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Abstract

Somatic stem cells maintain tissue homeostasis by organizing themselves in such a way that they
can maintain proliferative output while simultaneously protecting themselves from DNA damage
that may lead to oncogenic transformation. There is considerable debate as to how such stem cell
compartments are organized. Burgeoning evidence from the small intestine and colon provides
support for a two-stem cell model involving actively proliferating, but injury-sensitive stem cell
and a rare, injury-resistant pool of quiescent stem cells. Parallel to this evidence, recent studies
have revealed considerable plasticity within the intestinal stem cell compartment. We discuss the
evidence for plasticity and hierarchy within the intestinal stem cell compartment and how these
properties govern tissue regeneration and contribute to oncogenic transformation leading to
colorectal cancers.

Stem cell organization in rapid turnover tissues

High-turnover tissues including the blood, skin, testes, and intestinal epithelium lose
millions of cells daily due to basal turnover associated with tissue function and
environmental exposure. This tremendous turnover highlights the need for exquisite
coordination between self-renewal of upstream stem and progenitor cells and downstream
production of differentiated effector cells.

It is becoming increasingly clear that the highest turnover tissues (the intestinal epithelium
and hematopoietic system) organize their stem cell compartments into a hierarchical
structure with a slow cycling, long-term, injury-resistant stem cell residing at the top of the
hierarchy giving rise to an actively cycling stem cell that bears the proliferative burden
required for tissue function. The benefits of such an organizational structure include the
capacity to maintain the proliferative output necessary to keep up with the demands of high-
turnover tissues using a relatively small stem cell pool, the ability to efficiently regenerate
the tissue after damage, and the maintenance of regenerative capacity throughout the lifetime
of the organism through preservation of stem cell function. Recent studies have not only
revealed the existence of this hierarchical stem cell organization, but have also demonstrated
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considerable plasticity within the hierarchy. Here we discuss the existing evidence for both
hierarchical organization and plasticity in the downstream progeny of 1SCs, along with the
rapid and ongoing shift in our understanding of the cellular identify of the intestinal stem
cell niche. We discuss the implications for these findings in an effort to create a framework
for understanding how the intestinal epithelium responds to injury and oncogenic
transformation, and draw parallels to the more mature data informing our understanding of
the hematopoietic stem cell compartment.

Active and reserve stem cells of the intestinal epithelium

As a result of constant exposure to pathogens and xenaobioatics, intestinal epithelial cells have
a short half-life, and have therefore evolved the ability to rapidly regenerate both during
basal homeostasis and in response to injury. The ability to regenerate rapidly after injury
makes the intestine an excellent model system to study tissue homeostasis, regeneration and
tumorigenesis. In the intestinal epithelium, the most highly proliferative tissue in the body,
there is mounting evidence supporting the existence of a hierarchically organized stem cell
compartment (Figure 1). Actively proliferating and relatively abundant crypt-base columnar
(CBCs) stem cells exhibit high expression of the canonical Wnt pathway target gene Lgr5
and were the first genetically marked intestinal stem cell (ISC) population functionally
validated to give rise to all cell-types in the intestinal epithelium through lineage tracing
experiments [1] (Table S1). The robust contribution of actively cycling Lgr5* CBCs to
intestinal homeostasis has been clearly shown under basal conditions and may be
conceptually analogous to the pool of active hematopoietic progenitors recently described in
native hematopoiesis (Box 1) [2]. Remarkably, however, genetic ablation of Lgr5* cells with
diphtheria toxin showed that they are dispensable for intestinal homeostasis under basal
conditions [3]. Consistent with this, Lgr5* cells, and particularly WntNigh [_gr5high CBCs,
like all proliferative cells are quantitatively ablated in response to DNA damaging injury,
such as high dose gamma-irradiation [4,5] (Figure 2). Interestingly, diphtheria toxin ablation
of Lgr5* CBCs shortly after or concomitant to radiation injury revealed a requirement for
these cells for a robust regenerative response, suggesting that post-injury de novo generated
Lgr5* CBCs and/or a small fraction of Lgr5* cells that survive the radiation injury play an
important role in epithelial regeneration [6]. The expendable nature of Lgr5™ CBCs during
intestinal homeostasis and the susceptibility of actively cycling CBCs to DNA damage imply
the presence of additional epithelial cells capable of compensating for CBC loss.

