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Lgr5* intestinal stem cells reside in an unlicensed G,

phase

Thomas D. Carroll}, lan P. Newton'@®, Yu Chen, J. Julian Blow?®, and Inke Nithke!®

During late mitosis and the early G, phase, the origins of replication are licensed by binding to double hexamers of MCM2-7.
In this study, we investigated how licensing and proliferative commitment are coupled in the epithelium of the small
intestine. We developed a method for identifying cells in intact tissue containing DNA-bound MCM2-7. Interphase cells
above the transit-amplifying compartment had no DNA-bound MCM2-7, but still expressed the MCM2-7 protein, suggesting
that licensing is inhibited immediately upon differentiation. Strikingly, we found most proliferative Lgr5* stem cells are

in an unlicensed state. This suggests that the elongated cell-cycle of intestinal stem cells is caused by an increased G,
length, characterized by dormant periods with unlicensed origins. Significantly, the unlicensed state is lost in Apc-mutant
epithelium, which lacks a functional restriction point, causing licensing immediately upon G; entry. We propose that the
unlicensed G, phase of intestinal stem cells creates a temporal window when proliferative fate decisions can be made.

Introduction

Cell division is necessary for homeostasis of adult tissue. It
allows for the replacement of aged or damaged cells and pro-
vides specialized cells critical for tissue function. The deci-
sion to proliferate is crucial, especially for stem cells, which
produce daughter cells that either maintain the fate of a stem
cell or differentiate to produce specialized cells. The rapidly
renewing intestinal epithelium replenishes its cellular con-
tent every 4-5 d. This high turnover rate is maintained primar-
ily by Lgr5* intestinal stem cells in the crypt base, which are
thought to be continually proliferative (Basak et al., 2014) as
confirmed by proteomic and transcriptomic analysis (Mufioz
etal., 2012). There is also a quiescent stem cell population that
can reengage with the cell cycle to repopulate the Lgr5* cell
population if it becomes depleted. These quiescent stem cells
reside at the +4 position and constitute a subset of Lgr5* cells
and are immature, secretory-lineage precursors (Buczacki et
al., 2013). Lgr5* stem cells can divide to form transit-amplify-
ing (TA) cells, which undergo several rounds of cell division
before differentiating and losing proliferative competency
(Potten and Loeffler, 1990).

How proliferative-fate decisions are governed in stem and TA
cells is not understood. Lineage-tracing studies suggest that in
homeostatic intestinal tissue only five to seven intestinal stem
cells are “active” of the 12-16 Lgr5* cells present in the crypt base
(Kozar et al., 2013; Baker et al., 2014). Interestingly, Lgr5* cells
have a significantly longer cell cycle than do TA cells (Schepers et
al., 2011). The functional significance of the prolonged cell-cycle
time on Lgr5* stem cells is currently unknown, but it suggests

an active regulation of cell-cycle progression and proliferative
fate commitment.

Proliferative-fate decisions are typically visualized by detect-
ing markers that are present in all cell-cycle phases, which
only distinguishes proliferative from quiescent cells. Visualiz-
ing the incorporation of labeled nucleosides, such as BrdU or
5-ethynyl-2'-deoxyuridine (EdU), marks cells in the S phase.
The limitation of these methods is that they cannot discrimi-
nate early proliferative-fate decisions made during the preced-
ing mitosis or during the early stages of G;. DNA replication
in the S phase depends on origin licensing, which involves the
regulated loading of minichromosome maintenance (MCM) 2-7
complexes onto origins of DNA replication (Blow and Hodgson,
2002; Champeris Tsaniras et al., 2014). During the S phase, DNA-
bound MCM2-7 hexamers are activated to form the catalytic core
of the DNA helicase as part of the CMG (Cdc45, MCM2-7, GINS)
complex (Moyer et al., 2006; Ilves et al., 2010; Makarova et al.,
2012). Replication licensing is thought to occur from late mitosis
and throughout the G, phase until passage through the restric-
tion point (Dimitrova et al., 2002; Namdar and Kearsey, 2006;
Symeonidou et al., 2013; Héland et al., 2015). Correspondingly,
insufficient origin licensing directly limits the ability to progress
past the restriction point causing cell-cycle arrest (Shreeram et
al., 2002; Liu et al., 2009; Alver et al., 2014). When functional,
this licensing-checkpoint can delay the S phase if an insufficient
amount of origins have been licensed.

