rosa26-tdTomato mice post-tamoxifen administration. Data from >50 crypts/region in  n=3 mice. 

E, Fgfbp1-CreERT2; Rosa26-tdTomato lineage tracing shows rapid Lgr5+ CBC cell replacement by 

the Fgfbp1+ upper crypt zone over the course of 14 days. Infiltrating tdTomato+ crypt base cells 

(white arrowheads) are observed by D4, followed by an explosion of labeling events in CBC 

positions between D7-D14 post-ÛÈÔÖßÐÍÌÕȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭ 
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Figure 3.10. Lgr5+ CBC cells are among the progeny of the Fgfbp1+ upper  crypt cells, as per 

Fgfbp1-CreERT2 lineage tracing . Lgr5+ CBC cells are found within tdTomato+ traces as 

demonstrated by co-immunostaining of tdTomato with Lgr5-GFP (left), OLFM4 (center), and LYZ 

(right ) in the Fgfbp1-CreERT2; Rosa-tdTomato; Lgr5-DTR-GFP jejunum, D7 post-tamoxifen. Scale bar 

ǻɯƙƔɯϟÔȭ 

 

Consistent with multi-potent stem cell function, the tdTomato traces contained examples 

of all mature cell lineages (Figure 3.11A).  Additionally, clonal labeling using Fgfbp1-CreERT2; 

Rosa26-Confetti confirmed multi-potency of the upper crypt clones at the single-cell label (Figure 

3.11B). Together, these findings corroborate that the Fgfbp1+ upper crypt cells serve as an origin 

of homeostatic tissue self-renewal, reconstituting both villus and crypt base compartments 

(including the Lgr5+ CBC cells) via a bidirectional front of regeneration, consistent with the 

conclusions from the Fgfbp1-TimeR allele. Furthermore, the persistence of confluent lineage traces 

spanning the entire crypt-villus axis for over one year suggests the ability of this population to 

sustain long-term self-renewal (Figure 3.12A-B and Figure S3.3E). 
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Figure 3.11. Fgfbp1-CreERT2 lineage tracing confirms multi -potency of the Fgfbp1+ upper crypt 

population. A, Both absorptive (FABP1+) and secretory (CHGA+, MUC2+, and LYZ+) cells are 

found by co-immunostaining within Fgfbp1-CreERT2; Rosa26-tdTomato lineage traces. D21 post-

tamoxifen, jejunum, scale bar = 2ƔɯϟÔȭɯ!Ȯɯ!ÖÛÏɯÈÉÚÖÙ×ÛÐÝÌɯȹ "$ƖǶȺɯÈÕËɯÚÌÊÙÌÛÖÙàɯȹ,4"ƖǶȺɯÊÌÓÓÚɯ

localize within a Confetti-RFP+(Cf-RFP) clonal trace in Fgfbp1-CreERT2; Rosa26-Confett ijejunum, 

consistent with multi -potency at the clonal level. Jejunum, D21 post-tamoxifen. Dashed lines 

outli ne Cf-RFP+/ACE2+ enterocyte, * indicates Cf-RFP+ɤ,4"ƖǶÎÖÉÓÌÛɯÊÌÓÓȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƖƙɯϟÔȭ 
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Figure 3.12. Fgfbp1-CreERT2 lineage tracing confirms long -term self -renewal of the Fgfbp1+ 

upper crypt population. A, Extensive tdTomato+ lineage tracing is observed throughout the 

Fgfbp1-CreERT2; Rosa26-tdTomato intestine at D4 post-tamoxifen. Boxes note regions shown at 

ÏÐÎÏÌÙɯÔÈÎÕÐÍÐÊÈÛÐÖÕȭɯ2ÊÈÓÌɯÉÈÙɯÍÖÙɯÓÖÞɯÈÕËɯÏÐÎÏɯÔÈÎÕÐÍÐÊÈÛÐÖÕɯǻɯƖȭƙɯÔÔɯÈÕËɯƙƔɯϟÔȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ
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B, Persistence of extensive tdTomato+ lineage traces in Fgfbp1-CreERT2;Rosa26-tdTomato intestine 

at 13 months post-tamoxifen confirms long -term self-renewal of the Fgfbp1+ cell population. 

Boxes note regions shown at higher magnification.  Scale bars for low and high magnification = 

ƖȭƙɯÔÔɯÈÕËɯƙƔɯϟÔȮɯrespectively. 

 

3.2.4 Fgfbp1+ Cells support Regeneration upon Loss or Suppression of the Lgr5+ 

CBC Compartment 

Next, we wondered whether the Fgfbp1+ upper crypt zone cells exist independently of the 

Lgr5+ CBC compartment and, if so, whether they play a role in regeneration upon loss or 

perturbation of the Lgr5+ CBC cells. We used DT to selectively ablate the Lgr5+ cells in Fgfbp1-

TimeR; Lgr5-DTR-GFP mice (Figure 3.13A-C).  Upon complete ablation of the Lgr5-GFP+ cells, 

confirmed by microscopy and FACS analysis, we found crypt architecture, proliferation, and 

intestinal epithelial homeostasis were not impaired (Figure 3.13A-C and Figure S3.4A). 

Moreover, the Fgfbp1+ cells remained unperturbed in the proliferative upper crypt zone (as 

demonstrated by both DsRed IF and Fgfbp1 ISH) and still gave rise to mTagBFP2+ traces into the 

villi and crypt bases, mirroring their observed function during homeostasis (Figure 3.13B-C and 

Figure S3.4A-B). The resilience of upper crypt cells to targeted Lgr5+ CBC cell ablation was 

further confirmed by ISH of the co-enriched gene Dmbt1 in the Fgfbp1+ cell transcriptional 

signature (Figure S3.4C), validating the non-overlapping nature of the Lgr5+ CBC and Fgfbp1+ 

upper crypt populations.        
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Figure 3.13. Fgfbp1+ cells persist to repopulate the crypt bases upon targeted ablation of Lgr5+ 

CBC cells. A, Top, experimental schema for diphtheria toxin (DT) -mediated ablation of Lgr5-

GFP+ cells in Fgfbp1-TimeR; Lgr5-DTR-GFP mice. Bottom, flow cytometry confirms complete Lgr5-

GFP+ cell ablation post-DT administration. B, Fgfbp1+ cells support regeneration throughout the 

crypt -villus axis in the absence of Lgr5+ CBC cells following DT-mediated ablation, as evidenced 

by extensive mTagBFP2 signal throughout the tissue. Duodenum, scale bars for low and high 

ÔÈÎÕÐÍÐÊÈÛÐÖÕɯ ÝÐÌÞÚɯ ǻɯ ƖƙƔɯ ϟÔɯ ÈÕËɯ ƙƔɯ ϟÔȮɯ ÙÌÚ×ÌÊÛÐÝÌÓàȭɯ "Ȯɯ #Ú1ÌËǶɯFgfbp1+ cells persist 

unperturbed despite complete DT -mediated ablation of Lgr5+ CBC cells. The Fgfbp1+ cell progeny 

(mTagBFP2+/DsRed-) repopulate the crypt bases upon CBC cell ablation. Duodenum, scale bar = 

ƙƔɯϟÔȭ 

 



87 

 

Similar to DT-mediated ablation of Lgr5+ CBC cells, pharmacological blockade of Rspo 

signaling using the Lgr5-ECD results in complete depletion of Lgr5+ cells and subsequent Paneth 

cell loss throughout the small intestine33 while crypt architecture and proliferation remain intact 

(Figure 3.14A-B).  Under these conditions, the Fgfbp1+ upper crypt cells persist, expand 

downward to also occupy the crypt bases, and continue regenerating the tissue (Figure 3.14A-D 

and Figure S3.4D-E) - suggesting that Rspo signaling through LGR5 is not essential for their self-

renewal.  

 

3.2.5 R-spondin Elicits Differential Functional Responses from Fgfbp1+ Cells 

Compared to Lgr5+ CBC Cells  

Rspo quantitatively expands the pool of Lgr5+ cells34, which require Rspo signaling for 

their maintenance33. However, Rspo overexpression similarly enhances proliferation and cell 

number in the upper crypt zone, in addition to lengthening of villi (Figure 3.14A-E). Notably, 

both Fgfbp1+ upper crypt cells and Lgr5+ CBC cells expand upon systemic Rspo augmentation 

(Figure 3.14A-E and Figure S3.4F). Yet under these conditions, lineage tracing of Lgr5+ cells 

in Lgr5-GFP-IRES-CreERT2; Rosa26-tdTomato mice shows that upper crypt cell expansion and 

villus lengthening do not arise from Lgr5+ cells (Figure 3.14F), suggesting an Rspo-responsive 

population other than the Lgr5+ CBC cells is responsible for tissue growth. Strikingly, lineage 

tracing in Fgfbp1-CreERT2; Rosa26-tdTomato; Lgr5-DTR-GFP mice demonstrates that the crypt 

hyperplasia and tissue growth in this Rspo overexpression context is indeed attributable to the 

Fgfbp1+ upper crypt cells, which give rise to both the expanded CBC and villus compartments 

(Figure 3.14E-F and Figure S3.4D&F) . This may potentially be mediated by the expression of 

Wnt and Rspo receptors/co-receptors in the Fgfbp1+ population (Figure S3.1A). Additionally, the 
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low-level expression of transcripts associated with previously reported markers of 

plasticity/reserve stem populations found in the Fgfbp1+ population (Figure S3.4G) may help 

reconcile previous findings with the central role of the upper crypt in fueling Lgr5+ CBC cell 

repopulation. Taken together, these findings support a model in which Fgfbp1+ cells in the upper 

crypt zone are spatially and functionally distinct from the Lgr5+ CBC cells, as they are resilient to 

loss of niche signals essential for the Lgr5+ cells, support tissue maintenance in their absence, and 

exhibit differential sensitivities and dependencies to the regulatory signals that govern Lgr5+ cell 

behavior.  
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Figure 3.14. Fgfbp1+ exhibit distinct functional responses to R -spondin modulation compared 

to the Lgr5+ CBC cells. A, H&E and Lgr5 ISH validate effects of systemic R-spondin modulation 

via adenoviral -mediated hepatic transduction and systemic overexpression of Lgr5-ECD (Ad 

Lgr5-ECD) for loss-of-function and Rspo1 (Ad Rspo1) for gain-of-function in Fgfbp1-TimeR 

intestine, D4 post-treatment. Paneth cell and Lgr5+ cell loss is observed upon Lgr5-ECD 

treatment, whereas crypt enlargement and Lgr5+ cell expansion is seen upon Rspo1 

ÈÜÎÔÌÕÛÈÛÐÖÕȭɯ#ÜÖËÌÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ!Ȯɯ#Ú1ÌËǶɯFgfbp1+ cells persist and expand down 
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into the crypt bases upon Rspo inhibition and subsequent loss of Lgr5+ CBC cells by Ad Lgr5-

ECD. DsRed+ Fgfbp1+ cells expand to occupy the enlarged crypts upon Rspo augmentation by 

Ad Rspo1. Co-immunostaining of Ki67, DsRed and mTagBFP2 in Fgfbp1-TimeR duodenum, D4 

post-adenovirÜÚȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ"Ȯɯ/ÖÚÐÛÐÖÕÈÓɯËÐÚÛÙÐÉÜÛÐÖÕɯÖÍɯ#Ú1ÌËǶɯÊÌÓÓÚɯÈÓÖÕÎɯÛÏÌɯÊÙà×Û-

villus axis upon Rspo signaling modulation, highlighting changes in crypt occupancy by the 

Fgfbp1+ cells. Duodenum, D4 post-adenovirus. D, Fgfbp1+ cell progeny (mTagBFP2+) repopulate 

the entire epithelium under conditions of Rspo modulation, including Rspo augmentation and 

Lgr5+ CBC cell depletion by Lgr5-ECD, as shown by mTagBFP2 immunostaining. Fgfbp1-TimeR, 

duodenum,  D4-×ÖÚÛɯ ÈËÌÕÖÝÐÙÜÚȮɯÚÊÈÓÌɯ ÉÈÙɯǻɯ ƙƔɯ ϟÔȭɯE, Rspo1 overexpression induces the 

quantitative e xpansion of both Fgfbp1+ and Lgr5+ cells. In this context, the Fgfbp1+ cell progeny 

continue to reconstitute the tissue as shown by co-immunostaining of Lgr5-GFP, DsRed and 

mTagBFP2 in Fgfbp1-TimeR; Lgr5-DTR-GFP mouse duodenum, D4 post-treatment. Scale bars: low 

ÔÈÎÕÐÍÐÊÈÛÐÖÕɯǻɯƖƙƔɯϟÔȮɯÏÐÎÏɯÔÈÎÕÐÍÐÊÈÛÐÖÕɯǻɯƕƔƔɯϟÔȭ F, Lineage tracing of Lgr5+ versus Fgfbp1+ 

cells upon Rspo overexpression via Ad Rspo1 reveals the striking functional differences  exhibited 

by these populations. Top, Lgr5+ CBC cells and all their progeny remain confined to the bases of 

the expanded crypts in Lgr5-GFP-IRES-CreERT2; Rosa26-tdTomato intestine. Bottom, Fgfbp1+ cells 

give rise to the lengthened villi and to the expanded crypts, including the expanded  Lgr5+ CBC 

compartment in  Fgfbp1-CreERT2; Rosa26-tdTomato; Lgr5-GFP-DTR duodenum . Lgr5-GFP and 

tdTomato co-immunostaining of duodenum , D4 post- Ëɯ1Ú×ÖƕɯÈÕËɯÛÈÔÖßÐÍÌÕȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔϟÔȭ 

 

 

3.2.6 Fgfbp1 is Essential for Intestinal Epithelial Homeostasis and Regeneration  

Given Fgfbp1ôs proposed role in FGF signaling amplification and its high expression levels 

in the upper crypt zone, we wondered whether Fgfbp1 is functionally important for regeneration. 

Since the Fgfbp1-TimeR allele harbors two LoxP sites that enable its use as a floxed allele, we used 

Villin -CreERT2; Fgfbp1TimeR/TimeR mice (herein referred to as Vil-CreERT2; Fgfbp1f/f) to 

conditionally delete Fgfbp1 in the intestinal epithelium.  As the Fgfbp1+ upper crypt zone cells 

are highly proliferative, we initially used a high-dose (9 mg/40g body weight) TAM serial injection 

strategy in order to circumvent potential reconstitution of the tissue by escapers.  At this TAM 

dose, all Vil-CreERT2; Fgfbp1f/f mice died within 2-3 days with no effect found in Fgfbp1f/f controls.  