Concomitant to the identification of Lgr5 as a marker of crypt base columnar stem cells, a
second population of functionally distinct cells was identified through insertion of a CreER
reporter into the endogenous Bmil locus [7]. These cells are slower cycling and less
frequent than CBCs and, unlike the CBCs, appear indispensable for epithelial maintenance
under basal conditions [7]. Since this initial report, numerous additional studies have
identified rare cells with shared characteristics of the Bmil-CreER-marked cells, including
those marked by Hopx-CreER [8-10], mTert-CreER [11-13], and likely subpopulations of
much larger groups of cells marked by more broadly expressed reporter alleles including
Krt19-CreER [14], Lrig1-CreER [15], and Sox9-CreER[16] (Table Sl and Figure 1). These
rare stem cells are often referred to as ‘reserve 1ISCs’ based on their slow cycling relative to
CBCs [5,7,10,13], their resistance to DNA damage injury [5,8,13,17], as well as their
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proliferative response and increase in lineage tracing in response to such injury [5,8,13,17]
(Figure 2). They have also been denoted as ‘+4’ cells based on their position above the crypt
base, although we now appreciate that numerous molecularly and functionally distinct cells
reside around this position (Figure 2). They have similarly been referred to as ‘quiescent’
stem cells, although only recently has their residence in the quiescent state outside of the cell
cycle (GO0) been formally demonstrated [8,17]. Curiously, the endogenous mTert, Hopx, and
Bmil mRNAs are non-specifically distributed throughout all cells of the crypt base, and thus
the presence of the transcripts cannot be taken as evidence of cell identity [10,18,19] (Table
S1). Why CreER reporters in all of these instances mark a fairly specific subpopulation of
reserve ISCs remains unclear, however it is tempting to speculate that because these CreER
insertions disrupt native 3’UTR sequences, the CreER reporters may mark cells in which
these loci are actively transcribed, while distribution of endogenous mRNAs may reflect
message stabilization and inheritance to daughter cells through activity of the long 3’UTR
sequences transcribed from these loci, as has been observed in other stem cell compartments
[20]. Interestingly, there are considerable disconnects between cells marked by reporter
transgenes, endogenous protein, and mRNA for many intestinal stem cell markers (Table
S1), and thus caution must be taken when assigning stem cell identity based on mMRNA/
protein/reporter expression as most functional demonstrations of stem cell activity rely
solely on lineage tracing assays conducted with Cre recombinase.

Single cell expression profiling confirmed an overlap in the molecular identity of the
majority of cells marked by Hopx-CreER and Bmil-CreER, with the Hopx-CreER reserve
ISCs being as homogenous a population as that marked by Lgr5-CreER, but also one that is
molecularly distinct from CBCs [10]. The population marked by Bmil-CreER largely
overlaps with that marked by Hopx-CreER, although Bmil-CreER marks a more
heterogeneous population, including some presumably differentiated cells within the villi as
well as CBCs, with approximately 80% of the population having a signature consistent with
an undifferentiated reserve 1SC [10]. Indeed, careful analysis of cell position shortly after
reporter activation with Bmil-CreER identifies some cells in the crypt base columnar
position, as well as presumptive reserve 1SCs above this position and differentiated cells
within the villi, consistent with the single cell expression analyses [18,10]. Interestingly,
another knockin reporter at the BmiZ locus, Bmil-eGFP, marks cells of the endocrine
lineage[21], however the degree of overlap, if any, between the BmiZ-eGFPand Bmil-
CreER populations (the latter being used for functional demonstration of stem cell activity)
remains unknown. Ultimately, caution should be exercised when interpreting molecular
profiles taken from bulk populations, as population heterogeneity may prove misleading.

In contrast to CBCs, the reserve ISCs have little to no detectable readouts of canonical Wnt
pathway activity (e.g., expression of Lgr5, Ascl2, Cendl, etc.), little expression of genes
associated with cellular metabolism and proliferation (e.g., H6PD, Myc, Msil), and higher
expression of genes encoding cell cycle inhibitors (Cdknla) [9,10,17,22]. In summary, these
reserve ISCs, including those marked by mTert-CreER, share a number of unique functional
properties: i) they appear highly resistant to DNA damage (e.g., chemotherapeutics or 12—
15Gy of gamma irradiation) [5,8,13,17,23], ii) they reside primarily outside of the cell cycle
in GO [8,17], iii) they appear refractory to stimulation of the canonical Wnt pathway in vivo
[5], iv) they routinely give rise to lineages (assessed by crypt-villus lineage tracing)
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containing all intestinal cell types, including CBCs [3,5,7,10,13,14,17], and v) they are
necessary for both epithelial maintenance in the basal state as well as proper epithelial
regeneration after injury [7,17] (Table S1).