When cells enter the G, phase, MCM2-7 proteins are
down-regulated and degraded, primarily via E2F-mediated
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transcriptional control of MCM2-7, Cdcé, and Cdtl (Leone et
al., 1998; Williams et al., 1998; Ohtani et al., 1999). This pre-
vents terminally differentiated cells from reentering the cell
cycle. In mammalian cells, artificial induction of quiescence
through contact inhibition leads to gradual down-regulation of
Cdc6 and MCM2-7 over several days (Kingsbury et al., 2005).
These features have led to the suggestion that quiescence can
be defined by an unlicensed state (Blow and Hodgson, 2002).
Equally, the licensing status can define a different restriction
point that signals proliferative-fate commitment at the end of
mitosis and in early G, independent of the retinoblast protein
(Rb)/E2F restriction point.

The dynamics of replication licensing in the intricate cellu-
lar hierarchy of a complex, rapidly renewing adult tissue is not
understood. Therefore, we investigated the licensing system in
the intestinal epithelium, aiming to understand dynamics of
early cell-cycle commitment in stem and TA cells and during ter-
minal differentiation.

Results

Mcm2 expression declines along the crypt-villus axis

Because of their abundance and their strong conservation and
association with the core DNA replication process, the presence
of MCM2-7 proteins is commonly used to establish prolifer-
ative capacity in tissues, similar to Ki67 or PCNA (Williams et
al., 1998; Stoeber et al., 2001; Gonzalez et al., 2005; Jurikova et
al., 2016). Usually, terminally differentiated cells in mammalian
tissues do not contain MCM2-7 (Todorov et al., 1998; Stoeber et
al., 2001; Eward et al., 2004). To establish the overall MCM2-7
protein abundance along intestinal crypts, we first examined the
expression of MCM2-7 proteins in the epithelium of the small
intestines of adult murine by high-resolution immunofluores-
cence microscopy. We focused on Mcm2 as a surrogate for all
the members of the MCM2-7 complex, based on their similar
function and localization. However, we repeated a subset of the
experiments using an antibody to Mcm4, which is less effective
in detecting endogenous proteins. Nonetheless, in all cases, the
results were identical.

Consistent with previous studies, Mcm2 was highly expressed
in both murine and human intestinal epithelium. Mcm2 was
highly expressed in intestinal crypts (Fig. 1 A) and declined
gradually along the crypt-villus axis (Fig. 1 B) but persisted in a
few cells in the villus compartment (Fig. 1 D). Mcm?2 was nuclear
in interphase cells but cytoplasmic during mitosis (Fig. 1 C).
Although most intestinal crypt cells expressed Mcm?2, at the
crypt base, Mcm2* and Mcm2- cells were interspersed (Fig. 1,
A and D), consistent with previous studies (Pruitt et al., 2010).
This pattern is reminiscent of the alternating arrangement of
Lgr5* stem cells and Paneth cells at the crypt base (Barker et al.,
2007). Lgr5* stem cells express Ki67 and are continually pro-
liferative whereas Paneth cells are fully differentiated and are
Ki67- (Basak et al., 2014). As expected, Mcm2 was expressed in
all Lgr5* stem cells, and there was a strong correlation between
Mcm?2 and Lgr5 expression (Fig. 1 E). This is consistent with the
idea that Lgr5ti stem cells are the main proliferative stem cells
in the intestinal crypt. Staining with Ulex europaeus agglutinin
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(UEA) Idemonstrated that most Mcm2- cells in the crypt base are
UEA* Paneth cells (Fig. 1 F).

Normally, MCM2-7 expression islost in terminally differenti-
ated cells (Williams et al., 1998, 2004; Stoeber et al., 2001; Eward
etal.,2004). The loss of expression has been suggested as a major
contributor to the proliferation-differentiation switch in vivo.
To test this idea, we measured the Mcm2 content of young and
mature secretory cells in intestinal crypts and villi (Fig. 1, G and
H). There was differential expression of Mcm2 in distinct secre-
tory lineages. Many mature secretory cells, including Paneth,
goblet, and enteroendocrine cells, were Mcm2-, consistent with
their differentiation status and long life span in the epithelium
(van der Flier and Clevers, 2009). We detected a few UEA* Mcm2*
cells in the intestinal crypts (Fig. 1 G). If we assume that Mcm2
expression declines slowly after terminal differentiation, the
presence of Mcm?2 in UEA* secretory cells could reflect their
immaturity. Consistently, Mcm2 expression in UEA* cells in the
crypts was significantly greater than in the villi (Fig. 1 H), sup-
porting the idea that MCM2-7 are gradually lost upon terminal
differentiation. Because MCM2-7 are highly abundant and have
a long (>24 h) half-life (Musahl et al., 1998), it likely that, after
cells differentiate, their MCM2-7 content declines at a slow rate,
explaining why Mcm?2 persists in the villus compartment.