Thus, we reduced the TAM dose (to 6 mg/40g body weight) to allow for reduced recombination, 

and most of the Vil-CreERT2; Fgfbp1f/f mice survived for tissue harvest and histological analysis 

by D4 (Figure 3.15A).  
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Macroscopically, the intestine of Fgfbp1 cKO mice appeared shorter in length compared 

to controls (Figure 3.15B). Anti-FLAG IF confirmed successful conditional knock-out (cKO) of 

Fgfbp1 in the Vil-CreERT2; Fgfbp1f/f intestinal epithelium, whereas the FLAG-tagged protein 

product is localized to the upper crypt epithelial cells and absent in the Lgr5+ CBC compartment 

of the controls (Figure 3.15C). Notably, tissue architecture was extensively disrupted in the 

Fgfbp1 cKO intestine, which revealed atrophic, shrunken villi filled with apoptotic cells (Figure 

3.15D-E).  The Fgfbp1 cKO intestine also exhibited marked crypt disruption, with patchy areas of 

crypt dropout directly adjacent to residual remnant crypts harboring nests of long-lived Paneth 

cells without histological evidence of any intercalating Lgr5+ CBC cells (Figure 3.15D-E).  

Importantly, the Fgfbp1 cKO crypts failed to generate organoids in ex vivo culture (Figure 3.15F 

and Figure S3.5A), consistent with the impaired regeneration phenotype observed in vivo.  
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Figure 3.15. Gross architectural defects and impaired regeneration are observed upon Fgfbp1 

conditional knock -out in the intestinal epithelium . A, Experimental schema for Vil-CreERT2-

driven Fgfbp1 conditional knock -out (cKO) in the adult murine intestinal epithelium. B,  Vil -

CreERT2-driven  Fgfbp1 cKO results in grossly shortened intestine, scale bar = 5 cm. C, 

Confirmation of knock -out by anti -FLAG immunostaining of control ( Fgfbp1f/f) and Fgfbp1 cKO 

(Vil-CreERT2;Fgfbp1f/fȺɯÑÌÑÜÕÜÔȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ#Ȯɯ#ÐÚÙÜ×ÛÌËɯÌ×ÐÛÏÌÓÐÈÓɯÏÖÔÌÖÚÛÈÚÐÚɯÈÕËɯ

histological distortion is observed by H&E staining in Fgfbp1 Ê*.ɯÑÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ

Dashed lines indicate areas of crypt dropout. E, Architectural di sruption of crypts and villi in 

Fgfbp1 cKO intestine. Top, villi are shortened and filled with cleaved caspase 3+ (CC3+) apoptotic 

cells. Bottom, remnant crypts are filled with nests of LYZ+ Paneth cells without intervening CBC 

cells. CC3 and LYZ immunostaining of control ( Fgfbp1f/f) versus Fgfbp1 cKO (Vil-CreERT2;Fgfbp1f/f) 

ÑÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ%Ȯɯ.ÙÎÈÕÖÐËɯÊÜÓÛÜÙÌɯÚÏÖÞÚɯÐÔ×ÈÐÙÌËɯorganoid -forming  potential of 

Fgfbp1 cKO versus control Fgfbp1f/f crypts. D4 culture jejunum, scale bar = 1 mm. 

 

Cross-sectional analysis of the intestine revealed widespread crypt loss and immune 

infiltration (Figure 3.16A), which were accompanied by diminished proliferation and complete 

loss of Lgr5+ CBC cells (Figure 3.16B). These results, which were further recapitulated using a 

Rosa26-CreERT2 driver for global Fgfbp1 cKO in adult mice (Figure S3.5B-C), demonstrate that 
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upper crypt zone epithelial-derived FGFBP1 is essential for crypt maintenance and homeostatic 

regeneration of the intestinal epithelium. 

Figure 3.16. FGFBP1 is essential for intestinal epithelial homeostasis and the maintenance of 

the Lgr5+ CBC cells. A, Histological analysis reveals marked crypt loss by H&E staining in Fgfbp1 

cKO versus control intestine. Cross-ÚÌÊÛÐÖÕÈÓɯÝÐÌÞȮɯÑÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ!Ȯɯ"Ùà×ÛɯÓÖÚÚɯÐÕɯ

Fgfbp1 cKO intestine co-occurs with dampened proliferation and complete loss of Lgr5+ CBC cells. 

Multiplex ISH for Lgr5 and Fgfbp1 and Ki67 immunostaining of control versus Fgfbp1 cKO 

ÑÌÑÜÕÜÔȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭ 

 

 

3.3 Discussion 

The intestinal epithelium is a rapidly regenerating tissue that relies on stem/progenitor cells 

residing in the crypts for self-renewal. While the precise identity and location of the ISC has been 

historically controversial, the current prevailing model is that regeneration originates from Lgr5-

expressing cells at the crypt base. Previous studies using an Lgr5-GFP-CreERT2 allele suggested 

that Lgr5+ cells are actively cycling stem cells that can lineage trace during homeostasis to 



94 

 

reconstitute the epithelium18. It has been generally accepted that the Lgr5+ cells at the crypt bases 

are stem cells that generate progeny that migrate up the crypt-villus axis, transitioning via short-

lived transit-amplifying (TA) intermediates prior to terminal differentiation1,2. Thus, the flux of 

cells originates from the crypt bottom and flows upward in this model. Indeed, intravital 

microscopy studies focused solely on the CBC compartment initially concluded that Lgr5+ cells 

at the very base harbor the most stem potential, with the ones at positions bordering the upper crypt 

zone (cell positions +3/+4) becoming passively displaced onto the TA compartment and ultimately 

lost to multi-lineage differentiation47. Interestingly, follow-up studies recently revisited this 

question and noted that downward “retrograde” cellular movement is observed from the 

compartment above the crypt base, suggesting there may be exceptions to this model. However, 

they did not define the identity of those cells migrating downward nor their origin205. Importantly, 

the molecular identity and nature of cells spatially localized to the upper crypt or “TA” zone have 

remained elusive due to the lack of specific markers for their prospective identification or 

isolation194. 

 

Despite the widespread acceptance of Lgr5 as the best marker of homeostatic stem cells, 

paradoxically it has been shown that Lgr5+ cells are dispensable for regeneration33,157. Various 

mechanisms have been evoked to reconcile these findings and explain how the intestine 

regenerates in the absence of homeostatic stem cells98,108. These alternative models include cellular 

plasticity/reprogramming so that differentiated cells can regain stem cell activity50,56,68,101-103,110,139 

or the activation of normally quiescent, rare “+4 cells”  upon Lgr5+ cell loss34,93,95,97,157,206,207. 

However, controversy exists due to promiscuous expression of numerous putative “+4” markers 

within the Lgr5+ CBC cells themselves53 as well as the inability of their respective CreER alleles 
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to faithfully mark cells according to their mRNA expression50,172,184. Consequently, there is lack 

of a consensus view on how the intestinal epithelium regenerates following perturbation, when 

Lgr5+ cells are known to be absent.  

 

Here, we identified Fgfbp1 as a marker for a proliferative population of immature cells 

localized to the upper crypt, directly above the Lgr5+ stem cell zone, which are spatially and 

transcriptionally distinct from the Lgr5+ CBC cells.  We generated a knock-in allele that allows 

us to map in both real time and space the fate of Fgfbp1+ cells using a dual-fluorescence reporter 

strategy144,208. Importantly, our Fgfbp1-TimeR allele is a faithful reporter of Fgfbp1 expression that 

does not perturb homeostasis as it does not disrupt the expression of the endogenous gene and does 

not require CreER activation or tamoxifen173. Using the Fgfbp1-TimeR allele, we demonstrate that 

Fgfbp1+ cells are multi-potent, giving rise to all mature lineages.  Unexpectedly, we also found 

that in addition to giving rise to all the lineages, these cells also give rise to all the Lgr5+ cells 

during homeostasis, consistent with the upper crypt serving as a source of the Lgr5+ cells at the 

crypt base.  Strikingly, the Fgfbp1+ cells exhibit properties of stem cells rather than short-lived 

“TA” cells. These conclusions were confirmed via Fgfbp1-CreERT2 lineage tracing, highlighting 

the rapid and continuous reconstitution of the villi and Lgr5+ CBC compartments from the upper 

crypt zone. Collectively, our data support a paradigm whereby regeneration originates from stem 

cells in the upper crypt and propagates bi-directionally throughout the crypt-villus axis, producing 

Lgr5+ cells along the way (Figure 3.17A).   

 

We also show that targeted loss of Lgr5+ cells results in the generation of replacement 

crypt base cells by pre-existing upper crypt Fgfbp1+ cells (Figure 3.17B). Considering the 
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numerous published markers for alternative populations regaining stem potential upon Lgr5+ CBC 

cell loss, our findings raise questions of how our upper crypt zone ISC model compares against 

the widely accepted picture of cellular plasticity or even a reserve stem cell model. Although our 

data cannot rule out de-differentiation events, these are likely not the major driver for Lgr5+ CBC 

cell reconstitution.  Instead, our model suggests that Fgfbp1+ cells in the upper crypt zone 

represent the actual workhorse stem cells responsible for epithelial homeostatic regeneration and 

also the ones to immediately repopulate the Lgr5+ CBC compartment following its loss (Figure 

3.17B). These do not constitute a “reserve” population because they are mitotically active during 

homeostasis - nor are they de-differentiating or undergoing plasticity, as they are normally found 

in the unperturbed crypt. Accordingly, single-cell analysis of regenerating crypts supports a model 

in which surviving, pre-existing cells with regenerative potential (rather than new or emerging cell 

types) are capable of reconstituting the epithelium following irradiation209. Thus, our data 

reconcile the prevailing Lgr5+ stem cell model with the perplexing finding that Lgr5+ cells are 

dispensable for tissue regeneration. 

 

Although our data support Fgfbp1+ cells as a cellular origin of Lgr5+ CBC cells, both  

Lgr5+ CBC cells and the Fgfbp1+ cells described here share characteristics compatible with ISC 

identity18. One of the questions that could arise in light of our findings is whether the Fgfbp1+ 

stem cell properties of long-term self-renewal and multi-lineage differentiation could be explained 

by the very low levels of Fgfbp1 transcripts found episodically in some of the Lgr5High cells at the 

base, as it has been previously suggested of the +4 reserve ISC markers53.  However, our 

orthogonal lines of evidence, robust imaging and supportive quantitation of Fgfbp1-CreERT2 

lineage tracing data make a strong case against this. Indeed, the same could be said of Lgr5 (seen, 
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for instance, in mature Paneth cells56) – a phenomenon which likely simply reflects the fact that 

gene expression is rarely a binary on or off event. Indeed, this is the principle by which 

computational lineage inference methods like RNA-Velocity operate. For instance, it is also 

known that many secretory genes are detected in enterocyte progenitors, even in the context of an 

Atoh1 null population that categorically lacks secretory cells131. This indicates that genes from the 

secretory lineage were activated prior to secretory lineage specification, and can be carried onto 

and persist at a later developmental stage in the absence of active gene expression131. Importantly, 

while we find there is consistent overlap of mRNA expression domains at the +4 cell position 

suggestive of an active cell state transition between the upper crypt and CBC zones, our 

pharmacological Rspo overexpression model unmasks stark functionally distinct behaviors of 

Fgfbp1+ versus Lgr5+ cells, consistent with two discrete cell pools. Interconversion between 

putative ISC pools is a model previously raised in the intestine95,157; therefore, we cannot rule out 

the possibility that these are indeed two distinct but highly interacting stem or progenitor cell pools 

with perhaps some intrinsic lineage bias56. Albeit counterintuitive, a scenario whereby distinct yet 

interconvertible pools of stem/progenitor cells co-exist with one another would still fit within a 

well-accepted model of neutral drift competition, which was initially conceived to explain the 

paradox of how multiple Lgr5+ cells can operate as part of a large stem cell pool and yet  crypts 

become clonal over time42,43. These findings can now be reconciled by a model in which upper 

crypt stem cells fuel the displacement and regeneration of Lgr5+ cells at the base, providing an 

additional or alternative explanation for how the majority of Lgr5+ clones are lost over time. 

However, our lineage tracing and Fgfbp1 cKO data highlight a previously unappreciated 

hierarchical relationship in which the upper crypt zone cells give rise to the CBC cells. While “TA” 

zone cells have been previously suggested to play a role in reconstituting the CBC compartment, 
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these prior models hinge upon mechanisms of cell de-differentiation that occur in the context of 

CBC cell loss and disruption of homeostatic mechanisms of tissue self-renewal107,178. Importantly, 

such a hierarchical model would too explain the observed exhaustion of a majority of Lgr5+ cell 

clones and fit well with the reported crypt drift to monoclonality42. 

 

A substantial body of literature in support of the longevity of Lgr5-GFP-IRES-CreERT2 

lineage tracing, Lgr5+ CBC stem cell function18, and overall upward intestinal epithelial cell flow47 

is seemingly at odds with the existence of a homeostatic stem cell population in the intestinal upper 

crypt. Intriguingly, recent intravital microscopy studies revealed extensive positional 

heterogeneity within the Lgr5+ compartment and found that the cells at the border between the 

upper crypt and CBC zone can both enter and leave the crypt base for the villus205. In light of these 

findings, these two models could be reconciled if a stem cell pool, defined by its ability to long-

term self-renew and contribute to all lineages in both villus and crypt base compartments, were to 

exist at or above the +4 cell “border” position. This +4 cell position, which is labeled by abundant 

Fgfbp1 transcripts, also happens to harbor Lgr5Low cells. Indeed, Lgr5Low cells are computationally 

predicted to display the highest stem potential209 and may indeed account for the lineage tracing 

observed in the Lgr5-GFP-IRES-CreERT2 model18, in which the degree and longevity of tracing 

are tamoxifen-dose dependent. Taken together, we believe these data help reconcile many 

historical observations about the location and nature of the ISC. Similarly, the identification of the 

upper crypt zone as a source of Lgr5+ CBC cells raises intriguing new questions about the role of 

the stem cell niche in regulating these cellular transitions. Indeed, with Wnt priming and Rspo 

availability likely holding the key for Lgr5High CBC cell specification (Figure 3.17C), the adjacent 

presence of the Paneth cell (which secretes WNT3A)177 makes the +4 position the excellent 
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candidate for the site of Lgr5+ CBC cell generation, as direct contact with a high Wnt environment 

may be sufficient to trigger Lgr5+ CBC specification and subsequent downward migration205. 

 

The intestinal epithelium is a highly zonated tissue - a consequence of signaling gradients 

from the niche that orchestrate the processes of self-renewal and differentiation35,39. This suggests 

that the Fgfbp1+ upper crypt cells occupy a distinct niche from that of Lgr5+ CBC cells. Therefore, 

it is likely, and our data support the notion, that these distinct cell pools are differentially regulated 

(Figure 3.17C). We anticipate that understanding the regulation of the upper crypt Fgfbp1+ cells 

will enable their use for regenerative medicine applications. Studies of the ISC niche have focused 

heavily on Wnt/Rspo signaling and have most recently centered around the underlying pericryptal 

mesenchyme39 rather than contributions from the epithelium itself210,211. Since Fgfbp1+ ISCs 

exhibit some degree of Rspo independence, alternative signaling axes may exist to support them. 

