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Abstract

Identification of aHomeostaticStem Cell Population

in the Intestinal Upper Crypt

Claudia Capdevila Castillo

In the prevailing model, Bpandin (Rspojdependent.gr5+ 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 ‘aamsifying (TA)
intermediate in the upper cryptaiddoxically, the intestinal epithelium is resilienLgr5+ CBC
cell loss. Elicited by intriguing Rspandin (Rspo) gain and lossof-function phenotypes that
suggest regeneration emerges from a subskegid cells, here we combinanglle-cell RNA-
sequacing (£RNA-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 froniL¢gine+ CBC
cells and marked by expression Bffbpl - a gene which we demonate is essential for
regeneration these cells generate progeny that migratgifgictionally along the cryptillus axis
and, unexpectedly, also serve as a source faugte- cells at the bas€&gfbpl+ cells are resilient
to Rsposignaling blockade and sustain epithelial homeostasis in the contegtsf cell loss,
suggesting functional independen@ansistent with their stem rather than TA cell function, our
results point to the existence of a novel cellular hierarchy inntiestinal epithelium, contesting
the regenerative capabilities of thgr5+ CBC cell and helping reconcile many of ttgg5+ CBC

model inconsistencies
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Chapter 1: Introduction?

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 intpgtiealim
relies on a homeostatic pool of actively cycling intestinal stem cells (F8C$ maintenance. It
also harbors diverse cell types whose lineage relationships have been studied using numerous
approaches, from classical lalvetaining andyendic lineage tracingtrategiedo novelsingle

cell RNA-sequencing (scRNAeq) technologie@=igure 1.1).
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Intestinal Epithelial Regeneration

! Parts of this Chapter are already published. They are directly taken or adaptethfsdavila, G.et al.Cellular
origins and lineage relationships of the intestinal epithelidtm.J Physiol Gastrointest Liver Physig®1, G413
G425 (2021)



Figure 1.1 The field of intestinal epithelial regeneration benefits from input from various
technologies. While label-retention approaches using tritiated (*H) thymidine analogs were
predominant in the 1950s ¢ 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 (GEMMSs). M ore 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
endoscaopic procedures. The latter provide a unique window of opportunity  to get invaluable
snippets into human intestinal e pithelial biology and disease.

In this Chapter, | provide an overview of the intestinal epithelial organization and describe
our current knowledge on the developmental trajectories that dictate lineage apesifend
differentiation in this multfaceted tissue. | also discuss how this model has been shaped by the
hand of more recenscRNA-seq technologies, highlighting some of their advantages and
limitations. | also outline how some of these methods an@giour studies of injuynduced
regeneration and the benefits that could arise from the combination of ss&N#ith more

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

picture for intestinal epithell regeneration and highlight somfeooir existing gaps in knowledge.

1.1 Introduction to the Intestinal Epithelium
The intestinal epithelium is one of the fastest-seffeneratingand most complex tissues
in mammals Constituted bya simple monolayer of columnapithelial cells with an overall
turnover rate of & days irmice anchumans, the intestinalp i t hel i um’ s f uncti on:¢
its well-known role of nutrient digestion and absorption, spanning multiple areas of piysiol
and diseasé€. Indeed, besides its main task of metabolite and water uptake, the intestinal
epithelium samples antigens to immune systemsanesponsible fothe induction of tolerogenic
responses to food antigessd commensal bactetidt also constitutes the largest endocrine organ

2



in the body, big responsible for the secretion of a variety of hormones that regalgmlogical
responses like gastric emptying and the release of digestive pancreatic enzymes, blood glucose
levels, as well asppetiteand mood chang&8 All these coupled to its massive surface area,
make the intestinal epithelium an exquisitely complex mnulti-faceted tissue, whose myriad of

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

Since approximately the 1950she intestinal epithelium has also become a paradigm to
study adult stem cell functioldult stem cells also known as somatic stem celse tissue
residing cells responsible for the overall maintenance and homeostatic renewssues t
throughout lifetim&®. They are present in high{gnd not so higly) proliferating tissues like the
skin, thehematopoietic systerand the skeletal muschnd are characterized by their ability to
long-term selfrenew andlifferentiate into althetissuemature lineagesvhichtend to beshort
lived andultimately performits functions Besides their role in homeostatic tissue replenishment,
adult stem cells are attractive because of their ability to mount a regeneeapoase following
acute injury and therefore have become of great interest for their potential in regenerative
medicine applicatiort§*?. Morerecently adult stem cells have gathered much attention because
of their involvement as the putative cells of origin of canddre cancer stem cell hypothesis,
developed more than four decades ago, states that tumor growth is fueledlbyusmbars of
cells exhibiting stem cell characteristit®. The realization that these are the cells sustaining long
term growth and most likely behirtde high rates ofecurrenceobserved in some malignancies
has inspired the design of innovative cancer treatreemtsed at targeting the stem cells or their
niché. Thus, understandirthe mechanisms underpingistem cell regulation and fatecision

under homeostasim addition to what goes awrg disease, is a paramount quest in cell biology.



Owing totheir extensive similarities in anatomy, physiology and geneticagdition to
their low maintenance costs, short life cycle, and high reproductivematase models have been
widely used in biomedical research. In spite of some notorious differaheegastrointestinal
tract (and in particular, the small intestine)noite and humanis anatomically comparable and
displays a shared cellular cpwsition'®. Because of these reasomsjchof our knowledge about

the intesinal stem cell and its lineagese owe to our studies in rodents.

Below we provide a systematic review of the general principles of intestinal epithelial
organizatiorusing the mouse as a modatluding a description of its main subtyptintestinal
stem cell [SC), and a historical review dhe methods that have sleapour knowledge about what

we nowadaysonsider is théntestinal epithelial lineage tree.

1.1.1 Organization of the Intestinal Epithelium

Unlike other epithelia like those present in the skin or the airwaymtésinal epithelium
withstands uniquemechanical forces, extreme pH variations and colonization by millions of
bacteria. As such, the intestinal epithelium has evolved to balance its function as a primarily
absorptive epithelium to that of a barrtbat 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 t&6 8ays (and hence by exhibiting a veapid
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 tfyptse

crypts are in turn surrounded by fingie protrusions called villi, which are over 80% composed



by absorptive enterocytes whose main job esorinutrients and makeém 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 daage to itsstem cell compartmeriEigure 1.2). The latter

is compounded by the presence of an abundant protective layer of muctine aedretion of
antimicrobial peptides that keep the crypt relatively sterile and prevent bacterial addroliet!

toxins fromcomingin direct contact with the epithelidr

Intestinal Epithelial Cells

@ Lgr5* 1SC

@ TAcell

L

Enterocyte

Paneth cell

o Tuft cell
:‘“A‘ ~

Goblet cell

Enteroendocrine cell

Mesenchymal Niche Cells

= Telocyte
T > Trophocyte
@ Stromal Cell
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, chemosensory/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 proposg 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/Rspondin
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 (gears
Chapter 2)the currentworking paradigm establishes that regeneration arises from an actively
cycling population of crypbase columnar (CBC) intestinal stem cells (ISCs) living at the base of
the crygs. Formally identified in 200%, these are characterized by expression of tspdhdin
(Rspo) receptoi.gr5218 and their functional capacity for losigrm selfrenewal and muki
|l ineage differentiation into the ®%eth¢ei ne’ s
former being essentially comprised of absorptive enterocytes and the latter being constituted by
antimicrobial peptide and growth factsecretingPaneth cells, mucysroducing @blet cells, a
variety d enteroendocring EE) cells with unique hormonsecreting profiles,and chemao

sensorjimmunemodulatoryTuft cells(Figure 1.2).

Wnt signalingplays a central role in intestinal epithelial physiology andecessary 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 bayggt, that

proliferative cells at the crypt bottom accumulate nucfaatenirt?, that removal of the Wnt



effector Tcf4??, B-catenirt®?* or overexpression of the Wnt inhibitor DKI>?® resut in a
complete loss of proliferation, and that activating Wnt pathway mutations or overexpression of
oncogenic forms gB-catenin result in malignant transformafi6#f, in addition to being causagv

of colorectal cancer in humais? Later studies using pharmacological modulation of the
Wnt/Rspo signaling axis have, amouoitpers, determined thagr5+ ISC selfrenewal is actively
dependent upon tharesence of Wnt and Rspo ligaftf - two factors that are mainly secreted

by a heterogeneous population of crgfacent subepithelial mesenchymal cells constituting the
stem cell nich&“° (Figure 1.2 and Figure 1.3A). Thus, thelocalization 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 sathewal signals along the cryptlus axis result in

differentiation!219:37.39.41

A
A ]
< Active ISC Self-Renewal
N Default Differentiation
+ Rspo _ +Wnt -Wnt W e : (:)
G A : :a Q
+Rspo || -Rspo |
Self- Competent TA ? Mature Progeny
Renewing Lgr5+1SC
Lgr5+1SC
B

Polyclonal Regeneration e
+ Wnt

A8 080 b ]
Competition & Clonal Sweep _m

- Emergence of
time [.] | Pre-Malignant Clones Outcompeted

Clone

Crypt Monoclonality

— AT

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 selfrenewal
properties, and hence the number of ISCs, is exclusively Rspondin -dependent. In the absence of
Wnt and Rspo ligands, the Lgr5+ ISCsare wired to differentiate . B, The intestinal epithelium is
maintained by an equipotent Lgr5Heh 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 cell“243 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 lineages#445 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 ifdrenspace within the same
crypt*?43, Although recent mathematical simulations contemplate the possibility of asymmetric
ISC divisiorf®, the prevailing model states that ISC divisions result primarily in symmetric
daughter cells whose fates ar¢her 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 sigrahd exit the crypt compartmé&t®4’ This has
led to a model whereby, atihgh multipleLgr5+ 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 owigluati
Lgr5+ stem cell will take over and exclusively regenerate the aiyips unit it belongs to in its
entirety aver the course of three mont{iEgure 1.3B). This process occurs very fast, with over

50% of the crypts having reached monoclonality within 8 wE&éRs

The previous studies determined that around @#gr5+ ISCs live within the crypt*2 Far
from being equipotent, elegastudies using intravital microscopy (IVM) have refined this model
and suggested thhgr5+ cells exhibit extensive positional heterogeneity, with the ones displaying
the highest levels dfgr5 expressionl(gr5™9") and occupying the centemost positions within

the crypt being characterized by the highest clonal retention rates and tistemaz|l potentidf.
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Therefore, in the intestinal epithelium, the balance ofregléwal to differentiation appears to be
controlled at the population level rather than the shegle level, with those cells in spatial
proximity to the niche boundary and expressing the loves®ls ofLgr5 (Lgr5-°") displaying a
greater propensity to become displaced into the villus and undergo differeftiafions, new

cells are born at the very base of the crypt and migrate upward in this‘frtédel

1.1.3 Origin of Differentiation in the Intestinal Epithelium

Di fferentiati on i n t he intestinal epithel
di fferentiation” or “+57 cel/l position, where
1.248 Differentiation is broadly defined by the progressive loss ofregléwal and mukpotency
coupled to the acquisition of mature cell features, embodied by a series of intermediate or
progenitor cell states with increasinglystiécted lineage competendéven 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
madealong 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 betweerelfsrenewal and fate commitmenSimilarly to shortterm
hematopoietic stem cells (89SCs) and multpotent progenitors (MPPs) in the blood, these cells
are historically considered as the first step an ISC needs to takeitdquath to differentiation
and are presumed to undergo extengina@iferation before ultimately supplying the tissue with
large amountsofshelti ved cel | s of t he.Accordingte theiroperationalv ar i o
definition, TA cells proliferate every 12 hours and are go throug§hrdunds of division, but

eventually undergo multineage differentiation and hence become exhausted unless actively



replenished by th&gr5+ ISC poof#. TA cells are visible in histological preparation$ the
intestine as a group of highly immature and mitotically active cells in the intestinal upper crypt
(@lsoknavn as “ TA” z on e)-cellRhNA-seqencing (eeRNAseq)sldtasegs lthey
areidentifieda priori by their proliferative gene expr@en program and lack of digr5+ stem
cell-specific signatur&°%°! Although studies usingigr5-GFP-IRESCreER? mouse modé?

have proposed that cells exhibiting logr5-GFP levels(Lgr5-GFP-°") may represent thiegr5+

| S C &gr5-GFP9") earliest TA progerfy:>2%% intestinal TA cells have escaped molecular
definition for decades, and themurrently is a lack ofspecific, validated markers for their
prospectivestudyor isolation. Indeed, the existence of such a rtimdageprimed TA population

has been called into question, with multiple reports suggesierafility ofLgr5+ ISCs to undergo
direct secretory cell specificatiowhile bypassingthe putative TA state altogetAéf®’.
Considering this, their transient nature, éinel 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 epithelustarting from the fundamental question as

to whether TA cé$ exist or not.

The confinement of proliferation to the crypt enclosurelbag 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 esagntesulting in a unidirectional flow of migration
thatextends dlthe way up to the villus tf. This phenomenon, which has been observed since
the early chemical mutagenesis studies in the lat®8Dsas revealethat maturing cells move
rapidly in coherent columns up the cryplius axis during the early stages offerentiation in a

process that lasts approximatelyb 3days. This massive rate of division is compensated by
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apoptosis at the villus tips, from where cells are shed ontondi@al spaceHowever, multiple
exceptions to this conveyor bdéike movement ad upward flow of the epithelial sheet have been
noted throughout the years. One of these idPdueethcell, which is proposed to be born in the
upper crypt and migrate downwatYsas well as certain types &E cell$®, which appearto

remain stationary inthe crypt. Thus, activdorce$? sorting mechanisms via Egfphrin
signalng®®, and rearrangements are also responsible for the exquisite zonation of the intestinal

epithelium along the cryptillus axis.

Even though the picture remains incompletiee next sectiondescribe 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 andgene perturbation studies, genetlmeage tracing approaches, lineage tree

inference by singleell 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 ibchemical 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 stat& Notch signaling is critical to bias cell fate towards the absorptive lineage
in a second fate decisib?f-%> A simple molecular circiidownstream of the Notch1/2 receptors
controlsthe absorptive/secretory switchhe latter was shown in a series of landmark studies,
which demonstrated that Notch pathway inhibition (via genetic knockout of the NICD

transcription factor target RBPor gammasecretase inhibition vidibenzazepind)BZ) leads to
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a halt in proliferation and neaomplete conversion of TA cellqd CBC cells into posmitotic

goblet cell§*®° whereas overexpression of a constitutively active form of the mouse Notchl
receptor leads to the reciprocal phenof§peBiochemically, Notch blocks secretory cell
differentiation through the antagonistic roles of HES1 and ATOH1 transcription f&tt6rdpon
activation of Notch receptors by either adjacent DLL1/Didxpressing Paneth cells ocsetory
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 wesstiimaster regulation for
secretory fate specification. the stem cell zone, DLL1+/DLL4Paneth cells trigger Notchl and
Notch2 activation on stem cells and keep them from differentiating into the secretory.lifgage
daughter cells leave the Paneth/stem cell zone for the TA zone, some of these will stochastically
lose access to Delta ligandgregulate DLL1/DLL4 on their surface and become secrdti@sed,
subsequently supporting Notch activation i8 8urroundag progenitors to specify the enterocyte
fate 1646568 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 cycleontrol, this system ensures that the ratio of absorptive to secretory progeny

is skewed towards enterocyte production, since secretory progenitors are rendengtbfiost

Eventually, the selection of the specific cell type that a progenitor bedsrdependent
on the expression of one or several master regulator transcription factors, as dictated by multiple
signaling cues (most notably, varying levels of Notch, Wnt, anB &@nals; see Beumet al®
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 reguients for the specification of the intestinal epithelial

cell lineages and suggested the existence of shared intermediate cell types, hence approximating
lineage reconstruction in the intestin€or exampleenteroendocrine (EE) fate is known to be
dependent on expression of the transcription fadearog3 which is followed byNeurodf. The
essential requirement dfeurog3for EE cell specification was demonstrated both Mearog3

null mouse modé&? and later confirmed in humans through genome screeflirigke Atoht,
Neuroga3is repressed upon Notch signaliagtivation and actively promotes cell cycle exit via
stimulation of the cell cycle inhibitor CdkfY 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 ingr5+ ISC quiescencena the adoption of the EE féfe
Similarly, one report showefil is required for Paneth and goblet cell generation, and
highlighted its role in aytative mutuallyexclusive EEversusgoblet/Paneth cell fate decision
througha commongranulocytic progenitdf. Subsequent studies refuted the existence of such a
precursor, ascribing prior results to the general repressiveGfdeexerts onNeurog3®. This
exemplifies some of the experimental challenges of LOF andexperssion approaehk for
lineage tree inferenc&imilar studies have attempted to address the cellular origins of tuft cells.
These DCLK1+ chemosensory cells initiate type Il immune responses against parasitic infections
and were initially considered @&E subtyp&’’. 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 secretorytfypgogether, these and other data suggest a paradoxical
Notchrepressed,Atohkindependent mechanism for tuft cell specification, althodgbhl
indispensability is not embraced by ’al°. As such, the ontogeny of tuft cells remains

controversial. These unanswered questions highlight the need for novel approaches to fill our
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knowledge gapsAs we wi | | |l earn bel ow, this “protot)

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

technologiegFigure 1.4).

Progenitor populations with injury-inducible stem cell activity
support a model of cellular plasticity (35, 50, 56, 68, 102)

Vast cellular heterogeneity, novel cell type markers, and alternative
lineage trajectories in health and disease (55, 119, 132, 136-138, 160),

Putative reserve ISC Putatlve3:49ISS (S.';Tmarkers
population at +4 cell (34, 63-97) >
position (162) b R Co-optlng_ of _fetal developr!lental programs
~ e and mobilization of novel injury-responsive
populations in tissue repair (110, 139)
I

Lgr5as an ISC Interconversion
marker (18) between putative +4
and Lgr5+ ISCs (95)

Refinement of EE

Direct secretory Spatial zonation trajectory by genetically-
lineage specification along the crypt-villus encoded time-reporter
Crypt-base Columnar from Lgr5+ ISCs (56) axis (133, 135) and computational
cells (89) Advent of inference (144)
| scRNA-seq
1970s 2007 2011 2013 2018 2019 2023
Label Retention GEMMs for Lineage Tracing

scRNA-seq-based Lineage Inference

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
gualified t he dynamic relationship between the 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 longerm selfrenewal and mukiineagedifferentiation 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 lidgimnsplantation and colosfgrmation assay$®: in
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which the fate of individual cells is evaluated following removal them from their native instructive
niche$?. Lineage tracing is a technique that al
progeny,in vivoand ideally at singkeell (clonal) resolution, hence pgssing these limitatiofis

8 If carried out during homeostasis, it can reveal how tissue hierarchies are structured under
physiologic conditions, and if performed under an injtggar 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 transplantaitiowvitemd

assays, and constitutes ampiortant 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, aigraling interference.

Prospective lineage tracing approaches all rely on the passage of a readily identifiable
genetic label from a cell to its progéiyand the resultant range of cell types observed in the
descendants and their lotgym persistence informs on the lineage potential aneresadfwal
capacities of the original labeled cell. In its stricter definition, lineage tracing lacks spatial
resoluton and therefore cannot inform on positional informatibthe various tracked lineadés
While spatial allocation has traditionally been the job of fate mapping, nowadays the boundaries
between lineage tracing and fate mapping interwiwith current lineage tracking schemes
allowing for clonal or st | o n a |l |l abelling and incorporation
progeny®. For simplicity and dr 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

earlyanalyse¥.
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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 he description of the cryitase columnar cell (CBCY?°, subsequentlydentified as
theLgr5+ ISC8, and later through a lortgrm labelling stratgy with nucleotide analogs to report
the existence of a putative quiescent, reserve ISC population at the +4 pb¥itibine idea of a
slow-cycling, reserve stem cell population that getsbilized upon tissue damage is attractive,
especially considering that rapidly cyclibgr5+ ISCs are seemingly at odds with the attributes
of relative rarity and quiescence of other watlidied stem cell populations such as hematopoietic
stem cell&®2 Numerous and potentially overlapping labetaining/quiescent populations have
been proposed, identifiable by markers Beail, mTert, Lrigl andHopx*°*°’. However, several
contradictory reports have also been published regarding the identity, heterogeneity, and
“professi onal ?dndeed, some of these gends ale Br@miscuously expressed and
their mMRNAs found in bothgr5+ ISCs as well as in committed progenitor and differentiated cell
types?S37597.99 As a consequence, the degree of overlap and the possibility of interconversion

between slowly and rapidly cycling ISCs remain intrigdai¢°

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 gknetically engineered mouse models (GEMMs3cdinbinase
systems likeCre-LoxP, which allowfor cell-type specificity and intersectional spatial and
temporal transgene expression coffr®l constitute an essential tool for revealing the lineage
history of newly identified cell types and refining the identities of some of the populations

descrbed above. Undoubtedly, one of the most valuable models for the identificatigrbafs a
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bonafide ISC marker was thegr5-GFP-IRESCreER? mousé®. Similar strategies enabled the
characterization of intestinal progenitor populations, as well as the description of cell types that
can aid intestinal epithelial regeneration upon damadegis+ cell loss(see Chapter)2 For
instance, it was demonstratétat DII1+ cells in the crypt were secretory progenitgrand a
combinedineage tracing/longerm label retention approach identified a subséigob+ cellsas
functionally complementary, neividing, secretonbiased cell®. These labetetaining cells
(LRCs), recently shown to depend on activation of thecaronical Wnt pathway, can persist

for days prior to differentiation into Paneth and EE subtypes, while goblet (and presumably tuft
cells) are likely descendantsBfil+ progenitors. The fact that seniSCs 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 rdtient TA cells might in reality constitute an
absorptivelineage primed mgenitor staté¥, as these are remarkably proliferative. Interestingly,
bothDII1+ and LRCs were recruited to aid in epithelial regeneration upon lagg®# ISCs>%-¢8

- a regenerative ability that was also demonstratedAfpi+ enterocyte progenitof8, EE
cell?1%2 and even differentiated Paneth déis% Thus, it appears that pesitotic cells from

both secretory and absorptive lineages can participate in intestinal epithelinbredigms,
presumably upon exposure to the niche signals that are normally restricted to ISCs in the crypt.
This is likely enabled by the epigenetic similarities betweenowarcrypt populations and
ISCS8192 as well aghe presence of redundant niche sodc&s%:1% 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 aripa¢ any devoted reserve stem populations
would become dispensable; indeed, the most recent studies suggest -diffrelatiation

(followed by subsequent upregulation of the ISC master regustd® can almost completely
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explain intestinal epitheliaegeneration upon initial loss bfjr5+ 1ISC3°71% However, this also
constitutes a highly controversial issue, waldioresistant and other reserve stem cell populations
remaining very popular up to d&t&!° Altogether, these reports highlight the complexity of tissue
regeneration and the need of much broader approaxbapture the injuryepair 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 ofre-LoxP-based GEMMs since known markers are required to
develop suitabl€redrivers in order to perform such genetic fate mapping. Consglgrcreasing
evidence for celto-cell variation, any survey that relies on individual markers willirnéed in
its distinction of cell subtypes and may fail to capture rare populations or intermediate states,
ascribing function to a population thatri@ality may constitute a compendium of multiple cell
types® 1L In addition, since thesrely 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 theselzggpomaside 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 transcriptad activity, as their reporter signals do not
directly correlate with singteolecule mRNAIn situ hybridization (SH)*3. Finally, in many
instances gerie 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 seft\Ndata to
reconstruct lineages in an unbiased, madgrostic manner. Thegpproach enables the study of
the transcriptomes of individual cells at singll resolution to capture cellular
heterogeneit}$?!13 scRNAseq has become instrumental for cataloguing cellular constituents
across tissues in health and disease, and has provided mechanistic insigtelulair function,
dynamic processes like state transitions, and complex populatieh responsés’114118
Transcriptional profiles obtained through scRINé@q also enable more accurate and robust
identification of cell types and marker genes compared to the assessment of morphological
characteristics or limited canonical marker express$fdft. An ultimate extension of this is
embodied by the concept of signaling entfép{?4, which determines the degree of uncertainty,
or differentiati on pot quarttfyiraglthe relative activatoe levelsof t r a |
its molecular pathways as defined overagpriori specified protein interaction network more
entropicgene expression profile (in which multiple lineegpecifying 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 idenéitjgsori'23124

Similarly, scRNAseqcan aid in the assembly of developmental trajecttfieshich are
characterized by a progressive restriction in developmental potentiathendoncomitant
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 e gxpression, 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 sesddfonly provides a static
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snapshotb a cel |l s transcriptional state, analyzi
at different stages of the developmental process should enable the capture of an entire lineage, now
feasible by current scRNA&eq platforms that allow for the masasy parallel sequencing of large
numbers of individual cells. Transcriptionally similar cells can be plotted indimensional

space, in swalled pseudotime, to visualize how hierarchies are built during development or
maintained during adulthood, ahélp identify the gene expression changes which occur during
these transitiot$®. 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 gempression for their pseudotemporal
analysis, it is worth noting that other strategies assess alternative transcriptoiakle
biochemical parameters, such as the rate of mMRNA splicing, to infer a lineage and importantly
assign its directionality’. Nonetheless, assumptions are made about sttaudy kinetics and

uniform rates of splicig across different genes.