Visualization of DNA replication licensing in vivo

MCM2-7 exist in three states: as hexamers, free in the nucleop-
lasm; as double hexamers, bound to DNA during late mitosis and
G, and S phases; or as CMG complexes, at replication forks during
the S phase (Evrin et al., 2009; Remus et al., 2009; Gambus et
al., 2011). To distinguish between DNA-bound and soluble forms,
we developed a protocol involving a brief extraction of isolated
crypts with nonionic detergent to remove soluble MCM2-7. The
remaining Mcm2 should mark cells whose origins are licensed
for replication. Extraction did not visibly affect intestinal crypt
integrity but made them more opaque compared with unex-
tracted tissue (Fig. 2 A). Most cells in unextracted crypts were
Mcm2* (Fig. 2 B, Total) similar to tissue sections and mirroring
the ubiquitous expression of Ki67 along the crypt axis. After
extraction, most of the Mcm2 content in cells was lost (Fig. 2 B,
Licensed), with only 10-30% of cells maintaining high levels of
Mcm?2 (Fig. 2 C). After extraction, Mcm2* was not present in
mitotic cells expressing phosphorylated histone H3, confirming
the extraction procedure successfully removed non-DNA-bound
MCM2-7 proteins (Fig. 2 D).

We used flow cytometry to measure MCM2-7 content more
directly and to further confirm the effectiveness of the extraction
procedure. Whereas most isolated epithelial cells expressed
Mcm?2 that persisted throughout the cell cycle, extraction revealed
adistinct profile of Mcm-containing cells in the crypts (Fig. 2 E).
These profiles are consistent with those reported for cultured cell
lines (Friedrich et al., 2005; Hiland et al., 2015; Moreno et al.,
2016; Matson et al., 2017). Mcm?2 is present throughout the cell
cycle (Fig. 2 E, Unextracted), but extraction shows that it binds to
DNA throughout the G, phase, reaching a maximum level before
cells enter the S phase, and is subsequently displaced from the
DNA during S phase. This behavior, which matches the known
cell-cycle behavior of MCM2-7, confirms the efficiency of our
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Figure 1. Mcm2 is expressed ubiquitously along the crypt-villus axis and declines slowly as cells differentiate. (A) Sections of normal human (top)
and mouse (bottom) small intestine were stained with phalloidin (green) and an antibody against Mcm2 (red). Bars, 200 pm. (B) Mean Mcm? intensities for
segmented nuclei were plotted along the crypt-villus axis for human (left) and mouse (right) tissues. Locations of the crypt and villus domains are indicated.
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extraction protocol. An antibody against Mcm4 produced sim-
ilar results (data not shown). We observed that most cells with
G, DNA content appeared to be unlicensed, having a DNA-bound
Mcm2 content similar to G,/M cells (Fig. 2, E and E'). This is sub-
stantially different from typical profiles observed in cultured
cells lines in which most G, cells are fully licensed (Friedrich et
al., 2005; Haland et al., 2015; Moreno et al., 2016; Matson et al.,
2017). Similar results were observed in cells isolated from intes-
tinal organoids (Fig. 2, F and G).

Licensing status and cell-cycle progression along the
crypt-villus axis

Cell-cycle dynamics of intestinal stem and progenitor cells are
highly heterogeneous (Pruitt et al., 2010). Most of the Lgr5*
stem cells are considered to be continually proliferative but with
amuch longer cell cycle than TA progenitor cells, which are most
commonly found in the S phase (Schepers et al., 2011). To inves-
tigate proliferative-fate decisions of the intestinal epithelial cells,
we used our MCM2-7 extraction in crypts in which S phase cells
were labeled in vivo with the nucleoside analogue EdU. We then
used image analysis software to correlate Mcm2 content with
cell-cycle stage along the crypt-villus axis (Fig. S1, A-F). This
allowed quantification of licensing in relation to the cell cycle
and 3D spatial information.

Fig. 3 A shows tissue labeled in vivo with a 1-h EdU pulse, fol-
lowed by extraction of soluble MCM2-7. As expected, most cells
in the TA compartment were labeled with EdU, suggesting that
most cells were in the S phase, consistent with early studies with
BrdU and [*H]thymidine labeling (Chwalinski and Potten, 1987).
The patterns of replication foci were consistent with the reported
S phase replication timing program (Rhind and Gilbert, 2013).
Typically, all licensed cells had intense nuclear Mcm2 staining.
Some cells completely lacked Mcm2 and EdU labeling, suggesting
they were in either in G, very early G,, or G, phase. Some cells
were labeled with both Mcm2 and EdU. These double-labeled
cells typically showed patterns of EdU labeling consistent with
early to mid S phase and Mcm?2 labeling of DNA compartments
expected to replicate later in S phase. This relationship has been
observed in tissue-culture cells (Krude et al., 1996) and is consis-
tent with the idea that DNA-bound MCM2-7 are displaced from
chromosomal domains as replication is completed. Cells with
late S phase patterns of EU labeling had little or no detectable
Mcm?2, consistent with the displacement of most MCM2-7 by
the end of the S phase. We also measured nuclear volume, which

increases during S and G, phases. This showed that nuclear vol-
ume increased up to twofold in cells classified as S and late S/G,
phases by Mcm2 and EU staining (Fig. 3 B). This confirms our
cell-cycle assignment and also suggests that most Mcm2~ cells are
in G or Gy, rather than in G,, phase.