A cardinal feature of the upper crypt zone is production of an essential factor for epithelial 

regeneration. Importantly, our identification of the essential role of FGFBP1 in epithelial 

regeneration allows us to move from simply using gene markers and the anatomic localization for 

identification of the ISCs toward a biochemical understanding of regeneration. 
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Figure 3.17. Model of the upper crypt zone as the source of intestinal epithelial regeneration.  

A, Fgfbp1 marks multi -potent upper crypt stem cells that give rise to all the mature lineages, 

including  the Lgr5+ CBC cells, along the length of the small intestine during homeostasis. B, Loss 

of Lgr5+ cells via selective ablation or pharmacological R-spondin (Rspo) inhibition results in 

reconstitution of crypt bases by a pre-existing pool of Fgfbp1+ cells. C, The Rspo signaling axis 

controls the transition between Fgfbp1+ upper crypt cells and Lgr5+ CBC cells. Fgfbp1+ ISCs are 

Rspo-responsive and expand upon Rspo stimulation, but unlike Lgr5+ CBC cells, these do not 

require Rspo signaling (via LGR5) for self-renewal. In the absence of Rspo, Lgr5+ CBC cells are 

depleted without regeneration from Fgfbp1+ cells. D, FGFBP1 is essential for intestinal epithelial 

homeostasis. Fgfbp1 loss results in disrupted intestinal epithelial tissue architecture consistent 

with impaired regeneration, including crypt dropout, decreased proliferation, and complete 

Lgr5+ CBC cell loss.  

 

An essential stem cell niche signaling axis is regulated by the gene Fgfbp1 as loss of 

FGFBP1 in the intestinal epithelium markedly impairs homeostatic regeneration, leading to tissue 

architectural defects, crypt disruption, and loss of Lgr5+ CBC cells (Figure 3.17D).  These results 

are in stark contrast to loss of Lgr5 via genetic knockout212 or loss of Lgr5+ cells via DT-mediated 

ablation157 or Rspo inhibition33. Fgfbp1 has been implicated in regulating the FGF/FGFR signaling 

axis but its molecular functions here remain unclear. FGF signaling has been shown to play an 

important role in gut development and adult tissue homeostasis, with many of its components 
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exhibiting localized expression along the crypt-villus axis213. One of these is Fgfr3, which 

specifically localizes to the crypts of both small intestine and colon214,215. Fgfr3 null mice have 

decreased number of crypts and Paneth cells,  suggesting a role in regulation of ISCs and Paneth 

cells during development216, but paradoxically mediating cell growth arrest in adult crypts214. 

Fgf10 and Fgfr2b are also important for gastrointestinal tract development217. Fgf10 

overexpression expands the epithelium with enlargement of both the crypts and villi in tissue 

engineered intestine 218. Fgf10 null mouse embryos exhibit duodenal atresia219-221 and cecal atresia 

has also been associated with Fgf10/Fgfr2b signaling defects222. Fgfr2b null mice have defects in 

repair and regeneration following injury223.  Fgf10/Fgfr2b mesenchymal-epithelial interactions are 

also important for the glandular stomach development, with mutants exhibiting reduced stomach 

growth and epithelial proliferation223. Fgfbp1 also contributes to angiogenesis, tumor growth and 

malignant progression224.  Fgfbp1 is upregulated in colon, pancreas, breast, and skin cancers, and 

its expression accelerates skin wound healing in conditional overexpression mice224. Thus, it is 

possible that Fgfbp1 functions as a soluble autocrine/paracrine factor mediating cross-talk between 

the epithelial stem/progenitor compartment and the niche, reinforcing Fgfbp1+ cell identity and 

self-renewal. Understanding the molecular functions of this essential protein and the niche that 

supports the upper crypt stem cell will be important toward any potential regenerative and 

therapeutic applications. 
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3.4 Materials and Methodsiii 

3.4.1 Experimental Model Systems  

3.4.1.1 Mouse Strains. All experimental procedures involving mice were performed in 

accordance with approved protocols by the Institutional Animal Care and Use Committee 

(IACUC) at Columbia University Irving Medical Center. Mice were housed in 12-hour light/dark 

cycles with constant temperature and ad libitum access to food and water. Strains were maintained 

on a mixed C57BL/6 background and both male and female mice aged 4-12 weeks were used. All 

experiments with mice were performed with n=3 to 5 biological replicates per group. Lgr5-DTR-

GFP mice (generously provided by Dr. Frederic de Sauvage) were previously described157. For 

Lgr5+ CBC cell ablation, Lgr5-DTR-GFP mice were administered two doses of Diphtheria Toxin 

(Sigma D0564-1MG) at 50 μg/kg dose via intraperitoneal injection and control mice were given 

PBS intraperitoneal injections, and intestine was harvested for histological and flow cytometry 

analyses. For Wnt/Rspo signaling modulation, mice were administered adenoviruses encoding Ad 

Fc or Ad Rspo1 or Ad Lgr5-ECD via intravenous injections33. For Fgfbp1-CreERT2 lineage 

tracing, mice were administered one intraperitoneal dose of tamoxifen (TAM, Sigma-Aldrich 

T5648) at a 6 mg/40g body weight dose and harvested at different time-points as stated within the 

manuscript. For Fgfbp1 conditional knockout (cKO), daily intraperitoneal doses of 6 mg/40g body 

weight TAM (for Vil-CreERT2 pan-epithelial cKO) or 9 mg/40g body weight TAM (for Rosa26-

CreERT2 global cKO) were given over the course of 4 days.  

 

The Fgfbp1-TimeR allele was generated using the HICCC Transgenic Core Facility at 

Columbia University. Fgfbp1-TimeR mice were generated by homologous recombination in 

                                                 
iii  See also Appendix C for more information. 
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embryonic stem cells targeting a DsRed-mTagBFP2-IRES-FLAG-LoxP cassette to the mouse 

Fgfbp1 START codon, preserving the expression and secretory properties of the endogenous 

Fgfbp1 gene as well as all 3’UTR regulatory sequences. The Fgfbp1-TimeR allele was iteratively 

built through Gibson assembly and restriction enzyme-based cloning methods into a pCS2 vector 

backbone, followed by the introduction of flanking 5’ 2kb and 3’ 5 kb homology arms for 

homologous recombination into the mouse Fgfbp1 locus. Our LoxP-carrying synthetic intron was 

used as a harbor to an FRT-flanked neomycin resistance cassette for positive selection. The 

targeting construct was then transferred into a pMCS-DT.A backbone (a generous gift from Dr. 

Kosuke Yusa of Osaka University, Japan) and extensively verified by sequencing. 100 μg targeting 

construct were linearized and electroporated into KV1 (129S6_C57BL/6N Hybrid) mouse 

embryonic stem cells. Positive selection for insertional events was carried out with neomycin, 

while negative selection for random insertion took place using the diphtheria toxin gene encoded 

within the pMCS-DT.A vector. 192 surviving clones were individually picked into two 96-well 

plates in duplicate. One of the plates was cryopreserved while the other underwent lysis for gDNA 

extraction. A preliminary check for homologous recombination in the murine Fgfbp1 locus was 

carried out by PCR spanning the 5’ homology arm. About 10% of the isolated clones were 

recombinants. The recombinant clones were thawed and expanded prior to high-quality DNA 

extraction. Homologous recombination was then confirmed for both homology arms by PCR, and 

the positive clones were injected into C57BL/6 blastocysts and transferred into pseudopregnant 

females as per standard procedures. Born male chimeras were mated to homozygous Actin-Flpe 

females (Jax 005703), allowing for both confirmation of germline transmission and excision of the 

FRT-flanked intervening neomycin resistance cassette. Complete removal of the neomycin 

resistance cassette was confirmed by PCR in the F2 generation.  
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The Fgfbp1-CreERT2 allele was also generated using the Herbert Irving Comprehensive 

Cancer Center (HICCC) Transgenic Core Facility using a similar approach as above. Fgfbp1-

CreERT2 mice were generated by homologous recombination in embryonic stem cells targeting an 

mTagBFP2-CreERT2 cassette to the mouse Fgfbp1 STOP codon, and similarly derived as above.  

 

3.4.1.2 HEK293T Cells. In vitro validation experiments of the Fgfbp1-TimeR allele were carried 

out in the HEK293T cell line (ATCC CRL-3216). Unless otherwise indicated, cells were cultured 

in complete media containing DMEM (Gibco 11995-065), 10% FBS (R&D Systems S11150), and 

1X PSQ (Gibco 10378-016), and incubated at 37°C under 5% CO2 conditions in a humidified 

atmosphere.  

 

3.4.1.3 Intestinal Epithelial Organoids. All intestinal epithelial organoids were generated from 

primary tissue using fresh epithelial preparations from 5-10 cm of the mouse proximal jejunum. 

Briefly, the intestine was isolated, flushed with PBS, and cut open longitudinally. Villi were 

manually/mechanically sheared off with the aid of a coverslip and a suspension of intestinal 

epithelial crypts was obtained using an EDTA-based extraction method as previously described129. 

Briefly, intestine was incubated in a solution of 10 mM EDTA followed by mechanical liberation 

of crypts (by shaking or vortexing) from the underlying mesenchyme in PBS (Corning 21-040-

CM). Crypts were plated in Matrigel (Corning 356231) and cultured in medium consisting of 

ADMEM/F-12 (Gibco 12634-010) and Wnt-rich conditioned medium (derived from a 

Wnt3A/RSPO1/Noggin-expressing cell line; L-WRN, ATCC CRL-3276) at a 1:1 ratio.  All media 

was supplemented with 10% FBS (R&D Systems S11150), 10 mM HEPES (Gibco 15630-080), 

1X PSQ (Gibco 10378-016), 100 μg/ml primocin (Invivogen ant-pm-05), 1X N-2 (Gibco 17502-
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048), 1X B-27 (Gibco 17504-04), and 50 ng/ml EGF (PeproTech AF-100-15) as per standard Wnt-

rich conditions previously described225. 

 

3.4.2 Method Details  

3.4.2.1 Cell Transfection. For in vitro cell culture work, HEK293T (RRID: CVCL_0063) cells 

were transfected with Lipofectamine 3000 (Invitrogen L3000001) using 1 µg of the corresponding 

expression constructs. Medium was changed 24 hours post-transfection and the culture was 

allowed to grow for a further 24 hours prior to downstream analysis.  

 

3.4.2.2 FLAG-FGFBP1 Secretion Assay and Affinity Purification. A stable HEK293T cell line 

expressing FLAG-FGFBP1 was made via lentiviral-mediated transduction and positively selected 

with puromycin. Following 24-hour culture in serum-free secretion media (2/3 ADMEM, 1/3 

IMDM, 1X Non-essential amino acids & 1X PSQ), media was collected and incubated with 50 μl 

of Anti-Flag M2 Affinity Gel beads (Millipore Sigma M8823-1ML) for 24 hours at 4°C. Beads 

were washed as per manufacturer’s instructions and purified proteins immunoblotted using 1:1000 

anti-FLAG (Sigma-Aldrich F1804) and 1:1000 anti-beta-actin (Cell Signaling Technology 4967) 

antibodies. 1:5000 IRDye® 800CW Donkey anti-Mouse IgG (LI-COR 926-32212) and 1:5000 

IRDye® 680CW Donkey anti-Rabbit IgG (LI-COR 926-68073) were used as secondary 

antibodies. Membrane was visualized using the Odyssey CLx2 imager. 

 

3.4.2.3 Generation of Protein Lysates and Western Blot for FLAG-FGFBP1 and Affinity 

Purification. Cells were lysed in RIPA buffer supplemented with protease inhibitors and blotted 

using 1:1000 anti-FLAG (Sigma-Aldrich F1804) and 1:1000 anti-beta-actin (Cell Signaling 

Technology 4967) antibodies. 1:5000 IRDye® 800CW Donkey anti-Mouse IgG (LI-COR 926-
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32212) and 1:5000 IRDye® 680CW Donkey anti-Rabbit IgG (LI-COR 926-68073) were used as 

secondary antibodies. Membrane was visualized using the Odyssey Clx2 imager.   

 

3.4.2.4 Immunofluorescence and Microscopy. Intestinal tissue was harvested and fixed in 4% 

paraformaldehyde for OCT-frozen or 10% neutral buffered formalin for paraffin sections. 7-10 μm 

OCT frozen sections or 5 μm paraffin-embedded sections were immunostained using the following 

primary antibodies: anti-RFP (Rockland, 600-401-379, biorbyt orb182397), anti-mTagBFP2 

(NanoTag Biotechnologies N0502-AF647-L), anti-GFP (Aveslabs GFP-1020), anti-Ki67 (Cell 

Signaling Technology 9129, Invitrogen 14-5698-82), anti-CHGA (Santa Cruz Biotechnology sc-

1488, Abcam ab15160), anti-lysozyme 1 (Agilent Dako A0099, Santa Cruz Biotechnology sc-

27958), anti-FLAG M2 (Sigma Aldrich #F1804 used with the ReadyProbes Mouse-on-Mouse IgG 

Blocking Solution from Invitrogen #R37621), anti-OLFM4 (Cell Signaling Technology 39141), 

and anti-FABP1 (Novus Biologicals, NBP1-87695). Heat-based antigen retrieval using either Tris-

EDTA (pH 9.0) or citrate buffer (pH 6.0) was performed on all FFPE slides. All primary antibodies 

were used at 1:100 to 1:400 dilutions. Conjugated AlexaFluor 488, 568, and 647 (Invitrogen and 

Jackson ImmunoResearch) antibodies were used as secondary antibodies at a 1:500 dilution.    

 

3.4.2.5 In Situ Hybridization (ISH). ISH was performed using RNAscope Multiplex Fluorescent 

Reagent Kit v2 (Advanced Cell Diagnostics 323100) as per manufacturer’s instructions. The 

following probes and primary antibodies were used: Mm Lgr5 (Advanced Cell Diagnostics 

312171), Mm Fgfbp1 (Advanced Cell Diagnostics 508831-C4), Mm Dmbt1 (Advanced Cell 

Diagnostics 418561-C2), 1:400 anti-GFP (Aveslabs GFP-1020), and 1:200 anti-Ki67 (Invitrogen 

14-5698-82 and Cell Signaling Technology 9129), and and 1:200 anti-ECAD-BV421 (BD 
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Biosciences 564186). AlexaFluor 488, 568, 594, and 647 secondary antibodies (Invitrogen and 

Jackson ImmunoResearch) were used at 1:500 dilutions. Samples were counterstained with either 

DAPI (Roche 10236276001) or SYTOX Blue (Invitrogen S34857). Kccn4 ISH was performed 

using proximity ligation in situ hybridization (PLISH)226.   