The intestinal epithelium is particularly wellited for sScRNAseq studies because it is a
dynamic, seHrenewing tissue whose vast cellular diversity and lineage ae&itips remain
poorly understood®1?® Griinet al devised an algorithm to identify rare cell types on scRig4
data acquired from intéetl organoids culture@x vivo®. Their group identified the major
intestinal epithelial subtypes, including transitiadhsough the TA state (characterized by high
ribosomal gene expression) and three putative EE progenitor clusters. ThesessdRth#a were
used to delineate continuous maturation trajectories, like those from enterocyte precursors to fully
mature enterodgs, and identifiedReg4as a new EE marker Reg4 EE cells were further

distinguished based on ChromograninGh@A expression, wittChgA™9" cells corresponding to
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serotonin Tph1+)- and substance FrgcH)- producing enterochromaffin (EC) céfisFinally,

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

using arLgr5-GFP-IRESCreER%Ro0sa26YFPmouse model. They described different stages of
Paneth cell maturation and reported the enrichmerntgoh transcripts in early Paneth cells,
pointing to this presumed-Bpondin sensitivity as a potential mechanism through which a subset
of this population reverts back to an ISC state upon ifjd?§ Unlike other reporf8>"13 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, concludihgithaiSCs represent a
homogeneoupopulatior?®. However, it is also possible that this simply reflects that this method

is not sensitie enough to capture Iolevel expression genes or that only the cells with the highest
Lgr5 levels wee profiled: In a follow-up study®? the authorpresented 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 Tgopulatiot®2. Their interpretation underscores an emerging
concept of TA cells as putative absorptive @nitprs rather than true muftiotent progenitors

with multi-lineage potentia?>*® By combining lineage tracing with a CDdésed enrichment
strategy, the authors also demonstrated two distinct lineage trajectories for Paneth cells, one arising
from DII1+ common Paneth/goblet cell progenitors and another directly from ISCsiEA’ce

This study supports an emerging model whereby direct specification of Paneth cells from ISC/TA
can occur during homeostadis’. Taken together, these findings underscore the power of
combining genetic lineage tracing strategies with stegletranscriptomics to identify stem cells

and progenitors and uncavaternative differentiation trajectories.
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Recentstudieshave provided insight into cellular heterogeneity and spatial distribution
within the gut epithelium. Haber and colleagdprofiled over 50,000 intestinal epithelial cells
from wild type andLgr5-eGFP knockin mice with high granularity. Using unsupervised
clustering methods, these studies organized major intestinal subtypesultiple classes and
stages of differentiation, derived their gene expression signatures, and identified novel candidate
markers and regulatory transcription factétsFrom their sequencing results, Hakeral. also
provided novel putative Paneth marker genes Mk#x2) and identified two Paneth cell subtypes
based on the differential expression @flefensins, eachifferentially enriched along the
proximakdistal axis'®. 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 ofrecyte fate Batf2 Mxd3 etc.) and
regional identity Jund Osr2, etc.}!°. This work was complemented by that of Moor and
colleague$™® who employed laserapture microdissection (LCM) to characterize, at sioglé
resolution, the transcriptomes of maturing enterocytes as they migratgdtedarypivillus axis.

More than 80% (~8,000) of the enterocgfecific genes detected were zonated, and each
maturation stage was associated with clearly demarcated fudétidasterocytes at the villus
bottom were specialized in antimicrobial responses and exprd®sgthmily genes and
inflammasome components. As they migrated along the villus, their transcripstiftesl to
sequentially express carbohydrate, peptide, and fat absorption machineries, followed by purine
catabolic, immunanodulatory enterocytes at the villus fips Unlike the historical view that
considered the mature lineages of the intestine as static andipast, these results added

credibility to prior examples* of the plasticity of the transcriptomes of otherwiseminally
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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 Vifldi& ifrs

EE cells comprisarare but highly diverse secretory lineage devoted to sensing nutrient
and microbiomealerived metabolites, functioning as specialized signal transduction and hormone
secretion units. Their hor mone-ce erelh @t in@me "pr o
nomenclature by which they have been traditionally claséifiddaberet al. used scRNAseq to
corroborate that EE secretion profiles are more overlapping than traditionally acknowledged,
supporting the need for a new nomenclature systlere the concomitant expression of multiple
hormones is considerfd They also identified two differergnterochromaffin EC) subtypes
expressing distincReg4levels®, lending additional support tBeg4as an EE market. The
investigators additionally described two tuft progenitor populations and two mature subtypes, one
enriched in netal development genes (ttf) and the other in genes specific for the immune
response (tufR) *'°. However, they did not address the developmental origin of these cells. To
address controversies regarding tuft cell ontogenyAaoldldependence, Herrirgg al. developed
the pCreode algorithm, which incorporates data modalitseegaaiate as mass spectrometry, cell
imaging, and scRN&eq for lineage inferent®. They conclude that tuft cells are specified
separately from other secretory subtypes, sharing a common trajectory with enterocytes in the
small intestine and arisingndependently near the ISCs in the cdf6n Additional LOF
experiments demonstratéddohldispensability and the potential reacretory origin of tuft cells
in the small intestine, but highlighted the necessityAtathl in the coloA®. This study also
investigated the developmental origin of coloReg4+ deep crypt secretory cells, localizing them

along the goblet cell trajectoy.
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Traditionally seen as a secretory cell whose main functierdiisivelyto secrete mucus,
scRNAseq has reaedthe existence of multipleadplet cell subpopulations anchprovedour
understanding of all their various contributions to homeostasis independantiofproduction
— including an essential role in regulating gut immuasponses by samplirand calivering
liminal antigens to thémmune systerdi’. Besides thir known requirements fdgfi and Spdef
scRNA-seq has revealed several additional gebteiched markers and transcription factors, such
asBcas] Sink4 Repl5 Creb3l1, andFoxa3 in addition to a variety of core mucus proteins and
gobletcell specificmarkers involved in protein biosynthesis and protein fofdihn@hese studies
havealso revealed extensive heterogeneitygaells, with some of thenfpresumably early or
immature gblet cells) expressing enterocyte markers and being prolifef&tiieleed, some of
these cells can be seen during differentiation in theuper crypt and acquire feaes related
to microbial defens more characteristic of Paneth cellgygesting theaplet cell program is also
zonated along the crypillus axis®®. The combined secretion of mucus and antimicrobial peptides
by the hand of these celisay be a strategy to increase the concentration of defense proteins close
the crypt epithelium. Indeed, cryptadlet cells are known to secrete a dense layer of mucus that
keeps defensins close and bacteria at a distance, whereas theseélatssecrete a much looser
mucus bhat enables nutritional upta®é Along these lines, Nysim el al. analysedMuc2-
expressing cellin the nouse intestine and reveal thatthese constitute a dynamic population
composed of two main types dflglet cells: canonical amtbn-canonical. While canonicabglet
cells displayed a classidoh1+, mucusproducing goblet cell signature, neanonical goblet cells
were more similar in gne expression profile to enterocytes, exhibiting comparative higher levels

of Hes1 Dmbt1, Mucl17 and ion channet® Furthermore, the expression of digestive enzymes
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and other metabolically regulated genes suggdsis these contribute to food digestion.

Interestingly, these two subtypes appeared to emerge from two different lineage trajéttories

The study of injuninduced regeneration has also benefited from sioglle
trarscriptomics, especially for reconciling the multiple reported ISC populations. Comparative
bulk RNA-seq analysis of putative ISC populations suggestedihatt- andBmil+ cells isolated
from reporter mice shared EE characteristics and were indeed transcriptionally distiragifsem
ISCS°. Further analysis by scRNgeq supported the heterogeneityaiil+ cells not as putative
ISCs but rather as pestitotic EE subsets distinguished by their hormerpression mfiles™.
These findings were underscored by Jad#taal, who similarly concluded th&mil+ cells were
EE precursors that can adopt an l8&€ epigenetic state upon injurya property that as also
shared by CD69+/CD2744oblet cellprecursorsn the crypt® Bmil+ cells shared similarities to
LRCs® and DIl1+ progenitors®® but lackedNeurog3transcripts and Paneth/goblet markers,
consistent with EE lineagestricted cells that surpassed the earliest stage of EE specification.
Since they caexpress hormones assoe@twith discrete EE subseBnil+ cellsmayrepresent a
committed, multicapable EEcell atincipient stages of differentiati6h Using Prox1 as an
orthogonal marker of EE cells, scRNs&q 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 linedfeadditionally, Prox1+ cells were capable of
long-term multilineage differentiatio?f, a phenomenon similarly observedBmil+ cells3* and
also accentuated after irradiattdf These studies support a plasticity model in which -post
mitotic, committed/differentiated populations enriched in EE markedsdawoid of theLgr5+

ISC signature possess injtnducible stem cell activify-*2

25



In addition to reconciling putative ISC identities, sScRN&q 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 Hmpgiyced regeneration. One of
these corresponds to a populatexpressing high levels afusterin(Clu), referred to by Ayyaz
et al. as revival stem cells (revSGY) These were identified by scRN#eq analysis of the
regenerating intestinal epithelium three days fratliation as a rard,gr5-, YAP-dependent
injury-induced quiescent cell typ€ Clu reporter mice confirmed limited numbers@iu+ cells
during homeostasis, rarely localized in the crypt. Following irradiation, revSCs crypt localization
was widespread, witlClu+-derived epithelium massively repopulating the small intesime
colon and giving rise to all the lineages over fitAeCrypts containing revSCs lackedr5 and
Olfm4 expression, indicating these do not overlap vitima fide ISCs*%. Consistent with this
finding, ablation ofClu+ cells ceoccurred with no detrimental phenotype under homeostasis;
however, impaired epithelial regeneration was observed upon irradiation and!'€olitis
Interestingly, even though these cells are derived ftgnd+ ISC progeny, their exact position

within the lineage is poorly known.

A similar study characterized an alternative injurglucible population: a class of cells
that revert to a fetdlke, SCAL+, Wntindependent program to initiate epithelial regeneration after
damagé®>1%? Shortly after parasitic helminth @dtion and radiation injury, SCI& cells form
regenerative, primarily undifferentiated, proliferative crypts devoid of canonical ISC markers. By
the timeLgr5+ ISCs reemerge and repopulate the regenerating epitheltral expression

decreasés®. Importantly, SCA% cells are part of thégr5+ ISC lineage in the adult small
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intestine, but can arise and regenerate the epithelium independah#y.gf5+ ISCs themselves

and the Wnt/Rspo niche that is required for adult tissue maintéfdantae evidence of
differentiated cells copting a fetal developmental program to repair adult tissue is remarkable
and already reported in similar contexts, which points to an ideadafridng stem celidentities

in the same way the tissue was originally forf&t? Still, the degree of overlap between

SCA1+,Clu+ and the other reported regenerative populations remains dfttéar

1.2.4 Combination Approaches

Some limitations to the use of singlell technologies preclude our studies of cell identities
and lineage relationships. Besides thajor issues of gene and population dropout, some other
problems associated with scRM&q involve the introduction of potentially ambiguous cell
identities and the inherent difficulty in detecting delicate transitions between discrete fates.
Furthermoresince 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 trajectorysign dalse multpotency to
what in reality are different populations converging onto a similar state, sharing the same dynamic
progression, but remaining uncommittedtilithey reach a branch potdt!* As a further
complication, the passage of cells along developmental trajectories is rarely synshiambu
populationlevel analyses rarely provide sufficiemsolution to dissect true cellular diversity or
properly allocate | ineages. This oftenti mes
the lineage, which emerge when very few celffedentiate along a brancta 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 thatgmech for a population of interest or adopt
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expermental designs that enhance temporal resolution are likely biased but should still be useful
to complement scRNAeq studiesTherefore, while coverage from multiple timepoints and a
strong flux of cells along that branamay partially compensate for unever undersampling of

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

downstream from a point of state convergéfice

Another important aspect of sScCRNs&q when it comes to lineage inference is that these
are largely destructive methods that lacktisppaesolution. Spatial understanding of selhewal
and differentiation are essential because of the anatomic localization of the ISC niche and the
signaling gradients that promote differentiatigfigure 1.2). The lack of consistency across
publishedineage reconstruction algorithms is also potentially problematic; many of these require
extensive (nofustified or arbitrary) parameter tweaking and only work well for the dataset on
which they were developed. Finally, none of these approaches provgetragc relationships
between cells. Thus, although the populat®rel structure of a state manifold could trace the
sequence of molecular states experienced by a system, technical limitations exist that may obscure
our understanding abotlite true linage, and onlpona fde lineage tracing analysis (in which the
tree edges link cells with an empirical developmental relationship) can solve them. Feaghis,
unless combined with some type of genetic mapping strategy, all computational inferenites req

extensive experimental validation

One recent study by the Clevers group led by Gettat demonstrates the effectiveness of
combining temporallyesolved genetic labelling with scRN#&ag-based lineage reconstructiéh

Neurog3is a transcription factor essertfar the EE programvhoseexpressiorspikes in early
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progenitorsbut rapidly dropsas further differentiation ensues. The authors coupledrog3
expression to a dudluorescence time reporter consisting in a -faiding, destabilized
mNeonGreen proteiriollowed by a second, stable and stiding 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 atimesl ordeed
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 scks@ profiles onto this molecular clock,

the authors derived the EE developmental trajectaspgawhat they described dise main
lineages and described their associated gene expression sigfiatlinesr analysis also revealed
remarkable plasticity across mature EE subpopulations, demonstrating that the five different EE
lineages could still generate cells with highiyergent hormone repertoires. Similarly, this work

also refined important aspects of EC differentidttbrindeed, whereas the differential hormone
expression found in EC cells at the crypa¢1''9"/Sct) versusthe villus Tacl-°¥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 Wetés" cells
constitute a link betweean EGbiased progenitandSct ECcells'*4 These results addéarther

depth to the description of BMP gradients shaping the EE hormonal expression profile along the
cryptvillus axis®®, suggesting that the different EE lineages reported to date are in actually
different nicheinduced states within the same lines®* Similarly, their data refuted previous
observations that consider&kg4 and Reg4 EC cells as separate lineatj€sin 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 graaianges in hormone production as cells
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mature along five main EE lineageBesides constituting a ord-akind roadmap of the
intestinal EE cell differentiation landscape that will inform the field in identifying relevant
transientlyexpressed regulat® 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 signadirigrbations
However, these methods headed to provide a consensus view on the molecular identities of the
ISC, and how fate decisions are made along intermediate states remains essentially dri@own.
latter is especially true for the walled transdiamplifying (TA) population: a developental
intermediate proposed to exist directly downstream of the I8€.nodel generated from these
approaches is that of an intestinal epithelial linetrge with a single trunk leading in a
unidirectional manner to only a few, poorly defined bran¢kr&gire 1.5A). Assuch, 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, yé¢hey 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 fullyagdacinovel
scRNAseq approaches have enabled ititerrogation of large developmental continuums at
unprecedented levels of detail and in a largely unbiased manner, refining our knowledge of the

intestinal epithelial lineage®®>7110.119.132.133.136.13¢jgyre 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, theclassification ofgoblet, EE and tuft cells has diversified, and important regional
differences across subtypes have begorted. Furthermore, these findings are aiding studies of

intestinal epithelial regeneration upon injury.
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Figure 15: Classical and revised 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 acrossmultiple

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

arrows), including potentially overlapping, newly defined Scat and Clu* populations at an

undefined po sition within the lineage. Question marks (?) indicate aspects requiring 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 growihgates that single
canonical marker expression fails to characterize the diversity of otherwisstwb#d stem and
progenitor populationsynderscoring the need of muttimensional data for appropriate cell
classification. Interestingly, scRN#eq ischallenging existing paradigms and revealing that
features like multiineage differentiation may need to be explained at the population level, as
individual stem cells or progenitors within a pool may display adptermined bias for
differentiating tovards one lineage over oth&r&*>14 Thus, it appears clear tHagr5+ ISCs are
neither homogeneous nor equipotent, and that their fates are intertwined with extrinsic signals from
the niche. This heterogeneity, perhaps overlooked digdizamce orCre-LoxP approaches where
clonal resolution becomes lost in translatftfi underscores the importance of actual clonal

analysis in our lineage tracing endeavors.
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The high granularity of singleell approaches poses their own challenges and raises new
guestions as to what coitates a transient cell sta#ersusa discrete cell population, as well as
the significance of distinctly clustered singlell populations seen in many of these transcriptomi
studies.The latter relates to clustering being as much of an art as it is a sciethee.défines a
functional state as opposeddmew cell type? How many of these finer granularity-tyglée
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;sszRINA
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 separdfél}#*1>C. Therefore, rough lineage trajectories may be
described based on the initial transmission of a genetically heritable mark and then refined and
annotated using singleell transcriptomics. Recent approaches leverage a comth@torease
in label diversity to gain singleell resolution using heritable genetic barcodes, some of which are
mutable or evolve within geneticalgncoded CRISPR/Cas9 arrays that can even spread across
the multiple lineages of entire organisfiné® When these genetically inheritable barcodes are
transcribed, singleell transcriptomics can be used for concomitant cell tgipatification and
barcode retrieval to identify geneticallypported, clonal lineage relationshHids®®. While
potentially promising, nonefadhese approachdsave 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 i nomiheéshramentsd . Or
will come into play, especially those using epigenetic infform&tfon as t hese “hi dder

may anticipate changes in gene expression.
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Finally, lineage tracing in the context of experimental perturbations (e.gtypelspecific
ablation, genetic perturbations, or pharmacological modulation eteklsignaling may reveal
how lineages are structured as a function of gene regulation and signal transtitrétiohis is
grounded in our belief that homeasis is sometimes best understood upon perturbation of the
steadystaté®, Our ability to grow intestinal epithelial organoids in culture 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 simultaneou&y°® Organoids have also been used in combination to lineage
tracing and scRNAegbased lineage inference to aid our understanddignew putative
steniprogenitorcell populationsthe injuryrepair process, and human disé&sg°1¢° Studies of
disease states are facilitated by the generosity of patients undergoing surgery and/or endoscopic
procedires and by large biobanking efforts, which provide us with valuable human teteds
us better understand human intestinal biolddyws,these are aliools in our arsenal that can be
used combinatorially with other approaches. The possibilities are erdlesgust 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 expressidntiee R-spondin(Rspo)receptorLgr5 since 2007As a
vast majority of publicationsan attest, very few genetically engineered mouse maueiar
generation have bees influential as thegrs5-GFP-IRESCreER? mousé®, andour knowledge
about the intestinal epithelium has expanded ever gimcgnerationHowever, h words ofthe

British stati st iAdmalelsa@ammrggetsobe ardPusefuBo x , -

While the goal ofChapter lis tothe 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, | review some of assumptions on which the current model stands, together with
some ofits limitations, and discuss how the field has worked around its inconsistencies. The latter,
which revolve about our l ack of under standin
downstream of the ISC and the apparent dispensability oLgn®&+ cell compartment for
homeostatic regeneration, appear to be ultimately rooted in our lack of a thorough understanding
of the cells types |living in the intecaled nal u

transitamplifying (TA) cell.

2.1 Regeneration Sources through the Years
Prior to the description ofgr5 as a molecular marker fdiSCs8, scientists have

acknowledged the existence of a functional stem cell compartment imntdeine since
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approximately the 1950and more formally sice thelate 1980s when Wintorand Pondéf, and

later Bjerknes and Chetif®! proved the existence of lodiyed, pluripotent stem cells
somewhere within the cryis of the intestinal epitheliurmAt 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 thealted crypt base columné&CBC) cell$®, and those

who considered stem celtesided suprbasally, approximately positions up from the very
bottom of the crypt and above the uppermost Paneth cell, in4tadled +4 cell positiof?. Unlike

the former, these cells were characterized by the properties of label reteatiaellaccepted

stem cell attribute at the tih& (Table 2.1).

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

x Ox UOEUDPOOUo w" UaxUw! EUI w" OO U @d.ECanteaty to poulaEldel®f® U wE O E w/
/ OUUI OzUwOUPT POEOQWEIT UEUDXxUDPOOWOI wUIT | wHKwabd OOwpbPEU
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

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

cell activity and henceit is unclear how well they represent / O U U1 O z.lhuheEhsebde Of@

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 OO Ow/ OUUT Oz UwHKWET OOwbh U wl R @ U Erkebditdr i© seanthgahd OUT OU
1 BT OxOPi PEEUDOOWOI tawdy ® prevenbharonil Enut&ibn® dm EdcuinUlating w

in the ISC and propagating through the tissue.

Putative Intestial Stem Cell (ISC) Crypt Base Columnar Pottenos
Cell (CBC) +4 Cell

Original Description Cheng and Leblond, 19%4 Potten, 19782

Morphological Attributes Broad base, scant cytoplasn N/A

flat wedgeshaped nucleus,
slender apical extension witt

microvilli
Cell Position In between Paneth cells  Suprabasal, above uppermc
(positions 0 to +3) Paneth cell (+4 position)
Number per Crypt 14-16 4-8
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Proliferative Characteristics Actively cycling (cell cycle Actively cycling®
length of 21.5h)

Label Retention? No (random chromosome  Yes (proposed to stem fromr

segregation) selective/asymmetric
chromosome segregatién)

Validated Molecular Markers? Yes:Lgr5 None

Other ProposedSurrogate)Markers Ascl2, Olfm4 Smoc2 Bmil, HopX, mTert, Lrig°

Telomerase Activity? Yes Unclear

Formal Demonstration of Stemnes: Yes: Lineage Tracing N/A®

Sensitivity to Radiation Moderately radiosensitive Exquisitely radiosensitive
(10-14 Gy) (<1 Gyy

2.1.1 Crypt Base Columnar (CBC) Cells and the Stem Cell Zone Model
Crypt base columnar (CBC) cells were first described id 18/7/Cheng and Leblonavho
originally identified them as eontinuously cyahg population of small, immature cells living at

the bottom of the murine intestinal crypttiatweeriong-lived Paneth celf§:89.163

Using ®H-thymidine labeling, the authors observed what appeared to be the propagation of
rare radioisotopéabeled phagosomes from the CBEll 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 approacts we consider it tod&y further clonal labeling studies using chemical
mutagenesis in the mouse irtteal epitheliuni®*° correlated the pervasivenessaaflone and its
longevity to the presence of &alst one CBC ckllending further credence to the idea of CBC
cells acting as stem cells and describing the imestl crypt’s drift to mon

ti me. However, It wagsbas @ moleaular imarkeit oh @BC deilssacddhe e r y

use of genetic lineage tracing tHagr5+ CBC cells were directly demonstrated to meet the
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operational definibn of a stem cell; that is, their ability to undergo mlitieage differentiation

into all the mature tissue lineages as well as to-teng selfrenew?®. This followed the realization
that Wnt signalinglayeda central role in the padphysiology of the intestine, indicating that Wnt
target genes (as igr5) were likely good candidate stem cell markers. Furthermore, the ability of
single individualLgr5+ cellstogener at e ever -expandinginwivoganoi d
epithelial tissue in a Petri dish was a further demonstration afgitse- cell sten cell capacit{f*.
Somewhat counterintuitively ofvhat one would tacitly expect of a stem cell at the tibgg5+

cells have been shown to divide once daily with a cell cycle time of, on average®2IBay

are also relatively abundant (14 to 16 per édptvhich is at odds with the perceivéathough
nontdefining) attributes of rarity and replicative quiescenof a prototypical stem cell.
Furthermore, unlike their proposed +4 counterpathese cells segregate their chromosomes
randomly duringdivision'®® and can withstand moderate doses of radi&tith¥? Interestingly,

they have been shown to display high levels of telom&ase

2.1.2 The +4 Stem Cell Model

Originally described in 1978 as label retaining cells (LRCs) by P§ft¥ these supra
basal stem cells are proposed to exist directly above the upgtePaueeth cellabout 4 positions
from the crypt bottom (at the smlled +4 position)and are exquisitely radiosensitive to low doses
of radiatiof®167 Although label retentioncan be seen as a feature of replicative quiescence,
Potten’ s +4 cells are, |li ke CBC cells, propos
proposed to stem fr cean itslorginakBNA copy updn glivisol antd i t y 1
consequently to protect its DNA from the mutational load associated with re@isatss (as per

Cairn’'isveseDNMAt segregation hypot hes %4681 oy “0
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Intriguingly, the immortal strand hypoths$ias been subject to controversy: very few convincing

examples have been report€dind to thisdateits molecular machinery remains unidentifiéd

Althoughtheir exquisite radiosensitity would argue against that, it is unclear up to what extent

Potten’ s observation of | abel ret ecycingeaelh si mpl
Definitive proof d stemness requires that a putative stem cell be experimentally linked to

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

cell has been hampered by the lack of a good molecular marker. Although multipfaakeins

have been proposed ftite +4 cell over the years, includirtgopx, mTert Lrig andBmil3*9395.97

(discussed later on in this Chaptehese appeared to mardioresistantquiescent populations

capable of undergoing mulineage differentiion and replenishing tHegr5+ compartment upon

conditions of damage drgr5+c e | | | os s, and hence were consid

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

even in thelLgr5+ cells themselves as well as mature differentiated cell ¥pe¥:102

Furthermore, their respective lineagacing alleles exhibit activity in cells other thanC&72 As

such,the existence of such a reserve stem cell populatord how wel | this defi

mor e r ec e n° +4yLRCGMasbeea subject of controversy, yielding instead to a model

that considerghe Lgr5+ cells as the only stem cells of the intestinal epitimliand further

relegates the repair process and the dispensability afgitte cell for homeostatic regeneration

to the exisence of cellular plasticity’®
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2.2 Assumptions of the Lgr5+ Intestinal Stem Cell Model
According to the prevailing modelgr5+ CBC cells at the very base of the crypt constitute
workhorse stem cells responsible for homeostatic intestindiedipl selfrenewal. However hie

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

f The Lgr5-GFP-IRESCreER? mouse model from which the observations of kbegn
selfrenewal and mukliineage differentiation derive is generated using a knonock
out (KI/KO) strategy whereby introduction ofGreER? cassette abrogates endogenous
Lgr5 expressioff. It assumes that effectively halving the dose of the-iAfrafet genégrs
MRNA cooccus with no detrimental effect, and thus that the functional behavior (and
hence lineage tracing properties) of tyg5+ cell are not altered in these mice. Although
possible, it is questionable that no effect arises as a consequencéhagispo signaig
(through theLGR5 receptorand ZNRF3/RNF43co-receptors) proves essential to the

maintenance of thiegr5+ cell staté®.