The combination of concurrently labeling DNA-bound Mcm2
and EdU showed a clear correlation between cell position and
cell-cycle stage. As noted previously, Mcm2 is expressed in
cells throughout the crypt (Fig. 3, C and D). At the base of the
crypt, unlicensed cells predominate (Fig. 3, C and E). At increas-
ing distances from the crypt base, there is a successive rise in
licensed G, early/mid S, and then late S/G, phase cells. Further
up the crypt, at the end of the TA compartment, these cell-cycle
stages decline in reverse order, until unlicensed cells again pre-
dominate. This suggests that there is a coordinated progression
through the cell-division cycle as cells enter, then leave, the TA
compartment. This was also observed as a field effect with many
neighboring cells showing similar replication patterns (Fig. S2,
Aand B; and Video 1).

Terminal differentiation is associated with a binary

licensing decision

At the terminal boundary of the TA compartment, most cells were
unlicensed and had no DNA-bound Mcm?2 (Fig. 3, C and E). Simi-
larly, there were no licensed G, cells beyond the TA compartment,
as defined by incorporation of EAU (Fig. 3 F). However, total Mcm2
expression extended significantly beyond the last cells with DNA-
bound Mcm?2 or incorporated EQU (Fig. 3, C, D, and F). The distribu-
tion of total Mcm?2 expression corresponded to the zone in which
cells express Ki67 (Fig. S3). Although Mcm2 and Ki67 expression
persists beyond the TA compartment, licensing does not occur in
this area. This suggests that differentiation is not governed by a
gradual reduction in total MCM2-7 levels but is a binary decision,
and licensing is abolished immediately after the final mitosis pre-
ceding differentiation. To further examine this, we marked the
terminally differentiated zone by a 1-h EdU pulse, followed by a
16-h chase (Fig. 3, Gand H). After 16 h, most of the distal end of the
TA compartment became labeled with EdU. All labeled nuclei in
this area were significantly smaller than EdU* cells at the proximal
end of the TA compartment (unpublished data), suggestive of their
differentiation status. Importantly, the EdU*-differentiated cells at
the distal end of the TA compartment lacked DNA-bound Mcm?2,
supporting our suggestion that licensing is inhibited immediately
at terminal differentiation.

(C) Anintestinal crypt stained with Hoechst (blue), phalloidin (green), and an antibody against Mcm2 (red). Individual cells in interphase and mitosis (metaphase
and cytokinesis) are outlined by dashed white lines. Bars: (left) 50 um; (middle and right) 10 um. (D) Maximum-intensity projections of whole-mount intestinal
tissue revealing intestinal crypts and villi (left; Bars, 200 um). Individual X-Y sections are also shown to reveal the epithelium (right; Bars: [top] 50 pm; [bottom]
100 pm). Tissue was stained with phalloidin (green), Hoechst (blue), and an antibody against Mcm2 (red). The alternating pattern of Mcm2* (green stars) and
Mcm?2- (orange stars) in the crypt base is highlighted. (E) Images of Lgr5-GFP stem cells (green; top) costained with an Mcm2 antibody (red). Bars, 10 um. The
correlation (Pearson'’s correlation R = 0.81, P < 0.0001) between mean Mcm2 and Lgr5-GFP intensities for Lgr5-GFP* cells (n = 69), normalized to the maximum
intensity for an individual crypt, is shown. (F) Images of UEA* Paneth cells (top) costained with an Mcm2 antibody (red) and UEA (green). Bars, 10 um. Mean
Mcm2 intensity for segmented nuclei of UEA* Paneth cells was compared with interphase cells (right). (G) Mcm2 (green) and UEA (red) expression in subsets of
UEA* cells in crypt and villus domains. Bars, 10 um. UEA* cells at the crypt base represent Paneth cells. (H) Quantification of mean Mcm2 intensity in individual
UEA* cell populations. UEA* cells in the crypt base (Paneth cells, n= 224), in the upper crypt compartment (crypt, n = 132) and in the villus compartment (villus,
n = 225) were identified manually, and the nuclear Mcm2 intensity was determined for individual cells (all cells, n = 33,736). There was a significant difference
between UEA* cells in the crypt and villus compartments (t test,****, P < 0.0001).