Importantly, numerous groups have independently confirmed that the WntOFF reserve stem
cells give rise to WntHigh CBCs relatively frequently during homeostasis, both through
histological lineage tracing techniques and molecular profiling of progeny
[3,5,7,10,13,14,17]. An assessment of daughter cell identity from reserve ISCs done by
coupling a Hopx-CreER-Lox-Stop-Lox-tdTomato lineage trace with a nuclear H2B-GFP
pulse-chase as a measure of cell division suggests that upon division, these reserve stem
cells produce CBCs (evidenced by high Lgr5 and Wnt target gene expression) and additional
reserve ISCs at similar frequencies, indicating that asymmetric self-renewal/commitment (to
CBC identity) divisions may occur [10]. Consistent with this, quantification of clonal
exhaustion reveals that CBCs undergo exhaustion much more rapidly in comparison to
reserve ISCs, the latter exhibiting no clonal exhaustion after 6 months, while approximately
2/3 of CBC clones undergo extinction over this same period [10]. The culmination of data
therefore supports a model in which a long-lived, injury resistant reserve stem cell resides
upstream of an active, shorter-lived, Wnt-driven crypt base columnar stem cell (Figures 1
and 3).

Plasticity within the hierarchy

Several recent studies have also identified surprising plasticity in the tissue as well, in which
the more committed progeny of CBCs can re-acquire CBC identity, albeit at a low frequency
[24] and in the case of non-physiological injury models (such as genetic ablation of specific
cell types) [25] (Figure 2). Nonetheless, these studies clearly demonstrate plasticity in cell
identity exists within the crypt.

The first evidence of such plasticity arose from studies of label-retaining cells (LRCs). DNA
label retention was originally posited to mark cells undergoing asymmetric partitioning of
the nascent and parental genomes into distinct daughter cells (originally employing tritiated
thymidine as the label). This ‘immortal strand” hypothesis was posited over 40 years ago to
act as a mechanism protecting long-lived stem cells (which, theoretically, retain the parental
genome) against replication-induced mutation [26—29]. While this hypothesis is elegant,
little evidence supports it, and significant evidence opposes it [30]. Nonetheless, the
existence of LRCs within the intestine is clear, but what is less clear is the identity and
function of intestinal LRCs. Since the original tritiated thymidine pulse-chase experiments,
fusion proteins between fluorophores and histone H2B have become the favored tool for
identifying LRCs, as H2B fusions enable prospective identification and isolation of living
cells for molecular profiling and functional assays (Table S1). The LRC assay is now used as
a means to identify non-dividing cells, with the caveat that truly non-dividing cells are
unable to incorporate the label because the label can only be incorporated during S-phase.
Thus, LRC labeling is usually performed by pulsing after injury or early during
development, when a presumptive dormant stem cell is actively dividing prior to reentering/
entering dormancy [29].
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The first study to test the potential of LRCs to function as stem cells in the intestine in vivo
incorporated the label not after injury or in an immature animal, but during a relatively short
pulse in a mature animal [24]. This finding suggests that the LRCs identified by this method
represent cells undergoing cell cycle exit downstream of a proliferative cell rather than a
dormant stem cell population. Indeed, it is now broadly appreciated that long-term (one
month chase or longer) LRCs of the intestine are a homogenous population of terminally
differentiated Paneth cells downstream of the CBCs [8,24,29,31]. These long-term LRCs are
restricted to the small intestine, consistent with the absence of Paneth cells in the colon.
Perhaps more interesting was the population of LRCs found after shorter-term (8-12 days)
chase. These cells reside at or near the crypt base, and unlike long-term LRCs, single cell
expression profiling reveals this population to be highly heterogeneous, including cells with
gene expression signatures consistent with Paneth cells, enteroendocrine cells, as well as
very rare cells with reserve ISC molecular identity [8,24]. Indeed, compound reporter mice,
where Hopx-CreER marks reserve I1SCs and H2B-GFP marks label retaining cells, revealed
only a very small fraction of double-positive cells (i.e. label retaining reserve ISCs), and thus
these data lead us to conclude that the reserve ISCs and short-term LRCs/secretory
progenitor cells are largely mutually exclusive populations [8]. Employing an inducible
H2B-Split-Cre system to enable in vivo lineage tracing from LRCs demonstrated extremely
rare tracing events, particularly in response to injury (less than 15 clonal tracing events along
the entire length of the intestine), consistent with the presence of very rare cells with reserve
ISC identity within this short-term LRC population [8,24]. The majority of the short-term
LRC population that exhibits hallmarks of Paneth or enteroendocrine cell identity retains the
ability to form small intestinal organoids in vitro, albeit at significantly lower efficiencies
than purified populations of reserve ISCs [8,24]. When the label retention chase is extended
to one month, LRCs are no longer able to form organoids.