1 The Lgr5+ ISC model is built on a genetic lineage tracing model imablves Cre
mediated recombination and tamoxif@#AM), both of which are known to perturb/injure
populations of epitheliaand highly proliferative cell$*’>. As such, even though it
gueries the behavior and stem properties @llaxgthin 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 consemce of TAM administration, anavhich causes cell death of a

small number of cells in both CBC positions butfprentially at the +4 positidff. The
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authors argue thatAM-induced death at higher positions within theptrfas marked in
this case byBmil-CreER?) enhances lineage tracing frongr5+ CBC cells, hence
boosting their apparent stem propetti€s Indeed, suppression of apoptosis (by
overexpressing the pisurvivalgeneBcl2 or deletingChk2 dramatically blocks cell death
at this position and, in this context, the abilitylLafr5+ cells to lineage trace is saely

reduced’®.

ThelLgr5+ ISC model assumes that thgr5+ cells constitute a homogeneous population

of stem cells this is indeed one of the underlying assumptions of the neutral drift kinetic
modef?, which requires functional homogeneity within thgr5+ cell compartment in

order to be valid (see Chapter 1). According to this model, which assumes that all cells are
equal ad endowed with the potential for lostgrm stemness, cell fate is determined at the
population level (rather than at singlell level) after the division of thegr5M9"stem cell,
potentially by availability for niche space at the base. Homeostdberefore maintained

by neutral competition between equal stem telldowever, singlecell transcriptomicss
revealing eveincreasing heterogeneity within palations marked by a single gene (see
Chapter 1). Thégr5+ compartment is no exception to that, with multiple publications
now reporting the existence of subsetsLgf5+ cells not only at the transcriptomic
leve*9-131put most importantly at the functional level. Indeed, sbgré+ cells have been
shown to act merely as secretory progenitors as opposed to stem cells with the ability to
seltrenew and give rise to all mature intestinal epithelial lin€&gdéshence suggesting

there is indeed heterogeneity within ttgr5+ compartment.
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f  The current model endowseryLgr5H9"st em cel | with stemness b:

ma j o r iLgr§'" celisfcan establish organofds- a fraction that is stilextremely
limited and treatsn vitro clonogenicityas a surrogate for stemness. Indeed, &ge&°"

cells (presumed to represent the earliggb+ ISC progeny, discussed below), secretory
biasedLgr59" cells, and evemgr5- cells can grow and be pragated as organoids

vitro at similar ratesvhen exposed to Wnt3a and other abundant nice signals normally
restricted to the crypt ba¥g0°4°6:68.103177t is thereforequestionable that the artificial
environment of the organoid culture can be used teeraay meaningful claim about what

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

The current model assumes thgt5-°" cells, located at the border between the crypt base
and the upper crypt, represent tlig579" ¢ e $ehrliest TA progeny anithus are directly
derived from the division and subsequent upward migration of the stem cells at the very
bottom of the crypf®2%4. However such directionality haseen challenging to prove
experimentally and to this date remains an assumption. The latter has to do with the
inherent limitations of populatiehased lineage tracing strategies using single markers and
the inability to finely pinpoint where exactly tiag originates in th absence of clonal
resolution Therefore, while easier to perform, populatimsed lineage tracing strategies

like the one that led to the identificationlajr5 as an ISC marké&tdescribe the collective
activity of theLgr5+ cell population as a bulk, but do also leave the door open for the
possibility of irternal heterogeneity and efirget effects to confound result interpretation.
Indeed, it is well known that lineage tracingtiasnoxifen TAM) dosedependent and at

high TAM doses all CBC cells (presumably high and low) are labeled at baseline
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irrespectie of their position within the crypt. Thus, in the absence of any systematic
approach to distinguish the contributions.gf5+ cells at different positions it is hard to
dissect where tracing originates and to fully assertlthe-®" cells are indeed derived
from Lgr5H9" cells. Although the cells have been proposed to mmwerall upward, this

has been through the lens mbneering studies in the field usimgtravital microscopy
(IVM) which, although elegant in conception, o8eperipheral views of the crypt base
compartment in exclusivity and for limited periods of tifad@he latter rel@es to the lack

of direct characterization of the TA compartment (presumably matkedgr5-*"

expression) as one if the majayr5+ ISCmodel 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 thgr5+ stem cell model is that it is incomplete. The current
working paradigm establishes tHagr5+ intestinal stem cells (ISCs) differentiate into a poorly
defined yet highly proliferative transgmplifying (TA) state in the upper crypt upon exiting the
niche influence zone, from which lineagmsed, specific progenitors emetge However, this
aspect of intestinal epithelial regeneration has suffered from a lack of direct evidence, and a formal
definition of the i nt e ®hatureefarslinf@datignghgs betwaedni o n

other immature crypt resident cells, has been evasive for decades.

Early on in thecentury, the existese of a cell of TA properties ditbtescapethe ci ent i st s
attention. These progenitors, which are seen in the intestinal upper cryplydifmve theCBC

compartmentwere found todivide every 1216h and generate about 306lls per day, hence
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being responsible for building tissue nfds@/ith an average cryptesidenceéime of 48-72h, these
are then shotlived progenitors which undergo up to 6 rounds of division prior to reaching
cryptvillus junction, from where they transition intbe villus compartment, lose proliferative
competency, and terminally differentisté

Even though a paucity of molecular mardeas hampered the identification ofthemt e st i ne’
TA population,several efforts carried out by the scientific community have sought to get around
this fad and attempted to capture a putative TA cell byvits defining properties: its presumed
direct (and assumed hierarchical) lineage relationship to Litpb+ cell and its extensive
proliferative capacityln this sense, FACS analysis lajr5-GFP-IRESCreER? mouse intestine
reveals the existence of at least two populations, characterized bgrddgbw levels of Lgr5-
GFP (Lgr5-GFP"9" Lgr5-GFP-°*%) which have been proposed to representtiré+ stem cells
and their immediatd A daughters, respectivéfy The later is proposed to arise from GFR
prolonged stability in the absence of actlvgr5 expressionin addition to low levels of Wnt
signaling®. However, while tB Wntrich molecular signature of thHegr5™'9" stem cell has been
extensively characterizédP? less is known about that tie Lgr5-°", putative TAcell. In order
to geta better understanding of thgr5-°" state, Basakt al generated a nov&li67-RFP allele
to label actively cycling cells andsed it in cajunction to Lgr5-GFP-IRESCreER?4. This
allowed the authors to isolate crypt stem and progenitor cells with varying ééWelst signaling
(as pelLgr5-GFPintensity) and at different stages of the cell cycle (basé@®fiRFPpositivity)
in Lgr5-EGFP-IRESCreER? Ki67-RFPmice. Here gr5-GFP-°"/Ki67+ cells were considered

to represent thegrsMhc e | | s e@ragerly,iardsconsidiefit with their limited selhewal

capacity, these were found to exhibit limited ability to initiate clonogenic organoudeintvitro
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compared to theit.gr57'9" counterparts. Comparison afjr5M9" (stem) versud.gr5-°" (TA)
moleailar signatures by microarray reled enrichment of.gr5+ CBCsignature genes as well as
Whnt targets inLgr5M9" cells This, together with their increased clonogenic capacity, was an
indication to the authors that ther5™9" fraction does indeed repess Lgr5+ ISCs Given the
enrichment of secretory genes and overall molecular resemblance btte/ésdel retaining cells
(LRCS) by Buczackiet al®®, DII1+ progenitor§® and Lgr5-GFP-Y/Ki67- cells, this study
additionally proposed thatgrs-GFP-°Y/Ki67- cells represent previously described secretory
progenitors directly deriviefrom theLgr5H9" cell, wherea Lgr5-GFP-°"/Ki67. “TA” cellslikely
constitute absorptive progenitors. The basis for this idea was the lack of secretory gene expression
in theLgr5-GFP-°Y/Ki67+ cells. However, although this study opened the door to TA cell being
along the absorptive lineage and questioned the existence of cellulapatehty within this
population, it still failed to provide a complete picture of the TA landscape. The lagid¢o lio
with the fact thathe TA population has nditeen 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 rhayrooted 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 |é¥elsa phenomenon not indifferent to the
hematopoietic field and known as militieage priming’®8% Even if the lateral inhibition that
dictates the absorptiveersis secretory fates is a pervasive process in which a cell enforces a
reciprocal identity on its neighbb¥, Kim et al provide evidence that some degree of multi
lineage priming does indeed occur in a subs&igos+ cells3L These cells display low levels of

known ISC transcrigg and ceexpress markers of mature secretory cells and enterocytes, and
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therefore may represent &agr5-°" intestinal bipotential progenitor (IBP) downstream of the
Lgr5™i9" ISC -- hence contrasting with the prior study in which the absorptive and mscret
identities are already segregated lmr5-°V/Ki67+ versus Lgr3°VKi67- cell®. These
discrepancies are likely rooted in the poorer sensitivity of sequeanthgnicroaray techniques

compared to RNAn situ hybridization (SH), which offers singlanolecule resolution.

2.3.2 Lgr5+ Cells are Dispensable for Homeostatic Regeneration

Besides its incompleteness, another problematic aspect of the prekgittglSCmodel
is thatit fails to explain, in a systematic manner, how the epithelium regenerates in the absence of
its homeostatic stem cell population. Indeed, collaterahéodescription ofLgr5 as the first
molecular marker of the CB&ndthe introduction of thegr5-EGFP-IRESCreER?mouse model
to the field® was the appearance of a setanodel that enabled selective ablation oflthes+
cells by knocking thaiphtheria toxin receptor(DTR) in place ofLgr5: the Lgr5-DTR-GFP
mousé®’. And with this came a surprising finding: that thgr5+ cells are dispensable for
homeostatic regeneration. Thus, making use of diphtheria toXinto selectively ablate the ISC
compartment, the authors of this seminal study were able to demonsaatihehintestinal
epithelium is not only resilient to loss of its homeostatic stem cell population but also that it can

sustain regeneration in its absefiée

Using an alternave strategy,Yan et al. further contested the regenerative capacity of the
Lgr5+ CBC cells — this time by pharmacological modulation of thént/R-spondin (Rspo)
signaling axis that governgyrs+ cell behaviot®. Similar to DFablation, Rspo signaling blockade
via systemic overexpressiofithe LGR5 ecdotomain (LGRECD) leadgo a phenotype difgr5+

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 conf&xtinterestingly, the reciprocal phenotype (in which
perpetual Lgr5+ CBC cell seHrenewal is induced at the expense of haltagi5+ cell
differentiation via Rspo overexpression) similarly eoccurs with no detrimental intestinal
epithelial responseand the intestine continues regenerating in the absdra®y regenerative

Lgr5+ CBC cell contributiori®.

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 populatimessusplasticity.

2.3.2.1 Review of +4 and Other Reserve Stem Cell Populations. One of the features of
radiationinduced damage, cytotoxic doxorubicin treatment, and diphthetia administration

in the Lgr5-DTR-GFP mouse is that, while all these resultLigro+ CBC cell lossLgr5+ cells
reappeawwithin a coupleof days While this suggestthe existence of a mechanism that supports
replenishment of CBC cells independently of their-setfewal, the source of thayr5+ cells in

this context has been subject of debate. Ornibe® sources stems from the existence of putative

reserve ISC populations that become mobilized upon damagg®r cell loss.

Ideas about a facultative or dedicated pool of reserve ISCsatgdiearlier in the century,
and derived from Potten’s observations that r
to retain S phase labels for long pesodf time (discussed earlier in this
Chapte)?9:90.91.162.166.167.178 |though Potten considered the +4 cell to be actively cycling and label
retention to be a property associateh asymmetric DNA segregation during mitosis, it is

nowadaysvell accepted that label retention indicates replicative quiescence. Contemporary to the
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descriptionotgrbas t he best mol ecul ar marker for CBC ¢
Bmil(a polycombrepressing complex (PRC) component involved in dierenewal of neuronal,
hematopoietic, and leukemic cells) as a marker of cells at around the +4 position, directly above

the uppermost Paneth &llUsing aBmil-CreERlineage tracing schema comparable to that
described for thegr5+ CBC cells and similarly to the latt@&mil+ cells were found to selenew

and replenish the all mature lineages, hence consistent with their stem cell$téndityever, the

functional distinction between these two proposed ISC populations (as well as their hierarchical
relationship) remained unclear at the time. Insights into a putativestemecell model cama a

few yearslater. Using their diphtheria toxin ablation model, Tienal demonstrated that,

following Lgr5+ cell ablationBmil-expressingellsbecome mobilized to compensate Eqr5+

cel | |l oss and maintain homeostasis, suggestin
pool. A parallel study led further credence to these findings and assigned clear and distinct
functional roles to these two putative 19Gpulationd®. Thus, whileLgr5 was found to mark

mitotically active, Wnisensitive, moderately radiosensitive stem cells that taleepsmmary role

during homeostatic regeneratidBmil appeared to mark highly radioresistant, slowly cycling

ISCs that contribute weakly to homeostasis but are capdldeamaticallyproliferating and

replenisling the intestinal epithelium following higtoses of radiatiolf. Taken together, these

data provided direct evidence thBmil marked a quiescent, injuigducible reserve ISC
population and supported a model whereby distinct ISC populatiorexisioto facilitate

homeostativersusinjury-induced regeneratiéh

BesidesBmil, other markers likenTert Lrigl andHopx have been proposed for the +4

reserve” stem c el IHopgveap founditd maokra.quiecent populaton e n c e

labelretaining cells identified after irradiation and pulse labeling withrd@modeoxyuridine. A
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HopxCreERlineage tracing scheme similarly revealed that all mature differentiated intestinal
epithelial cell types (including Paneth, goblet, EE cells, atefecytes), in addition to tHegr5+

CBC cells, were indeed derived fraropx+ cells at the +4 cell position. These findings were
consistent with the interpretation thdopx labels a quiescent population of ISCs, a fraction of
which is labelretaining, vhich can give rise to more rapidly proliferatinggr5+ ISCs.
Interestingly, this study additionally found thagr5+ CBC cells can give rise tdopx+ cells

during homeostasis, suggesting the existence of bidirectional relationship between these two
proposed stem cell pools. Taken together, these data lent expetim@pport to a proposed
model®? in which slowly cycling ISCs at the +4 position are able to dynamically-ouevert

with more rapidly cycling ISCs at the crypt base (CBCs), indicating that adult stem cell

compartnentscan regenerate one another.

Despite the elegant genetic evidence in support of ssteracell model, these results also
fueled existing controversy regarding the identity of these cells, their hierarchical relationship to
one another, and how overfapg in nature are their respective markers. For instance, while
Lrigl+ cells were found to be slowly cycling, they appeared to be more proliferativehiha
previously propose@mil+ andmTert populationd’. Furthermore, not all these markers were
found in the same cells or at the samedeetries throughout the intestine length. Indéeig,1+
cells were also found in the colon, unlike what was observ@&imif+ andmTert+ cells (which
were rare and appeared to display a steep gradient of expression from proximal to distal intestine).
Unlike the previous reported marketsjgl also appeared to mark cells throughout the crypt
(including the crypt base), even if they apgektio be distinct tagr5+ CBC cells as supported by
transcriptome profiling. Thus, based on proliferation rates, cell position, and their reported cell

number(s) per crypt, it was proposed thagj1+ ISCs were downstream frothe more quiescent
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Bmil+ or mTert ISCS’, but their exact position along the lineage remained anclkhis is all
compounded by contradictory reports, which suggestl is simply a general regulatof the

stem cell compartmekE.

Further controversy in the field arose from the finding thabtR&NAsassociated to some
of these markers were expressed equivalently in bgitht+ CBC cells ad the proposed reserve
stem populations, in addition to much broadly within the crypt and TA comparfifierts a
consequence, these studies cast serious doubts on the fidelity and validity of previous lineage
tracingbased evidence of stemness at the +4 cell pasisuggesting that the tracing emanating
from these strains is not representative of a distinct reserve population but simply captures the
properties olLgr5+ CBC cells®. While one underling explartion to the overlap could be that
the inherent heterogeneity yetintere | at edness bet ween the intesti
along a gene expression continddii an alternative explanation could be that the presence of
endogenous mMRNAs does not correlate with reporter activity emanating from a single lagus. Th
was precisely the focus of two follewp papers, which highlighted that expression of the +4
CreERdriversis limited to cells other than CBC cells, equally distinct from previously reported
LRCs, and discrepant from other reported +4 GEporters’>184 Thus, although the broad
acceptancef the +4 reserve ISC model has beprecluded by observations of promiscuous
MRNA expression, these findings demonstrate that the cell populations lab&edlbynd the
HopxCreERalleles are largely overlapping and yet molecularly distinct fromLtjy&-GFP+
CBCs, providing molecular support for the cell ablation studies demonstrating their functional

dissimilarity*"2

2.3.2.2 Reconstitution of the Lgr5+ CBC Compartment via Mechanisms of Plasticity. The

broad expression of putative reset®C markers ibhgr5+ 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 extremelyeplisgtic

whose relatively unvariant epigenetic landscape makes it easy to repurpose its mature lineages to
re-derive stem potenti&1®1 Indeed, the same futhens attributed to reserve stem populations

can be fulfilled by a variety of cells thapuld otherwisebe considered askagecommitted-%
Furthermore, with thedvent 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 popsulatieality constitute secretory

progenitors downstream of the I$¢% lending further credence to the plasticity model.

The Notch ligand DII1 is strongly uregulated in a small subset of immediaigr5+ 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 Chaptd). Using aDIl1-GFP-IRESCreER?lineage tracing strairyan Eset al.
demonstrate that acute TAM administration results in labelibdlbf cells at the +5 cell position,
directly above the uppermost Pémned! 8. These cells go on to generate small, stivet clones
of all four secretory cell types (Paneth, goblet, tuft, and EE cells, duar renterocytes) under
homeostatic conditions, consistent with their role as dhad secretory progenitors downstream
of theLgr5+ ISC. However, when these were gabeled in the setting of sublethal irradiation,
DlI1+ cells were found to trace intmnfluent ribbons of cells emanating from the crypt bottom
and also into enterocytes, suggesting their ability to regain stem cell potential upon tissue
damag. The latter was consistent with the observation that ssmtedDII1+ cells can grow

as intestinal epithelial organoidsvitro when provided with exogenous Wnt sigfiéls
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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 candidatenarker genes, rather than quiescent populations themselves, have been the focus of
study, Buczacket al used a histone label retentibased lineage tracing strategy to provide
evidence for a quiescent population of crygsiding cells expressing higavels of Lgr5°®.
Contrary to their expected role as mygtitent stem cells, these quiescegt5+ cells were fond
to exclusively generat®aneth and EE subtypes, effectively identifying these as -hed
secretory progenitors. These cells were able to withstand moderate doses of radiation and were

relatively abundant €3 cel | s/ crypt) c o thp mostelidely becausk the t e n’ s
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 incompletelylahatiethining

populations. Interestingly, and contrary to DI + 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, #eecells were also found to regain stemness, reconstitute

the Lgr5+ stem cell pool, and participate in intestinal epithelial regeneration following cytotoxic
damage®. Thus, albeit normally fateommitted and restricted in their potential, these cells retain

the ability toacquirestem cell function and can be recruited under conditions of kijuiyced

regenerationSuch plasticity is also evident in organoid culture, Wigih5+ LRCs displaying an

equivalent clonogenic potential relative to Hahel retaining_gr57'9" CBC cell$®.

Two additional studies published baitkback endowed another subset of secretory
progenitors, this time along the EE lineage, with plasfiti§ By comparing their transcriptome

profile to that ofLgr5+ cells, well known secretory and absorptive progenitdend to othe
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proposed reserve stem populatidhsind by demonstrating their absencéinh/- intestines®,
Jadhavet al. and Yanet al. both conclded thatBmil-GFP+ cells (previously considered to
represent a reserve ISC population) constitute indeed preterminal E&'€&lislthough Bmil

EE cells displayedeatureshighly reminiscenbf DII1+ and LRC injuryinducible populabns,
these cells expresd high levels of EE (but noblglet or Paneth) cell markers, their rich hormone
repertore, CHGA anbleurodlpositivity suggesting an advanced differentiation stage compatible
wi t h a *“ mu lpopulatiaif BdingPeokladai orthogonal marker, Yahal validated

that Prox1 marks progenitors with dual tuft and EE celéntity that similarly possess injury
induced stem cell activit§’>. Molecular profilingof Bmil-GFP+ cells in the comixt of 10Gy
irradiation that eliminates thkegr5+ CBC cells revealed that these cells were undergoing a
transition into the Lgr5+ state, consistent with their plasticity dhg injury-induced
regeneratiot??. A similar finding was made of CD6@&D274+ cells (considered to beldet cell
progenitors in the intestinal TA zoA®) Importantly, significant modulation of the chromatin
accessibility landscape, with loss of enhancers specific for the secretory lineage and regaining of
those specific to thegr5+ CBC cell appeared to underlie theseanlyes hence consistent with
reversion to the stem cell stte The basis of this exceptional plasticity may be the inherently
low epigenetic barriers found across mature intestintial cellsversiws stem cells, as indicated

by the differential openness of chromatin along linesgecific enhancers in the absence of strong

histone mark depositid?f-183

Consistent wh this finding, plasticity was, expectedlg/so found within the more
abundant and proliferative absorptiveqursors. Marked by expression of alkaline phosphatase 1

or Alpil (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
postions +11 and above), in proliferative cells comprising the bulk of the TA zone and separate
from DII1+ secretory progenitofd. Making use of amIpi-IRESCreER™ knockin allele for
lineage tracing, these cells were found to generate -bhexit clonesentirely composed of
enterocytes during homeosta&tsWhile the majority of these clones emerged at around position
+8 in the upper crypt and were lost from the villus tips within 6 days1+ progenitors were
shown to support lorterm regeneration in theetting ofLgr5+ cell ablation, consistent with de
differentiated Alpi+ cells regaining stem cell activity and exhibiting thgr+* CBC cell
characteristics of selenewal and muklpotency. This was confirmed bsinglecell RNA-
sequencingdcRNArseq, which revealed that, upon damage to the stelincompartmentAlpi+
progenitors downregulate enterocgigecific genes, become more proliferative and upregihlate
Lgr5+ CBC cell gene signatuf¥. Interestingly, this property was dusive to theAlpil+
absorptive precursor and nottte Alpil+ enterocyte, as induction of lineage tracindgys prior

to Lgr5+ cell loss resulted in no such stem i tracing®™. This implies that the labeledpi+
enterocytes that have exited the crypts aftgayg whichare no longer proliferative, do not have

the functiomal capacity to regain stemness. Thus, it appears that plasticity rests in the permissive

epigenetic state found in thaterocyte precursot%-185

The observation that mature enterocytes cannot participate in-influged regeneration
may suggest that there may be limits to ftaty, and that more differentiated/pesitotic 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-imduged 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 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 pintebited villi'818/(that

is, following modulation of niche signaling gradients along the evitjuts axis) may be indicative

of the latter. Three recent papers that described regenerative potential within mature Paneth cells
delved deeper into this question and highlightegbortant principles about the molecular
mechanisms governing akfferentiation. Using & yz1-CreER? lineage tracing strategy, Yu and
colleagues reported that a subset of normally-pokitic Paneth cells is able to proliferate and
regain stem potenti#o reconstitute full crypt and villus compartments in the setting of irradiation
or enforced activation of Notch signalffify The latter was consistent with the ability of irradiation
damage to rénitiate Notch signaling in Paneth cells. Interestingly, this was not observed in the
setting of Wnt-catenin signaling augmentatiohétprimary pathway responsible tayr5+ stem

cell maintenance), suggesting Whtiatenin signaling on its own does not underlie Paneth cell
plasticity:®. Alternatively, and since high Wnt signaling is reportedly needed for Paneth cell
maturation and positioning within the crypt b¥$éthis may indicate that Wnt signagjris simply

not enough to drive ddifferentiation in this context, in spite of its participation in other settings.