Carroll et al. Journal of Cell Biology

Lgr5* intestinal stem cells reside in an unlicensed G, phase https://doi.org/10.1083/jcb.201708023

202 Iudy GZ uo 3senb Aq 4pd-£2080.10Z A2l/9€ 2009 1/2991/G/ L1 Z/3pd-8jo1e/qol/B10"sseidn.-qalj:dpy wouy pepeojumoq

1670



(@]

Licensed Mcm?2

Total Mcm?2

Labeling Index (%)

Total Mem2 Licensod Mom2

NAActlve G, Er

Ele

O =

2|

° =1

C k=

3

.8 Unlicensed G,

<

2

: O  DNA Content

Bright-Field Mcm2 Ki67 -

D E Unextracted Extracted b
Unextracted Extracted 1051 97.7%| ] 36.3%
Licensed Mcm2 E E

104 1 \

% 10°,
102 ]
104 2.3%| 3 64.3%

Hoechst Mcm2 pH-H3 20K 40K 60K 40K 60K
F Unextracted Extracted G
Total Mcm2 | Licensed Mcm?2
[

T
Licensed Mcm2

Total Mcm2

Mcm?2

Figure 2. Visualizing Mcm2 licensing in intestinal crypts. (A) Representative bright-field images of extracted and unextracted, isolated intestinal crypts.
Bars, 100 pm. (B) Representative images of isolated crypts stained with antibodies against Mcm2 (red) or Ki67 (purple). Bars, 10 um. (C) The Mcm?2 labeling
index for unextracted and extracted crypts is significantly different (Means + SEM, n =10 crypts; ttest, P < 0.0001). (D) Representative intestinal crypts stained
with Hoechst (blue) and antibodies against Mcm2 (red) and phospho-histone H3 (pH-H3; green). Bars, 10 um. (E) Representative flow cytometry profiles for
extracted and unextracted, isolated, crypt epithelial cells showing Mcm2 versus DNA content. Data are representative of 3 independent experiments. (E’) Sug-
gested model of the licensing profile shown in E. Deeply quiescent cells do not express Mcm2 and have a no detectable Mcm2 signal. Cells expressing soluble
Mcm2 (unlicensed G;) show a similar Mcm2 signal to G, cells. After a proliferative-fate decision has been made, origins become licensed and cells commit to S
phase entry. Cells enter S phase after maximal origin licensing (active G;). During the S phase, Mcm proteins are then displaced from DNA during replication.
(F) Representative images of extracted and unextracted intestinal organoids stained with an antibody against Mcm2 (red). Bars, 10 pum. (G) The Mcm2-labeling
index for unextracted and extracted organoids. Data are displayed as means + SEM; n = 3 organoids and shows a significant difference (t test, P < 0.0001).

Most intestinal stem cells spend most of their time in the G;
phase in an unlicensed state

Most cells in the crypt base expressed Mcm2, consistent with the
finding that all Lgr5* cells express Mcm2, but mature secretory
cells, such as Paneth cells, do not (Fig. 1, D and E). Surprisingly,
extraction revealed that only 7-15% of cells were licensed in the
crypt base (Fig. 3, C and D), with most cells in an unlicensed
state despite expressing Mcm2. The abundance of licensed cells
peaked 40-60 pm away from the crypt base, corresponding to
just above the +4/+5 cell position (Fig. 3, D and E). This suggests

Carroll et al.
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that most stem cells remained unlicensed. In contrast, most TA
cells appear to progress rapidly through the cell cycle, and many
more actively incorporate EAU (Fig. 4 A).