 

3.4.2.6 Flow Cytometry. Flow cytometry experiments were performed using standardized fresh 

epithelial preparations on 5-10 cm of the mouse proximal jejunum. The intestine was isolated and 

the epithelium extracted and dissociated into single cells using an EDTA-based extraction method 

as previously described129, using either collagenase/dispase (Sigma-Aldrich 10269638001) or 

TrypLE Express (Gibco 12604-013) as dissociation reagents. Single cells were resuspended in 

FACS medium (ADMEM/F-12, 10% FBS, 1× PSQ and 10 mM HEPES) supplemented with Rho 

Kinase inhibitor (Tocris 1254). Singlet discrimination was performed using plots for forward 

scatter (FSC-A versus FSC-H), and dead cells were excluded using scatter characteristics and 

viability stains. All flow cytometry experiments were performed on either Novocyte Quanteon or 

BD FACSAria II flow cytometers at the Columbia University CSCI Flow Cytometry Core. All 

data were analyzed using FlowJo v10.8.1.    

 

3.4.2.7 Ex vivo Validation of Regenerative Impairment Following Fgfbp1 Conditional 

Knockout (cKO) using Intestinal Epithelial Organoids. Primary intestinal epithelial organoids 

from n=3 Fgfbp1 cKO (Vil-CreERT2; Fgfbp1f/f) and n=3 control (Fgfbp1f/f) animals were 

established using standardized fresh epithelial preparations on 5-10 cm of the mouse proximal 

jejunum. As described above, the intestine was isolated and a suspension of intestinal epithelial 

crypts was obtained using an EDTA-based extraction method as previously described129. An equal 

number of crypts derived from both Fgfbp1 cKO and control animals were plated into Matrigel 
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domes and cultured under Wnt-rich conditions as originally described and as explained above164. 

Organoid growth was monitored over the course of 4 to 7 days by brightfield microscopy. 

 

3.4.2.8 Tissue Clearing for Whole Mount Confocal 3D Reconstruction. 4% PFA fixed whole-

mount intestine tissue was micro-dissected under a dissection microscope into ~4 mm x 1 mm 

strips of consecutive crypt-villus units. Tissue was rinsed in PBS and cleared with 8% SDS at 42°C 

for 24 h, then transferred onto PBS to wash SDS off, and stained with DAPI. Refractive index 

matching took place overnight in a solution of HistoDenz1.46 (Sigma-Aldrich D2158). Tissue was 

then reverse mounted onto a coverslip in a solution of phytagel (Sigma-Aldrich 71010-52-

1)/HD1.46 and loaded onto a glass slide for imaging. 

 

3.4.2.9 Image Acquisition. All fluorescence images were acquired on either a Zeiss Confocal 

Microscope LSM 710 or Leica DMi8 Stellaris confocal microscope. For quantitative fluorescence 

single-molecule in situ hybridization (Quantitative smFISH), high magnification images of non-

tangential sections spanning over >50 jejunal crypts were acquired using a 20x, 0.75 NA objective 

lens with pixel size of 0.27 microns, or a 63x, 1.4 NA objective lens with pixel size of 0.241 

microns. H&E staining and live organoids images were acquired on a Leica DMi8 widefield 

microscope.  

 

3.4.2.10 Image Processing for Quantitative Single-Molecule Fluorescence In Situ 

Hybridization (Quantitative smFISH). Cell particle fluorescence was quantified using a macro 

written for Fiji/ImageJ227 (Data S1). This macro facilitates the addition of user-traced cells to Fiji’s 

ROI manager and determines fluorescence of particles within cells by applying a spot enhancing 

filter228 to all channels, converting this to a binary mask using Fiji’s triangle threshold, and 
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applying the watershed function. Fiji’s Analyze Particles was applied to the selected cell ROI using 

a 0.518 square micron minimum size yielding a mask of particles per cell, which was then applied 

to the original image to measure particle intensity and area. Background area was selected and 

measured using the same procedure then used for normalization. Particle intensity lower than 

background was deemed as zero. 

 

3.4.2.11 Single-Cell RNA Sequencing (scRNA-seq) and RNA-Velocity Analyses. 13,247 

single cells, consisting of 11,218 FACS-sorted Lgr5-GFP+ cells (taken from Ad Fc, Ad Rspo1, 

Ad Rspo2, Ad scFv-Dkk1, Ad Fzd8 CRD, and Ad Lgr5 ECD treatment conditions) and 1,877 Ad 

Fc-treated Lgr5-GFP− cells were analyzed from Gene Expression Omnibus database accession 

GSE9286533.  Quality control to remove low-quality cells, doublets and empty droplets was 

performed as described33. Additionally, Cd4+ and Cd8a+ immune cells were removed from the 

analysis. Altogether, 13,095 cells remained for analysis using the Seurat R package. The gene 

expression counts matrix was log-normalized and scaled using 

the NormalizeData and ScaleData functions from the Seurat R package with default parameters. 

PCA was performed using the RunPCA Seurat function and the first 30 principal components were 

used for UMAP using the RunUMAP Seurat function. Cells were visualized as UMAP 

embeddings, and 10 clusters of cells were identified by the Louvain algorithm (resolution=0.07). 

Differential expression between populations was performed using the R package MAST via the 

Seurat wrapper function FindMarkers. Minimum log-fold threshold was set to default parameters 

(0.25) with exception of generation of volcano plots where minimum log-fold threshold was set to 

0. Cell types were assigned using canonical markers as previously described33. Downstream 

analyses were conducted using the Seurat, Nebulosa and ggplot2 R packages. 
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 7,216 individual cells were analyzed from GSE92332. Cells were split by atlas batch 

(n=10) and integrated using reciprocal PCA with the Seurat R package. Cells were identified and 

labelled using previously described cell type assignments from Haber et al., Nature, 2017119. For 

reference (GSE92865) cell type classification of GSE92332 dataset, PCA structure of reference 

was projected onto GSE92332 dataset using the FindTransferAnchors and TransferData functions 

from the Seurat R package.  

 

72,238 individual cells were analyzed from GSE152325. Cells were labelled using 

previously described cell type assignments from Böttcher et al., Nature Cell Biology, 202157. 

Previously described cell types were subclustered (resolution = 0.25) to identify putative “TA” 

(Fgfpb1+Dmbt1+Kcnn4+Pcna+) subcluster. 

 

 For RNA-Velocity analysis, spliced and unspliced expression matrices of both the Haber et 

al., Nature, 2017119 and Böttcher et al., Nature Cell Biology, 202157 datasets were estimated using 

the Velocyto command line interface. RNA-Velocity analysis was performed independently on 

wild type mouse (n=1, with 3,826 cells), enteroendocrine, tuft, and goblet cell-enriched mice (n=2, 

with 15,423 cells), and Paneth cell-enriched mice (n=2, with 11,433 cells) for Böttcher et al., 

dataset57. RNA-Velocity analysis was performed using the scVelo Python package127. Inference 

of directional trajectories was computed using the scVelo stochastic model on the top 3,000 

variable genes.  
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3.4.3 Quantification and Statistical Analysis  

Statistical analyses were performed by GraphPad Prism v8.0.1 (GraphPad Software). 

Comparison of different groups were carried out using the two-tailed unpaired Student’s t-test 

(shown in Figures S3A and S5A). Each p value of statistical significance is indicated within the 

Figures, except for **p in Figure S5A, which represents **p < 0.01. Differences were considered 

statistically significant at p < 0.05. Quantifications of fluorescence were conducted by Fiji/ImageJ. 

Quantifications of  positional distribution of cells were acquired from >50 individual crypts. Data 

are shown as mean with S.D., except for the graphs in Figures 1I, S1E and S3A, which are mean 

with S.E.M.. Additional statistical details of individual experiments are described in the Figure 

Legends and Method Details. 
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Chapter 4: Discussioniv 

Understanding cell lineage relationships is a fundamental goal of stem cell and 

developmental biology. From the very early decisions undertaken by the developing embryo to the 

ones that govern adult tissue homeostasis, the maintenance of cellular hierarchies and the proper 

balance between coexisting populations is crucial for normal tissue development and function. 

Dysregulation of these processes is associated with developmental disorders, aging, and 

tumorigenesis. Thus, elucidating the hierarchical organization of tissues is key to understanding 

how these become impaired during injury and disease and how they can be therapeutically 

manipulated to reinstate homeostasis. Furthermore, the mechanisms underlying lineage decision 

can inform directed differentiation in stem cell therapy approaches11,12, where cells from one 

lineage are derived at will from other cell types to aid tissue regeneration, rescue tissue functions 

that have been lost, or provide compensatory ones to ameliorate an impaired condition. 

 

Much of our current knowledge of the lineage relationships across a variety of tissues has 

been gained through lineage tracing methods that reveal the fates of individual cells by examining 

the identities of their progeny83. Lineage tracing technologies have evolved over the years -- from 

early cell labelling-based observational methods to the current single-cell RNA-sequencing 

(scRNA-seq)-based algorithms for lineage reconstruction83-85. These approaches have been 

particularly insightful for understanding rapidly regenerating tissues such as the intestinal 

epithelium194. This tissue comprises highly diverse cells that carry out its multiple effector 

functions, most notably nutrient absorption, immune barrier function, and the secretion of mucin 

                                                 
iv Sections of this Chapter are already published. They are directly taken or adapted from Capdevila, C., et al. 

Cellular origins and lineage relationships of the intestinal epithelium. Am J Physiol Gastrointest Liver Physiol 321, 

G413-G425 (2021) 
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and a wide variety of hormones that regulate systemic metabolism. Despite decades of study, the 

roadmap showing the developmental history of its differentiated cell types remains poorly 

understood, and many of the developmental intermediates and their fate decisions along its known 

lineage trajectories remain unclear87,90,91 (Chapter 1).  

 

Since 2007, the intestinal epithelium has been proposed to operate by a single homeostatic 

pool of Lgr5+ intestinal stem cells (ISC). These cells, which live at the base of the crypt, are 

proposed to undergo long-term self-renewal and to give rise to all the intestine’s mature lineages 

by transitioning through so-called transit amplifying (TA) intermediates in the upper crypt18. 

However, the lack of a formal characterization of the intestine’s TA cell194 and the apparent 

dispensability of the Lgr5+ cells for homeostatic regeneration157 have been two of this model’s 

major limitations. Shortly after the description of the Lgr5 as an ISC marker, numerous reports 

about the existence of alternative “reserve” ISC populations exhibiting clonogenicity in genetic 

lineage tracing experiments upon damage or Lgr5+ cell loss were published, fueling much debate 

about which populations lied ancestrally upstream of others. Questions regarding the overlapping 

nature in gene and protein expression space between the putative “reserve” stem cell markers and 

mature cell types as well as the Lgr5+ CBC cells have further contributed to this controversy1,98,108. 

This has been complicated by the reported ability of committed or even mature cell type to regain 

stem cell potential, resulting in the ultimate decay of the reserve stem cell model. Thus, it is 

nowadays accepted the Lgr5+ cells constitute the only devoted ISC population in the intestine, and 

that under conditions of Lgr5+ cell damage or loss, mechanisms of plasticity via de-differentiation 

(rather than reserve or alternative homeostatic ISC populations) kick in to replenish the epithelium. 
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Importantly, such mechanisms seem to have an origin in the intestinal upper crypt107,192 (Chapter 

2). 

 

With the aim of better defining the developmental trajectories that dictate lineage 

specification and differentiation in the intestinal epithelium and with the ultimate goal of 

characterizing any alternative regenerative populations co-existing with the Lgr5+ ISC, here we 

made use of scRNA-seq to identify the first specific marker of a population consistent with TA 

identity in the intestinal upper crypt: the gene Fgfbp1193 (Chapter 3). Fgfbp1+ cells occupy the 

bulk of the proliferative TA cell zone, between positions +4 and +13. This region, which had 

previously escaped molecular definition, historically encompasses the location of Potten’s label-

retaining cell and also appears to be the source from which numerous of the proposed “reserve” 

markers are tracing. The expression of low levels of such these +4 reserve markers in the Fgfbp1+ 

cells is supportive of the latter193. Making use of a novel dual-fluorescent kinetic reporter (the 

Fgfbp1-TimeR allele) as well as conventional Fgfbp1-CreERT2 lineage tracing, we demonstrate 

that Fgfbp1+ cells are multi-potent, undergo long-term self-renewal, and regenerate both villus 

and crypt base compartments (including the Lgr5+ CBC cells) during homeostasis193. Strikingly, 

these are all properties consistent with stem rather than short-lived TA identity. Furthermore, these 

cells appear to be the ones to immediately reconstitute the Lgr5+ CBC cell compartment upon 

diphtheria toxin (DT)-mediated ablation or R-spondin (Rspo) suppression193 – mimicking what we 

believe is their role during homeostasis. While these results address many of the Lgr5+ cell model 

inconsistencies and challenge a long-standing paradigm of intestinal epithelial regeneration - 

placing, this time, the intestinal upper crypt at the center of homeostatic regeneration – they also 

cast doubts on the regenerative contributions of the Lgr5+ cell and open the door to so many other 
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questions. Perhaps the two most obvious ones are the following: how can these findings be 

reconciled in light of the existing literature? And - if not stem cells - then what is the exact function 

of the Lgr5+ cells?  

One of the well-known properties of CreER-LoxP-mediated recombination is that it is not 

always 100% efficient and therefore is also tamoxifen (TAM) dose-dependent. On the other hand, 

Lgr5 is a Wnt target gene. Since Wnt signaling runs in a gradient from the very base of the crypt 

upward, it is also well known documented that the Lgr5+ cells in the lower tiers (positions 0 to 

+3) exhibit the highest levels of Wnt signaling and thus Lgr5, whereas the ones bordering the upper 

crypt (+4 and up) are Lgr5Low47,52,53. It is therefore conceivable that at high (saturating) TAM doses 

used in most of these Lgr5- driven lineage tracing studies both Lgr5High and Lgr5Low cells trace. 

This is precisely one of the key findings of a recent paper from our collaborators, which describe 

how both Lgr5High and Lgr5Low cells are labeled within the first 18-24h following an acute TAM 

pulse in the Lgr5-GFP-IRES-CreERT2 mouse model, making it hard to determine precisely where 

tracing  initiates or how the traced cells propagate within the crypt209. If the two subsets were not 

to represent the same population or exhibit the same functional behavior, then this would be a 

major confounding source, as a population of 14-16 cells in the crypt would falsely be assigned 

with the properties of only a subset. Accordingly, detailed quantitative analysis of this 

phenomenon indicates that the stem cell properties of the Lgr5+ population can be exclusively 

explained by the Lgr5Low cells in the upper crypt. Indeed, Lgr5 expression does not seem to 

correlate with stemness209. 