Indeed, Wnt signaling appears to be essential fogtiescence exitaghTert+p ut at i v e res:e
ISCS® as well as foDII1+ progenitors to regain stemness, seen in orgamd cultur€®. The

finding that canonical Wnt activation on its own is insufficient to trigger Paneth cell de
differentiation is resonant with the idea that chemoseniolyl+ tuft cells, while unresponsive

to radiation damage, are capable ofiféerentiation andnitiating tumorigenesis in the setting of

chemical colitis and\pc deletion, but not under conditions of canonical Wnt activation &one
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Given expression dfyzlin 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 plastjcity3day gap
period (the average time it takes for secretory precursors to Afdtbetween induction of tracing

and radiation injury still resulteith stem cellike lineage tracing into crypts and villi, indicating

that mature Paneth cells do indeed harbedlitferentiation potential. Using an orthogoriaefa4
CreER?allele, Jones and colleagues reported similar findings; namely, that gsecnegase
ADAM10-dependent Notch signaling activation was necessary to promote plasticity and regaining
of stem cell potential in Patiecells in the context of cytotoxic damage, and that on its own Notch
signaling was sufficient to drive Paneth celtdifferentiatiort®. Lastly, Schmittet al. reported
similar findings and Paneth cell -diferentiation in the context dfgr5+ CBC cell loss to DSS
driven colitig® Paradoxically, Wnt signaling activation dowestm of SCF/AKit activation and
Gsk3B inhibiti on-dffepmiaianringhistcantextn @/kile this ceulddedlect the
pleiotropic effects oG s k iBHsbition on additional pathways other than Wnt signaling, it is also
possible that distinainderlying 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 stagéifesentiationcan make themselves

available to support regeneration followibgr5+ 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 igflegts dedifferentiation of
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Lgr5+ cells recent progenyersus he acti vati on of putative facul
populations, which still remain poputd?*1° By timing the interval betweelgr5-drivenlineage

tracing and lethal injury, Muratat al demonstrate thaltgr5+ CBC cell reconstitution and
resultantintestinal epithelial regeneration following higlose radiation is explained almost
exclusively from ddlifferentiation of the_gr5+ CBC cell own recent progeny in the upper crypt,

with at best a small contribution from older cElfsFurthemore, 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 reconstitutidrgobthe

CBC compartment and assated regenerative response were abrogated in the context of loss of
theLgr5+ CBC cell marker and master reguladmci2in early dedifferentiating cells, suggesting

its essential role following damadé Further characteritan of the Ascl2+ dedifferentiating

cells revealed no clear enrichment of proposed +4/reserve markers and littlegcomoRNA
expression, indicating tha&tscl2precede4.gr5 activation as these cells move downward and are

on their way to becomiegr5+ CBC cells. Through the identification of Acsl2 binding sites in the
genome, the authors further demonstrated 1Lreceptor (IL11ral) as an Ascl2 target gene, and
demonstrated that addition to recombinantlll_ to organoid culture does indeed augment the
clonogenic capacity of ddifferentiatingAscl2+ cells?”. This is joined by other publications that
implicate YAP/TAZ signaling as well as -@apting of a fetal developmental program in the injury
repair respongé® 142189 Collectively, these findings shed light into a potentially tractable pathway

to modulatet he i ntesti ne’ s apdamdsuggest thatefdferentratoe fromo d a m
early crypt progenitors, and not mobilization of a dedicated or facultative quiescent stem cell pool,

is the principal means to restore homeostasis followgr§+ CBC cell loss.
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2.4 Closing Remarks and Next Questions

In spite of its popularity, thégr5+ ISC model sits orseveral 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 @teled TA cell),
the dispensability dfgr5+ cdls 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 ex d@mndveat ed con

One of the working hypothesis to account for these perplexing findings is that,giaen
cell damage or loss, permissive conditions allow dedicated reserve stem cell populations to
mobilize and reconstitute thayr5+ stem cell pool. Mulple markers have been proposed for such
populations- however, their reported diversity has similarly raised questions about ISE inter
relatedness, hierarchy, and interconversidthough several attempts at reconciliation have been
madé®17218the reserve stem cell model is surrounded by ceatsy stemming from ambiguous
gene expression domains for the putative reserve ISC markers as well d@hfuln€@ie
recombinase activities in their respective lineage traaiigles. Onekey message from these
studies is that these represent dynamic lagtérogeneous cell populations. Indeed, the marker
genes identified as proxies of these quiescent cell types are often not unique to a specific lineage
but, rather, ceexpressedat lower levels in other ceff$’2 As a consequence, the functional

overlap between these populations remains to this date unclear. Imgortantt h e s e reset
themorereaet | 'y reportefar érreaioaand d&Cst exi st in

to account for the vast degree of regeneration observed and at such unprecederife- $3é&d

59



Furthermore, not all these populations appear throughout the small intestine length, and a vast

majority of them are absent in thelont?’,

The controversial reports of reserve ISC have been compounded by the finding that some
of their associated markers and respeciveERdrivers do appar to label differentiated cell
types®1%2 The description of the ability of committed or even fudifferentiated cell types to
regain regenerative potential via mechanisms of plasticity has further called the concept of a
dedicated reserve stem cell population igt@stion, painting a far more plastic and dynamic
picture of inteshal regeneratioh The latter is supported by a model in whichdiféerentiation
from immediateLgr5+ cell progeny appears to be the majowvetr of regeneration following
damage ot.gr5+ CBC cell los&”. Intriguingly, similar mechanisms of daughter cell plasticity
have been reported in other epithelia, like thelifferentiation of committed mature airway cells
in the lung®® and of Troy+ chief cells in the gastric corpt¥ However, even though the reserve
stem cel | mod el has | argely subsided to pl ast
resurfaced recently and still remains poptfaiAn 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 imediately repopulate thégr5+ CBC cell compartment appear to reside
unequivocally in the intestinal upper cr¥ft'®?and are deeply radiosensiti(e6 Gy)°2 This
upper crypt is thought to harbor TA progenitors which, historically, were also proposed to harbor
the regenerative potential to reconstitilite stem cell compartment should it incur any dartfdge

Although others have undertaken approaches to study early progerfitoerdifitior* 68101131
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these have suffered from several limitations and failed to provide a completee pétthe
intestine’s TA population with success. This
located in between the +4 and +8 positions, for which no molecular markers have been described.
The latter has a far deeper, yet frequently madd, implication: and that is the lack of direct
genetic evidence in support that thgr5-°" state (and by extension, the bulk of proliferative cells
sitting above the stem cell compartment in the TA zone) are direct progeny fragr3ié" 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 patrtially assess ISC biology making use of the currently available
Lgr5+ ISC reporterswe 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 nduri
homeostasis’, it has been proposed thagr5+ cells are absolutely required in the setting of
regeneration following radiatiemjury*®?>. The underlying implications fothese findings as
interpreted by the authorare twafold: 1) that transition through drgr5+ cell state is needed in
order to orchestrate the injuityduced 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, whegr5+ CBC cell replenishment is blocked (for instance, by DT
administration in_gr5-DTR-GFP mice following 10 Gy irradiation), the regenerative response is
impaired and mice succumb to intestinal faitdteStrikingly, prolonged phenotypeslogrs+ cell
suppression via Rspo signaling inhibition would argue against#sé®. In this setting, which
unlike the former does not involve cell killinggr5+ 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 regeneraketiBnes in the absence lojr5+ cells. Even more interestingly,

Rspo signaling augmentation (which induces perpelgab+ CBC cell selrenewal and
effectively halts any mature cell contribution from their differentiation) similarkpoturs with

no detrimental phenotype, and the intestine can still regenerate and support villus turnover in the

absence ofgr5+ CBC cel contributior?2,

While mechanisms of ddifferentiation and plasticity could be batithis, these findings
appear to hint at an alternative possibility: that the regenerative contribotitved_gr5's" CBC
cell during homeostasis may be limited, and that perhaps other populations are resfuorisible
bulk of intestinal epithelial agenerationseenunder steadgtate conditions. In an effort to
characterize what other regenerative populations live in conjunction witlgthe cells in the
intestinal upper crypthere we made use of scRN#eq in the context of pharmacological
modulaton of the Wnt/Rspo signaling axis that contriogg5+ cell behavior, and identified what
we believe is the first specific and validated marker for the cells of the TA(@hapter 32
Using a dual fluorescent tinreporter and conventional lineage tracing, we validate that these
cells are multipotent and support homeostatic intestinal epithelial regeneration by giving rise to
all mature lineages and, strikingly, also to ltige5+ cellsat the crypt basé®. Consistent with their
stem rather than TA cell function, the latter underscores the benefit of combining multiple
orthogonal and unbiased approaches to studying intestinal epitegkaleration (Chapter 1) and
resolves many of the apparentonsistencies of thegr5+ 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

undetying assumptions
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Chapter 3: Time-Resolved Fate Mapping Identifies the
Intestinal Upper Crypt as an Origin of Lgr5+ Crypt Base

Columnar Cells'i

In the prevailing model,.gr5+ cells are the only intestinal stem cells (ISCs) that sustain
homeostatic epithelial regeneration by upward migration of progeny through elusive upper crypt
transitamplifying (TA) intermediates. Here, we identify a proliferative upper crypt population
marked byFgfbpl, in the location of putative TA cells, that is transcriptionally distinct ftgmnb+
cells. Using a kinetic reporter for tintesolved fatenapping andrgfbp1-CreER?lineage tracing,
we establish thagfbpl+ cells are multpotent and give rise tiogr5+ cells, consistent with their
ISC function.Fgfbpl+ cells also sustain epithelial regeneration followirgg5+ cell depletion.

We demonstrate that FGFBP1 produced by the upper crypt celtsassential factdor crypt
proliferation ancepithelial homeostasi©ur findings support a model in which tissue regeneration
originates from upper crypigfop1+ cells thagenerate progeny propagatinedaiectionally along

the cryptvillus axis and erve asa source of.gr5+ cells in the crypt base.

i Parts of this Chapter are already published. They are directly taken or adapte@afpdevila, G.et al. Time-
resolhed fate mapping identifies the intestinal upper crypt as an origin of Lgr5+ crypt base column&retili’?,
30393055 (2024).
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Homeostatic Intestinal Epithelial Regeneration
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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 Fgfbpl 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 exhibitgpid physiological renewal with continuous turnover
every 35 days supported by intestinal stem cells (ISCs) located within the ctyldtsvever, the
precise location and identity of the ISC have been intensely débltsccurrently accepted that
actively cycling Crypt Base Columnar (CBC) cetiarked by expression of thedpondin (Rspo)
receptorLgr5 constitute the only dedicated stem cell population in the inté&tifibese cells,

which live at the base of the intestinal crypts interspersed in betweetiMedgecretory Paneth
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cells, are capable of lortgrm selfrenewal and are thought to transition througitaked transi

amplifying (TA) intermediates in the upper crypt prior to miifteage differentiation into all the

i ntestine’ s Mdditianallye ex lvivosl@enaggnic culture of isolatedgrs+ cells
yields growth of intestinal @elipeadge Hiffetentiatibnandor g a n

sustained proliferatiordemonstrating stemell activity*¢*

Lgr5+ ISCs divide daily, symmetrically, and are relatively abundant. Far from being
equipotent, studies using mathematical modelfidtf and intravital microscopy (IVM)
demonstrated thafgr5+ ISCs not only abide by the principles of neutral drift competition but also
exhibit extasive positional heterogeneify with cells displaying the ighest degree oEgr5
expressionl(gr5''9") occupyng the centeimost positions at the crypt bagmsitions 0 to +3) and
being characterized by the highest clonal retention rates and stem potep6He" cells are
proposed tgive rise to progeny that progressively turnlajf5 expressiorandclimb up the crypt
villus axis, hence undergoing differentiatiochherefore,in the prevailing model.gr5-°" cells
occupying positions +4/+aredirectly derived fom Lgr5™9" cells and represent theihortlived,
early TA progenyDespite IVM and_gr5 lineage tracing experiments having extensively validated
the upward flow of cells from the crypt base onto the villus compartment, TA cells have eluded

moleculardefinition and thushave never been directly investigated.

Pharmaological modulation of Wnt/Rspo signaling revealed striking phenotypes of crypt
hyperplasia andlgr5+ cell loss upon Rspgain and lossof-function, respectively, leading to a
model in whichLgr5+ ISCs are wired to undergo differentiation by defaultess Wnt/Rspo

signals are presefit Rspo signaling augmentation has been shown to reinfordsgtB&'e" cell
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state and trapgr5+ ISCs in a perpetual state of sedhewal whereby mature lineage allocation
from the CBC cells is inhibited, resulting in a dramatic phenotype of incrégsgd cell number,

total crypt cell proliferation, crypt hyperplasia, and villus lengthefinmterestingly, this
pharmacologicalgr5+ ISC entrapment does not impair tissue regeneration as under this context
the intestinal epithelium is maintained and actually grows in size independenhily5sf CBC

cell contribution. Conversely, Rspo inhibition by administration of the solubletoraigroy Lgrs
ectodomain (LgrEECD) leads to completiegr5+ ISC cell loss due to accelerated miilieage
differentiation into the villus. This pharmacological suppression similarfpoooirs with no
detrimental phenotype as both specification of silell lineages and crypt proliferation are

preserved in the absence of a regeneraiiyé+ CBC compartment.

The remarkable lack of an impaired regenerative response that arises as a consequence of
halting Lgr5+ celkdriven regeneration either by pharmacologically blocking difféa&nn or
promoting it at the cost of exhausting thgr5+ cell pool is in agreement with a diphtheriin
ablation model that concluded thiajr5+ cells are dispensable for hoostasis®’. Although
different mechanisms have been evoked to reconcile how the intestine regenerates in the absence
of its homeostatic ISC population (from mobilization of quiescent, reserverktéling cells
(LRC) residing at the +4 cell positi#t?3%>°7157 to postmitotic populations along the
absorptivé®® and secretory lineagés®°81020%4 regaining stem potential through cellular
plasticity), these results could alternatively pomthe existence of another homeostdtigs5-
regenerative population of unclear identity aside fkarb+ CBC cell. Here, we sought to identify

this regenerative population.
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One of the challenges in studying intestinal epithelial regeneration ariseth&dact 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 thpiospective study and isolation. This includes the TA
cell1%4: a population proposed to be immediately downstream afgt+ cell and operationally
defined by its multpotency but limited selfenewal potential, hence distinguishing it frooma
fide stem cell$>1’® Building upon our itriguing observations from 203% here we aimed to
dissect the cellular heterogeneity in the crypt compartment using-selgleNA-seq (SCRNA
seq) in the context of pharmacological modulation of the Rspo sigreatis 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 thd-tmablast growth
factor binding protein IFgfbpl)marks an immature, proliferative population of upper crypt cells
distinct from theLgr5+ 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
chaacterized them using a novel kneckn  a | | e | FgfbpETt i enn gnfidrdthe cbnstitutive
labelling of Fgfbp1+ cells and timaesolved fate mapping of their progeny. Gigfbpl:TimeR
allele revealed thafFgfbpl+ cells are multpotent, giving rise to &lintestinal lineages.
Surprisingly,Fgfbp1+ cells were also found to give rise to afjr5+ cells within the crypt base
during homeostasis, consistent with stem cell function. These results were further validated using
a novel Fgfbp:CreER? strain forlineage tracing, which highlighted the rapid and complete
replacement ofgr5+ cells by the upper crypEinally, Fgfbplconditional knockout (cKO) in the
intestinal epithelium revealed that FGFBP1, secreted by upper crypt cells, is essential for intestinal

epithelial homeostasis andjr5+ cell maintenance. These results underscore the importance of a
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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 Fgfbpl Marks Proliferative Upper Crypt Zone Cells

Lgr5+ CBC cell selrenewal is dependent on the Wnt/Rspo signaling axis, which can be
pharmacologically modulated at the ligand 1é¥&° Systemic Rspo overexpression (via
intravenous adenovirus injection with resultant hiep#tansduction and secretion into the
circulation) induces a tissue growth phenotype characterized by crypt hyperptasa,cell
expansion, and villus lengthening in mi¢& In contrast, systemic overexpression of the soluble
Lgr5 ectodomain (LgrEECD) for Rspo signaling inhibition results in complete loss and
suppression of alLgr5+ cells throughout the intestitie Notably, tissue architecture and crypt
proliferation are maintained despltgr5+ cell depletion via the LgrECD?3, analogous to that

observed following DImediated_gr5+ cell ablatio®”’.

We sought to understand the early transcriptional changes undergonellgySte-P+
cellsimmediately félowing enhancementersussuppression of th#&/nt-dependent.grs5+ cell
state. For this, we used the waticumented stability of tHegr5-GFP signaP® as a lineage trace
to enrich for those cells fluxing into or out of thgr5+ state and increase their representation for
profiling. ScCRNAseq analysis of FACSsorted Lgr5-GFP+ (both Lgr5-GFP9" and Lgrs
GFP- and Lgr5-GFP- cells from Lgr5-GFP-IRESCreERT2% mouse intestine revealed
dynamic alterations in the relative proportions of cells in each cl{istpire 3.2A-D), consistent
with Rspemediated modulation of crypt cellular composition. Clusters were identified

canonical markers for each of the majescribed cell typéd>°>3 Lgr5+ CBC signaturgenes®
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were used to ideifiy two CBC cell clusters in different phases of the cell cycle, which weresiurth

annotated

cells lacking the_gr5+ CBC signature and was tentatively annotated aputaet i v e

a sversus'yncatry oilgi €@ CCBC” .

A third clust

“TA” clt

(Figure 3.2A-C). Acute Rspo treatment led to expansion of tyg5+ CBC clusters with

concomitant

depl etion

of

t he

“ TA”

cLors+<CB& r , c ol

cell states. Conversely, acute LgEED or soluble Fz8 cysteinerich domain (CRD¥ (a soluble

i nhi bitor of

Wn t

l i gands)

treat ment s |

ed to

depleton of the CBC cluster@-igure 3.2A&D) , consistent with blockade afyr5+ CBC states.

We identifiedFgfbplas a highly clustespecific gene exprs s e d

n the “TA”

Ppor

with other enriched genes such Bebtl and Kcnn4 (Figure 3.2A-C, Figure S3.1A-B, and

Tables S3.1-S3.3).
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Figure 3.2: Single-cell analysis identifies Fgfbplas a marker of the putative transit -amplifying
(TA) cell. A, Left, co-embedded UMAP projection of 13,095 single cellsconsisting of 11,218 FACS
sorted Lgr5t GFP+(Lgr5-GFPigh and Lgr5-GFPew) and 1,877Lgr5t GFP- cells (GSE9286% following
Wnt/R-spondin modulation, colored by cluster. Right, UMAP projection highlighting in red
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either the Lgr5t GFP- control cells or the Lgr5t GFP+cells. B DotPlot visualization of selected
differentially expressed genes of the annotated clustersin (A), highlighting the putative transit-
amplifying (TA) cluster. C, Density plots showing expression of Lgr5, Ascl2, TA cell marker
Fgfbpl 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 | ocati
Accordingly, in situ hybridization (SH) revealed that thd-gfbpl mRNA is localized to
proliferative cells othe upper crypt zone above the CBC compartment in the adult small intestine,
minimally overlapping with_gr5-®"cells (previously proposed to represent TA ¢éfi¢at the +4
position(Figure 3.3A-E and Figure S3.1C-E), concordant with the presumed location of TA cells
and distinct from th&grs™'9" CBC cells at the crypt base. SimilafytnbtlandKcnn4localized
to the upper crypt zee above the CBC cel(igure S3.1A-C), consistent with the existence of a
distinct and specific transcriptional program in the upper crypt. Interestirighgptl 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 entesoagtpredicted by

scRNA-seq(Figure 3.2B and Figure S3.1A-C).
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Figure 3.3. Fgfbplis expressed in proliferative upper crypt zone cells , in a spatially segregated
manner from the Lgr5+ CBC cells. A, Fgfbplin situ hybridization (ISH) combined with Ki67

spatial segregation of FgfbpZand Lgr5 transcripts along the WT murine intestine. Bottom, higher

magnification views of boxed Ul T DPOOUwmp3 wid w3 waoddi Ow" ! " wéau" ! " waod
Spatially segregated expression of Fgfbpltranscripts and Lgr5-GFP confirmed in Lgr5-DTR-GFP

intestine. Scale bar = §¥ w 4 D,8Rasitional distribution of crypt cells with detectable Fgfbpl

expression along the intestine length demonstrates an upper crypt expression domain, as
determined by ISH. The centerOOU U WOUEOI UVUWEUwWUT T wYl VawEUaxOwWEEUI |
E, Quantitative multiplex mRNA single -molecule fluorescenceISH (smFISH analysis of jejunal

crypts highlights two distinct domains, an upper crypt (UC) Fgfbp} zone and anLgr5+ CBC zone.

Data represent mean mRNA integrated density with S.E.M. for Lgr5 and Fgfbpltranscripts

acquired from >50 individual crypts, n=2 mice.

We nextqueri ed nor mal unperturbed crypts for
singlecell clusters onto a reference scRI¥&g dataset comprising crygariched epithelium
spanning multiple regions along the small intestine IédYytmdeed, ouFgfbpe nr i ched “ TA
cluster mapped directly onto the putative “TA
dataset, which were distinct from ther5+ CBC clusters(Figure 3.4A and Table S3.4.
Congruent with outSH data, this finding confirmed that thagfbpl+ cell population is not an
artifactual or induced regenerative state secondary to pharmacological modulation, but rather that
it is also present in the unperturbegptrduring homeostasis. To understand the relationship
bet ween the “TA/ pr oglagriGBC cells, we pgforheal RM¥lacitya nd t h
analysid?’1%on the reference dataset. Unexpectedly, this raised the possibility tHragftipe-
enriched “TA early/ progenitor?’ cluster (s), (
pharmacological perturbation analysis, is the origin of the mature cell éseagl also of the
Lgr5+ CBC cells(Figure 3.4A-B and Figure S3.1F). Analysis of another scRNAeq dataset
enriched for secretory lineage ceflalso yielded a similar trajecto§figure S3.1G and Table

S3.95 and surprisingly placed thegr5+ CBC cells along the secretory brand@hese findings
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raised the possibility that thegfbpl+ upper crypt cells may potentially serve as stem cells
upstream of thégr5+ CBC cells, in contrast to the prevailing model in whigh5+ CBC cells

give rise to downstream TA/progenitor cells ptiomulti-lineage differentiation. Together, these
data showrgfbplis enriched in a discrete population in the upper crypt zone that is both spatially
and transcriptionally distinct from tHegr5+ CBC cells and raise the possibility of an alternative

cellular hierarchy.
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Figure 3.4. Fgfbpl+ cells are transcriptionally distinct from the  Lgr5+ CBC cells and appear to
give rise to all intestinal epithelial lineages, including the Lgr5+ cellsthemselves, as per RNA-
Velocity analysis. A, Seurat unimodal UMAP projection of Yan et al., Nature 2017 dataset
(GSE92865). B, RNAVelocity analysis of Haber et al., Nature 2017dataset (GSE92332). Velocity
field arrows inferred using scVelo stochastic model and projected onto the UMAP space indicate
predicted lineage trajectories.

3.2.2 The Fgfbpl-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 kindaketic reporter allele
(t er Agbpl-TimeR ) t oFgfbptlandltlein vivofunction of Fgfbplexpressing cells in
the mouse intestinal epithelium through tinesolved fate mapping-gfbpl is located on

chromosome 5 and encodes a secreted glycoprotein that has been pimpesesias 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 signaling®’1% More recently, it has been shown to promote blbin barrier development

via effects o'Wnt/betacatenin signaling, suggesting a possible role in augmenting canonical Wnt
signaling®®. We targeted the murirfegfbpllocus to insert a dudluorescent reporter cassette,
compised of DsRedEZP2A-mTagBFP2 under control of the endogenotgfbpl promoter
(Figure 3.5. These fluorophores were chosen for their reported spectral andytoboxic
properties in addition to their differential stability and protein folding kin€§ic8! allowing for
time-resolved mapping ofgfbpl+ cells and their progeny. In order to faithfully capture
transcriptional activation of thEgfbpl gene, DsRedE2 was destabilized using atershinal
1xUbVR motif°? and a Gterminal PEST sequeri®@ resulting in an estimated hdife on the

order of minutes to hour@-igure S3.2A-B). The destabilized DsRed was separated by a P2A
sequence from mTagBFP2, which has an estimatediteatff ~3.5 day&’!, corresponding to one
turnover of the intestinal epithelium. This configuratemwsures stoichiometric expression of the
two fluorophores, the ratio of DsRed:mTagBFP2 informing on the time elapsedFsgjfigel
activation. Importantly, this labelling strategy does not require the uSeedfRor tamoxifen,

both of which have been reported to damage gut epithelium and potentially confound studies of
proliferating cell$”>17¢ OurFgfbpl-TimeRreporter allele was engineered to preserve expression
and secretion of the endogenogfbpl product (sFgfbpl), hence avoiding potential issues
associated with haploinsufficiency. Finally, we irddd an Nterminal FLAG forepitope tagging

of skFgfbpl and engineered twoxPsitesto allow for conditional deletion dfgfbpl(Figure 3.5).
SinceFgfbp s protein coding s eque nhe secondoxPsite wdsai ned

encrypted withira synthetic intron engineered in thgfbplgene body. Both the FLAGg and
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LoxP-containing syntheti;tron constructs were extensively validated prior to incorporation into

theFgfbpkTimeRallele (Figure S3.2C-D).