The functional and molecular properties of short-term label-retaining secretory progenitor
cells are shared with cells marked by a DII1-CreER allele [32]. These DII1-CreER-marked
cells are the progeny of CBCs, normally generate cells of the secretory lineage, form
organoids in vitro in the presence of Wnt3a (which is not required for organoid formation
from CBCs or reserve ISCs), and exhibit rare lineage tracing activity in response to mid-
dose radiation injury (6Gy gamma-IR). Taken together, these findings support a model
where CBCs activate DII1 as they enter the secretory lineage (in opposition to the transit-
amplifying enterocyte lineage, Figure 3) and shortly thereafter exit the cell cycle. These now
post-mitotic LRCs retain developmental plasticity for some time, enabling them to re-
acquire stem cell activity within a favorable environment (Figures 2 and 3).

The LRCs of the intestine and other non-dividing cells are often referred to as being
quiescent [24], however the distinction between true quiescence and differentiation/G1 arrest
are unclear, as both can be associated with lack of proliferation. For example, LRCs are
referred to as being quiescent, yet the vast majority of these cells are arrested in the G1
phase of cell cycle, typical of a terminally differentiated cell [8]. The definition of
quiescence, to be “in a state or period of inactivity or dormancy” implies that i) quiescent
cells have a dormant genome (and thus reside in GO not G1, usually distinguished by global
levels of transcription, translation and cellular metabolism) and that ii) quiescent cells can
re-enter the cycle and act as a stem/progenitor cell. By this definition, the vast majority of
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non-dividing cells are not quiescent, and thus drawing this distinction becomes important for
creating clear framework for understanding the intestinal stem cell compartment.

Developmental plasticity downstream of the CBC state can also be observed in transit-
amplifying (TA) cells committing to the enterocyte lineage (Figure 2). These cells, marked
with Alpi-CreER, give rise to full crypt-villus lineage tracing events at low frequency in
response to genetic ablation of CBCs using an Lgr5-DTR allele [25]. Similarly, generation
of small intestinal organoids followed by Lgr5-DTR CBC ablation results in organoid
maintenance from an Alpi-CreER-marked population. While this provides some evidence
for plasticity downstream of the CBC state, whether this mechanism functionally contributes
to intestinal regeneration in any physiological injury setting is unclear. It might be expected
that an injury which kills cycling cells such as DNA damage would ablate both the CBC
compartment as well as these Alpi-CreER-marked transit-amplifying cells [4].

Similarly, a recent study employing Bmil-eGFP as a marker of endocrine lineage cells
demonstrated that upon ablation of CBCs, these more committed cells undergo chromatin
reorganization reverting to a CBC-like chromatin state, indicating that the functional
plasticity can be observed at the level of chromatin organization [21].

Ultimately, the ability of short-term LRCs and transit-amplifying cells displaying hallmarks
of lineage commitment downstream of the CBC state to acquire stem cell properties, either
forming organoids in vitro or giving rise to clonal lineage tracing events in vivo is a clear
demonstration of the plasticity of cellular identity within the intestinal crypt.