 

Several indications in the pre-existing literature already point to the fact that not all of the 

Lgr5+ compartment may harbor stem cell properties. The first is the fact that, when labeled 
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inefficiently and at the clonal level, the bulk of the Lgr5+ cells do not display stem cell activity. 

Instead, the vast majority of these clones differentiate but don’t self-renew, and hence become 

exhausted42. I would like to highlight that the models of neutral drift coined to explain this behavior 

were set in place to counter arguments that the clonality of the crypt was inconsistent with the role 

of Lgr5+ cells as stem cells42,43.  While it is possible that there is redundancy and that only a 

proportion of cells sharing a common potential actually achieve it (i.e. that there is indeed 

stochastic clonal drift among an equipotent pool of cells), it is also possible that not all the cells 

defined by Lgr5 expression are actively maintaining the tissue. In this sense, a paper by the Winton 

group, which used a continuous labeling approach to identify that only a small proportion (30 to 

50%) of the Lgr5+ cells act as stem cells229, would be more supportive of the latter. However, in 

the current model (derived from intravital microscopy observations), these are considered to be 

Lgr5High47. 

 

While live imaging studies like the one published by Ritsma et al. push the frontiers in the 

ISC field another step forward by allowing temporal documentation of stem cell dynamics and 

position, technical challenges (namely, the inability to properly follow cellular movements for 

longer periods of time) impose limitations on the conclusions that can be reached47. Indeed, our 

Fgfbp1-CreERT2 lineage tracing data indicate that Fgfbp1+ cells primarily replenish the villus 

lineages within the first 3-4 days following a short TAM pulse, only to start fueling regeneration 

of the Lgr5+ CBC compartment after 4-7 days of treatment and more substantially between day 7 

and day 14193. By virtue of limiting their imaging windows to 5 days, Ritsma et al. is therefore 

limited in its ability to fully capture the homeostatic replenishment of the Lgr5+ CBC compartment 

by the upper crypt. Another issue is that, by being restricted in the imaging of the crypt base 
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compartment, uncertainty surrounds the fate of the clones residing further up in the crypt (positions 

+3/+4), which are Lgr5Low and harbor a much greater interest to us. In this study, any clone which 

emerges near/progresses towards the upper crypt is not followed directly, but instead assumed to 

become “lost or exhausted” by transiting into the villi (i.e. not to harbor stem cell potential)47. 

However, one of the remarkable findings of our data is that, over time, a majority of the Fgfbp1+ 

lineage tracing stripes seem to be anchored to the upper crypt193. That would argue against the idea 

that the TA compartment is “transient” and has a crypt residence time of up to 3 days, but instead 

suggests that the Fgfbp1+ cells find themselves in a position that (contrary to what is proposed by 

Ritsma et al.) does not facilitate their displacement. Indeed, we have solid evidence (and the same 

group finds this evidence themselves when extending the imaging window for up to 8 weeks) that 

a fraction of those Lgr5Low border clones make their way onto the crypt base193,205. While our data 

cannot rule out stochastic neutral drift (neither among the Lgr5+ CBC cells nor among the Fgfbp1+ 

cells), our findings indicate that the model will need to be revised to accommodate the likely 

hierarchical relationship that exists between the upper crypt and the crypt base compartments. One 

can anticipate that this would not be too difficult – while also the inevitable outcome of the 

stochastic model, the richness in fates and divergent life spans seen in many of the Lgr5+ clones 

is already an indication of the existence of a variety of long-lived and short-lived progenitors. This 

is indeed suggestive of periodic replacement of the bulk of the Lgr5+ clones and one of the main 

features of the hierarchical model42.  

 

In spite of the evidence for retrograde movement, the authors still argue that the Lgr5High 

cells harbor the most stem potential205.Yet this is again based on clonal pervasiveness at the crypt 

base – which does not constitute in itself a valid or direct measurable metric of stemness. Indeed, 
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the majority of the Lgr5+ clones are once more shown to “become lost” irrespective of their 

position, with only about a quarter of the Lgr5High clones at position 0 exhibiting fixation172,205. 

Another way in which a clone could prevail at the crypt base and resist displacement for such a 

long period of time is if that clone were to give rise to Paneth cells which, with an estimated life-

span of about 3 to 8 weeks204, constitute the longest-lived cell type in the intestinal epithelium. 

And this is precisely what a substantial fraction of the Lgr5High cells do56,57. 

 

Considering the instances of direct secretory cell type specification from Lgr5+ cells into 

Paneth and EE subtypes56,57,72, the fact that toxin-mediated ablation or Rspo inhibition (while 

remarkable for their inability to perturb intestinal epithelial homeostasis) co-occur with changes 

in Paneth cell number33,192, and the role of the Fgfbp1+ population in regenerating the Lgr5+ CBC  

compartment under homeostatic conditions193, it is tempting to speculate that the Lgr5+ CBC cells 

may in reality represent a population of secretory-primed progenitors. This is precisely what our 

RNA-velocity analysis of a single-cell transcriptional dataset enriched for secretory cells suggests, 

as the Lgr5+ cells are placed along the secretory lineage trajectory in this context193. Although 

unproven in the absence of experimental validation, these observations are supported by the 

expression of high levels of Lgr5 in quiescent label retaining cells (LRCs)56, mature secretory cell 

types (like Tuft cells209) and at residual levels in other cells of the secretory lineage (like Paneth 

and goblet cells193), suggesting a direct relationship and/or the likely involvement of Wnt signaling 

for secretory cell specification. Interestingly, it is well known that, besides its mitogenic activity, 

high levels of Wnt signaling (like the ones associated to the Lgr5High state) are required for Paneth 

cell maturation and terminal differentiation, in addition to dictating expression of EphB3 – the 

ephrin receptor that guides Paneth cells to the crypt bottom against the general flow of intestinal 
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epithelial cells28,63,64. The latter is highly supportive of the role of the Wnt-dependent Lgr5High cell 

as a primary Paneth cell progenitor. This is compounded by the additional observation that a subset 

of Lgr5+ cells exhibit abundant Mmp7 and Defa5 transcripts and stain for the Paneth cell marker 

UEA independent of label retention56. Furthermore, Notch signaling inhibition in the CBC cells 

results in Paneth cell metaplasia via increased Wnt signaling, which likewise co-occurs with 

upregulation of Lgr5-GFP230. A more recent paper, which describes how induction of replicative 

quiescence in Lgr5+ cells via inhibition of EGFR or MAPK signaling in intestinal epithelial 

organoids results in EE cell generation, similarly reports an increase in Wnt activity and Lgr5-

GFP signal concomitant to replicative quiescence acquisition72. As expected, comparison of the 

gene expression signature of the quiescent Lgr5+ cells to that of more “active” Lgr5+ cells reveals 

that the former resemble the LRCs identified by the Winton group72. Interestingly, one of the genes 

more strongly associated with the “active” Lgr5+ cell subset appears to be our upper crypt 

signature gene Dmbt172. Of note, Dmbt1 transcripts are seen to overlap with Lgr5Low cells in the 

+4 region, but not with Lgr5High cells further down193. Importantly, while absolutely required for 

regeneration, our data indicates that Fgfbp1+ cells function on slightly lower Wnt levels than the 

Lgr5+ cells33,193, which would intuitively place Paneth (and tentatively, EE) cell generation several 

steps away from the upper crypt relative to the Lgr5+ cell. Indeed, the data presented by Buczacki 

et al. suggest that direct emergence from the Lgr5High LRC can explain most, if not all, Paneth cell 

output56. Finally, a considerable fraction of the Lgr5+ cells at the crypt base appear to express 

ATOH1131,172 – a master regulator of secretory fate specification that is also known to signal cell 

cycle exit and whose expression is most commonly acknowledged in Paneth cells and Dll1+ 

secretory precursors in the crypt68,230. The latter is consistent with the paradoxical finding that a 

substantial fraction of Lgr5+ cells does not actively incorporate S phase labels nor express Ki67, 
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and an even larger fraction of CBC cells have unlicensed origins of replication despite being Ki67+ 

and residing in G1 phase231 -  suggesting they have indeed exited the cell cycle. As a reminder, I 

would like to reiterate that the consensus in the field is that the Lgr5+ cells are constantly cycling 

with a cell cycle length of approximately 21.5h18,54,165 . Of note, this unlicensed G1 state is a similar 

state in which cells further up in the crypt, past the TA compartment and at the crypt-villus 

junction, find themselves at231. Unsurprisingly, the abundance of licensed cells peaked 40–60 µm 

away from the crypt base in this study, corresponding to just above the +4/+5 cell position231. 

Overall, we find these data to be highly consistent with Fgfbp1+ cells in the upper crypt serving 

in homeostatic tissue maintenance by providing the intestine with mature cells via a bidirectional 

front of regeneration, at the both ends of which cells stop dividing, fate-commit, and 

differentiate193,209.  It will be up to future experiments to determine whether the Lgr5+ CBC cells 

are indeed secretory precursors (and if so, of what class), and whether transition via an Lgr5+ state 

is absolutely required for the generation of goblet and tuft cell subtypes for which a connection to 

Dll1+ progenitors in the crypt has been established in the past68. Since these happen to be 

incidentally located immediately above the Paneth cell/CBC zone, one could speculate that these 

could very well derive from the Lgr5Low cells and thus constitute a separate branch. 

 

Although our study indicates regeneration in the adult murine intestinal epithelium 

originates in the upper crypt zone, it cannot pinpoint the exact source for stemness nor fully address 

the existence of heterogeneity that, similarly to the Lgr5+ compartment, is likely to be found within 

the Fgfbp1+ upper crypt cell population. It is therefore possible that the bulk of the TA zone is 

devoted to enterocyte generation54,101 and does not harbor stem cells. Considering that the stem 

cell properties of the Lgr5+ population may be explained by the cells that express low levels of 
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Lgr5 and that such cells are observed by RNA in situ hybridization (ISH) at approximately the 

+4/+5 cell position (where Fgfbp1 transcripts are abundant)193, it would only be natural for these 

to be the stem cells. The later would be the latest to join a variety of other tissues (and a more 

contemporary view in cell biology) whereby stem cells (and all cells, in general) are best defined 

by the intersection of more than one marker gene. Such a situation would nicely reconcile the 

observations derived from both Fgfbp1- and Lgr5- lineage tracing studies by acknowledging that 

these two strategies are, up to some extent, imperfect and not specific enough to define a pure stem 

cell population, but fortuitously overlapping in capturing the behavior of the same subset of cells 

at around the +4 position - where stemness is likely to reside. Furthermore, this would be entirely 

consistent with the intravital microscopy observations showing that the cells at the border between 

the two compartments have the ability to repopulate the crypt base and do not simply become 

passively displaced onto the villi during homeostasis205. Of note, the Lgr5Low cells were also the 

ones that appeared to exhibit multi-lineage priming in previous studies131. 

 

Some of the questions that naturally arise under such circumstances are how hard-wired 

versus how niche-dependent stem cell identity is, what are the properties (and how enforced are 

the identities) of the cells beyond the +4 position, and what signaling pathways are governing these 

transitions. Based on our Rspo overexpression experiments, it is clear that high levels of Rspo are 

enough to stop the Lgr5Low cells from normally tracing into the villi and instead re-direct them 

towards an Lgr5High state at the crypt base33,193. The entrapment of the Lgr5+ CBC cells at the crypt 

base is remarkable in this context, with virtually no escapers seen transiting towards the villus. 

This indicates that Rspo holds the key to quantitatively expand the Lgr5+ cell pool by at least 

targeting Lgr5+ CBC specification in the Fgfbp1+/Lgr5Low cells in the upper crypt193 - which begs 
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the question as to what else is maintaining the tissue in this context. One possibility is that stemness 

goes beyond the Lgr5Low state (i.e. that there are stem cells further up in the crypt, and that the 

overlap between Fgfbp1 and Lgr5 only captures a handful of them). That would leave the task of 

maintaining the tissue to be fulfilled by the pool of stem cells that are normally Fgfbp1+ but Lgr5-

, and must be located somewhere below the +8 position (as Alpi-CreER is known to mark 

absorptive precursors from +8 and up101). This would also explain sustained epithelial regeneration 

in the context of the Rspo loss-of-function phenotype, in which Lgr5+ cells are ablated33,193. 

However, if stemness is defined by the Fgfbp1+/Lgr5Low state exclusively and these cells are 

shunted toward Lgr5High cell generation upon Rspo augmentation, it is only natural to assume that 

the Fgfbp1+  cells sitting now directly above the expanded crypt base compartment have assumed 

the stem cell position as instructed by the changes in the niche. Such a malleable landscape is 

resonant with the multiple reports of plasticity upon Lgr5+ cell loss and the largely invariant 

epigenetic landscape seen across differentiation102,185. Although plasticity per se may not be the 

major driver of Lgr5+ CBC cell repopulation under the conditions presented in our study, it seems 

obvious to this bystander that such de-differentiation events do happen up to some extent – 

however, and contrary to the explanation set forth by Murata et al.107, these are likely still 

secondary and only come into play when a substantial fraction of the Fgfbp1+ cells (some of them 

perhaps already committed to another lineage) is mobilized to account for the replacement of 

Lgr5+ CBC cells at a higher than usual rate. Such cells may already be turning on the expression 

of genes associated with the mature lineages as they commit to differentiation, explaining tracing 

from differentiation markers in this context. Indeed, this would still be concordant with the 

observations by Murata et al. in that over 80% of the crypts seem to be repopulated from the 

immediate Lgr5+ CBC cell upper crypt progeny upon Lgr5+ cell loss107 if we consider that, at the 



124 

 

TAM dosage used in this publication, the Lgr5Low/Fgfbp1+ cells were likely pre-labeled before 

irradiation and thus do not constitute bona-fide Lgr5+ cell progeny209. Moreover, although the 

immense proliferative capacity of the upper crypt makes it a very obvious target to radiation injury, 

the data from our collaborators suggest that a fraction of actively cycling cells in the upper crypt 

survives ionizing radiation, and that it is these (rather than plasticity or reserve populations) the 

ones that mount the regenerative response post-irradiation209. Along these lines, a study by Tao 

and colleagues proposed that the low levels of Wnt signaling invariably experienced by the Lgr5Low 

cells could explain their preferential survival, in spite of their high proliferation rates, in the setting 

of radiation injury, as high Wnt levels appear to result in p53-dependent amplification of DNA 

damage checkpoints and subsequent apoptosis232. Future experiments will have to determine what 

the contributions of the Fgfbp1+ cells are under different injury contexts. 