We next confirmed that the unlicensed cells at the crypt base
were Lgr5* stem cells. Because it is not possible to identify Lgr5
in these experiments, because it is extracted along with unbound
Mcm?2, we instead identified Paneth cells by UEA staining and
considered all UEA- cells in the crypt base as stem cells (Fig. 4 B).
More than 50% of the UEA- stem cells were in an unlicensed
state and were not incorporating EU (Fig. 4 C). Approximately
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Figure 3. The licensing state defines distinct proliferative zones in intestinal crypts. (A) Representative image of an extracted intestinal crypt isolated
after a 1-h EdU pulse in vivo (green) and stained with Hoechst (blue) and antibodies against Mcm2 (red) and pH H3 (white). Bars: (top) 10 um; (bottom) 1 um.
Costaining shows distinct cell-cycle phases (bottom), licensed cells committed in G, with Mcm2* and EdU-; early Mcm2* and EdU* to late Mcm2- and EdU* in
the S phase, and mitotic cells, pH H3*. Negative cells represent deeply quiescent (Go), terminally differentiated cells or cells in G; that have not made a prolifer-
ative-fate decision, remaining unlicensed. The crypt base is to the left of the displayed image. (B) Nuclear volume was estimated in cells at the distinct cell-cycle
phases identified previously: negative (Go,G1/G, n = 115); G; licensed Mcm* and EdU~ (n = 38); S phase Mcm* and EdU* (n = 24); and late S/G, Mcm™ and EdU*
(n = 26). (Top) Representative examples of each cell-cycle phase and the associated 3D rendered nuclei. Bars, 10 um. The means + SEM are displayed. There
was a significant difference in the size of licensed Gy, S, and late S/G; nuclei (t test, P < 0.0001). (C) Representative images of intestinal crypts isolated after
a 1-h EdU pulse (green) in vivo. Displayed are 3D projections of extracted and unextracted crypts stained with Hoechst (blue) and an antibody against Mcm2
(red). The crypt base is to the left of the displayed image. (D) Comparison between cells expressing Mcm2 protein and DNA-bound Mcm2 along the crypt-
villus axis between unextracted (n = 101 crypts) and extracted (n = 109 crypts; taken from 3 mice) cells. Data are displayed as the mean percentage of cells per
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30-40% of all UEA- cells in the stem cell compartment were in
an active phase of the cell cycle (licensed G, S, or Gy; Fig. 4 C),
corresponding to five to six stem cells of the total of 14 present
(Snippert et al., 2010). This number is similar to the small num-
ber of proposed “working” stem cells in the crypt base (Kozar et
al., 2013; Baker et al., 2014). Unlicensed cells not incorporating
EdU (i.e., unlabeled cells in this experiment) could theoretically
be in either G, or G, phase. To distinguish between these pos-
sibilities, we first isolated crypt cells from Lgr5-GFP mice and
measured both GFP and DNA content. Both Lgr5* and Lgr5- cell
populations had a similar cell-cycle profile with most cells hav-
ing two complete sets of chromosomes (2N) DNA content (Fig.
S2 C). We also examined the nuclear volume of cells at different
positions along the crypt axis after staining for EdU incorpora-
tion and DNA-bound Mcm2. Most unlicensed cells had a nuclear
volume similar to that of fully licensed cells in G; and not cells in
late S/G, phase (Fig. S2 D). Together, these results suggest that,
although they express abundant Mcm2, most intestinal stem
cells reside in an unlicensed G; state.

To confirm this conclusion, we flow-sorted unextracted
Lgr5-GFP* cells, extracted unbound MCM2-7, and stained the
cells for Mcm2 and Ki67. Consistent with our previous results,
most Lgr5* cells with a 2N DNA content had low levels of DNA-
bound Mcm?2 and were in an unlicensed state (Fig. 4 D [iand ii]).
Importantly, both the licensed and unlicensed cells were Ki67*
indicating that they had not withdrawn from the cell-cycle long-
term (Fig. 4 D [ii]).

This unlicensed G, state—2N DNA content, high Mcm2
expression, but low levels of DNA-bound Mcm2—could be
explained by two slightly different scenarios: (1) MCM2-7 are
loaded onto DNA slowly in Lgr5* cells, thereby extending G,
(Schepers etal., 2011; Dalton, 2015); or (2) Most Lgr5* cells enter
G, and remain in an unlicensed state but do not load MCM2-7
until an active decision is made to commit to cell-cycle progres-
sion and activate the licensing system, at which time, MCM2-7
proteins are rapidly loaded. In option (1), in which licensing
is slow, the presence of unlicensed cells simply reflects the
increased time required to fully license origins, and different
levels of Mcm?2 loading should be equally distributed among G,
cells. In option (2), however, in which G, licensing does not occur
during an early stage, there should be a discrete peak of unli-
censed cells with G; DNA content, representing cells that have
withdrawn from the cell cycle, and there would be fewer G, cells
and they would be loaded with different amounts of MCM2-7.
To distinguish between these two possibilities, we used ergo-
dic rate analysis (Kafri et al., 2013; Matson et al., 2017). When
examining the frequency distribution of DNA-bound Mcm?2 in