Intestinal stem cells and cancer

Colorectal tumors evolve clonally by acquiring a series of mutations that ultimately convert
normal epithelial cells to metastatic carcinoma. The initiating mutation, which provides a
selective growth advantage to a normal epithelial cell, is thought to be homozygous
inactivation of the APC tumor suppressor gene [33,34]. APC is a large protein with diverse
cellular functions, including antagonism of canonical Wnt signaling, microtubule nucleation,
RNA binding and regulation, among others[35-39]. Acute and broad loss of Apc throughout
the epithelium in mouse models results in crypt hyperplasia, a differentiation block, and
crypt fission [40]. Subsequent mutations in KRAS, TGF-B, P53, and PI3K pathways occur
later and result in clone expansion and progression from small adenoma to malignant
invasive carcinoma [40-44].

It is not completely clear whether the heterogeneous population of cells observed in tumors
are the progeny of a single undifferentiated cell with multi-lineage differentiation capacity
(i.e., a cancer stem cell), or a combination of several cell types with more limited
differentiation capacity. Xenotransplantation of a single colon adenocarcinoma cell can
reconstitute a tumor containing differentiated cells and cancer stem cells reminiscent of the
original tumor, supporting the cancer stem cell hypothesis [45]. However, whether a
colorectal cancer stem cell is a transformed descendent of a normal intestinal stem cell, or
whether differentiated cells can acquire a cancer stem cell phenotype upon transformation is
not known.
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The high turnover rate in the intestinal epithelium (with the bulk epithelium being replaced
every 4-5 days, and stem cells and some secretory lineage cells surviving for weeks to
years) implies that the tumor-initiating cell should have self-renewal capacity or be able to
dedifferentiate to a stem cell state. Several studies have shown that loss of Apc/activation of
canonical Wnt signaling specifically in intestinal stem cells can lead to adenoma formation.
Apc deletion using Lgr5-CreER or Lrig1-CreER and activation of **B-Catenin using Bmil-
CreER results in hyperplasia and adenoma formation [7,15,46]. DCLK1-CreER* Tuft cells,
which have stem cell activity, form adenomas after Apc loss and dextran sulfate sodium-
induced inflammation [47]. Adenoma formation in response to ISC-specific modulation of
APC/Wnt activity and tumor initiating capacity of ISC-like tumor cells point to ISCs as
major contributors to colorectal cancer [48].

The great plasticity of the intestinal epithelium and presence of non-stem cells capable of
de-differentiation under certain conditions suggests that there may also be a non-stem cell of
origin in colorectal cancer. This is often referred to as ‘top-down’ tumor initiation, in
opposition to the ‘bottom-up’ model in which an intestinal stem cell is the tumor cell-of-
origin. However, the evidence for adenoma formation from differentiated cells is limited and
it normally requires multiple concomitant oncogenic events that are highly unlikely to arise
clonally in short-lived differentiated cells during natural tumor ontogeny in humans. Further,
models of top-down tumorigenesis also frequently rely on broad oncogene activation (using
widely-expressed Cre drivers), rather than clonal activation in single cells as would occur
naturally (see, for example [49]).

The fact that most oncogenic mutations in mouse models (both in top-down and bottom-up
models) are induced in a population of cells rather than in a single cell (clonally) makes
comparison of tumor initiating capacity between cell types and interpretation of tumor
formation difficult. For example, genetic ablation of Apc throughout the population of CBCs
using Lgr5-CreER results in broad hyperplasia, but whether this hyperplasia can be equated
to tumorigenesis is debatable [46]. This is because analogous genetic ablation of Apc
clonally (rather than in an entire stem cell population) does not result in such rapid
hyperplasia or tumorigenesis. Rather, when Apc is lost in a single stem cell, that cell gains a
modest competitive advantage over its Apct neighbors, but no hyperplasia or differentiation
block are observed [45]. Similar results are seen with clonal activation of Kras. Although
mutation of Apc or Kras in a single cell gives that cell a competitive advantage, it does not
guarantee the fixation of that clone in the population, and the mutated cell may still be
replaced by its wild-type neighbors [45]. This is an example of how presence of a driver
mutation does not necessarily lead to tumorigenesis and additional events over long time
periods may be required for conversion of a stem cell to a tumor-initiating cell, consistent
with the long latency (sometimes decades) of CRC progression, from an aberrant crypt focus
to invasive adenocarcinoma. Ultimately, these findings point to the existence of powerful
field effects in mouse models of broad oncogene activation, and thus might serve as a
cautionary tale for how colorectal cancer is best modeled in animals.
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The intestinal stem cell niche

The stem cell niche provides signaling cues that maintain stem cell self-renewal and dictate
the balance of stem cell proliferation with differentiation. The importance of Wnt signaling
in maintenance of the intestinal epithelium, and specifically CBC function [50,51], raised
the question about the cellular identity of the Wnt-secreting niche. Sato et al. originally
hypothesized that Paneth cells are the CBC niche because they are intercalated at the crypt
base between CBCs, secret Wnt3, EGF, and the Notch ligand DII4, their co-culture with
CBCs enhances organoid formation efficiency from CBCs in vitro, and addition of Wnt3a
can substitute co-culturing Paneth cells with CBCs.