Fgfbp1-TimeR

1xUbVR-DsRedE2-PEST-mT -IRES-sFgfbp1
1 : 1
Fast-ON/Fast-OFF Slow-ON/Slow-OFF
Ty ~hours  T,,~3.5days

Fluorescence

P S

[ l 5 l : - Time ’
Fgfmiﬁa'”'mﬁgs':” Fgfbp1 —}— KI Time-Reporter
loxP ,'cxp_

Allele (Floxed)

Figure 3.5. Targeting strategy for the dual -fluorescence Fgfbpl-TimeR knock-in allele. **
indicates destabilized DsRed, SP = signal peptide.

The FgfbpLTimeRmice were born at mendelian ratios, appeared normal and were fertile.
The adult mouse small intestine waeggly normal in architecture and all epithelial lineages were
present. Histological analysis of the intestine demonstrated faithful DsRed reporter expression in
theupper crypt above thHegr5+ CBC compartment in a distribution that mirrofegfoplmRNA
expressior{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 cytometrgpblat be visualized by indirect
immunofluorescence (IF) in fixed tissu@sgure 3.6A-B and Figure S3.2F-G). The FGFBP1
protein expression domain was additionally examined byFrAIG IF, which revealed an upper
crypt epithelial expression pattern thatmored that of the DsRed signal and BgfbplmRNA
(Figure S3.2H). This was congruent with the fidelity of thefbplTimeRallele in reporting
transcriptional activity, and confirmed that thRgfbpl expression domain is distinct from the
Lgr5+ CBC compament (defined as cell positions 0 to +3). On the other hand, endogenous
mTagBFP2 was detected by flow cytome(igure S3.21). 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 Fgfbpl-TimeR allele is a faithful reporter of Fgfbpl+ 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 FgfbpXTimeRintestine. Jejunum, scale bar

& wk Y ws O 8 wersDsmFagBIFPAdistribution along the FgfbpiTimeRintestine. Left, swiss-roll

of small intestine, low magnification. Scale bar = 1 mm. Right, higher magnification views of

crypts from the proximal () and EPUUE OQwpE A wbOUI UUDOI OWUEEOT WEEU wa wk
Consistent with its broad expression along the ewjlpts axis, mTagBFP2 IF revealed

extensive cdocalization with markers of both absorptive and secretory lineages, suggesting multi

potency of thé=gfbpl+ uppercrypt population in the small intestirfEigure 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 newdgterived Paneth cells due to fewer

LYZ+ granules. Interestingly, the vast majority of Paneth cells were mTagBFP2 negative, which

is consistent with timelependent fluorescence decay attributable to their long lifespan-®f >3

weekg% (Figure 3.7). Thus, the absence of mTagBFP2 signal in the majority of Paneth cells

further validated the fidelitpf the FgfbpXTimeRallele as a kinetic reporter. Importantly, these

findings were congruent with our RN¥elocity analysis demonstrating adiage trajectory from

theFgfbpl+ subset to the mature lineages.
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Figure 3.7. Multi -potency of the Fgfbpl+ upper crypt population, as revealed by the Fgfbpl-
TimeR allele. A Left, co-localization of mTagBFP2 with enterocyte (FABP1), goblet (MUC2),
enteroendocrine (CHGA), and Paneth cell (LYZ) markers in FgfbpXTimeR intestine. Jejunum,
UEEOTI WEEUwAw! kw5 O08w3O0OxwUBT T 00OwUI xUT Ul OUEUDYIT wi REC
arrowhead) and LYZ+/mTagBFP2-(dashed lines)Paneth cells.Jejunum,U E E O1 wE E Badmul k w4 O 8
right, quantification of mTagBFP2+ signal among LYZ+ Paneth cells. Data represented as mean
with S.D., n=3 mice.
We next wondered whether tiigfbpl+ cells in the upper crypt zone also gave rise to
Lgr5+ CBC cells, as suggested by RNA&locity analysis. IF analysis ¢fgfbpl-TimeR; Lgr5
DTR-GFP mouse tissues revealed direct overlap between mTagBFP2gesFP, indicating
that theFgfbpl+ upper crypt zone cells do indeed give rise tolipb+ CBC cellsin the crypt
base throughout the length of the small intestiigure 3.8A-B). This was further confirmed by
flow cytometry analysis, which revealed mTagBFP2egpression in the entire population of
Lgr5-GFP+ cells, including bott.gr5-GFP™'9" and LgrsGFP-°" (Figure 3.8C). Our quantitative
analysis demonstrated that all (or nearly ladfj5-GFP+ cells derive fronfFgfbp1+ cellswithin a
relatively short timeérame (as per mtagBFP2 hdlife) (Figure 3.8D), despite the fact that there
is minimal overlapbetween DsRed arldyr5-GFP at the crypt base (dekd by cell positions 0 to
+3) (Figure 3.8A-D). Notably, in the rare instances of overlap betwEgfbpl expression
(denoted by DsRed signal) abhdr5-GFP, this overlap occurs in the +4/+5 cell position rather
than the crypt bas@-igure 3.8D). Together, these findings suggest thatRg#pl+ upper crypt

zone cells (at positions +4 to H1@ive rise to thd.gr5+ CBC cells (at positions 0 to +3) during

homeostasis.
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Figure 3.8. The Fgfbpl+ upper crypt population gives rise to the Lgr5+ CBC cells during

homeostasis, as per the Fgfbp1-TimeR allele. A, Extensive co-expression of mTagBFP2 andLgr5-

GFPis observed throughout the length of the FgfbptTimeR; Lgr5sDTR-GFPintestine. mTagBFP2

is pseudo-colored in red to visualize overlap with Lgr5-GFP pal OOOPAS w2 EEOI WEE U w ¢
Overlapping expression of mTagBFP2 and Lgr5-GFP, but not DsRed and Lgr5-GFP, is observed

in FgfbptTimeR; Lgr5DTR-GFP DOUT UUPOEOWEUax UUB8 w) 1.ICUIEHK) Gdovw UEE O
cytometry analysis of EPCAM+/Lgr5-GFP+ cells from FgfbptTimeR; LgrSDTR-GFP jejunum.

Right, mTagBFP2+ signal is observed in bothLgr5-GFPie" and Lgr5-GFPov epithelial cells. D,

Quantitation of mTagBFP2 and DsRed distribution among Lgr5-GFP+ cells inFgfbptTimeR; Lgr5

DTR-GFP intestine by IF. Extensive overlap between Lgr5-GFP/mTagBFP2 versus minimal

overlap between Lgr5-GFP/DsRed are observed. TheLgr5-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 Fgfbpl-CreER™ Lineage Tracing demonstrates Homeostatic Lgr5+ CBC

Cell Replacement Originating from the Upper Crypt Zone

To further investigate the kinetics mdgeneration from th&gfbpl+ upper crypt zone, we
generated afrgfbpl-CreER? knockin allele (Figure 3.9A) and performed tamoxifen (TAM)
induced lineage tracing ifFgfbpl-CreER?, Rosa26tdTomato mice. Acute TAM treatment
resulted in tdTomato+ labeling of upper crypt cells abovd.gré+ CBC compartment by 18h
(Figure 3.9B-E and Figure S33A). With this TAM dose, scattered tdTomato+ cells were
observed in every crypt. However, crased labeling at @ +3 positions was notably absent
throughout the intestine, with only sporadic isolated tdTomato+ cells fouBd% +/- 1.4%
(S.E.M.) of all crypts. At D2 postAM, there continued to be a notable absence of tdTomato+
cells at the crypt bases, and ordye, isolated tdTomato+ crypaise cells could be observed in
121% +/- 3.0% (S.E.M.) of all cryptgFigure 3.9C-E and Figure S33A). The clear spatial
segregation betweehgr5-GFP and tdTomato signals ifgfopl-CreER? Rosa26tdTomato;
Lgr5-DTR-GFP mice (Figure S3.3B-C) confirmed thatFgfbpl 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 z¢Ffigure 3.9C-E and Figure S3.3B-
C). This was also appreciated by 3D whole mount confocal reconstry€ligure S3D and
Supplemental Video S3.1L However, by D4, consistent infiltration of crypt bases by tdTomato+
cells was observed, followed by widespread regeneration teragyptvillus axis by D7(Figure
3.9C-E, Figure 3.1Q Figure S3.3A & D-E, and Supplemental Video S3)1 The tdTomato+ cells
found at the crypt bases were confirmed td_ges+ CBC cells by IFFigure 3.10). Strikingly,
the majority ofLgr5+ CBC cells vithin each crypt became tdTomato+ by D7 to D14, suggesting

theLgr5+ CBC compartment is rapidly regeneratedAgybpl+ cells from the upper crypt zone
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within two weekqFigure 3.9E, Figure 3.1Q Figure S33A&D and Supplemental VideoS3.J).

Notably,regeneration of the CBC compartment occurs more slowly than that of the villi.

Time-Dependent td Tomato Distribution Along Crypt-Villus Axis
Fgfbp1-CreERT™? 18h D2 D4 D7 D14
140- 1 14u; 140 140-
5 1 ol g oo g
N— ﬁ 80 80 81 80;
2 A | 60: 601 3
e B i cd o H,44 .*.h il E ‘ A
KI CreER™ Allele 8 ¥ : ‘ B ‘ i i i
B LFTERI RN IR R )
Duo  Jej W d Duo Jej e Duo Jej M Duo Jej W Duo Jej lle

Duodenum Jejunum lleum

Figure 3.9. Fgfbpl-CreER™ lineage tracing reveals homeostatic replacement of the crypt base

compartment by the upper crypt zone. A, Targeting strategy for the FgfbptCreER? knock-in

allele. SP=signal peptide. B, Labeling of tdTomato+ cells in the upper crypt (UC), but not the crypt
base (CBC), 18h postamoxifen administration in Fgfop2CreER?, Rosa2@dTomatomice. Jejunum,
UEE Ol wE E U uFgfopkCraER?(RbsaZadlamado lineage tracing time-course demonstrates
rapid reconstitution of villus cells from the FgfbpHuw U x x I UwEUa x Owa 001 & w) |
D, Distribution of tdTomato+ cells along the crypt -villus axis over time in Fgfbpl -CreERT2;
Rosa26tdTomato mice post-tamoxifen administration. Data from >50 crypts/region in n=3 mice.
E, FgfbptCreER?, Rosa2@dTomatolineage tracing shows rapid Lgr5+ CBC cell replacement by
the FgfbpX 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 postUE OOR DI | O w2 EEOI wEEU wl wk Yws O8
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Fgfbp1-CreER'2; Rosa26-tdTomato; Lgr5-DTR-GFP, D7

LYZ* Paneth Cell

Figure 3.10. Lgr5+ CBC cells are among the progeny of the Fgfbpl+ upper crypt cells, as per
Fofbpl-CreER™ 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 FgfbptCreER?Z RosatdTomato; LgreDTR-GFPjejunum, D7 post-tamoxifen. Scale bar
AwkYwys OB

Consistent with multpotent stem cell function, the tdTomato traces contained examples
of all mature cell lineage@igure 3.11A). Additionally, clonal labeling usinggfopl-CreER?
Rosa26Confetticonfirmed multipotency of the upper crypt clonegdla¢ singlecell label(Figure
3.11B). Together, these findings corroborate thatRgfopl+ upper crypt cells serve as an origin
of homeostatic tissue seadnewal, reconstituting both villus and crypase compartments
(including theLgr5+ CBC cells) via a bidirectional front of regeneration, consistent with the
conclusions from thEgfbpl-TimeRallele Furthermore, the persistence of confluent lineage traces

spanning the entire crypillus axis for over one year suggests the ability of this population to

sustain longerm selfrenewal(Figure 3.12A-B and Figure S33E).
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Figure 3.11. Fgfbpl-CreER™ lineage tracing confirms multi -potency of the Fgfbpl+ upper crypt

population. A, Both absorptive (FABP1+) and secretory (CHGA+, MUC2+, and LYZ+) cells are

found by co-immunostaining within FgfbptCreER?, Rosa2&dTomatolineage traces. D21 post

tamoxifen, jejunum, scale bar =2Y w4 06 w! OQw! OUT WEEUOUxUDYT wep " $1 HAWE
localize within a ConfetttRFP+(CfRFP) clonal trace in FgfbptCreER?, Rosa26Confett jejunum,

consistent with multi -potency at the clonal level. Jejunum, D21 posttamoxifen. Dashed lines

outli ne C-RFP¥ACE2+ enterocyte, * indicatesCFRFP+ , 4" | Hil OEOI UwEI 008 w2 EEOI w
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Figure 3.12. Fgfbpl-CreER™ lineage tracing confirms long -term self-renewal of the Fgfbpl+
upper crypt population. A, Extensive tdTomato+ lineage tracing is observed throughout the
FgfbptCreER?, Rosa28dTomatointestine at D4 post-tamoxifen. Boxes note regions shown at
I DT T 1T UwWOET OPI PEEUDOOG W2EEOI WEEUwWI OUwWOOPWEOE W! BT T wl
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B, Persistence of extensive tdTomato+ lineage traces irFgfbp2CreER?2Rosa2@dTomatointestine
at 13 months post-tamoxifen confirms long -term self-renewal of the Fgfbp} cell population.
Boxes noteregions shown at higher magnification. Scale bars for low and high magnification =
| 8 k wO O wE Oréspectlyalyy O O w
3.2.4 Fgfbpl+ Cells support Regeneration upon Loss or Suppression of the Lgr5+

CBC Compartment

Next, we wondered whether thgfbpl+ 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&gr5+ CBC cells. We used DT to selectively ablateliges+ cells inFgfbpl:
TimeR; LgraDTR-GFP mice(Figure 3.13A-C). Upon complete ablation of thgr5-GFP+ cells,
confirmed by microscopy and FACS analysis, we found crypt architecture, proliferation, and
intestinal epithelial homeostasis were not impaiféthure 3.13A-C and Figure S34A).
Moreover, theFgfbpl+ cells remained unperturbed in the proliferatiygper crypt zone (as
demonstrated by both DsRed IF dgfbplISH) and still gave rise to mTagBFP2+ traces into the
villi and crypt bases, mirroring their observed function during homeogtgisre 3.138-C and
Figure S3.4A-B). The resilience of upper ypt cells to targetedlgr5+ CBC cell ablation was
further confirmed bySH of the ceenriched gendmbtlin the Fgfbpl+ cell transcriptional

signaturg(Figure S3.4C), validating the noroverlapping nature of thegr5+ CBC andrFgfbp1+

upper crypt population
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Figure 3.13. Fgfbpl+ 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 inFgfbp2TimeR; Lgr5sDTR-GFPmice. Bottom, flow cytometry confirms complete Lgr5-

GFP+ cell ablation post-DT administration. B, Fgfbpt 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

OE1 OPiI PEEUDPOOwW YDl PUwAw! kYw?4s Ow E O Eraibhly aells @OsistUl Ux 1 E
unperturbed despite complete DT -mediated ablation of Lgr5+ CBC cells. TheFgfbp} cell progeny
(mTagBFP2+/DsRed) repopulate the crypt bases upon CBC cell ablation. Duodenum, scale bar =

KYwsOb
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Similar to DT-mediated ablation dfigr5+ CBC cells, pharmacological blockade of Rspo
signaling using the LgrCD results in complete depletionlajr5+ cells and subsequent Paneth
cell loss throughout the small intestid@vhile crypt architecture and proliferation remain intact
(Figure 3.14A-B). Under these conditions, tHegfopX+ upper crypt cells persist, expand
downward to also aupy the crypt bases, and continue regenerating the {Bguee 3.14A-D
and Figure S3.4D-E) - suggesting that Rspo signaling through LGRS5 is not essential for their self

renewal.

3.2.5 R-spondin Elicits Differential Functional Responses from Fgfbpl+ Cells

Compared to Lgr5+ CBC Cells

Rspo quantitatively expandBe pool ofLgr5+ cells, which require Rspo signalingf
their maintenancé However, Rspo overexpression similarly enhances proliferation and cell
number in the upper crypt zone, in addition to lengthening of (FiGure 3.14A-E). Notably,
both Fgfbpl+ upper crypt cells andgr5+ CBC cells expand upon systemic Rspo augmentation
(Figure 3.14A-E and Figure S3.4F). Yet under these conditions, lineage tracing.agf5+ cells
in Lgr5-GFP-IRESCreER? Rosa26tdTomatomice shows that upper crypt cell expansion and
villus lengthening do not arise frobgr5+ cells(Figure 3.14), suggesting an Rspesponsive
population other than thegr5+ CBC cells is responsible for tissue growth. Strikingly, lineage
tracing inFgfbpl-CreER%, Rosa26tdTomato; LgrsSDTR-GFP mice demonstrates thtite crypt
hyperplasiaand tissue growth in this Rspo overexpression context is indeed attributdb& to
FgfbpX+ upper crypt cells, which give rise to bdtie expanded CBCral villus compartrants
(Figure 3.14E-F and Figure S3.4D&F). This may potentially be mediated by the expression of

Wnt and Rspo receptorsiceceptors in thegfbp+ population(Figure S3.1A). Additionally, the
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low-level expression of transcripts associated with previoustponted markers of
plasticity/reserve stem populations found in Bwbpl+ population(Figure S3.45) may help
reconcile previous findings with the central role of the upper crypt in fuéigng+ CBC cell
repopulation. Taken together, these findings suppoodel in which=gfbp1+ cells in the upper
crypt zone are spatially and functionally distinct fromltlhe5+ CBC cells, as they are resilient to
loss of niche signals essential for thgg5+ cells, support tissue maintenance in their absence, and
exhibit differential sensitivities and dependencies to the regulatory signals that bgxetrcell

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 Rspol (Ad Rspol) for gain-of-function in FgfbpXTimeR

intestine, D4 post-treatment. Paneth cell and Lgr5+ cell loss is observed upon LgrSECD

treatment, whereas crypt enlargement and Lgr5+ cell expansion is seen upon Rspol

EUT Ol OUEUDPOOS w# UOET OUOOwU Féfpl velisipeisisthianckeypand Goovnu! Ow# U 1
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into the crypt bases upon Rspo inhibition and subsequent loss of Lgr5+ CBC cells by Ad Lgr5s-

ECD. DsRed+Fgfbp} cells expand to occupy the enlarged crypts upon Rspo augmentation by

Ad Rspol. Co-immunostaining of Ki67, DsRed and mTagBFP2 in FgfbptTimeRduodenum, D4
post-adenovirtUUOQWUEE O] WEEUwWA wkYws Odw" Ow/ OUPUDPOOEGWEDUOU
villus axis upon Rspo signaling modulation, highlighting changes in crypt occupancy by the

FgfbpZ cells. Duodenum, D4 postadenovirus. D, Fgfbp 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. FgfbpXTimeR

duodenum, D4-x OUOw EET OOYDPUUUOwW EFASI avérdpiasidnuinkligtes the & w
guantitative e xpansion of both Fgfbp} and Lgr5+ cells In this context, the Fgfbp} cell progeny

continue to reconstitute the tissue as shown by ceimmunostaining of Lgr5-GFP, DsRed and

mTagBFP2 inFgfbptTimeR; Lgr5DTR-GFPmouse duodenum, D4 post-treatment. Scale bars: low

OET OPi PEEUDPDOOWA wl k Y ws OO wiFmiheage @GdeihgdELhrbrkdtsUsBgibPpiud whuy Y w
cells upon Rspo overexpression via Ad Rspol revealsthe 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-CreER?, Rosa2&dTomatointestine. Bottom, FgfbpX cells

give rise to the lengthened villi and to the expanded crypts, including the expanded Lgr5+ CBC

compartment in FgfbptCreER% Rosa2@dTomato; LgrSGFP-DTR duodenum. Lgr5-GFP and

tdTomato co-immunostaining of duodenum ,D4post- Ewl Ux OwEOEWUEOOR DI 1 OOwWUE

3.2.6 Fgfbplis Essential for Intestinal Epithelial Homeostasis and Regeneration

GivenF g f b grdpdsed role in FGF signaling amplification and its high expression levels
in the upper crypt zone, we wondered whethgibplis functionally important for regeneration.
Since thd=gfbpLTimeRallele harbors twhoxPsites that enable its use as a floxed allele, we used
Villin-CreER%, FgfbpI'™meRMmeR mice (herein referred to a¥il-CreER?% Fgfbp1”) to
conditionally deleté=gfbplin the intestinal epithelium. As tHegfbpl+ upper crypt zone cells
are highly proliferative, we initially used a higlose (9ng/40g body weight) TAM serial injection
strategy in order to circumvent potential reconstitution of the tissue by escapers. At this TAM
dose, alVil-CreER?, Fgfbp1 mice died within 23 days with no effect found Fgfbp1 controls.
Thus, we reduced the TAM dose (tang/40g body weight) to allow for reduced recombination,
and most of th&/il-CreER?, Fgfbp1” mice survived for tissue harvest and hisgidal analysis

by D4 (Figure 3.1%A).
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Macroscopically, the intestine &igfbplcKO mice appeared shorter in lehgtompared
to controls(Figure 3.15B). Anti-FLAG IF confirmed successful conditional kneclgt (cKO) of
Fgfbplin the Vil-CreER? Fgfbp1” intestinal epithelium, whereas the FLA&yged protein
product is localized to the upper crypt epithelial cells and absent iigtbe CBC compament
of the controls(Figure 3.15C). Notably, tissue architecture was extensively disrupted in the
FgfbplcKO intestine, which revealed atrophic, shrunken villi filieith apoptotic cell§Figure
3.15D-E). TheFgfbplcKO intestine also exhibited marked crypt disruption, with patchy areas of
crypt dropout directly adjacent to residual remnant crypts hadporaists of londived Paneth
cells without histological evidence of any intercalatingg5+ CBC cells(Figure 3.15D-E).
Importantly, the=gfbp1cKO crypts failed to generate organoidemvivoculture(Figure 3.15F

and Figure S3.5A), consistent with thempaired regeneration phenotype observedvo.
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Figure 3.15. Gross architectural defects and impaired regeneration are observed upon Fgfbpl

conditional knock -out in the intestinal epithelium . A, Experimental schema for Vil-CreER2

driven Fgfbplconditional knock -out (cKO) in the adult murine intestinal epithelium. B, Vil-
CreER2driven Fgfbpl cKO results in grossly shortened intestine, scale bar = 5 cm. C,
Confirmation of knock -out by anti-FLAG immunostaining of control ( Fgfbplf/§ and FgfbplcKO
(Vil-CreERZ2FgfbpTA w N1 NUOUOB wW2EEOTl WEEUwWwAwkYwsOdw#Ow#HUUU
histological distortion is observed by H&E staining in FgfbplE* . wNi NUOUOOWUEEOI wEE
Dashed lines indicate areas of crypt dropout. E, Architectural di sruption of crypts and villi in

FgfbplcKO 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 ( FgfbpT) versusFgfbplcKO (Vil-CreER?%Fgfbpf)

NI NUOUOOWUEEO!I WEEU WA wk Y wsy 08 w %dganocid-foind@ polenti&d ofFO 0 U UT w
FgfbplcKO versuscontrol FgfbpIf crypts. D4 culture jejunum, scale bar = 1 mm.

Crosssedional analysis of the intestine revealed widespread crypt loss and immune
infiltration (Figure 3.16A), which were accompanied by diminished proliferation and complete

loss ofLgr5+ CBC cells(Figure 3.16B). These results, which were further recapitulated using a

Rosa26CreER? driver for globalFgfbp1cKO in adult micgFigure S3.5B-C), demonstrate tha
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upper crypt zone epitheliderived FGFBP1 is essential for crypt maintenance and homeostatic

regeneratin of the intestinal epithelium.
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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  Fgfbpl

cKO versuscontrol intestine. Cross-Ul EUDOOEOQwY DI POwNI NUOUOOWUEEOI WEE
FgfbplcKO intestine co-occurs with dampened proliferation and complete loss of Lgr5+ CBC cells.