Lgr5* cells with 2N DNA content, we found a discrete peak of
unlicensed cells (Fig. 4 E), consistent with the second model. To
confirm these observations, we performed computer modeling
(see the online supplemental material for source code) in which
the licensing rate was varied in the presence or absence of an
initial G, period when licensing did not occur (Fig. 4 F). With
no unlicensed G, period and low licensing rates (Fig. 4 F, left),
G, cells were equally distributed across the different degrees
of licensing. With faster licensing rates and no unlicensed
G, period, a distinct peak of fully licensed G, cells appeared,
similar to what has been observed in cell lines. Only when an
unlicensed G, period was introduced did a distinct peak of unli-
censed G, cells appear (Fig. 4 F, left). Most of these unlicensed
Lgr5* cells express abundant Mcm?2 (Fig. 1 D), which suggests
that their G, is characterized by a long unlicensed period. This
may explain why the cell-cycle length of intestinal stem cells is
significantly longer than it is for TA cells (Schepers et al., 2011).
To further confirm that many intestinal stem cells exist in an
unlicensed G, state, we examined the expression of fluorescence
ubiquitination cell-cycle indicator (FUCCI) reporters as an inde-
pendent indicator of cell-cycle progression. We harvested intes-
tinal tissue from Fucci2aR mice (Mort et al., 2014) and examined
the expression of the G;-specific hCdt1(30/120) and S/G,/M-spe-
cific hGeminin(1/110) reporters (Fig. S4 A). As expected, many
TA cells were hGeminin(1/110)*. We also noticed that terminally
differentiated cells, such as Paneth cells in the stem cell com-
partment, and cells at the tips of villi expressed high levels of
hCdt1(30/120) (Fig. S4 B) reflecting accumulation of the reporter
in differentiated cells (Mort et al., 2014). However, we found that
most Mcm2* stem cells in the crypt base expressed very low lev-
els of the hCdt1(30/120) reporter, and only a few cells expressed
high levels (Fig. S4, C and D). In contrast, most TA cells were
either hGeminin(1/110)M&" or hCdt1(30/120)°%, consistent with
ashort G, phase. Together, this suggests that stem cells remain in
apaused, unlicensed G, state, where they do not rapidly accumu-
late hCdt1(30/120), unlike rapidly proliferating cells.
Embryonic stem cells have been reported to license more rep-
lication origins than neural stem/progenitor cells differentiated
from them (Ge etal., 2015). To determine whether adult stem and
non-stem cells in intestinal crypts exhibit such differences, we
compared the amount of DNA-bound Mcm?2 in G;/G, and early
S phase Lgr5* cells with that of Lgr5- cells (Moreno et al., 2016).
Although most Lgr5* cells were unlicensed, when they entered
the S phase, they had approximately twice as much DNA-bound
Mcm?2 as Lgr5- cellshad (Fig. 4 G). This is consistent with the idea
that adult intestinal stem cells license more origins than TA cells
do and may represent a mechanism to protect genomic integrity.

set distance bin. (E) All cells were divided into four distinct groups based on Mcm2 and EdU intensities. These groups represent distinctive cell-cycle phases
as defined by their total (unextracted, n = 101 crypts) or licensed (extracted, n = 109 crypts) Mcm2 content: extracted, (1) Unlicensed Mcm2- and EdU", (2) G,
licensed Mcm2* and EdU-, (3) early/mid S phase Mcm2* and EdU*, and (4) late S/G, Mcm2- and EAU*. The data are represented as the population means of the
total cells per distance bin. Means + SEM; ***, P < 0.001; **, P < 0.01. (F) The distance of the most distal Mcm2* and EdU* cells to the crypt base was compared
in extracted and unextracted crypts. Data were scored manually for 10 representative crypts per condition. Licensed Mcm2* cells were significantly closer
to the crypt base than were EdU* cells (t test, P = 0.0015. Cells expressing Mcm?2 protein extended significantly above the last EdU* cell (t test, P < 0.0003).
(G) Representative images of crypts isolated 17 h after administration of EdU (green). 3D projections of extracted and unextracted crypts stained with Hoechst
(blue) and an antibody against Mcm2 (red) are shown. (H) Cells were divided into four distinct groups as in E (n = 51 crypts).
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Figure 4. Intestinal stem cells reside in a paused, unlicensed G; phase. (A) Quantification of cell-cycle stages for cells in the stem cell (SC) compartment
(<40 pm from the crypt base) and in the early TA compartment (40-80 um from the crypt base), as described in Fig. 3 E (n = 49 crypts). (B) Representative
image of an extracted crypt base isolated 1 h after a pulse of EdU (green) and stained with Hoechst (blue), UEA (red), and antibodies against Mcm2 (white). Bar,
10 pm. Nuclear morphology and UEA signals were used to distinguish between UEA* Paneth cells (outlined by dashed lines and nuclei marked with blue stars)
and UEA" stem cells (situated between outlined Paneth cells, with nuclei marked by red stars). (C) The mean percentage of UEA™ stem cells that fall into the
previously defined cell-cycle bins: unlicensed; G, licensed; S phase; and S/G; phase (n = 68 crypts). Displayed are the means + SEM. (D) Representative flow
cytometry profiles of isolated Lgr5" intestinal stem, showing DNA-bound Mcm2 and DNA content (n = 3 mice; paneli). The 2N (G;) cells of the same population
are also shown (ji). The respective gated populations for unlicensed G; (black), licensed (red), S phase (yellow), and G,/M (green) are shown. The Ki67 content of
the licensed and unlicensed G; cells are also shown (jii). (E) The frequency distribution of mean DNA-bound Mcm2 intensities for Mcm2- cells in G, cells. Shown
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Intestinal label-retaining cells are in a deep G, state