Despite these findings, several recent studies have called into question the role of the Paneth
cells in supporting CBCs. Paneth cell loss via deletion of Atoh1l/Mathl (the master Paneth
cell specifying transcription factor) or in other experimental settings such as forced
expression of Lin28b has no effect on CBC activity or intestinal homeostasis under basal
conditions, nor does it adversely affect regeneration following radiation injury, clearly
indicating the presence of other sources of niche factors [52-55]. Moreover, epithelial-
specific deletion of Wnt3 or the pan-Wnt processing protein Porcupine (Porcn) using Villin-
CreER has no effect on intestinal stem cell activity, suggesting the presence non-epithelial
sources of Wnt and other niche factors [56,57].

Turning to potential non-epithelial Wnt sources, deletion of Porcn in myofibroblasts using
Myh11-CreER alone or in combination with epithelial deletion using Villin-CreER did not
affect intestinal stem cell proliferation or differentiation [58]. In contrast, a recent study
showed that rare FoxI1* cells, which are located just under intestinal epithelium, have
mesenchymal characteristics, highly express niche factors such as Wnt and Fgf2, and are
distinct from myofibroblasts. Further, their ablation using diphtheria toxin halts proliferation
and Wnt signaling activity in the intestinal stem cell compartment leading to tissue failure,
in contrast to what is observed upon Paneth cell ablation [59]. This recent study, for the first
time, shows the requirement for a single cell type in providing niche signals to CBCs.
However, whether the requirement for FoxI1* cells is due to their production of Wnt ligands
or other niche factors remains to be definitively demonstrated.

Concluding remarks

The intestinal epithelium and hematopoietic system represent two of the most proliferative
tissues in the body, and thus it might be expected that commonalities exist in our
understanding of their stem cell compartments, despite the largely unique approaches taken
to study them (e.g., lineage tracing versus transplantation). More recently, tools traditionally
used to study the hematopoietic stem cell compartment are being increasingly applied to the
intestinal stem cell compartment, including flow cytometry and transplantation assays. One
commonality that is becoming increasingly evident is the residence of long-term stem cells
in quiescence (GO) outside of the cell cycle. Reserve ISCs have longer clonal lifespans than
their active CBC counterparts [10], analogous to the differences observed in LT-HSCs versus
ST-HSCs. Similarly, the majority of reserve 1ISCs (>60%) and LT-HSCs (~90%) reside in
GO, in contrast to active CBCs (<10% in G0)[8,60]. While the molecular underpinnings and
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functional benefits of maintaining long term HSCs in quiescence has been studied
extensively, little is known about this phenomenon in the intestinal stem cell compartment.
However, recent data has begun to illustrate common molecular mechanisms controlling
quiescence in reserve 1ISCs and LT-HSCs. For example, activity of PI3K/PTEN signaling
was recently shown to play a critical role in governing the activity of reserve ISCs marked
by mTERT-CreER. These data indicate that PTEN inhibition drives activation of these
reserve ISCs in a model reminiscent of the role of PTEN in HSCs [11,61]. Similarly, studies
of the MSI family of RNA binding proteins reveal that MSI activity is both necessary and
sufficient for driving proper exit from quiescence and cell cycle entry both in quiescent LT-
HSCs and quiescent reserve 1ISCs marked by Hopx-CreER or Bmil-CreER [17,62]. Despite
this emerging picture of the molecular control of reserve ISC activity, several questions
remain unanswered (see outstanding questions). The emerging parallels with HSC biology
offer an opportunity to apply our much more mature knowledge of HSC regulation to the
nascent field of reserve ISC biology. By looking to the hematopoietic stem cell field, we
may be able to better accelerate the development of therapeutic approaches to diseases
involving the intestinal stem cells, including radiation enteropathy, inflammatory bowel
disorders, and particularly colorectal cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Label retaining cells

DNA label retention is used to identify non-dividing cells, as DNA label is not exchanged in
interphase, and only diluted upon mitosis. This assay has the caveat that in order to
incorporate the label initially, a cell must be dividing.