 

In light of our observations, it would seem that one of the strongest arguments against 

stemness of the Lgr5+ CBC cell is that these cells are dispensable for homeostasis. However, a 

recent paper seems to revise the idea of dispensability of the Lgr5+ compartment by reporting on 

a new Lgr5-2A-DTR allele233. Importantly, by preserving endogenous Lgr5 function and coupling 

its expression to that of the diphtheria toxin (DT) receptor (DTR) with a 2a self-cleaving sequence, 

this allele presents itself as a way to achieve DT-mediated Lgr5+ cell ablation at near-complete 

efficiency, and appears to be superior than the previously described Lgr5-DTR-GFP allele due to 

higher expression levels. Indeed, and contrary to the original findings published by Tian et al.157, 

the authors demonstrate that prolonged Lgr5+ cell ablation results in compromised intestinal 

epithelial regeneration, claiming that a constant Lgr5+ cell pool is required for homeostasis233. 

While this could arise from this allele more effectively ablating the Lgr5Low cells (presumed stem 
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cells) further up in the crypt, it is important to note that the main phenotype associated to Lgr5+ 

cell loss appears to be mild villus shortening. Since we find Fgfbp1+ cells in the upper crypt are 

the ones that normally reconstitute the Lgr5+ compartment as well as the villi and the ones that 

become immediately mobilized upon DT-mediated ablation of the Lgr5+ cells193, it is possible that 

this simply reflects an enterocyte lineage allocation defect by the upper crypt as it directs its 

resources to reconstitute an ablated Lgr5+ compartment, rather than the dispensability of the Lgr5+ 

cells themselves. Of note, this phenotype is not observed upon Lgr5 conditional knockout in the 

adult animal212 or prolonged Rspo suppression of the Lgr5+ state33, which could perhaps indicate 

that toxicity effects arising from treating the mice with DT over multiple consecutive days (as 

opposed to alternate dosing, as published in the past) could be confounding data interpretation. A 

similar conclusion could be drawn from reports that Lgr5+ cells are required to mount a 

regenerative response post-irradiation, as DT treatment in Lgr5-DTR-GFP mice that have been 

previously exposed to >6 Gy radiation results in intestinal failure192. While this could simply 

reflect the addition of two highly toxic and detrimental interventions (radiation and DT) whose 

effects go beyond the intestinal epithelium, such results could also be explained by the activation 

of the Lgr5 gene (and hence the DTR expression cassette, with resultant cell killing) in the cells 

of the upper crypt as these are on their way to become Lgr5+ cells, but not the Lgr5+ cells 

themselves. The latter, if anything, would be suggestive of the essentiality of the upper crypt 

population itself. 

 

Most importantly, one key issue of this study is the lack of a remarkable crypt phenotype, 

as one would expect upon ablation of the ISC. Limitations in recombination efficiency, coupled to 

the high proliferative rate and reconstitution potential of the cells in the upper crypt zone, have 
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precluded us from studying the dispensability of the Fgfbp1+ cell population directly through an 

Fgfbp1-CreERT2; Rosa26-DTA strategy (data not shown). I can envision that such future studies 

would benefit from the development of a highly efficient Fgfbp1-DTR allele so that reconstitution 

of the tissue by escapers is circumvented. Considering the upper crypt lies at the source of 

homeostatic regeneration193,209 and the de-differentiation potential has been pinpointed to reside 

here107, one would predict that such an intervention would be highly detrimental to tissue integrity. 

However, the possibility that the Lgr5+ CBC cells participate in reconstitution of the tissue upon 

selective Fgfbp1+ cell ablation would not be unheralded – especially if these were to constitute 

two highly interactive/interconvertible stem/progenitor pools exhibiting lineage bias, as discussed 

earlier.  

  

A phenotype equivalent to direct Fgfbp1+ upper crypt cell disruption is elicited by Fgfbp1 

conditional knockout (cKO) in the intestinal epithelium. In our study, we found that Fgfbp1 gene 

deletion leads to a halt in crypt proliferation, villus blunting and Fgfbp1+ and Lgr5+ CBC cell 

loss, consistent with impaired regeneration193. Unlike the study just presented, Fgfbp1 cKO leads 

to dramatic crypt demise and provides an alternative way for ablating the Fgfbp1+ compartment 

by targeting the expression of this epithelial soluble molecule193. Although it is possible that 

FGFBP1 acts as an essential paracrine/autocrine factor in facilitating Fgfbp1+ cell maintenance 

and self-renewal, the pathways through which this gene is acting remain unknown. It will be up to 

future studies to determine what molecular mechanisms are behind this response, and how these 

intertwine with the many other signaling axes (like, Wnt/β-catenin, Notch, BMP and EGF 

signaling to name only a few19) known to govern cell fate decisions in the intestinal epithelium. 

Regardless of the precise answer, I anticipate this will open the door to a new era of discovery in 
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the field, and unleash what is likely going to be the remarkable future therapeutic potential of the 

intestinal upper crypt. 
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Epilogue 

 

Once ruled by multiple competing models of regeneration, the intestinal epithelium has 

been proposed to operate by a single pool of rapidly dividing intestinal stem cells (ISCs) living at 

the base of its crypts for the past almost 20 years18. Despite being contested multiple times over 

the past two decades, the Lgr5+ ISC model has stood strong since its initial conception in 2007, 

and the Lgr5+ ISCs have ruled hegemonically as the only dedicated homeostatic stem cell 

population of the intestinal epithelium ever since.  

 

Recently shaken by the description of retrograde movement205 and our identification of a 

population of Fgfbp1+ cells in the upper crypt with the ability to replenish the Lgr5+ cells during 

homeostasis193, this long-standing paradigm is once more challenged by the description of 

stemness within the long-forgotten (and also elusive) transit-amplifying (TA) zone. Albeit 

provocative, our findings unveil the existence of an alternative cellular hierarchy in the intestinal 

epithelium and address many of the Lgr5+ cell model inconsistencies – ranging from the 

dispensability of Lgr5+ cells during homeostatic regeneration33,157 and the description of injury-

inducible stem cell activity in the upper crypt34, to descriptions of Lgr5+ cell involvement in direct 

secretory cell type specification56. 
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One of the most natural questions that emerge from all this conundrum is the following: 

How did we get here  - and now that we are here - how do we move forward? Although I find most 

of it is simply explained by our permanent efforts in trying to make data fit into a model (itôs only 

human nature), technical limitations in our ways to study tissue regeneration may be partly 

responsible. 

 

One of the problems may invariably have to do with the methods commonly employed to 

assign stem cell identities, which have perhaps been too overly reliant on ex vivo organoid culture 

and the use of site-specific, inducible recombinase systems like CreER-LoxP. Although such 

genetic lineage tracing methods continue to prove invaluable, their reliability may be undermined 

by the known (although not so acknowledged) toxicity effects secondary to the use of tamoxifen 

(TAM) and Cre activation in the intestine176, in addition to the non-representativeness of labelling. 

The latter relates to the use of individual marker genes to identify cell populations, which may 

pose a far more severe problem. While a century ago cells could only be reproducibly identified 

by a handful of simple characteristics (like cell position, morphology, or label retention) and, since 

more recently, by the expression of select marker genes, the measurements of full transcriptomes 

and other multi-modal aspects of individual cells we have access to nowadays are revealing ever 

increasing heterogeneity within cell populations, and the fact that cell identities are best defined 

when envisioned as multidimensional vectors143. Stem cells should be no exception to that. Thus, 

it should come as no surprise that Lgr5 is not a perfect stem cell marker – in the same way that 

Fgfbp1 probably isn’t. A unified model of intestinal epithelial regeneration, whereby 

Lgr5Low/Fgfbp1+ cells at the intersection between the upper crypt at the crypt base compartments 
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harbor stem cell potential, is one of the ways in which these two competing models for intestinal 

epithelial regeneration could be reconciled. The latter would only make sense considering the 

exquisite zonation exhibited by other single-marked populations along the crypt-villus 

axis133,135,144.  

 

The description of stemness within the intestinal upper crypt zone has implications that are 

far more broad than fueling to what an outsider could simply seem as a never-ending debate in the 

field about shifting the ISC location 4 positions up or down in the crypt. One of the most logical 

ones is whether these cells, in the same way that it has been proposed for Lgr5+ cells234, could 

represent a source for malignant transformation. Although further studies are required to determine 

whether Fgfbp1 marks a stem cell in the colon, our preliminary observations indicate this may be 

the case (data not shown). It will be interesting to see if these indeed represent the source of 

colorectal cancer transformation – especially for those that do not progress through the traditional 

adenoma and for which the Lgr5+ CBC cell does not seem to have an involvement235.  

 

Despite our attempts at reconciliation, our model falls short at resolving some of the 

unknown aspects of the previous model (like the potency of the secretory progenitors, their 

differentiation routes into goblet, tuft, EE and Paneth cell subtypes, and their relationship to the 

Lgr5+ CBC and Fgfbp1+ cells in light of their re-defined roles) nor fully addresses the 

heterogeneity that is likely to be found within the Fgfbp1+ upper crypt population. Technical 

limitations (namely, the limited recombination efficiencies achieved with the Fgfbp1-CreERT2 

allele or the instability of the DsRed fluorophore in the Fgfbp1-TimeR mouse) are partly 

responsible, as these preclude us from pursuing studies of our Fgfbp1+ population and its 
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relationship to the mature lineages with higher granularity. The inability to isolate Fgfbp1+ cells 

via fluorescence activated cell sorting (FACS) using endogenous DsRed further prevents us from 

growing this population in vitro as organoids or compare its clonogenic potential to that of the 

Lgr5+ CBC cell using the Fgfbp1-TimeR allele. Although unlikely to yield meaningful insights 

into stem cell function due to the inherent limitations of organoid culture (outlined in Chapter 2), 

such in vitro studies may aid the dissection of the minimum niche requirements needed for 

Fgfbp1+ cell growth and differentiation, as these remain currently unknown. While the crypt base 

niche is relatively well studied, less is known about the stromal and trophic factor composition of 

around the upper crypt zone, especially in light of the essential role of Fgfbp1 and its proposed 

involvement in FGF/FGFR signaling. Furthermore, it is unclear whether the Fgfbp1+ cells (those 

bordering the crypt base compartment and those further up) abide by the neutral drift competition 

regime previously proposed to dictate the Lgr5+ cell behavior as a population. Lastly, although 

our model locates stemness outside of the Lgr5+ CBC compartment, it does not speak about nor 

address Lgr5+ cell function directly, and hence the possibility that the Lgr5High cells at the base 

can behave as stem cells or give rise to Fgfbp1+ cells in the upper crypt zone cannot be ruled out. 

Although we do not expect this will be their primary outcome during homeostasis, I anticipate that 

future studies tailored at dissecting the contributions of the crypt base versus the upper crypt 

compartments relative to the overlapping +4 position will help answer these questions and address 

the possibility of  interconversion between the Fgfbp1+ and Lgr5+ cells, in addition to determine 

the mechanisms of cell replacement and their frequencies. 

 

In spite of their limitations, we believe our tools (namely, the Fgfbp1-TimeR and Fgfbp1-

CreERT2 alleles)193 will provide a much valuable starting point to delve deeper into a new era of 
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research on the intestinal epithelial regeneration field, and our model a new framework through 

which emerging data could be interpreted. Likewise, these resources may aid the study of 

regeneration in other tissues for which Fgfbp1 appears to mark compartments akin to the 

intestine’s TA zone (such as the developing lung), or where Fgfbp1 is also expressed, such as the 

skin or the stomach. 

 

 In summary, our findings demonstrate that homeostatic intestinal epithelial regeneration 

stems from Fgfbp1+ cells in the intestinal upper crypt, which generate progeny that propagates bi-

directionally along the crypt-villus axis and serve as a source of the Lgr5+ cells at the base. 

Incidentally, one of the features of Potten’s +4 stem cell is that this is precisely an actively cycling 

and radiosensitive population – as any tentative Lgr5Low/Fgfbp1+ cell would be. While we may be 

witnessing the field coming full circle, it will be up to future experiments to determine whether 

Chris Potten, in his postulate, was indeed right. 
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Figure S3.1. Fgfbp1 as a marker for upper crypt zone cells, related to Figure s 3.2 ɬ 3.4. A, Density 

×ÓÖÛÚɯ ÍÖÙɯ Ɂ3 ɂɯ ÊÓÜÚÛÌÙɯ ÚÐÎÕÈÛÜÙÌɯ ÎÌÕÌÚɯDmbt1 and Kcnn4, Wnt receptor Fzd5, and Rspo 

receptor/co-receptor pairs Lgr4, Rnf43 and Znrf3. B, Volcano plots of differentially expressed 

genes (log2%"ɯÌß×ÙÌÚÚÐÖÕȺɯÖÍɯÛÏÌɯɁ3 ɂɯÊÓÜÚÛÌÙɯÊÖÔ×ÈÙÌËɯÛÖɯÈÓÓɯÊÌÓÓɯÊÓÜÚÛÌÙÚɯȹÓÌÍÛȺɯÈÕËɯÛÖɯÊÖÔÉÐÕÌËɯ

Ɂ"!"ɂɯÊÓÜÚÛÌÙÚɯȹÙÐÎÏÛȺɯÞÐÛÏɯÚÌÓÌÊÛɯÎÌÕÌÚɯÏÐÎÏÓÐÎÏÛÌËȮɯËÌÔÖÕÚÛÙÈÛÐÕÎɯÚÐÎÕÐÍÐÊÈÕÛɯÌÕÙÐÊÏÔÌÕÛɯÖÍɯ

Fgfbp1, Dmbt1, and Kcnn4 ÐÕɯÛÏÌɯɁ3 ɂɯ×Ö×ÜÓÈÛÐÖÕȭɯC, 5ÈÓÐËÈÛÐÖÕɯÖÍɯɁ3 ɂɯÛÙÈÕÚÊÙÐ×ÛÐÖÕÈÓɯÚÐÎÕÈÛÜÙÌɯ

on intestinal tissue sections, highlighting upper crypt localization. Top, Multiplex ISH and 

ÐÔÔÜÕÖÚÛÈÐÕÐÕÎɯÖÍɯÛÏÌɯɁ3 ɂɯ×Ö×ÜÓÈÛÐÖÕɯÚÐÎÕÈÛÜÙÌɯÎÌÕÌÚȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ!ÖÛtom, Multiplex 

ISH for Dmbt1 and Fgfbp1 along the murine small intestine demonstrates the largely overlapping 

nature of the Dmbt1 and Fgfbp1 ÛÙÈÕÚÊÙÐ×ÛÚɯÐÕɯÛÏÌɯÜ××ÌÙɯÊÙà×Ûȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƖƔɯϟÔȭɯD, High -

resolution confocal imaging of crypts for quantitative multiplex mRNA single -molecule 

fluorescence in situ hybridization (smFISH). Left, Representative jejunal crypt image used for 

quantitative smFISH analysis (shown in Figure 1I and Figure S1E). Right, Lgr5 and Fgfbp1 mRNA 

puncta are identified via semi -automated computational analysis. Individual cell boundaries are 