Multiplex ISH for Lgr5 and Fgfbpland Ki67 immunostaining of control versus FgfbplcKO
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3.3 Discussion

The intestinal epithelium is a rapidly regenerating tissue that relies on stem/progenitor cells
residing in the crypts for setenewal. While the precise identity and location of the ISC has been
historically controversial, the current prevailing model is that regeneration originate$ gmm
expressing cells at the crypt base. Previous studies usingranGFP-CreER? allele suggested

that Lgr5+ cells are actively cycling stem cells that can lirredigace during homeostasis to
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reconstitute the epitheliuth It has been generally accepted thatlitpes+ cells at the crypt bases

are stem cells that generate progeny that migrate up thewltyptaxis, transitioning via short

lived transitamplifying (TA) intermediates prior to terminal differentiatténThus, the flux of

cells originates from the crypt bottom and flows upward in this model. Indeed, intravital
microscopy studis focused solely on the CBC compartment initially concluded_tivat- 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 congpéidnd ultimately

lost to multilineage differentiatiot. Interestingly, followup studies recently revisitednis
guestion and noted that d o wn visaabskrvetifrore the o g r a d ¢
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 norahgin?®. Importantly,

the molecular identity and nature of cells sp
remained elusive due to the lack of dfiecmarkers for their prospective identification or

isolation4,

Despite the widespread acceptanceé@b as the best marker of homeostatic stem cells,
paradoxically it has been shown thayr5+ cells are dispensable for regeneratidf’. Various
mechanisms have been evoked to reconcile these findings and explain how the intestine
regenerates in the absence of homeostatic sterff¢@tiThese alternative models include cellular
plasticity/reprogramming so that differengdtcells can regain stem cell activfy?-68.10103,110,139
or the activation of normaly qui escent , rLgrbtecell 10384%395¢7d5 24687~ up
However, controversy exists due tmpmi scuous expression of numer c

within theLgr5+ CBC cells themselvé$as well as the inability of thefespectiveCreERalleles
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to faithfully mark cells according to theinRNA expressiot?'*’218* 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-gfbplas a marker for a proliferative population of immature cells
localized to the upper crypt, directly above thgr5+ stem cell zone, which are spatially and
transcriptionally distinct from thegr5+ CBC cells. We generated a kneiokallele that allows
us to map in both real time and space the fategfiip1+ cells usinga duatfluorescence reporter
strategy**2% Importantly, ouFgfbpl-TimeRallele is a faithful reporter dfgfbplexpression that
does not perturb homeostasis as it does not disrupt the expression of the endogenous gene and does
not requireCreERactivation or tamoxifeH®. Using theFgfbplTimeRallele, we demonstrate that
Fgfbpl+ cells are multpotent, giving rise to all mature lineages. Unexpectedly, we also found
that in addition to giving rise to all the lineagésesecells also give rise to all thegr5+ cells
during homeostasis, consistent with the upper crypt serving as a sourca_gf3heells at the
crypt base. Strikingly, thEgfbpl+ cells exhibit properties of stem cells rather than st
“ TA” chesk toaclusiofis were confirmed Hgfbpl-CreER? lineage tracing, highlighting
the rapid and continuous reconstitution of the villi aigd5+ CBC compartments from the upper
crypt zone. Collectively, our data support a paradigm whereby regeneratioratasgirom stem
cells in the upper crypt and propagateslibectionally throughout the crypfillus axis, producing

Lgr5+ cells along the wafFigure 3.17A).

We also show that targeted lossLafr5+ cells results in the generation of replacement

crypt base cells by prexisting upper crypfgfbpl+ cells (Figure 3.17). Considering the

95



numerous published markers for alternative populations regaining stem potentiafupoBC

cell loss, our findings raise questions of how our upper crypt zoneni&{el compares against

the widely accepted picture of cellular plasticity or even a reserve stemaidl Although our

data cannot rule out eifferentiation events, these are likely not the major driveLfpb+ CBC

cell reconstitution. Instead, ounodel suggests tha&gfbpl+ cells in the upper crypt zone
represent the actual workhorse stem cells responsible for epithelial homeostatic regeneration and
alsothe ones tammediately repopulate tHegr5+ CBC compartment following its logfigure

31/B). These do not constitute a “reserve” popul a
homeostasis nor are they delifferentiating or undergoing plasticity, as they are normally found

in the unperturbed crypt. Accordingly, singlell analysis of rgenerating cryfs supports a model

in which surviving, preexisting cells with regenerative potential (rather than new or emerging cell
types) are capable of reconstituting the epithelium following irrad@floThus, our data
reconcile the prevailinggr5+ stem cell model with the perplexing finding thagr5+ cells are

dispensable for tissue regeneration.

Although our data sumpt Fgfbp1+ cells as a cellular origin dfgr5+ CBC cells, both
Lgr5+ CBC cells and thEgfbp1+ cells described here share characteristics compatible with ISC
identity'®. One of the questions that could arise in light of our findings is whethéfgtie 1+
stemcell properties of longerm selfrenewal and mukliineage differentiation could be explained
by the very low levels dfgfbpltranscripts foun@pisodicallyin some of thé.gr5M9" cellsat the
base as it has been previously suggested of the +4 red8@emarkers’. However, our
orthogonal lines of evidence, robustaging and supportive quantitation Bfifopl-CreER?

lineage tracing data make a strong case against this. Indeed, the same could heysaidedn,
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for instance, in mature Panethls®) — a phenomenon whiclikely simply reflects the fact that

gene expression is rarely anary on or off eventindeed, this is the principle by which
computational lineage inference methods like RM&locity operate. For instance, it is also
known that many secretory genes are detected in enterocyte progenitors, even in the context of an
Atoh1null population that categorically lacks secretory &l his indicates thagenesrom the
secretory lineage were activated prior to secretory lineage specification, and caneoeocdo

and persist at a later developmental stage in the absence of active gene exprésgiortantly,

while we find there iconsistenoverlap 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
Fgfbpl+ versusLgr5+ cells, consistent with two discrete cell pools. Interconversion between
putative ISC pools is a model previously raised in the intéstidetherefore, we cannot rule out

the possibility that these are indeed tvistidct but highly interacting stem or progenitor cell pools

with perhaps some intrinsic lineage Bfag\lbeit counterintuitivea scenario whereldistinct yet
interconvertiblepools of stem/progenitor cells -@xist with one another would still fit within a
well-accepted model of neutrdtift competition which was initiallyconceivedto explain the
paradox of how multiple_gr5+ cells can operate as part of a large stem cell pooyeindrypts
become clonal over tiMi&*> These findings can now be reconciled by a model in which upper
crypt stem cells fuel the displacement and regeneratikugr®f+ cells at the base, providing an
additional or alternative explanation for how the majorityLgf5+ clones are lost over time.
However, our lineage tracing anégfbpl cKO data highlight a previously unappreciated
hierarchical relationship inwhichtheupger y pt zone <cel |l s give rise t

zone cells have been previously suggested to play a role in recimgtihe CBC compartment,
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these prior models hinge upon mechanisms of cetlifierentiation that occur in the context of
CBC cell loss and disruption of homeostatic mechanisms of tissueselfal®”-1’8 Importantly,
such a hierarchical model would too explain the observed exhaustion of a majtughpefcell

clones and fit well with the reported crypt drift to monoclon&ity

A substantial body of literature in support of the longevity. gf5-GFP-IRESCreER?
lineage tracing,gr5+ CBC stem cell functiof§, and overadlupward intestinal epithelial cdlbw*’
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 thegr5+ compartment antbund that the cellat the border betweethe
upper crypt and CBC zoman both enter and leave the crypt base for the $flus light of these
findings, these two models could be reconciled if a stem cell pool, defined Ijlitista long-
term selfrenew and contribute to all lineages in both villus and crypt base compartments, were to
exi st at or above tThe+4«dl pasigoh, which is labelddédy dbungaats i t i
Fgfbpltranscripts, also happens to harbgr5-°¥cdls. Indeed . gr5-°"cells ae computationally
predicted to displajhe highest stem potentitd and may indeed account for the lineage tracing
observed in thégr5-GFP-IRESCreER2 model?, in which the degree and longevity of tracing
are tamoxiferdose 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 sourcelar5+ CBC cellsraisesntriguing new questions about the role of
the stem cell niche in regulating these cellular transitions. Indadd Wint priming and Rspo
availability likely holding the key fokgr5™9"CBC cell specificatiorfFigure 3.17C), the adjacent

presence of the Paneth cell (which secretes WN¥3M)akes the +4 positiothe excellent
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candidate for the site &iyr5+ CBC cell generation, as direct contact with a high Wnt environment

may be sufficient to triggdrgrs+ CBC specification and subsequent downward migréiton

The intestinal epithelium is a highly zonated tissaeconsequence of signaling gradients
from theniche that orchestrate the processes ofrseléwal and differentiatiof®® This suggests
thattheFgfbpX+ upper crypt cells occupy a distinct niche from thdtgyb+ 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 upperfgfp 1+ cells
will enable their use faregenerative medicine applications. Studies of the ISC niche have focused
heavily on Wnt/Rspo signaling and have most recently centered around the underlying pericryptal
mesenchym® rather than contributions from the epitlbieh itself%?'! Since Fgfbpk+ ISCs
exhibit some degree of Rspo independence, alternative signaling axes may exist to support them.
A cardinal feature of theipper 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 fo

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, Fgfbplmarks 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, L®s
of Lgr5+ cells via selective ablation or pharmacological Rspondin (Rspo) inhibition results in
reconstitution of crypt bases by a pre-existing pool of Fgfbpt cells. C, The Rspo signaling axis
controls the transition between Fgfbp} upper crypt cells and Lgr5+ CBC cells.Fgfbpt ISCs are
Rspao-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 Fgfbpt cells.D, FGFBP1 is essential for intestinal epithelial
homeostasis. Fgfbplloss 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 gl as loss of
FGFBPL1 in the intestinal epithelium markedly impiosneostatic regeneration, leading to tissue
architectural defects, crypt disruption, and loskgrb+ CBC cells(Figure 3.17D). These results
are in stark contrast to losslafr5 via geneticknockout*? or loss ofLgr5+ cells viaDT-mediated
ablatiort®’ or Rspo inhibitioR®. Fgfoplhas 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 cryplus axis'®. One of these iFgfr3, which
specifically localizes to the crypts of both small intestine and étté1t Fgfr3 null mice have
decreased number of crypts and Paneth cells, suggesting a role in regulation of ISCs and Paneth
cells during developmefif, but paradoxically medimg cell growth arrest in adult crypté

Fgfl0 and Fgfr2b are also important forgastrointestinaltract developmeft’. Fgfl0
overexpression expands the epithelium vatilargement of both the crypts and villi in tissue
engineered intestirfé® Fgf10null mouse embryos exhibit duodenal atr&€i%*and cecal atresia

has also been associated wWtf10/Fgfr2b signaling defeé&. Fgfr2b null mice have defects in
repair and regeneration following injéfy. Fgf10/Fgfr2b mesenchymapithelial interactions are

also important for the glandular stomach development, with mutants exhibiting reduced stomach
growth and epithelial proliferatif’. Fgfbplalso contributes to angiogenesis, tumor growth and
malignant progressidff. Fgfbplis upregulated in colon, pancreas, breast, and skin cancers, and
its expression accelerates skin wound healing in conditional overexpressiéf.nibas, it is
possible thaEgfbplfunctions as a soluble autocrine/paracrine factor mediating-tatbdsetween

the epithelial stem/progenitor compartment and the niche, reinforgjflgp1+ cell identity and
selfrenewal. Understanding the molemufunctions 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 Methods'"

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 thdi light/dark
cycles with conant temperature aratl libitumaccess to food and water. Strains were maintained
on a mixed C57BL/6 background and both male and female mice aged/deks were used. All
experiments with mice were performed with3 to 5 biological replicates per groumr5-DTR-

GFP mice (generously provided by Dr. Frederic de Sauvage) were previously deSéribed

Lgr5+ CBC cell ablationl.gr5-DTR-GFP mice were administered two doses @pitheria Toxin
(Sigma D05641MG) at 50ug/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, mieearadministered adenoviruses encoding Ad
Fc or Ad Rspol or Ad LgeECD via intravenous injectiofs For Fgfopl-CreER? lineage
tracing, mice were administered one intraperitoneal dose of tamoxifen (TAM, -Biigimeh
T5648 at a 6 mg/40g body weight dose and hsteé at different timgoints as stated within the
manuscript. FoFgfbplconditional knockout (cKO), daily intraperitoneal doses of 6 mg/40g body
weight TAM (for Vil-CreER? panepithelial cKO) or 9 mg/40g body weight TAM (fRosa26

CreER?global cKO) vere given over the course of 4 days.

The FgfbpXTimeRallele was generated using the HICCC Transgenic Core Facility at

Columbia University.Fgfbp2TimeR mice were generated by homologous recombination in

i See also Appendix C for more information.
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embryonic stem cells targeting @sRedmTagBFP2IRESFLAG-LoxP cassette to the mouse

Fgfbpl START codon, preserving the expression and secretory properties of the endogenous
Fgfbplgene as wel | as al l 3 'FufdpRTimeRalele was titevatively s e q u e
built through Gibson assembly andtregion enzymebased cloning methods into a pCS2 vector
backbone, foll owed by the introduction of fl
homologous recombination into the molgdgbpllocus. OurLoxP-carrying synthetic intron was

used as a harboo tan FRTHlanked neomycin resistance cassette for positive selection. The
targeting construct was then transferred into a pNDOSA backbone (a generous gift from Dr.
Kosuke Yusa of Osaka University, Japagelngand e X
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 gieldiria toxin gene encoded

within the pMCSDT.A vector. 192 surviving clones were individually picked into twevwgsl

plates in duplicate. One of the plates was cryopreserved while the other underwent lysis for gDNA
extraction. A preliminary check for hmwlogous recombination in the murifgfbpllocus was
carried out by PCR spanning the 5’ homol ogy
recombinants. The recombinant clones were thawed and expanded prior-tudligh DNA

extraction. Homologous rentbination 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 homagzigdtge

females (Jax005703, 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 Fgfbpl-CreER™? allele was also generated using the Herbert Irving Comprehensive
Cancer Center (HICCC) Transgenic Core Facility using a similar approach as bty
CreER?mice were generated by homologous recombination in embryonic stem cells targeting an

mTagBFP2CreER? cassette to the mousgfbp1STOP codon, and similarly derived as above.

3.4.1.2 HEK293T Cells. In vitro validation experiments of thegfbplTimeRallele were carried
out in the HEK293T cell line (ATCC CRB216). Unless otherwise indiedl, cells were cultured
in complete media containing DMEM (Gibco 119965), 10% FBS (R&D Systems S11150), and
1X PSQ (Gibco 1037816), and incubated at 37°C under 5%.@0Onditions in a humidified

atmosphere.

3.4.1.3 Intestinal Epithelial Organoids. All intestinal epithelial organoids were generated from
primary tissue using fresh epithelial preparations freff® =m of the mouse proximal jejunum.
Briefly, the intestine was isolated, flushed with PBS, and cut open longitudinally. Villi were
manually/mehanically sheared off with the aid of a coverslip and a suspension of intestinal
epithelial crypts was obtained using an ED&sed extraction method as previously desctiSed
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 (Cornio¢021
CM). Crypts were plated in Matrigel (Cornir85623) and cultured irmedium consisting of
ADMEM/F-12 (Gibco 126340100 and Wnirich conditioned medium (derived from a
Wnt3A/RSPO1/Noggirexpressing cell line; AWRN, ATCCCRL-3276 at a 1:1 ratio. All media

was supplemented with 10% FBB&D Systems S1115010 mM HEPES (Gibo 15636080),

1X PSQ (Gibco 10378 1 6 ) , 100 pg/ ml p-pnt05) 01X N2 (Gibcb ©7802 v 0 g e n
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048), 1X B27 (Gibco 17504€4), and 50 ng/ml EGF (PeproTech-AB0-15)as per standard Wit

rich conditions previously described

3.4.2 Method Details

3.4.2.1 Cell Transfection. Forin vitro cell culture work, HEK293T (RRID: CVCL_0063) cells
were transfected with Lipofectamine 3000 (Invitrogen L3000001) using 1 pg of the corresponding
expression constructs. Meain was changed 24 hours pdasinsfection and the culture was

allowed to grow fom further 24 hours prior to downstream analysis.

3.4.2.2 FLAG-FGFBP1 Secretion Assay and Affinity Purification. A stable HEK293T cell line
expressing FLAGFGFBP1was made via lentivirainediated transduction and positively selected

with puromycin. Folloung 24-hour culture in serudree secretion media (2/3 ADMEM, 1/3

IMDM, 1XNon-essential amino acids & 1X PSQ), medi a
of Anti-Flag M2 Affinity Gel beads (Millipore Sigma M882BVIL) for 24 hours at 4°C. Beads
werewasked as per manufacturer’s instructions and
ant-FLAG (SigmaAldrich F1804) and 1:1000 anbetaactin (Cell Signaling Technology 4967)
antibodies. 1:5000 IRDye® 800CW Donkey akftbuse IgG (LICOR 92632212) andl:5000

IRDye® 680CW Donkey arRabbit IgG (LFCOR 92668073) were used as secondary

antibodies. Membrane was visuatiagsing the Odyssey CLx2 imager

3.4.2.3 Generation of Protein Lysates and Western Blot for FLAG-FGFBP1 and Affinity

Purification. Cellswere lysed in RIPA buffer supplemented with protease inhibitors and blotted
using 1:1000 anFLAG (SigmaAldrich F1804) and 1:1000 arbetaactin (Cell Signaling

Technology 4967) antibodies. 1:5000 IRDye® 800CW DonkeyMntise 1gG (LICOR 926
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32212) ad 1:5000 IRDye® 680CW Donkey arRiabbit IgG (LFCOR 92668073) were used as

secondary antibodies. Membrane was visualized ube@dyssey Clx2maget

3.4.2.4 Immunofluorescence and Microscopy. Intestinal tissue wasarvestedand fixed in 4%
parafomaldehyde for OCHrozen or 10% neutral buffered formalin for paraffin sections. p m
OCT frozen sect ienbedledseactions wareimmuaastairded using the following
primary antibodies: anfRFP (Rockland, 60@01-379, biorbyt orb182397)antrmTagBFP2
(NanoTag Biotechnologies NO53647-L), anttGFP (Aveslabs GFR020), antiKi67 (Cell
Signaling Technology 9129, Invitrogen-569882), antiCHGA (Santa Cruz Biotechnology-sc
1488, Abcam ab15160), afyisozyme 1 (Agilent Dako A0099, San@ruz Biotechnology sc
27958), antFLAG M2 (Sigma Aldrich #F1804 used with the ReadyProbes Mouddouse IgG
Blocking Solution from Invitrogen #R37621), aa@lLFM4 (Cell Signaling Technolog$9141)),

and antiFABP1 (Novus Biologicals, NBR&7695). Heabasd antigen retrieval using either Fris
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 ImmunoReseardamtibodies 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 Ki t v2 (Advanced Cell Di agnostics 32
following probes and primary antibodies were used: Mgn5 (Advanced Cell Diagnostics

312171), MmFgfbpl (Advanced Cell Diagnostics 5088&84), Mm Dmbtl (Advanced Cell
Diagnostics 41856C2), 1:400 antGFP (Aveslabs GFR020), and 1:200 anrKi67 (Invitrogen

14-569882 and Cell Signaling Technology 9129), arehd 1:200 amrtECAD-BV421 (BD
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Biosciences 564186AlexaFluor 488, 568, 594, and 647 secondary antibodies (Invitrogen and
Jackson ImmunoResearch) were used at 1:500 dilutions. Samples were counterstained with either
DAPI (Rochel0236276001pr SYTOX Blue (InvitrogenS34857) Kccn4 ISH was performed

using proximity ligationin situ hybridization (PLISHJ?®.

3.4.2.6 Flow Cytometry. Flow cytometryexperiments were performed using standardized fresh
epithelial preparations onB) cm of the mouse proximal jejunum. The intestine was isolated and
the epithelium extracted and dissociated into single cells using an bB3&d extraction method

as previaisly describetf’, using either collagenase/dispase (Sigkidrich 10269638001) or
TrypLE Express (Gibcd2604013) as dissociation reageng&ngle cells were resuspended in
FACS medium ADMEM/F-12, 10% FBS, 1x PSQ and &M HEPES)supplemented with Rho
Kinase inhibitor (Tocris 1254). Singlet discrimination was performed using pbo forward
scatter (FSEA versusFSGH), and dead cells werex@uded using scatter characteristics and
viability stains. All flow cytometry experiments were performed on either Novocyte Quanteon or
BD FACSAria Il flow cytometers at the Columbia University CSCI Flow Cytometry Core. All

data were analyzed using FlowJt0.8.1.

3.4.2.7 Ex vivo Validation of Regenerative Impairment Following Fgfbpl Conditional

Knockout (cKO) using Intestinal Epithelial Organoids. Primary intestinal epithelial organoids

from n=3 Fgfbpl cKO (Vil-CreER? Fgfbp1") and n=3 control Fgfbp?”) animals were
established using standardized fresh epithelial preparationslénct of the mouse proximal
jejunum. As described above, the intestine was isolated and a suspension of intestinal epithelial
crypts was obtained using an ED-basedextraction method as previously descritf&dAn equal

number of crypts derived from bolgfbplcKO and control animals wegdated into Matrigel

107



domes and cultured under Whith conditions as originally described and as explained afove

Organoid growth waesmonitored 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 miedéssected under a dissection microscope into ~4 mm x 1 mm
stripsof consecutive cryptillus 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 (Si§ldech D2158). Tissue was

then reverse mounted onto a coverslip in a solution of phytagel (S\griah 7101052-

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
singlemoleculein situ hybridization (QuantitativemFISH, high magnification images of nen
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 logica 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/lmage3?” (Data S1). This macro facilitates the addition ofuseraced cel | s

ROI manager and determines fluorescence of particles within cells by applying a sputiegh

filter??® to all channels, converting this to a binary maskiung Fi ji ' s triangl e
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applying the watershed function. Fiji’'s Anal y:
a 0.518 square micron minimum size yielding a mask of particles per cell, which was then applied
to the original imageo 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 FAGSrtedLgr5-GFP+ cells (taken from Ad Fc, Ad Rspol,

Ad Rspo2, Ad scRDkk1, Ad Fzd8 CRD, and Ad Lgr5 ECD treatment conditions) and 1,877 Ad
Fctreated_gr5-GFP- cells were analyzed from Geilexpression Omnibus database accession
GSE92868°. Quality control to remove lowquality cells, doublets and empty droplets was
performed as describ&d Additionally, Cd4+ andCd8a+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 logormalized and scaled using
theNormalizeDataandScaleDataunctions from the Seurat R package with default parameters.
PCA was performed using tiRunPCASeurat function and the first 30 principal components were
used for UMAP usingtheRunUMAPSeurat 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 wapper functiorFindMarkers Minimum logfold threshold was set to default parameters
(0.25) with exception of generation of volcano plots where minimurfidioijthreshold was set to

0. Cell types were assigned using canonical markers as previously edScritownstream

analyses were cadluicted 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 leabérNature 2017, For
reference (GSE92865) cell type classificatiolG8E92332 dataset, PCA structure of reference
was projected onto GSE92332 dataset usingithegtTransferAnchorandTransferDatafunctions

from the Seurat R package.

72,238 individual cks were analyzed from GSE152325. Cells were labelled using
previously described cell type assignments from Botteteal, Nature Cell Biology 202F".
Previously described cell types were subclustered (resolution ¥ 0.250 i dent i fy put

(FgfpbI DmbtI'Kcnn4'Pcna) subcluster.

For RNA-Velocity analysis, spliced and unspliced expression matrices of both thedt#aber
al., Naturg 2017°and Bottcheet al, Nature Cell Biology202F’ datasets were estimatedngpi
the Velocyto command line interface. RNAelocity analysis was performed independently on
wild type mouser{=1, with 3,826 cells), enteroendocrine, tuft, and gobletargiiched micer=2,
with 15,423 cells), and Paneth eetiriched micen(=2, with 11433 cells) for Béttcheet al,
dataset. RNA-Velocity analysis was performed using the sc\@yvhon packadé’. Inference
of directional trajectoriearas computed using the scVedtochastic 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 thettvaoi | ed unpatiested St L
(shown in Figures S3A and S5A). Egulvalue of statistical significance is ilcdted within the
Figures, except for #jin Figure S5A, which representspg 0.01. Differences were considered
statistically significant gb < 0.05. Quantifications of fluorescence were conducted by Fiji/lmageJ.
Quantifications of positional distribution of cells were acquired from >50 individual crypts. Data
are shown as mean with5, except for the graphs in Figurels S1IEandS3A, whichare 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: Discussion'V

Understanding cell iheage 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
bdance between coexisting populations is crucial for normal tissue development and function.
Dysregulation ofhese processes is associated with developmental disorders, aging, and
tumorigenesis. Thus, elucidating the hierarchical organization of tisskeyg t® 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 @y approachés?? where cells from one
lineage are derived at will from other cell types to aid tissue regeneration, rescue tissue functions

that have been lost, provide compensatory ones to ameliorate an impaired condition.

Much of our current knowledge of the lineagéationships 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 progef¥ Lineage tracing technologies have evoleedr the years- from
early cell labellingbased observational methods to the current sicglleRNA-sequencing
(scRNAseq)based algorithms for lineage reconstrudidh These approaches have been
particularly insightful for understanding rapidly regenerating tissues such as the intestinal
epitheliumt®. 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

v Sections of this Chapter are already published. They are directly taken techftamCapdevila, G.et al.
Cellular origins and lineage relationships of the intestinal epithehumJ Physiol Gastrointest Liver Physgf1,
G413G425 (2021)
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and a wide variety of hormones that regulate systemaitabolism. 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 remmauncleat”**°(Chapter 1).