Tritiated thymidine pulse-chase experiments

A method of label retention. Giving cells a short exposure (pulse) of radiolabeled thymidine
such as tritiated thymidine followed by a chase period in the absence of labeled nucleotide is
a way to assess rate of cell division. Highly proliferative cells rapidly lose the label due to its
dilution during DNA replication. Proliferative cells that undergo differentiation, senescence,
or enter GO immediately after incorporation of the label retain the label for the longer
periods of time.

Lineage tracing

Irreversibly activating a label (usually a fluorescent protein) in a stem and progenitor cell
results in all of its progeny being labeled, thus allowing for assessment of the differentiation
and/or self-renewal capacity of the initially labeled cell, depending on the time between
labeling and tissue harvest.

Quiescence

Quiescence is a period of resting or dormancy. In a cell, this can imply that a cell is not
dividing, however in modern stem cell biology quiescence is used to describe a cell residing
outside of the cell cycle (GO), where it is metabolically inactive, often characterized by low
rates of global transcription, translation, and respiration.

Stem cell niche
Stem cell niche is an external microenvironment that provides stem cells with signaling
molecules that regulates their fate (self-renewal, quiescence, cycling, differentiation, etc).

DNA damaging injury
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Cancer treatments such as radiotherapy and chemotherapy are efficiently kill dividing cells
by inducing extensive DNA damage that exceeds the cell’s capacity for repair.
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Box.1
Stem cell dynamics in the hematopoietic system

Hematopoietic stem cells (HSCs) serve as a paradigm for studying adult stem cells. HSCs
are defined as cells with the ability to self-renew and the potential to give rise to all
hematopoietic lineages [63]. HSCs are a heterogeneous population with subsets of long-
term (LT) and short-term (ST) HSCs. LT-HSCs vs ST-HSCs are distinguished by their
ability to support hematopoiesis post-transplantation into recipient mice for a lifetime
(LT) or a few months (ST), however these definitions are arbitrary and subject to change
as the field progresses. ST-HSCs give rise to multipotent progenitor cells (MPPs) that
have the potential to give rise to all hematopoietic lineages, but lack long-term self-
renewal ability as evidenced by their limited ability to support hematopoiesis post-
transplantation. MPPs can further give rise to common myeloid progenitors (CMPs),
which produce mega-erythroid progenitors (MEPs) and granulocyte-macrophage
progenitors (GMPs). The latter two are the resources of mature megakaryocytes,
erythrocytes, granulocytes, and macrophages. On the axis of immune lineages, MPPs can
give rise to common lymphoid progenitors (CLPs), and the latter further produce T, B,
and NK cells [64,65]. This ‘clonal succession’ model in which a very small number LT-
HSCs sitting at the apex of the hematopoietic pedigree generate the entire hematopoietic
system at any given time has been dominant in the field for decades. However, this model
is based on the transplantation assay, a non-physiological condition that can be
considered highly stressful and relies upon a cell’s ability to survive in the circulation and
home to the bone marrow. Thus, the transplantation assay may better represent a post-
injury regenerative scenario rather than a readout of homeostatic HSC function. Whether
basal (or native) hematopoiesis behaviors follow this model has recently been challenged

[2].

Recent observations indicate that under basal conditions, LT-HSCs rarely divide over a
lifetime [66,67]; and mice can tolerate loss of LT-HSCs for up to 6-months without
showing any lineage bias [65]. These observations suggest that LT-HSCs function only as
a back-up or reserve subpopulation under basal conditions on shorter-term (6-month)
time frames [68,69]. Taking an alternative approach by employing retrotranposition as a
means to uniquely barcode individual cells and their lineage, researchers demonstrated
that a pool of long-lived progenitors, rather than classically defined LT-HSCs, are the
main drivers of basal hematopoiesis during most of adulthood [2]. Our understanding of
stem cell activity in the intestinal epithelium is derived largely from /n vivo lineage
tracing in native (non-transplanted) tissue, however in vitro organoid culture and
transplantation assays have recently been pioneered in this tissue. These assays may be
more analogous to the transplantation assays used to define the HSC compartment. We
should therefore be cognizant of the limitations of each assay, and may find value in
comparing results from transplantation versus native stem cell activity in both the blood
and intestine.
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Trends
. Parallels between the long-term hematopoietic stem cell and reserve intestinal
stem cell are emerging
. At least two robust populations of intestinal stem cells (ISCs) contribute to

homeostasis: A WntHi9h active 1ISC and a WntNedalive qujescent reserve 1ISC
. Genetic ISC proxy reporter alleles mark heterogeneous populations of cells