ËÌÓÐÕÌÈÛÌËɯÉàɯ$" #ɯ(%ȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƙƔɯϟÔȭ E, Quantitative multiplex smFISH analysis of jejunal 

crypts. Data represent median mRNA integ rated density (related to Figure 1I which displays the 

mean integrated density) with S.E.M. for both Lgr5 and Fgfbp1 transcripts acquired from >50 

individual crypts along the jejunum length, n=2 mice. F, Left, measure of confidence of RNA-

Velocity estimates from Figure 1J, calculated by scVelo, based on the coherence of the vector field 

with its neighboring velocities. Right, Ratio of unspliced reads per cell in UMAP space showing 

nearly uniform splicing efficiency across the different cell types.  G, Top left, UMAP plot of 72,238 

cells from Böttcher et al., Nature Cell Biology, 2021 (GSE152325) dataset colored by previously 

ËÌÚÊÙÐÉÌËɯÈÕÕÖÛÈÛÌËɯÊÓÜÚÛÌÙÚȮɯÞÐÛÏɯÚÜÉÊÓÜÚÛÌÙɯÖÍɯɂ3 ɂɯ×ÏÌÕÖÛà×ÌɯÊÌÓÓÚɯÏÐÎÏÓÐÎÏÛÌËɯȹÌÕÊÐÙÊÓÌËȺȭɯɯ

Bottom left,  volcano plot of differentia lly expressed genes (log2%"ɯÌß×ÙÌÚÚÐÖÕȺɯÉÌÛÞÌÌÕɯɁ3 ɂɯ

subcluster cells and all remaining cells, with select genes annotated. Right, RNA -Velocity 

analysis, split between WT mice (top), Enteroendocrine (EE), tuft, and goblet cell-enriched mice 

(center), and Paneth-cell enriched mice (bottom). Velocity field arrows inferred using scVelo 

stochastic model and projected onto the UMAP space indicate predicted lineage trajectories. 
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Figure S3.2. Extended validation of the Fgfbp1-TimeR allele, related to Figure s 3.5 ɬ 3.8. A, 

#ÌÚÛÈÉÐÓÐáÈÛÐÖÕɯÖÍɯÛÏÌɯ#Ú1ÌË$ƖɯÍÓÜÖÙÖ×ÏÖÙÌɯÈÚÚÌÚÚÌËɯÐÕɯ'$*ƖƝƗ3ɯÊÌÓÓÚȭɯ"ÖÔ×ÈÙÐÚÖÕɯÖÍɯɁÚÛÈÉÓÌɂɯ

version of TimeR (DsRed-E2-PEST with DsRed destabilized by C-terminal PEST sequence only) 

versus ɁÜÕÚÛÈÉÓÌɂɯTimeR (1xUbVR-DsRed-E2-PEST with DsRed destabilized by both 1xUbVR N-

terminal degron and C -terminal PEST sequence) dual fluorescent knock-in cassette, as driven by 

a constitutive CMV promoter. No apparent toxicity/protein misfolding were observed upon 

further destabili zation. Effective destabilization was demonstrated by the greater observed 

frequency of bright mTagBFP2+ cells that were negative for DsRed endogenous fluorescence 

(mTagBFP2+/DsRed- cells, see white boxes), indicating rapid signal decay of DsRed. 72h post-

ÛÙÈÕÚÍÌÊÛÐÖÕȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭ B, Enhanced detection of the destabilized DsRed by indirect 

immunostaining versus endogenous fluorescence. Anti-DsRed IF demonstrates DsRed signal in 

cells lacking endogenous DsRed fluorescence in HEK293T cells transfected with CMV -driven 

ɁÜÕÚÛÈÉÓÌɂɯTimeR dual fluorescent cassette. Co-localization of mTagBFP2 and DsRed IF confirms 

the generation of the two fluorophores at a 1:1 ratio (mTagBFP2+ cells are always DsRed+ when 

constitutively expressed), and the weak endogenous DsRed fluorescence is attributable to protein 

destabilization. This validates both the dual fluorescent TimeR cassette as well as the specificity 

ÈÕËɯÚÌÕÚÐÛÐÝÐÛàɯÖÍɯÛÏÌɯ#Ú1ÌËɯÈÕÛÐÉÖËàȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ C, Validation of 

FLAG epitope tag and synthetic intron cassette in HEK293T cells. Synthetic-intron -containing, N -

terminal FLAG -tagged Fgfbp1 variant (FLAG-loxP-Fgfbp1) is expressed at similar levels and 

displays a characteristic secretory pattern by IF when compared to intron -less N-terminal FLAG -

tagged Fgfbp1 (FLAG-Fgfbp1). Fgfbp1 = untagged Fgfbp1 ÊÖÕÛÙÖÓȮɯÚÊÈÓÌɯÉÈÙɯǻɯƖƔɯϟÔȭ D, Validation 

in HEK293T cells that the synthetic intron does not disrupt FGFBP1 expression nor secretion in 

TimeR construct. Left, synthetic intron is effectively spliced out in vitro, as evidenced by an 

FGFBP1 protein of the same molecular weight as its intron-less FLAG-FGFBP1 counterpart by 

immunoblot. Right, anti -FLAG immunoblot reveals FLAG -FGFBP1 is effectively secreted into the 

supernatant of cultured HEK293T cells. E, Histogram quantificatio n of DsRed+ cell positions 

along the intestine length relative to the center-most nuclei at the very crypt base (assigned as cell 

×ÖÚÐÛÐÖÕɯɂƔɂȺȭ F, Endogenous DsRed fluorescence profile of live intestinal epithelial cells from 

Fgfbp1-TimeR mice (n=3) compared to WT controls (n=2) by flow cytometry analysis.  G, Anti -

DsRed IF of WT and Fgfbp1-TimeR small intestine tissue sections, demonstrating specificity of the 

#Ú1ÌËɯÐÔÔÜÕÖÚÛÈÐÕÐÕÎȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ'Ȯɯ ÕÛÐ-FLAG-FGFBP1 IF of WT and Fgfbp1-TimeR 

small intestine tissue sections demonstrates upper crypt confinement of FLAG-FGFBP1 

Ìß×ÙÌÚÚÐÖÕȭɯ)ÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯ I, Detection of endogenous mTagBFP2 by flow cytometry. 

Left, endogenous mTagBFP2 fluorescence profiles of live singlet cells from Fgfbp1-TimeR (n=3) 

versus WT (n=2) intestinal epithelium. Right, endogenous mTagBFP2 fluorescence profile of 

sorted EPCAM+ cells from jejunum of Fgfbp1-TimeR versus WT mice.  J, Anti -mTagBFP2 IF of WT 

and Fgfbp1-TimeR ÚÔÈÓÓɯ ÐÕÛÌÚÛÐÕÌȭɯ 2ÊÈÓÌɯ ÉÈÙɯ ǻɯ ƙƔɯ ϟÔȭɯ K, Representative examples for 

LYZ+/mTagBFP2+ (solid lines, white arrowheads) and LYZ+/mTagBFP2- (dashed lines) Paneth 

cells in Fgfbp1-TimeR ÔÐÊÌȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƖƙɯϟÔȭɯ 
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Figure S3.3. Extended validation of the temporal kinetics of upper crypt -driven intestinal 

epithelial regeneration using the Fgfbp1-CreERT2 allele, related to Figure s 3.9 ɬ 3.12. A, 

Positional evolution of tdTomato+ crypt cells at the crypt base (defined as cell positions 0 to +3) 

over time. Top, percentage of crypts that harbor tdTomato+ cells at the crypt base. Bottom, 

average number of tdTomato+ cells per crypt. Initial labeling events occur at position +4 and 

above, then trace into the CBC position between D4 and D14. All data represented as mean with 

S.E.M., n=3 mice, Two-ÛÈÐÓÌËɯÜÕ×ÈÐÙÌËɯ2ÛÜËÌÕÛɀÚɯt-test. B, Segregation of endogenous Lgr5-GFP 

and tdTomato fluorescence in Fgfbp1-CreERT2; Rosa26-tdTomato; Lgr5-DTR-GFP intestine at D2 

post-tamoxifen. Minimal overlapping ( Lgr5-GFP+/tdTomato+) signal is observed and occurs 

×ÙÐÔÈÙÐÓàɯÈÛɯÛÏÌɯǶƘɯ×ÖÚÐÛÐÖÕɯȹÞÏÐÛÌɯÈÙÙÖÞÏÌÈËȺȭɯ)ÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯC, Swiss-roll of Fgfbp1-

CreERT2; Rosa26-tdTomato; Lgr5-DTR-GFP intestine, D2 post-tamoxifen. Note segregation of Lgr5-

GFP and tdTomato IF signals. Scale bar for low magnification view = 2.5 mm, scale bar for high 

ÔÈÎÕÐÍÐÊÈÛÐÖÕɯÝÐÌÞɯǻɯƙƔƔɯϟÔȭ D, Top, whole-mount 3D confocal reconstruction of Fgfbp1-CreERT2; 

Rosa26-tdTomato lineage tracing in jejunum over 7 days. Bottom, high magnification of boxed 

ÊÙà×ÛɯÙÌÎÐÖÕÚɯÍÙÖÔɯÛÏÌɯÛÖ×ɯ×ÈÕÌÓÚȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȭɯE, Whole intestine swiss-roll s from Fgfbp1-

CreERT2; Rosa26-tdTomato mouse, 7 days (top), 21 days (center), and 7 months post-tamoxifen 

(bottom) highlight long -lived lineage traces. Scale bars: low magnification = 2.5 mm and high 

ÔÈÎÕÐÍÐÊÈÛÐÖÕɯǻɯƙƔɯϟÔȭɯ 
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Figure S3.4. Fgfbp1+ cells persist in the absence of Lgr5+ CBC cells and are Rspo-responsive, 

related to Figures 3.13 ɬ 3.14. A, Fgfbp1 ISH and Ki67 immunostaining on DT -treated Fgfbp1-

TimeR; Lgr5-DTR-GFP intestine, demonstrating persistence of Fgfbp1+ cells in the upper crypt 

upon DT-mediated ablation of the Lgr5+ CBC compartment. 72h post-treatment, scale bar = 50 

ϟÔȭ B, Positional distribu tion of Fgfbp1+ cells along the crypt-villus axis is unchanged following 

DT-mediated Lgr5+ CBC cell ablation.  Data reflect Fgfbp1+ cell position (as determined by ISH) 

relative to the center-most nuclei at the very crypt base (assigned 0). C, Surrogate upper crypt cell 

marker Dmbt1 ISH and Lgr5-GFP IF demonstrate the resilience of the upper crypt population to 

DT-mediated Lgr5+ CBC cell ablation.  Duodenum, 72h post-#3ɯÛÙÌÈÛÔÌÕÛȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭɯD, 

Flow cytometry analysis demonstrating persistence of mTagBFP2+ populations in Fgfbp1-TimeR 

mice following treatment with Ad Lgr5 -ECD, as well as expansion of mTagBFP2+ populations 

after Ad Rspo1 administration (black arrows), consistent with Fgfbp1+ upper crypt cells mediating 

the continuous reconstitution of the epithelium under both Rspo loss - and gain-of-function 

conditions, respectively. Proximal jejunum, D4 post -treatment. E, Fgfbp1-CreERT2; Rosa26-

tdTomato lineage tracing confirms the Fgfbp1+ upper crypt population sustains crypt and villus 

regeneration in the context of Lgr5-ECD suppression of Lgr5+ CBC cells. Duodenum, D4 post-

adenovirus and post-ÛÈÔÖßÐÍÌÕȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔ. F, Rspo overexpression expands both Lgr5+ 

CBC (CBC) and Upper Crypt (UC) Fgfbp1+ populations, as determined by multiplex Lgr5 and 

Fgfbp1 ISH. Duodenum, D4 post-ÈËÌÕÖÝÐÙÜÚȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭ G, Density plots for reported 

plasticity markers onto the clusters of the Yan et al., Nature, 2017 dataset (GSE92865).  
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Figure S3.5. Supporting evidence for Fgfbp1 conditional knockout (cKO), related to Figure s 

3.15 ɬ 3.16. A, Quantification of regenerative impairment in ex vivo-cultured Fgfbp1 cKO 

organoids. Relative organoid growth represents the proportion of viable organoids at D4, 

jejunum, n=3 mice. **p<0.01, Two-ÛÈÐÓÌËɯÜÕ×ÈÐÙÌËɯ2ÛÜËÌÕÛɀÚɯt-test. B, Experimental schema for 

Rosa26-CreERT2-driven global Fgfbp1 deletion in adult mice with high -dose tamoxifen. C, Top, 

H&E analysis of Rosa26-CreERT2-driven global Fgfbp1 deletion demonstrates gross architectural 

abnormalities of the intestine also observed upon intestinal epithelium -specific Fgfbp1 deletion. 

Bottom, high magnification views of box ed regions. Areas of crypt dropout are delineated in 

dashed lines. Notably, this phenotype was observed in the only surviving animal as all the others 

ÐÕɯÛÏÐÚɯÊ*.ɯÊÖÏÖÙÛɯËÐÌËȭɯ)ÌÑÜÕÜÔȮɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȭ 
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Appendix B 

Supplemental Tables, Supplemental Movie, and Supplemental Materials, related to Chapter 3. 

(files available as attachments to Dissertation) 
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Table S3.1.  Ranked list of cluster markers and associated statistics (p -value) from GSE92865, 

related to Figure s 3.2 ɬ 3.4 and Figure S3.1. 

 

Table S3.2. Metadata file (cell barcode, treatment, and cell type) of analysis from GSE92865, 

related to Figure s 3.2 ɬ 3.4 and Figure S3.1. 

 

Table S3.3.  Top correlated genes for Fgfbp1 from Yan et al., Nature , 2017 (GSE92865), related 

to Figures 3.2 ɬ 3.4 and Figure S3.1. 

 

Table S3.4. Top correlated genes for Fgfbp1 from Haber et al., Nature , 2017 (GSE92332), related 

to Figures 3.2 ɬ 3.4 and Figure S3.1. 

 

Table S3.5. Top correlated genes for Fgfbp1 from Böttcher et al., Nature Cell Biology , 2021 

(GSE152325), related to Figure S3.1. 

 

Supplemental Video  3.1.  Whole-mount 3D reconstruction of lineage tracing in Fgfbp1-CreERT2; 

Rosa26-tdTomato  small intestine reveals upper crypt origin of regeneration, related to Figure s 

3.9 ɬ 3.12 and Figure S3.3. 