Since 2007, the intestinal epitheliurashbeemroposedo 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 losigrm selfr e n e wa | and to give rise to all
by trangtioning through secalled transit amplifying (TA) intermediates in the upper cfpt
However, the | ack of a for mal @ bmithe appaenti z at i
dispensability of thé.gr5+ cells for homeostatic regenerattdhh ave been two of t |
major limitations. Shortly after the descriptiontbe Lgr5 as an ISC marker, numerous reports
about the existence of alternative “reserve’
lineage tracing experiments upon damagegsb+ cell loss were published, fueling much debate
about which populatins lied ancestrally upstream of others. Questions regarding the overlapping
nature in gene and protein expression space b
mature cell types as well as thgr5+ CBC cells have further contributed to thamtroversy8-108
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 thgr5+ cells constitute the only dewant ISC population in the intestine, and
that under conditions afgr5+ cell damage or loss, mechanisms of plasticity viditferentiation

(rather than reserve or alternative homeostatic ISC populations) kick in to replenish the epithelium.
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Importantly, sich mechanisms seem to have an origin in the intestinal uppet®éfyptChapter

2).

With the aim of better defininghe developmental trajectories that dictate lineage
spedfication and differentiation in the intestinal epithelium and with the ultimate goal of
characterizing any alternative regenerative populatiorexisiing with theLgr5+ ISC, here we
made use of scRNAeq to identify the first specific marker of a popaa consistent with TA
identity in the intestinal upper crypt: the gegfbp1°® (Chapter 3)Fgfbpl+ cells occupy the
bulk of the proliferative TA cell zone, between positions +4 and +13. This region, which had
previously escaped mol ecul ar definiti on- hi st
retaining cell and also appears to be the sourcewwdmi ch numerous of the pi
markers are tracing. The expression of low levels of such these +4 reserve markefgfinphie
cells is supportive of the latfé?. Making use of a novel dulliorescent kinetic reporter (the
FgfbpXTimeRallele) as welas conventionaFgfbpkCreER? lineage tracing, we demonstrate
that Fgfbp2+ cells are multpotent, undergo lonterm selfrenewal, and regenerate both villus
and crypt base compartments (including ltge5+ CBC cells) during homeostasi$ Strikingly,
these arall properties consistent with stem rather than slhatl TA identity. Furthermore, these
cells appear to be the ones to immediately reconstitutegite- CBC cell compartment upon
diphtheria toxinDT)-mediated ablation or-8pondin(Rspo)suppressioti>—mimicking what we
believe is their role during homeostasihile these results address many ofliges+ cell model
inconsistencies and challenge a lestgnding paradigm of intestinal epithelial regeneration
placing, this time, the intestinal upper crgptthe center of homeostatic regeneratidhey also

cast doubts on the regenerative contributions of¢fie+ cell and open the door to so many other
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guestions. Perhaps the two most obvious ones are the following: how can these findings be
reconciled idight of the existing literature? Andf not stem cells then what is the exact function
of theLgr5+ cells?

One of the wetknown properties o€reERLoxP-mediated recombination is that it is not
always 100% efficient and therefore is also tamox{feliM) dosedependent. On the other hand,
Lgr5is 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 ltige5+ cells in the lower tiers (positions 0 to
+3) exhibit the highst levels of Wnt signaling and thiugr5, whereas the ones bordering the upper
crypt (+4 and up) aregr5-°"7:52:53 |t js therefore conceivable that at high (saturating) TAM doses
used in most of thedsgr5- driven lineage tracing studies botlgr5™9" and Lgr5-°" cells trace.

This is precisely one of the key findings of a recent paper from our collaborators, which describe
how both Lgr5M9" and Lgrg°" cells are labeled within the first 2Bth following an acute TAM

pulse in the_gr5-GFP-IRESCreER? mouse model, making it hard to determine precisely where
tracing initiates or how the traced cells propagate within the%Pyfftthe 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 ofLb4cells in the crypt would falsely be assigned

with the propeies of only a subset. Accordingly, detailed quantitative analysis of this
phenomenon indicates that the stem cell properties dfghe+ population can be exclusively
explained by thd_gr5-°" cells in the upper crypt. Indeetgr5 expressiondoes notseem to

correlate with stemne¥$,

Several indications in the pexisting literature already point to the fact that not athef

Lgr5+ compartment may harbor sterell properties. The first is the fact that, when labeled
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inefficiently and at the clonal level, the bulk of thgr5+ cells do not display stem cell activity.
Instead, the vast majority of these clones differentiateé b d o friendw, asceherfce become
exhaustetf. | would like to highlight that the adels of neutral drift coined to explain this behavior
were set in placetcounter arguments that the clonality of the crypt was inconsistent with the role
of Lgr5+ cells as stem ceff&*®>. 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 drifamong a equipotent pool of celjsit is also possible that not alie cells
defined byLgr5 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 theLgr5+ cells act as stem cedf§ 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 opeiblished byRitsmaet al. push the frontiers the
ISC field another step forward by allowing temporal documentation of stem cell dynamics and
position, technical challenges (namdiye inability to properly follow cellular movements for
longer periods of timeimpose limitations on theonclusions that can be oeed’. Indeed,our
Fgfbpl-CreER? lineage tracing data indicate thagifopl+ cells primarily replenish theillus
lineages within the first-3 days following a short TAM pulsenly to start fueling regeneration
of theLgr5+ CBC compartmenrdfter 47 days of treatment and more substantially between day 7
and day 1#2 By virtue of limiting their imaging windows to Sagls, Ritsmzet al. is therefore
limited in its ability to fully capture the homeostatic replenishment df¢jn&+ CBCcompartment

by the upper cryptAnotherissue is that, by beingestrictedin the imaging of the crypt base
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compartment, uncertainty satmds the fate of the clones residing further up in the crypt (positions
+3/+4), which aré.gr5-°" 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 tranpoferitiafhg i nt c
However, one of the remarkable findings of our data is that, over time, a majorityrafftipe+

lineage tracing stripes seem to be anchored to the upp€ePerjpat would argue against the idea

that the TA compartment s transient and ha
suggests that thegfbpl+ cells find themselves in a position tifebntrary to what is proposed by
Ritsmaet 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 thos&gr5-°" border clones make their way onto the crypt B82& While our data

cannot rule out stochastic neutral drift (neither amongging&+ CBC cells nor among tHegfbp 1+

cells), our findingsindicate 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 nbe too difficult— while also the inevitable ochme of the
stochastic model, the richness in fates and divergent life spans seen in manygobthelones

is already an indication of the existence of a variety of-loregl and shortived progenitors. This

is indeed suggestive of periodic replacetwthe bulk of thd.gr5+ clones and one of the main

features of the hierarchical motfel

In spite of the evidence for retrograde movement, the authorargiile that thé.grsHion
cellsharbor the most stem potentflYet this is again based @tonal 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 theLgr5+ ¢l ones are once more shown to
position with only about a carter of theLgr5™9" clones at position 0 exhibiting fixati&f$2%5
Another way in which a clone couldgvail at the crypt base and resist displacement for such a
long period of time is if that clone were to give rise to Paneth cells which, with an estimated life
span of abouB to 8weeks$% constitute the longedived cell type in the intestinal epithelium.

And this is precisely what a substantial fraction ofltges9" cells dG%>”.

Considering the instances of direct secretory cell type specificationLigosrt cells into
Paneth and EE subtyp@s’’2 the fact that toxifmediated ablation or Rspo inhibition (while
remarkable fotheir inability to perturb intestinal epithelial homeostasispcour with changes
in Paneth cell numb&'% and the role of thEgfbpl+ population in regenerating thgrs5+ CBC
compartment under homeostatic conditfdfst is tempting to speculate that thgr5+ CBC cells
may in reality represent a population of secrefmiyned progenitors. This is precisely what our
RNA-velocity analysis of a singleell transcriptional dataset enriched for secretetis suggest
as theLgr5+ cells are placed along the secretory lineage trajectory in this cSAtéxthough
unproven in the absence of experimental validation, these observations are supported by the
expression of high levels afr5 in quiescentabel retaining cellsLRCS)°®, mature secrety cell
types (like Tuft cell$®) and at residual levels in other cells of the sy lineage (like Paneth
and @blet celld®d), suggesting a direct relationship &rdhe 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 th.gn8"9" state) are required for Paneth
cell maturation and terminal differentiation, in addition to dictgtexpression of EphB3 the

ephrin receptor that guides Paneth cells to the crypt bottom against the general flow of intestinal
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epithelial celld®63%4 The latter is highly supportive of the role of the Vdependentgr5™9 cell

as gorimary Paneth cell progenitor. Thiscempounded by the additional observation that a subset
of Lgr5+ cells exhibit abundarimp7andDefa5transcripts and stain for the Paneth cell marker
UEA independent of label retentidnFurthermore, Notch signaling inhibition in the CR€lls
results in Paneth cell metaplasia via increased Wnt signaling, which likewisecas with
upregulation ofgr5-GFP?%°. A more recent paper, which describes how induction of replicative
guiescence irLgr5+ cells via inhibition of EGFR or MAPK signaling in intestinal epithelial
organoids results in EEell generation, similarly reports an increase in Wnt activity lagré-
GFP signal concomitant to replicative quiescence acquistioks expected, comparison of the
gene expression signatuof the quiescenigr5s+ cel | s t o t hiLgrb+ caldreveatsr e
that the former resemble the LRCs identifiediimy Wintongroup’. Interestinglypne of the genes
more strongly associated with tHea c t lignbte Cell subsetappears to be our upper crypt
signature gen®mbt1’2. Of note,Dmbtltranscripts areeen to overlap withgr5-°¥ cells in the

+4 region, but not with.gr5H'9" cells further dowt?®. Importantly, while absolutely required for
regeneration, our data indicates tRgtbpl+ cells function on slightly lower Wnt levels than the
Lgr5+ cells$19 which would intuitively placéaneth (and tentatively, EE) cell generation several
steps away from the upper cryptative to thd_gr5+ cell. Indeed, the data presented by Buczacki
et al suggesthat direct emergence from thgr5M9"LRC can explain mosif not all, Paneth cell
outpu®®. Finally, a considerable fraction of thegr5+ cells at thecrypt base appear to express
ATOH1'3%172_ 5 masteregulator of secretory fate specification that is also known to signal cell
cycle exit and whose expression i®shcommonly acknowledged in Paneth cells dpitl +
secretory precursors in the cr§pt® The latter is consistent with the paradoxical finding that a

substantial fraction dfgr5+ cells does not actively incorporate S phase labels nor ex(i&ss
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and an even larger fraction of CBC cells have unlicensed origins of replication despite being Ki67+
and residing in G1 pha&e- suggesting they have indeed exitad cell cycle. As a reminder, |
would like to reiterate that the consensus in the field is thdtgHe+ cells are constantly cycling

with a cell cycle length of approximately 218155, Of note, this unlicensed G1 state is a similar
state in which cells further up in the crypt, past the TA compartment and at thevittog
junction, find themselves &t. Unsurprisingly, the abundance of licensed cells peake@040m

away from the crypt base in this study, corresponding to just above the +4/+5 cell pisition
Overall, we find these data to be highly consistent Wgfbpl+ cells in the upper crypt serving

in homeostatic tissue maintenance by providingrtestine with mature cells via a bidirectional
front of regeneration, at the both ends of which cells stop dividing;céatenit, and
differentiaté®>2% |t will be up to future experiments to determine whethet.tivé+ CBC cells

are indeed secretory precursors (and if so, of what class), and whether transitidmvia-astate

is absolutelyrequired for the generation oblglet and tuft ell subtypes for which a connection to
DII1+ progenitors in the crypt has been established in thé®p&hce these happen to be
incidentally located immediately above the Paneth cell/CBC zone, one could speculate that these

could very well derive from thiegr5-°" cells and thus constitute a segararanch.

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 toltpes+ compartment, is likely to be found within
the Fgfbpl+ upper crypt cell population. It is therefore possible that the bulk of the TA zone is
devoted to enterocyte generafibt’*and does not harbor stem cells. Considering that the stem

cell properties of thégr5+ population may be explained by the cells that express lowslete
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Lgr5 and that such cells are observed by RiNAitu hybridization (SH) at approximately the

+4/+5 cell position (wher&gfbpltranscripts are abundatj 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 morian one marker gene. Such a situation would nicely reconcile the
observations derived from boBgfbpl andLgr5- lineage tracingtudiesby acknowledging that

these two strategies are, up to some extent, imperfect and not specific enough to dediséeapur

cell population, but fortuitously overlapping in capturing the behavior of the same subset of cells
at around the +4 positiorwhere stemness is likely to reside. Furthermore, this would be entirely
consistent with the intravital microscopy obséimas 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 homeos&3i©f note,the Lgr5-°" cells werealsothe

onesthat appeared to exhibit muliheage priming in previous studfés

Some of the questions that naturally arise under such circumstances arerdowirdt
versushow nichedependent 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 overexpressionrarpats, it is clear that high levels of Rspo are
enough to stop thegr5-°" cells from normally tracing into the villi and insteaddieect them
towards arLgr5H9" state at the crypt ba8é®3 The entrapment of tHegr5+ CBC cells at the crypt
base is remarkable in this context, with virtually no escapers tsaesiting towards the villus.

This indicates that §po holds the key to quantitatively expand tlge5+ cell pool by at least

targetingLgr5+ CBC specification in thEgfbp1+/Lgr3-°¥ cells in the upper crypt’ - which begs
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the question as to what else is maintaining the tissue in this context. One possibditgismness

goes beyond thegr5to" state (i.e. that there are stem cells further up irctiget, and that the
overlap betweeRgfbplandLgr5 only capturesa handful of them). That would leave the task of
maintaining the tissue to lhelfilled by the pool of stem cells that are normafygfbpl+ butLgrs-

, and must be located somewhere below the +8 positioRlasCreER is known to mark
absorptive precursors from +8 andUp This would also explain sustained epithelial regeneration

in the context of the Rspo les§function phenotype, in whichgr5+ cells are ablated!®
However, if stemnesis defined bythe Fgfbpl+/Lgr5-°¥ state exlusively and these cellare
shunted towardlgr5™'9" cell generatiorupon Rspo augmentation, it is only natural to assume that
theFgfbpl+ cells sitting now directly above the expanded crypt base compartment have assumed
the stem celposition as instructed by the changes in the niche. Such a malleable landscape is
resonant with the multiple reports of plasticitpon Lgr5+ cell lossand the largely invariant
epigenetic landscape seen acrdierentiatiort®>183 Although plasticityper semay not be the

major driver ofLgr5+ CBC cell repopulation under the conditions presented in our study, it seems
obvious to this bystander that such-differentiation events do happen up to some extent
however, and contrary to the explanation set forth by Muedtal'”’, these are kiely still
secondary and only come into play when a substantial fraction Bfthp1+ cells(some of them
perhaps already committed ainotherdineage)is mobilizedto account for the replacement of
Lgr5+ CBC cells at a higher than usual rate. Sucls cehy 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 Muratet al in that over 80% of the crypts seem to be repopulated from the

immediatelgr5+ CBC cell upper crypt progeny upbar5+ cell los$? if we consider that, at the
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TAM dosage used in this publication, thgr5-°"/Fgfbp+ cells were likelypre-labeled before
irradiation and thus do not constitutenafide Lgr5+ cell progens®®. Moreover, although the
immense prolifeative 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 gigsbr reserve populations) the
ones that mount the regeniiva response postradiatiort®. Along these lines, a study dyao

and colleagues proposed that the low levels of Wnt signaling invariably experienced grptA&

cells could explain their preferential survival, in spite of their high proliferation rates, in the setting
of radiation injury, as high Wnt levels appearésult in p53dependent amplification of DNA
damage checkpointd subsequent apoptdsfsFuture experiments will have to determine what

the contributions of thEgfbpl+ cells are uner different injury contexts.

In light of our observations, it would seem that one of the strongest arguments against
stemness of thegr5+ CBC cell is that these cells are dispensable for homeostasis. However, a
recent paper seems to revise the ideasgahsability of the.gr5+ compartment by reporting on
a newlLgr5-2A-DTRallele?®® Importantly, by preserving endogendug5 function and coupling
its expression to that tifie diphtheria toxin (DT) receptdDTR) with a 2a selcleaving sequence,
this allele presents itself as a way to achieverib&diated_gr5+ cell ablation at neazomplete
efficiency, and appears to be superior than the previously destuip®@dTR-GFP allele due to
higher expression levels. ladd, and contrary to the original findings published by Etaal 1>,
the authors demonstrate that prolondept5+ cell ablation results in compromised intestinal
epithelial egeneration, claiming that a constagr5+ cell pool is required for homeostasts

While this could arise from this allele more effectively ablatingLitng " cells (presumed stem
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cells) further up in the cryptt is important to note that the main phenotype associatedrts

cell loss appears to be mild villus shortening. Since weFRgfthp1+ cells in the upper crypt are

the ones that normally reconstitute ttgr5+ compartment as well as the villi and theee that
become immediately mobilized upon Bifediated ablation of tHegr5+ cells®3, it is possible that

this simply reflects an enterocyte lineage allocation defect by the upper crypt as it directs its
resources to reconstitute an abldtgtb+ compartment, rather than the dispensability of tjré&+

cells themselves. Of note, this phenotype is not observedlgréreonditional knockouin the

adult animal'? or prolonged Rspo suppression of g5+ staté®, which could perhaps indicate

that toxicity effects arising from treating the mice with DT over rpléticonsecutive days (as
opposed to alternate dosing, as published in the past) could be confounding data interpretation. A
similar conclusion could be drawn from reports thgr5+ cells are required to mount a
regenerative response pasadiation, as O treatment inLgr5-DTR-GFP mice that have been
previously exposed te6 Gy radiation results inntestinal failuré®2. While this could simply
reflectthe addition of two highly toxic and detrimental interventions (radiation and DT) whose
effects go kyond the intestinal epitheliurauch results could also be explained by the activation

of theLgr5 gene (and hendbe DTR expression casseftevith resulant cell killing) in the cells

of the upper crypt as these are on their way to bedogn®+ cells, but not thd.gr5+ cells
themselvesThe latter, if anything, would bsuggestive othe essentiality of the upper crypt

population itself.

Most importantly,onekey issue of this study is the lack of a remarkable crypt phenotype,
as one would expect upon ablation of KBE. Limitations in recombination efficiency, coupled to

the high proliferative rate and reconstitution potential of the cells in the upgerzone, have
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precluded us from studying the dispensability of Flggbp1+ cell population directly through an
Fgfbpl-CreER? Rosa26DTA strategy (data not shown). | can envision that such future studies
would benefit from the development of a highly efficieEgtbpXDTRallele so that reconstitution

of the tissue by escapers is circumvented. Considering the upper crypt lies at theofource
homeostatic regeneratiti?°®and the dalifferentiation potential haseen pinpointed to reside
heré®, one would predict it such an intervention would be highly detrimental to tissue integrity.
However, the possibility that tHegr5+ CBC cells participate in reconstitution of the tissue upon
selectiveFgfbpl+ cell ablation woulchot be unheralded especially if these were tconstitute

two highly interactive/interconvertible stem/progenitor pools exhibiting lineage bidscassed

earlier

A phenotype equivalent to dirdegfbpl+ upper crypt cell disruption is elicited Bgfbpl
conditional knockout (cKO) in the intestinal epithelium. In our study, we found-tffaplgene
deletion leads to a halt in crypt proliferation, villus blunting &gdbpl+ andLgr5+ CBC cell
loss, consistent with impaired regeneratfdnUnlike the studyust presentedFgfbplcKO leads
to dramatic crypt demise and provides an alternative way for ablatiriggtbpl+ compartment
by targeting the expression of this epithelial soluble molé&ulalthough it is possible that
FGFBP1lacts as an essential paracrine/autociaaor in facilitatingFgfbpl+ cell maintenance
and selfrenewal, the pathways through whitlis gends 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, Whtatenin, Notch, BMP and EGF
signaling to name only a fé®y known to govern cell fate decisions in the intestinal epithelium.

Regardless of the pcise answer, | anticipate this will open the door to a new era of discovery in
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the field, andunleashwhat is likely going to be the remarkable future therapeutic potential of the

intestinal upper crypt.
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Epilogue

Once ruled by multiple competingodels 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 y@abespite being contested multiple times over
the past two decades, thgr5+ ISC model has stood strong since its initial conception in 2007,
and thelLgr5+ ISCs have ruled hegemonically as the only dedicated homeostatic stem cell

population of the intestinal epitheliuaver since

Recently shaken by the description of retrogratbvemerit® andour identification of a
population ofFgfbp1+ cells in the uppecrypt with the ability to replenish thegr5+ cells during
homeostasi$®, this longstanding paradigm is once more challenged by the description of
stemness within the lonfgrgotten (and also elusive) tranainplifying (TA) zone. Albeit
provocative, our findingsnveil the existence of an alternative cellular hierarchy in the intestinal
epithelium and address many of thgr5+ cell model inconsistencies ranging from the
dispensability olLgr5+ cells during homeostatic regenerafiol?’ andthe description of injury
inducible stem cell activity in the upper crifptodescriptions of.gr5+ cell involvement in direct

secretory cell type specificatith
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One of the most natural questions that emerge from all this conundrum is the following:
How did we get here andnow that we are herdhow do we move forwardRlthoughl find most
of it is simply explained by oyrermanengfforts in trying to make data fitintoamodel{ 6 s onl vy
human naturg technical limitations in our wayto study tissue regenerationay be partly

responsible

One of the problems may invariably have to do with the metboasnonlyemployed to
assign stem cell identities, which haaerhapdeentoo overly reliant orex vivoorganoid culture
andthe use of sitspecific induciblerecombinase systenike CreERLoxP. Although such
genetic lineage tracingethodscontinue to prove invaluabléeir reliability may be undermined
by the known (although not so acknowledged) toxicity effects secondary to the taseoafen
(TAM) and Cre activation in the intestirté®, in addition tathenon-representativeness of labelling
The latter relates to the use of individual marker genes to identify cell populations, which may
pose a far more severe probléiihile a century agaells could ony be reproducibly identified
by a handfubf simplecharacteristics (like cell position, morphology, or label retehton since
morerecently,by the expression of ssdt marker genes, the measurements of full transcriptomes
and other multimodal aspects of individual cells we have access to nowadegsvealing ever
increasing Bterogeneity within cell populations, and the fact that cell identities arel®@sed
when envisione@s multidimensional vectdfS. Stem cells should be no exception to that. Thus,
it should come as no surprise thar5 is not a perfecstem cell marker in the same way that
Fgfbpl pr o b a b | Y unifisdn madel of intestinal epithelial regeneration, whegre

Lgr5-°"/Fgfbp1+ cells at the intersection between the upper crypt at the crypt base compartments
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harbor stentell potential, isone of the ways in which tsetwo competing models for intestinal
epithelial regeneratiooould be reconciledThe latter would only make sense consgiugithe

exquisite zonation exhited by other singlenarked populations along the cryplius

axisl33,135,144.1

The descriptiof stemness within thatestinalupper crypt zone has implications that are
far more broad thafuelingto what an outsider coukimply seemas aneverending debate in the
field aboutshifting the ISC location 4 positions up or doimrthe crypt One of the most logical
ones is whethethese cells, in the same way tlitahas been proposed fagrs+ cells® could
represent a source for malignant transformation. Although further studies are reqdétedrtone
whetherFgfbplmarks a stem cell in the colon, our preliminaryeasiiations indicate this may be
the case (data not shown). It will be interesting to see if these indeed represent the source of
colorectal cancer transformatierespecially for thosthat do not progress through the traditional

adenoma and farhich theLgr5+ CBC cell does not seem to have an involvegignt

Despiteour attempts at reconciliatipour model falls shorat resolving some of the
unknown aspects of the previous model (like the potency of the secretory progehdors
differentiation routes intoaplet, tuft, EE and Paneth cell subtypasd their relationship to the
Lgr5+ CBC andFgfbpl+ cells in light of their redefined roley nor fully addresses the
heterogeneity that is likely tbe foundwithin the Fgfbpl+ upper crypt populatiariTechnical
limitations (namely, the limited recombitan efficiencies achieved with thégfbpl-CreER?
allele or the instability of the DsRed fluorophore in thgfbplTimeR mous¢ are partly

responsible, as these preclude us from pursuing studies ofgfopl+ population and its
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relationship to the matulaeages with higher granularitfhe inability to isolatd-gfbpl+ cells

via fluorescence activated cell sorting (FAG@S)ng endogenoudsRed further prevents us from
growing this populationn vitro as organoids or compaiis clonogenicpotentialto that of the

Lgr5+ CBC cellusing theFgfbpXTimeRallele Althoughunlikely to yield meaningful insights

into stem cell function due to the inherent limitations of organoid culture (outlined in Chapter 2),
suchin vitro studies may aidhe dissection of the minimum niche requirememegdedfor
Fgfbpl+ cell growth and differentiation, as these remain currently unknown. While the crypt base
niche is relatively well studied, less is known aboutstinemal and trophic factor composition of
around theupper crypt zone, especially in light of the essential rolegibpland its proposed
involvement in FGF/FGFR signalingurthermore, it is unclear whether thgfop1+ cells (those
bordering the crypt base compartment and those further u@ lapithe neutral drift competition
regime previously proposed to dictate ttgg5+ cell behavior as a population. Lastly, although
our model locates stemness outside oflLitpds+ CBC compartment, does not speak about nor
addresd_gr5+ cell function diretly, and hence the possibility that thgr5™'9" cells at the base

can behave as stem cadisgive rise toFgfbpl+ cells in the upper crypt zone cannot be ruled out.
Although we do not expethiswill be their primary outcomduring homeostasi$ antidpatethat

future studies tailored at dissecting the contributions of the crypt\Jmasasthe upper crypt
compartmentselative to theverlapping+4 position willhelp answer these questions and address
the possibility of interconversion between #gfbpl+ andLgr5+ cells in addition to determine

the mechanisms of cell replacement and their frequencies.