. Plasticity can be observed in more committed epithelial cells upon return to a
vacated crypt base niche

. Reserve ISCs exist primarily in GO and are able to re-enter the cell cycle,
while long-term (1 month+) label retaining cells are arrested in G1 and cannot
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Outstanding Questions

Do reserve and active ISCs exist in an interchangeable continuum or rigid
hierarchy?

Do reserve and active ISCs act differentially as cells-of-origin in colorectal
cancer?

Does clonal exhaustion occur in active ISCs in a manner analogous to active
hematopoietic progenitors?

Can the transition between reserve ISCs in GO and active ISCs in cell cycle be
therapeutically targeted in degenerative diseases such as inflammatory bowel
disease and radiation enteropathy, and in colorectal cancers?

What is the extent of the parallels in the molecular control of reserve ISC
dormancy and long-term hematopoietic stem cell quiescence?

Does residence in the quiescent, GO state outside of the cell cycle protect
ISCs against DNA damage?
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TA cells

Paneth cells

Figure 1.
Intestinal stem cell fate determination under basal conditions. In the resting state, reserve

ISCs (blue) periodically divide to give rise to the active crypt base columnar stem cells
(CBCs, green). These active CBCs then either produce transit-amplify progeny (T/A cells,
dark grey), which go on to divide very rapidly in order to produce large quantities of
enterocytes (light grey), or can generate secretory progenitor cells (maroon). These secretory
progenitor cells then commit to Paneth, goblet, or enteroendocrine cell lineages (yellow,
navy blue, or purple, respectively).
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Intestinal regeneration after injury. Exposure to DNA damaging agents such as high-dose
gamma radiation or chemotherapeutics ablates actively cycling cells, including CBCs and
transit-amplifying cells. Some cells are able to survive DNA damage, and some of these
cells can contribute to the post-injury regenerative process. In response to DNA damage,
reserve ISCs enter the cell cycle to replenish the CBC compartment and epithelium.
Additionally, some reports indicate that Wnt-°" CBCs above the crypt base as well as cells
downstream of the CBC can resist DNA damage-induced cell death and contribute to
repopulation, including a rare subpopulation of secretory progenitor cells. Further, in non-
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physiological injury settings in which CBCs are genetically ablated with diphtheria toxin
(asterisk), transit-amplifying cells marked by Alpi-CreER can fall back into the CBC niche
and re-establish stem cell identity. The quantitative contribution of secretory progenitors and
Alpi-CreER-marked cells to regeneration based on lineage tracing is, however, minimal, and
no evidence exists demonstrating its functional importance.
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Figure 3.
Model of intestinal stem cell compartment organization. In the hierarchical model, a

population of rare stem cells that lack canonical Wnt pathway activity and reside in the
quiescent GO state sits atop the hierarchy. During homeostasis, these cells periodically divide
to generate CBCs driven by high Wnt pathway activity and marked by Lgr5 expression.
Whether CBCs can re-enter the WntNedative reserve ISC state remains an outstanding
question. CBCs divide symmetrically and stochastically give rise to transit-amplifying cells
which begin to lose developmental potency as they undergo the massive proliferation
required to generate large numbers of short-lived enterocytes. Conversely, CBCs can activate
DII1 expression and commit to the secretory lineage. These secretory progenitor cells retain
some developmental potency, even after they exit the cell cycle and retain DNA label while
they acquire hallmarks of enteroendocrine and Paneth cell lineages. The secretory progenitor
cells can also give rise to goblet cells, a fate decision that is presumably coupled to
additional cell divisions as no evidence for goblet cell identity is found in the short-term
label retaining cell population. Long-term label retaining cells are terminally differentiated
Paneth cells that have lost developmental potency.
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