 

Data S3.1. Fiji/ImageJ Macro for the quantitative processing of single -molecule fluorescence 

in situ  hybridization images (Quantitat ive smFISH), related to Figures 3.2 ɬ 3.4 and Figure S3.1. 
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Appendix C 

Key Resources Table, related to Chapter 3. 
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Key resources table  

 REAGENT or RESOURCE  SOURCE  IDENTIFIER  

Antibodies  

Rabbit polyclonal anti-RFP pre-

adsorbed  

Rockland  Cat#600-401-379; RRID: 

AB_2209751  

Anti-mTagBFP2 single domain 

antibody  

NanoTag 

Biotechnologies  

Cat#N0502-AF647-L  

Chicken polyclonal anti-GFP  Aveslabs  Cat#GFP-1020; RRID: 

AB_2307313  

Rabbit monoclonal anti-Ki67 (Clone 

D3B5)  

Cell Signaling 

Technology  

Cat#9129; RRID: AB_2687446  

Rat monoclonal anti-ki67 (Clone 

SolA15)  

Invitrogen  Cat#14-5698-82; RRID: 

AB_1085456  

Goat polyclonal anti-CHGA  Santa Cruz 

Biotechnology  

Cat#sc-1488; RRID: AB_2276319  

Rabbit polyclonal anti-lysozyme1  Agilent Dako  Cat#A0099; RRID: AB_2341230  

Mouse monoclonal anti-lysozyme1 

(Clone E-5)  

Santa Cruz 

Biotechnology   

Cat#sc-27958; RRID: AB_2138790  

Rabbit polyclonal anti-FABP1  Novus Biologicals  Cat#NBP1-87695; RRID: 

AB_1102215  

Mouse monoclonal anti-FLAG (Clone 

M2)  

Sigma-Aldrich  Cat#F1804; RRID: AB_262044  

Rabbit polyclonal anti-beta-Actin  Cell Signaling 

Technology  

Cat#4967; RRID: AB_330288  

Mouse monoclonal anti-MUC2  Novus Biologicals  Cat#NB120-11197; RRID: 

AB_791261  

Rabbit polyclonal anti-Mucin2  Santa Cruz 

Biotechnology  

Cat#sc-15334; RRID: AB_2146667  

Alexa Fluor® 488 Mouse anti-E-

Cadherin  

BD Biosciences  Cat#560061; RRID: AB_1645347  

BD Horizon™ BV421 Mouse Anti-E-

Cadherin 

BD Biosciences Cat#564186 

Goat polyclonal anti-ACE-2  

 

R&D Systems  Cat#AF933; RRID: AB_355722  

Goat polyclonal antibody to tdTomato 

(red fluorescent protein) 

biorbyt Cat#orb182397 
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Rabbit monoclonal anti-Cleaved 

Caspase-3 (Asp175) (5A1E)  

Cell Signaling 

Technology  

Cat#9664; RRID: AB_2070042  

Rabbit monoclonal anti-Olfm4 (Clone 

D6Y5A) 

Cell Signaling 

Technology 

Cat#39141; RRID: AB_2650511 

Donkey anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor™ 568  

Invitrogen  Cat#A10042; RRID: AB_2534017  

Donkey anti-Goat IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor™ 647  

Invitrogen  Cat#A21447; RRID: AB_2535864  

Donkey anti-Mouse IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor™ 488  

 

 

Invitrogen 

 

 

 

Cat#A21202; RRID: AB_141607  

 

 

 

 

Donkey anti-Rat IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor™ 594 

Invitrogen Cat#A21209 

Alexa Fluor® 647 AffiniPure F(ab')₂ 

Fragment Donkey Anti-Rat IgG (H+L)  

Jackson 

ImmunoResearch 

Labs  

Cat#712-606-150; RRID: 

AB_2340695  

Alexa Fluor® 488 AffiniPure F(ab')₂ 

Fragment Donkey Anti-Chicken IgY 

(IgG) (H+L)  

Jackson 

ImmunoResearch 

Labs  

Cat#703-546-155; RRID: 

AB_2340376  

Donkey anti-Mouse IgG IRDye® 

800CW  

LI-COR Biosciences Cat#926-32212  

Donkey anti-Rabbit IgG IRDye® 

680CW  

LI-COR Biosciences Cat#926-68073  

Bacterial and virus strains   

NEB 10-beta Competent E. coli (High 

Efficiency) 

New England 

Biolabs 

Cat#C3019H 

FLAG-Fgfbp1-expressing lentivirus This paper N/A 

Chemicals, peptides, and recombinant proteins  

Tamoxifen  Sigma-Aldrich  Cat#T5648; CAS: 10540-29-1  

Diphtheria Toxin from 

Corynebacterium Diphtheriae 

Sigma-Aldrich Cat#D0564-1MG 

Advanced DMEM/F-12 (ADMEM/F-

12) 

Gibco  Cat#12634-010  
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Advanced DMEM (ADMEM) Gibco Cat#12491-015 

IMDM  Gibco Cat#12440-053 

DMEM  Gibco  Cat#11995-065  

Puromycin Sigma-Aldrich Cat#P8833; CAS: 58-58-2 

Matrigel  Corning  Cat#356231  

N-2 Supplement (100X)  Gibco  Cat#17502-048  

B-27 Supplement (50X)  Gibco  Cat#17504-044  

EGF  PeproTech  Cat#AF-100-15  

CHIR99021 Sigma-Aldrich  Cat#SML1046; CAS:  

252917-06-9 

   

Collagenase/Dispase  Sigma-Aldrich  Cat#10269638001  

   

Rho Kinase inhibitor  Tocris Cat#1254 

Lipofectamine 3000 Transfection 

Reagent  

Invitrogen  Cat#L3000001  

HistoDenz1.46  Sigma-Aldrich  Cat#D2158; CAS: 66108-95-0  

Phytagel/HD1.46  Sigma-Aldrich  Cat#P8169; CAS: 71010-52-1  

Antigen Unmasking Solution, Citric 

Acid Based  

Vector Laboratories  Cat#H-3300  

Vectashield Plus Antifade Mounting 

Medium  

Vector Laboratories  Cat#H-1900  

Ready Probes Mouse on Mouse IgG 

Blocking Solution  

Invitrogen  Cat#R37621 

Fetal Bovine Serum R&D Systems Cat#S11150 

Normal Donkey Serum Jackson 

ImmunoResearch 

Labs  

Cat#017-000-121 

DAPI Roche Cat#10236276001 

SYTOX™ Blue Dead Cell Stain 

 

Invitrogen Cat#S34857 

10% Neutral Buffered Formalin VWR Cat#89370-094 

Paraformaldehyde (PFA) Electron Microscopy 

Sciences 

Cat#15714-S 

Tissue-Tek O.C.T. Compound Sakura Finetek Cat#4583 

Primocin InvivoGen Cat#ant-pm-05 
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Penicillin-Streptomycin-Glutamine 

(PSQ) (100x) 

Gibco Cat#10378-016 

Penicillin-Streptomycin Gibco Cat#15140-122 

100X Non-Essential Amino Acids MP Biomedicals, 

LLC 

Cat#1681049 

PBS, 1X Corning Cat#21-040-CM 

Tween 20 Fisher Scientific Cat#BP337-500; CAS: 9005-64-5 

Triton X-100 Sigma Cat#T8787; CAS: 9002-93-1 

HEPES (1M) Gibco Cat#15630-080 

UltraPure 0.5 M EDTA, pH 8.0 Invitrogen Cat#15575-038 

GlutaMAX-I (100X) Gibco Cat#35050-061 

TrypLE Express Gibco Cat#12604-013 

10x Tris/Glycine/SDS Buffer Bio-Rad Cat#1610732 

10x Tris/Glycine Buffer Bio-Rad Cat#1610734 

PageRuler Prestained Protein Ladder Thermo Scientific Cat#26616 

RIPA Lysis and Extraction Buffer Thermo Scientific Cat#89900 

cOmplete™ Protease Inhibitor 

Cocktail 

Millipore Sigma Cat#4693116001 

Sodium Dodecyl Sulfate Sigma-Aldrich Cat#71725-50G; CAS: 151-21-3 

Restriction endonucleases (various) New England 

Biolabs 

N/A 

Critical commercial assays  

RNeasy Mini Kit  Qiagen  Cat#74106  

Phusion ® High-Fidelity DNA 

Polymerase 

New England 

Biolabs 

Cat#M0530L 

ZymoPURE Plasmid Miniprep Kit  Zymo Research  Cat#D4211  

ZymoPURE II Plasmid Midiprep Kit  Zymo Research  Cat#D4201 

Zymoclean Gel DNA Recovery Kit Zymo Research Cat#D4002 

DNA Clean & Concentrator-5 Zymo Research Cat#4004 

NEBuilder ® HiFi DNA Assembly 

Master Mix 

New England 

Biolabs 

Cat#E2621L 

T4 DNA Ligase New England 

Biolabs 

Cat#M0202S 

Anti-Flag ® M2 Magnetic Beads Millipore Sigma Cat#M8823-1ML 

RNAScope ® Multiplex Fluorescent 

Reagent Kit v2 

Advanced Cell 

Diagnostics 

Cat#323100 

RNA-Protein Co-Detection Ancillary 

Kit  

Advanced Cell 

Diagnostics 

Cat#323180 
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RNAScope ® 4-Plex Ancillary Kit for 

Multiplex Fluorescent Reagent Kit v2 

Advanced Cell 

Diagnostics 

Cat#323120 

Deposited data  

Single-Cell RNA-seq of intestinal 

epithelial cells upon Wnt/Rspo 

pharmacological modulation 

Yan et al., 201733  GEO accession: GSE92865 

Single-Cell RNA-seq of intestinal 

epithelial cells (unperturbed) 

Haber et al., 2017119  GEO accession: GSE92332 

Single-Cell RNA-seq of intestinal 

epithelial cells (unperturbed, enriched 

for secretory cell types) 

Böttcher et al., 

202157 

GEO accession: GSE152325 

Experimental models: Cell lines  

HEK293T (293T) ATCC Cat#CRL-3216; RRID: 

CVCL_0063  

Wnt3A/RSPO1/Noggin expressing 

cells (L-WRN) 

ATCC Cat#CRL-3276; RRID: DA06 

KV1 (129S6_C57BL/6N Hybrid) Dr. Chyuan-Sheng 

Lin, Columbia 

University 

N/A 

Experimental models: Organisms/strains  

Mouse: Lgr5-eGFP-IRES-CreERT2: 

B6.129P2-Lgr5tm1(cre/ERT2)Cle/J  

The Jackson 

Laboratory  

JAX: 008875; RRID: 

IMSR_JAX:008875  

Mouse: Villin -CreERT2: B6.Cg-

Tg(Vil1-cre/ERT2)23Syr/J  

The Jackson 

Laboratory   

JAX: 020282; RRID: 

IMSR_JAX:020282 

Mouse: Lgr5-DTR-GFP: C57BL/6-

Lgr5tm2(DTR/EGFP)Fjs  

Dr. Frederic de 

Sauvage, Genentech  

N/A  

Mouse: Fgfbp1-CreERT2  This paper  N/A  

Mouse: Fgfbp1-TimeR  This paper  N/A  

Mouse: Rosa26-CreERT2: 

Gt(ROSA)26Sortm1(cre/ERT2)Tyj  

The Jackson 

Laboratory   

JAX: 008463; RRID: 

IMSR_JAX:008463  

Mouse: Rosa26-Confetti: B6.129P2-

Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle/J 

The Jackson 

Laboratory  

JAX: 017492; RRID: 

IMSR_JAX:017492 

Mouse: Rosa26-tdTomato: B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J 

The Jackson 

Laboratory  

JAX: 007914; RRID: 

IMSR_JAX:005703 

Mouse: Actin-Flpe: 

Tg(ACTFLPe)9205Dym  

The Jackson 

Laboratory 

JAX: 005703; RRID: 

IMSR_JAX:005703  

Oligonucleotides  

RNAscope ® Mm Lgr5 probe Advanced Cell 

Diagnostics  

Cat#312171  
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RNAscope ® Mm Fgfbp1 probe Advanced Cell 

Diagnostics  

Cat#508831-C4  

RNAscope ® Mm Dmbt1 probe Advanced Cell 

Diagnostics  

Cat#418561-C2  

Recombinant DNA  

pMCS-DT.A Dr. Kosuke Yusa, 

Osaka University, 

Japan 

N/A 

pCS2+ RZPD N/A 

pLenti CMV GFP Puro (658-5) ¶ Campeau et al., 

2009236 

Addgene: Plasmid #17448 

pMD2.G Didier Trono lab Addgene: Plasmid #12259 

psPAX2 Didier Trono lab Addgene: Plasmid #12260 

FLAG-Fgfbp1 lentiviral expression 

plasmid 

This paper N/A 

DsRedE2-PEST expression plasmid This paper N/A 

1xUbVR-DsRedE2-PEST expression 

plasmid 

This paper N/A 

Software and algorithms  

FlowJo V10.8.1  BD Biosciences  https://www.flowjo.com/  

Leica Application Suite X (LAS X) Leica Microsystems https://www.leica-

microsystems.com/products/micros

cope-software/p/leica-las-x-ls/ 

Zen blue 3.5 (ZEISS ZEN lite)  Carl Zeiss 

Microscopy 

 

https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen-

lite.html 

Fiji/ImageJ 2.14.0; Java1.8.0_322 Wayne Rasband and 

Contributors, 

National Insitutes of 

Health, USA 

https://imagej.org 

R v4.0.3  

 

R Core Team  https://www.r-project.org/  

Seurat v4.2.0  Satija Lab  https://satijalab.org/seurat/  

Nebulosa v1.0.2  ¶ Alquicira-Hernandez 

et al., 2021237  

https://github.com/powellgenomicsl

ab/Nebulosa  
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ggplot2 v3.3.6  N/A  https://github.com/tidyverse/ggplot

2  

scVelo v0.2.2  Bergen et al., 

2020196  

https://scvelo.readthedocs.io/  

velocyto v.0.17  Kharchenko Lab  https://velocyto.org/velocyto.py/  

Python v3.7.7  Python Software 

Foundation  

https://python.org/  

Cell Ranger v5.0.0  10X Genomics  N/A  

Prism v8.0.1 GraphPad Software https://www.graphpad.com/scientifi

c-software/prism/ 

Other  

Odyssey CLx Imager LI-COR Biosciences N/A 

Zeiss Confocal Microscope LSM 710  Carl Zeiss 

Microscopy 

N/A 

Leica DMi8 Stellaris confocal 

microscope 

Leica Microsystems N/A 

Leica DMi8 Widefield microscope Leica Microsystems N/A 

Leica CM3050 S Cryostat Leica Biosystems N/A 

Microm HM 325 Microtome Thermo Scientific N/A 

Superfrost Plus Microscope Slides 

White Tab 

Fisher Scientific Cat#1255015 

Microscope Cover Glass Fisher Scientific Cat#12544D 

Novocyte Quanteon flow cytometer Agilent N/A 

BD FACSAria II Cell Sorter BD Biosystems N/A 

Amicon® Ultra-15 Centrifugal Filter 

Unit 

Millipore Cat#UFC910008 
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