In spite of their limitations, weelieveour tools (namely, thEgfbpl-TimeRandFgfbpl-

CreER? alleles}®*3 will providea much valuablestartirg pointto delve deeper into a new era of
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research on the intestinal epithelial regeneration,fiezhdl our model aew framework through

which emergingdata could be interpretedLikewise, these resources may dige study of
regeneration in other tissues for whi€lgfbpl appears to mark compartments akin to the
intestine’s TA zone ( s uc lgflpHs alsdherpressedyseidh asphen g |

skin or the stomach.

In summary,our findings demonstrate that homeostatic intestinal epithelggneration
stems frontgfbp1+ cells in the intestinal upper crypt, which generate progeny that propagates bi
directionally along the cryptillus axis and serve as a source of tlggb+ cells at the base
Incidentally,oned f t he f e at ustegelinthatth® & précesealy’arsactivetyycling
and radiosensitivpopulation-as any tentativegrs5-°/Fgfbp1+ cell would beWhile we may be
witnessing the field coming full circlet will be up to future experiments to determine whether

ChrisPotten in his postulatewas indeed right
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Figure S3.1. Fgfbplas a marker for upper crypt zone cells, related to Figure s3.2¢ 3.4. A, Density

x OOUUw i OUw ?3 2 w E OU Drbbtltand (KEnh4D Wit Udddpior 1Fd8 latdl uRspo
receptor/co-receptor pairs Lgr4, Rnf43 and Znrf3. B, Volcano plots of differentially expressed

genes (log%" wl Bx Ul UUDPOOA WOl wUOT T w?23 2 wEOUUUI UWEOOXxEUI E wl
2" 1 "2 wWEOUUUT UUwpUBT T UAWPDUT wUIT O ECwT 1 O Uwi BT T OPT 1
Fgfbpl Dmbtl, andKenn4D O wUT T w? 3 s BIHPOEUDPOOGG w?3 » wOUEOUEU
on intestinal tissue sections, highlighting upper crypt localization. Top, Multiplex ISH and
DOOUOOUUEDPODOT woOi wOT 1T w?3 2wxOxUOEUDOGA@WMWEmIHIEREUUUIT wi
ISH for Dmbtl and Fgfbplalong the murine small intestine demonstrates the largely overlapping

resolution confocal imaging of crypts for quantitative multiplex mRNA single -molecule

fluorescence in situ hybridization (smFISH). Left, Representative jejunal crypt image used for

guantitative smFISH analysis (shown in Figure 11 and Figure S1E). Right, Lgr5 and FgfbpImRNA

puncta are identified via semi -automated computational analysis. Individual cell boundaries are

El OPOI EUI EwEaws$ " # w(E¥Guanftdie ultiplExEsii FISHanak s wijefdidal

crypts. Data represent median mRNA integ rated density (related to Figure 11 which displays the

mean integrated density) with S.E.M. for both Lgr5 and Fgfbpltranscripts 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 Bottcher et al., Nature Cell Biology2021 (GSE152325) dataset colored by previously

El UEUPE]I EwWEOOOUEUI EWEOUUUIT UUOwWwPHUT WUUEEOUUUI Uwli u
Bottom left, volcano plot of differentia Ily expressed genes (log%" wi R x Ul UUPOOAWET UbI
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 Fgfbpl-TimeR allele, related to Figure s 3.5¢ 3.8 A,

#1 UUEEDODAEUDPOOWOT wOT T w# ULl E$| wi OUOUOXxT OUI WEUUI UU
version of TimeR(DsRed-E2-PEST with DsRed destabilized by C-terminal PEST sequence only)

versus? U O U U EifieR[1xUbVR-DsRed-E2-PEST with DsRed destabilized by both 1XUbVR N-

terminal degron and C -terminal PEST sequence) dual fluorescent knockin 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
immunostaining versws endogenous fluorescence. Anti-DsRed IF demonstrates DsRed signal in

cells lacking endogenous DsRed fluorescence in HEK293T cells transfectedvith CMV -driven

? U O U U EiieRtual fluorescent cassette. Colocalization 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 attributabk to protein
destabilization. This validates both the dual fluorescent TimeR cassette as well as the specificity
EQEwUI OUPUDPYDPUA WOl wUOT T w#U1l EWEOUDE O ¥didatok & O WEE UL
FLAG epitope tag and synthetic intron cassette in HEK293T cells. Syntheticintron -containing, N -

terminal FLAG -tagged Fgfbplvariant (FLAG-loxP-Fgfbp) is expressed at similar levels and

displays a characteristic secretory pattern by IF when compared to intron -less N-terminal FLAG -

tagged Fgfbpl(FLAG-Fgipl). Fgfbpl= untagged FgfbplE OO U U O OO wU E ED Validatod) wéi wl Y w!
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

FGFBPL1 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

x O U b U b &FFEndogerodssRed fluorescence profile of live intestinal epithelial cells from
FgfbptTimeR mice (n=3) compaed to WT controls (n=2) by flow cytometry analysis. G, Anti-

DsRed IF of WT and FgfbptTimeRsmall intestine tissue sections, demonstrating specificity of the

#U1l EwbOOUOOUUEDODPOT 6 w2 FEAGIFGABEIURWA WK ayidEgfipBrimeRFOw OUD
small intestine tissue sections demonstrates upper crypt confinement of FLAG-FGFBP1

I RxUIl UUPOOS w) 1 NUO U0 entidvfdEaddogefdismiAgBKPY by 4l dv&@yiometry.

Left, endogenous mTagBFP2 fluorescence profiles of live singlet cells from FgfbptTimeR (n=3)

versusWT (n=2) intestinal epithelium. Right, endogenous mTagBFP2 fluorescence profile of

sorted EPCAM+ cells from jejunum of FgfbpXTimeRversusWT mice. J,Anti-mTagBFP2 IF of WT

and FgfbptTimeR UOEOOw DOUI UUD DI 6 w 2 E FRéprasertidive uexamplésyfon 2 O8 w
LYZ+/mTagBFP2+ (solid lines, white arrowheads) and LYZ+/mTagBFP2 (dashed lines) Paneth

cells in FgfbptTimeRODET 6 w2 EEOI WEEU w4 wl k ws 08 w
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Figure S3.3. Extended validation of the temporal kinetics of upper crypt -driven intestinal

epithelial regeneration using the Fgfbpl-CreER™ allele, related to Figure s 3.9 ¢ 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 andD14. All data represented as mean with

S.E.M.,n=3 mice, TwWoUE D O1 E wU O x E Bkt Bus2degafidn Of(@gdobenous Lgr5GFP

and tdTomato fluorescence in FgfbptCreER? Rosa2@dTomato; LgrSDTR-GFP intestine at D2
post-tamoxifen. Minimal overlapping (Lgr5-GFP+#tdTomato+) signal is observed and occurs

x UDOEUDPOAWEUWUT 1 wHKwx OUPUDP OO wpbk i b O Bwdsollbbfyfbdt E E A8 w) |
CreER?; Rosa2@&dTomato; LgreDTR-GFPintestine, D2 post-tamoxifen. Note segregation of Lgr5-

GFPand tdTomato IF signals. Scale bar for low magnification view = 2.5 mm, scale bar for high

OET OPi PEEUD OO I NTépl wholghmokiny 3Dweniddal reconstruction of FgfbptCreER?;
Rosa2é&dTomatolineage tracing in jejunum over 7 days. Bottom, high magnification of boxed
EUaxOwUl T HOOU0wWI UOOWUOT 1T wlBWhoke Bi@stin® EWsssad|Es fiatni FgfttpE U wéd whuy
CreER? Rosa2@dTomatomouse, 7 days (top), 21 days (center), and 7 months postamoxifen

(bottom) highlight long -lived lineage traces. Scale bars: low magnification = 2.5 mm and high

OET OPI PEEUPOO WA wk Y ws O8 w
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Figure S3.4. Fgfbpl+ cells persist in the absence of Lgr5+ CBC cells and are Rsporesponsive,
related to Figures 3.13 ¢ 3.14. A, FgfbplISH and Ki67 immunostaining on DT -treated Fgfbpk
TimeR; Lgr5DTR-GFP intestine, demonstrating persistence of Fgfbp} cells in the upper crypt

upon DT -mediated ablation of the Lgr5+ CBC compartment. 72h posttreatment, scale bar = 50

4 O 8, Positional distribu tion of Fgfbp} cells along the crypt-villus axis is unchanged following
DT-mediated Lgr5+ CBC cell ablation. Data reflectFgfbp2+ 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 Dmbtl ISH and Lgr5-GFP IF demonstrate the resilience of the upper crypt population to
DT-mediated Lgr5+ CBC cell ablation. Duodenum, 72h post# 3 wOUIT EUOI OUOwWUE EOI wEE
Flow cytometry analysis demonstrating persistence of mTagBFP2+ populations in FgfbptTimeR
mice following treatment with Ad Lgr5 -ECD, as well as expansion of mTagBFP2+ populations
after Ad Rspol administration (black arrows), consistent with FgfbpX 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, FgfbptCreER?, Rosa26
tdTomatolineage tracing confirms the FgfbpX 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-OEOOR DI 1 08 w2 E BFCRspo Buerdxpréssidn ¥xpands bothLgrs+

CBC (CBC) and Upper Crypt (UC) Fgfbpl+ populations, as determined by multiplex Lgr5 and
Fgfbp1ISH. Duodenum, D4 post-EE1T OOY DU U UG w2 E BODensify plotsuidr uepoyted & O 6
plasticity markers onto the clusters of the Yan et al., Nature 2017 dataset (GSE92865).
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Figure S3.5. Supporting evidence for Fgfbpl conditional knockout (cKO), related to Figure s

3.15+% 3.16 A, Quantification of regenerative impairment in ex vivocultured Fgfbpl cKO

organoids. Relative organoid growth represents the proportion of viable organoids at D4,

jejunum, n=3 mice. *»<0.01, TwWoUE P Ol E w U O x E btidstERuEXpefintemtad <tlzetaufor
Rosa26CreER?2-driven global Fgfbpldeletion in adult mice with high -dose tamoxifen. C, Top,

H&E analysis of Rosa26CreER2-driven global Fgfbpldeletion demonstrates gross architectural
abnormalities of the intestine also observed upon intestinal epithelium -specific Fgfbpldeletion.

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

POwWOT PUWE* . wEOT OUUWEDI Edw) 1 NUOUOOWUEEOT WEEU WAl wk Y w
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Appendix B

Supplemental dbles,Supplemental Mo¥, and Supplemental Materialelated 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¢ 3.4and Figure S3.1.

Table S3.2. Metadata file (cell barcode, treatment, and cell type) of analysis from GSE92865,
related to Figure s 3.2¢ 3.4 and Figure S3.1

Table S3.3. Top correlated genes for Fgfbplfrom Yan et al., Nature, 2017 (GSE92865), related
to Figures 3.2¢ 3.4and Figure S3.1.

Table S3.4. Top correlated genes for Fgfbplfrom Haber et al., Nature, 2017 GSE92332), related
to Figures 3.2% 3.4and Figure S3.1.

Table S3.5. Top correlated genes for Fgfbpl from Boéttcher et al., Nature Cell Biology, 2021
(GSE152325), related to FigureS3.1

Supplemental Video 3.1 Whole-mount 3D reconstruction of lineage tracing in  Fgfbpl-CreER'3;
Rosa26-tdTomato small intestine reveals upper crypt origin of regeneration, related to Figure s

3.9¢ 3.12 andFigure S3.3.

Data S3.1. Fiji/lmageJ Macro for the quantitative processing of single -molecule fluorescence
in situ hybridization images (Quantitat ive smFISH), related to Figures 3.2¢ 3.4 and Figure S3.1
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Appendix C
Key Resources Table, relatexdChapter 3.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal atRFP pre Rockland Cat#600401-379; RRID:

adsorbed AB 2209751

Anti-mTagBFP2 single domain NanoTag Cat#NO502AF647-L

antibody Biotechnologies

Chicken polyclonal antGFP Aveslabs Cat#GFP1020; RRID:

AB_2307313

Rabbit monoclonal anKi67 (Clone |Cell Signaling Cat#9129; RRID: AB_ 2687446

D3B5) Technology

Rat monoclonal anki67 (Clone Invitrogen Cat#14569882; RRID:

SolA15) AB_1085456

Goat polyclonal arHCHGA Santa Cruz Cat#sel1488; RRID: AB_2276319
Biotechnology

Rabbit polyclonal antiysozymel  |Agilent Dako Cat#A0099; RRID: AB_2341230

Mouse monoclonal antysozymel |Santa Cruz Cat#se27958; RRID: AB_213879

(Clone Eb5) Biotechnology

Rabbit polyclonal artFABP1

Novus Biologicals

Cat#NBP187695; RRID:
AB_1102215

Mouse monoclonal arkLAG (Clone
M2)

SigmaAldrich

Cat#F1804; RRID: AB_262044

Rabbit polyclonal antbetaActin

Cell Signaling
Technology

Cat#4967; RRID: AB_330288

Mouse monoclonal arMUC2

Novus Biologicals

Cat#NB12011197; RRID:
AB_ 791261

Rabbit polyclonal antMucin2

Santa Cruz
Biotechnology

Cat#sel5334; RRID: AB_214667

Alexa Fluor® 488 Mouse ank-
Cadherin

BD Biosciences

Cat#560061; RRID: AB_164534

BD Hori zon™
Cadherin

BV 4E2

BD Biosciences

Cat#564186

Goat polyclonal atACE-2

R&D Systems

Cat#AF933; RRID: AB_355722

Goat polyclonal antibodio tdTomatg
(red fluorescent protein)

biorbyt

Cat#orb182397
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Rabbit monoclonal antCleaved
Caspass (Aspl75) (5A1E)

Cell Signaling
Technology

Cat#9664; RRID: AB_2070042

Rabbit monoclonal ant®lfm4 (Clone
D6Y5A)

Cell Signaling
Technology

Cat#39141RRID: AB_2650511

Donkey antiRabbit IgG (H+L) Highly
CrossAdsorbed Secondary Antibod
Al exa Fluor ™ 568

Invitrogen

Cat#A10042; RRID: AB_253401]

Donkey antiGoat IgG (H+L) Cross
Adsorbed Secondary Antibody, Ale]
Fl uor ™ 647

Invitrogen

Cat#A21447; RRID: AB_253586¢

Donkey antiMouse IgG (H+L) Highl
CrossAdsorbed Secondary Antibod
Al exa Fluor ™ 488

Invitrogen

Cat#A21202; RRID: AB_141607

Donkey antiRat IgG (H+L) Highly
CrossAdsorbed Secondary Antibod
Al exa Fluor ™ 594

Invitrogen

Cat#A21209

Alexa Fluor® 647 AffiniPure F(aly)
Fragment Donkey AntRat IgG (H+L]

Jackson
ImmunoResearch
Labs

Cat#712606-150; RRID:
AB_2340695

Alexa Fluor® 488 AffiniPure F(ak)
Fragment Donkey AtChicken IgY
(IgG) (H+L)

Jackson
ImmunoResearch
Labs

Cat#703546-155; RRID:
AB_2340376

Donkey antiMouse IgG IRDye®
800CW

LI-COR Bioscience

Cat#92632212

Donkey antiRabbit IgG IRDye®
680CW

LI-COR Bioscience

Cat#92668073

Bacterial and virus strains

NEB 10beta Competert. coli (High [New England Cat#C3019H
Efficiency) Biolabs
FLAG-Fgfbpl-expressing lentivirus [This paper N/A

Chemicals, peptides, and recombin

ant proteins

Tamoxifen SigmaAldrich Cat#T5648; CAS: 105409-1
Diphtheria Toxin from SigmaAldrich Cat#D05641MG
Corynebacterium Diphtheriae

Advanced DMEM/F12 (ADMEM/F- |Gibco Cat#12634010

12)
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Advanced DMEM (ADMEM) Gibco Cat#12491015

IMDM Gibco Cat#12440053

DMEM Gibco Cat#11995065

Puromycin SigmaAldrich Cat#P8833; CASH8-58-2

Matrigel Corning Cat#356231

N-2 Supplement (100X) Gibco Cat#17502048

B-27 Supplement (50X) Gibco Cat#17504044

EGF PeproTech Cat#AF100-15

CHIR99021 SigmaAldrich Cat#SML1046; CAS:
25291706-9

Collagenase/Dispase SigmaAldrich Cat#10269638001

Rho Kinase inhibitor Tocris Cat#1254

Lipofectamine 3000 Transfection |Invitrogen Cat#L.3000001

Reagent

HistoDenz1.46 SigmaAldrich Cat#D2158; CAS: 6610850

Phytagel/HD1.46 SigmaAldrich Cat#P8169; CAS: 710182-1

Antigen Unmasking Solution, Citric
Acid Based

\Vector Laboratories

Cat#H3300

\Vectashield Plus Antifade Mounting
Medium

\Vector Laboratories

Cat#H1900

Ready Probes Mouse on Mouse Ig{invitrogen Cat#R37621

Blocking Solution

Fetal Bovine Serum R&D Systems Cat#S11150

Normal Donkey Serum Jackson Cat#017000-121
ImmunoResearch
Labs

DAPI Roche Cat#10236276001
Invitrogen Cat#S34857

SYTOX™ Bl ue Deg¢g
10% Neutral Buffered Formalin VWR Cat#89376094

Paraformaldehyde (PFA)

Electron Microscop
Sciences

Cat#15714S

TissueTek O.C.T. Compound

Sakura Finetek

Cat#4583

Primocin

InvivoGen

Cat#antpm-05
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Cocktail

Penicillin-StreptomycirGlutamine |Gibco Cat#10378016
(PSQ) (100x)
Penicillin-Streptomycin Gibco Cat#15140122
100X NonEssential Amino Acids |MP Biomedicals, |[Cat#1681049
LLC
PBS, 1X Corning Cat#21040-CM
Tween 20 Fisher Scientific  |Cat#BP337500; CAS: 9005%4-5
Triton X-100 Sigma Cat#T8787; CAS: 900231
HEPES (1M) Gibco Cat#15636080
UltraPure0.5 M EDTA, pH 8.0 Invitrogen Cat#15575038
GlutaMAX-I (100X) Gibco Cat#35056061
TrypLE Express Gibco Cat#12604013
10x Tris/Glycine/SDS Buffer Bio-Rad Cat#1610732
10x Tris/Glycine Buffer Bio-Rad Cat#1610734
PageRuler Prestained Protein LaddThermoScientific |Cat#26616
RIPA Lysis and Extraction Buffer [Thermo Scientific |Cat#89900
cOmpl ete™ Pr ot e aMilipore Sigma |Cat#4693116001

Kit

Diagnostics

Sodium Dodecyl Sulfate SigmaAldrich Cat#7172560G; CAS: 15121-3
Restriction endonucleasésrious) |New England N/A
Biolabs
Critical commercial assays
RNeasy Mini Kit Qiagen Cat#74106
Phusion ® HighkFidelity DNA New England Cat#MO0530L
Polymerase Biolabs
ZymoPURE Plasmid Miniprep Kit [Zymo Research |Cat#D4211
ZymoPURE Il Plasmid Midiprep Kit[Zymo Research |Cat#D4201
Zymoclean Gel DNA Recovery Kit [Zymo Research  |Cat#D4002
DNA Clean & Concentrateb Zymo Research [Cat#4004
NEBuilder ® HiFi DNA Assembly |New England Cat#E2621L
Master Mix Biolabs
T4 DNA Ligase New England Cat#M0202S
Biolabs
Anti-Flag ® M2 Magnetic Beads |Millipore Sigma  [Cat#M88231ML
RNAScope ® Multiplex FluorescgAdvanced Cell Cat#323100
Reagent Kit v2 Diagnostics
RNA-Protein CeDetection AncillarjAdvanced Cell Cat#323180
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RNAScope ® 4Plex Ancillary Kit fol
Multiplex Fluorescent Reagent Kit \

dvanced Cell
Diagnostics

Cat#323120

Deposited data

SingleCell RNA-seq of intestinal
epithelial cells upon Wnt/Rspo
pharmacological modulation

Yan et al., 201%

GEO accession: GSE92865

Single-Cell RNA-seq of intestinal
epithelial cells (unperturbed)

Haber et al., 201#

GEO accession: GSE92332

SingleCell RNA-seq of intestinal
epithelial cells (unperturbed, enrich
for secretory cell types)

Bottcher et al.,
20217

GEO accessioncSE152325

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: DAO6

KV1 (129S6_C57BL/6N Hybrid)

Dr. ChyuanSheng
Lin, Columbia
University

N/A

Experimental models: Organisms/strains

Mouse:Lgr5-eGFRIRESCreERT2:

The Jackson

JAX: 008875; RRID:

B6.129P2L gr5im1(cre/ERT2)Cley Laboratory IMSR_JAX:008875
Mouse:Villin-CreERT2: B6.Cg The Jackson JAX: 020282; RRID:
Tg(Vill-cre/ERT2)23Syr/J Laboratory IMSR_JAX:020282

Mouse:Lgr5-DTR-GFP: C57BL/6
Lgr5tm2(DTR/EGFP)Fjs

Dr. Frederic de
Sauvage, Genenteg

N/A

Mouse:Fgfbpl-CreER? This paper N/A
|Mouse:Fgfbp1—TimeR This paper N/A
Mouse:Rosa26CreER 2 The Jackson JAX: 008463; RRID:
Gt(ROSA)26Sortm1(cre/ERT2)Tyj [Laboratory IMSR_JAX:008463
Mouse:Rosa26Confetti: B6.129P2 [The Jackson JAX: 017492; RRID:
Gt(ROSA)26SpL(CAGBrainbow2. 1)Clgy | ahoratory IMSR_JAX:017492

Mouse:Rosa2étdTomato: B6.Cg

The Jackson

JAX: 007914; RRID:

Gt(ROSA)26Sgpi4(CAGTomatoHzey | ahoratory IMSR_JAX:005703
Mouse:Actin-Flpe: The Jackson JAX: 005703; RRID:
Tg(ACTFLPe)9205Dym Laboratory IMSR_JAX:005703

Oligonucleotides

RNAscope ® MmLgr5 probe

Advanced Cell

Cat#312171

Diagnostics
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RNAscope ® MnFgfbplprobe IAdvanced Cell Cat#508831C4
Diagnostics

RNAscope ® MmDmbtl1probe Advanced Cell Cat#418561C2
Diagnostics

Recombinant DNA

pMCSDT.A Dr. Kosuke Yusa, |N/A
Osaka University,
Japan

pCS2+ RZPD N/A

pLenti CMV GFP Puro (658) Campeau et al., |Addgene: Plasmid #17448
20093

pMD2.G Didier Trono lab  |Addgene: Plasmid #12259

psPAX2 Didier Trono lab  |Addgene: Plasmid #12260

FLAG-Fgfbpl lentiviral expression
plasmid

This paper

N/A

DsRedE2PEST expression plasmid

This paper

N/A

1XUbVR-DsRedE2PEST expressior|
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 Microsystemg

https://www.leica
microsystems.com/products/micr
copesoftware/p/leicdasx-Is/

Zen blue 3.5 (ZEISS ZEN lite)

Carl Zeiss
Microscopy

https://www.zeiss.com/microscog
en/products/software/zeigen
lite.html

Fiji/lmageJ 2.14.0; Javal.8.0_322

\Wayne Rasband ar
Contributors,
National Insitutes o
Health, USA

https://imagej.org

R v4.0.3

R Core Team

https://www.rproject.org/

Seurat v4.2.0

Satija Lab

https://satijalab.org/seurat/

Nebulosa v1.0.2

Alquicira-Hernande
et al., 2021

https://github.com/powellgenomiq
ab/Nebulosa
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ggplot2 v3.3.6

N/A

https://github.com/tidyverse/ggpl(
2

scVelo v0.2.2

Bergen et al.,
20209

https://scvelo.readthedocs.io/

\velocyto v.0.17

Kharchenko Lab

https://velocyto.org/velocyto.py/

Python v3.7.7

Python Software
Foundation

https://python.og/

Cell Ranger v5.0.0

10X Genomics

N/A

Prism v8.0.1

GraphPad Softwareg

https://www.graphpad.com/scien
c-software/prism/

Other

Odyssey CLx Imager

LI-COR Bioscience

N/A

Zeiss Confocal Microscope LSM 71

Carl Zeiss
Microscopy

N/A

Leica DMi8 Stellaris confocal
microscope

Leica Microsystemg

N/A

Leica DMi8 Widefield microscope

Leica Microsystemg

N/A

Leica CM3050 S Cryostat Leica Biosystems |N/A

Microm HM 325 Microtome Thermo Scientific [N/A

Superfrost Plus Microscope Slides [FisherScientific Cat#1255015
\White Tab

Microscope Cover Glass Fisher Scientific  |Cat#12544D
Novocyte Quanteon flow cytometer|Agilent N/A

BD FACSAria Il Cell Sorter BD Biosystems N/A

Amicon® Ultral5 Centrifugal FiltgMillipore Cat#UFC910008

Unit
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