Although theintestinal cryptbase primarily consists of Lgr5* stem
cells, there is also a reserved pool of quiescent stem cells, often
referred to as “+4 label-retaining cells” (LRCs), reflecting their
position in the crypt base and their ability to retain nascent DNA
labels (Potten et al., 2002). These cells are a rare subset of Lgr5*
cells and are also secretory precursors (Buczacki et al., 2013).
To further define the licensing status of these label-retaining,
intestinal stem cells, we identified UEA- LRCs by expressing
H2B-GFP (which is incorporated into the chromatin of divid-
ing cells) for 7 d and then chased them for a further 7 d (Roth et
al., 2012; Buczacki et al., 2013). Labeled cells that did not divide
during the 7-d chase period contained high levels of H2B-GFP
(and were, therefore, LRCs), but cells that divided multiple times
had only low levels of H2B-GFP. LRCs were then distinguished
from Paneth cells based on UEA staining (Fig. 5 A). After induc-
tion, most cells in the epithelium expressed H2B-GFP (Fig. 5 B
[i]). After the 7-d chase, H2B-GFP expression was restricted to
cells near the villus tips, and cells at the crypt base (Fig. 5 B [ii]).
We could successfully distinguish between Paneth cells and LRCs
based on UEA staining (Fig. 5 B [ii]). Unlike most Lgr5* cells, LRCs
with high levels of GFP-H2B did not express Mcm2 (Fig. 5 C). As
expected, only non-LRC daughter cells with low levels of H2B-
GFP had DNA-bound Mcm?2 (Fig. 5 D). This shows that LRC stem
cellsare in deep Gy, unable to license because they do not express
MCM2-7. In contrast, “active” intestinal stem cells mostly reside
in an unlicensed G; state.

Licensing dynamics in intestinal organoids

Intestinal stem cells reside in a highly specialized niche at the
base of crypts. Itis, therefore, possible that this niche specifically
allows stem cells to pause in an unlicensed G, state in which ori-
ginlicensing is prevented until a further proliferative-fate signal
isreceived. To understand the contribution of the stem cell niche
to the dynamics of entry and exit from the unlicensed G; state,
we used intestinal organoids, which allowed us to manipulate the
stem cell niche/environment with small molecules. Although the
distribution of licensed cells was similar between the branches of
intestinal organoids and crypts in tissue, there were considerably
more cells with DNA-bound Mcm?2 in the former (Fig. 6, A and C
[iii]). Importantly, cells in organoids showed a discrete peak of
fully licensed G, cells in addition to the cells in the unlicensed G,

state (Fig. 6 B [ii]). This suggests that the epithelium in organ-
oids represents an accelerated state of self-renewal and may
not fully recapitulate cell-cycle dynamics of intestinal epithelial
cells in vivo.

We designed an assay to robustly assess licensing dynamics
during entry and exit from the unlicensed G state and the tran-
sition toward G, Specifically, we used flow cytometry-based
quantification of DNA-bound Mcm2, Ki67, and DNA content to
measure licensing dynamics during entry and exit from the unli-
censed G, state and the transition toward G, (Fig. S5 A). Most
cells in organoids express Ki67, and it increased during cell-
cycle progression (Fig. 6 B [i]). The DNA-bound Mcm?2 profile was
similar to that in isolated crypts (Fig. 6 B [ii]). Correlating Ki67
and DNA-bound Mcm?2 produced a distinctive profile that is sim-
ilar for isolated cells from organoids (Fig. 6 C [i]) and intestinal
crypts (Fig. 6 C [ii]). This profile revealed a population of cells
that appeared to lose Ki67 (Fig. 6 C [ii], dashed arrow) and may
represent cells decreasing in proliferative capacity and transi-
tioning toward differentiation (Fig. S5 A). Such a loss of prolif-
erative capacity appeared to initiate in cells that expressed Ki67
but were unlicensed, i.e., cells in unlicensed G, phase. These data
suggest that different stages of quiescence can exist, which are
reflected by a spectrum of Ki67 and Mcm levels.

Stem-cell niche maintenance in organoids mainly depends
on a combination of EGF, Wnt, and Notch signaling (Sato et al.,
2011). To identify the pathway that can modulate the unlicensed
G, state, we systematically treated organoids with a small mole-
cule inhibitor of EGF receptor (EGFR; gefitinib), a Wnt agonist
(Chir99021), and a Notch activator (valproic acid). Short-term
treatment with gefitinib, which reduces mitogen-activated pro-
tein kinase activity and blocks DNA replication and cell division
(Lynch et al., 2004), immediately caused cells to accumulate in
the unlicensed G, state with a 2N DNA content, but they continued
to express Mcm2 and Ki67 (Fig. 6, D and E). Only prolonged EGFR
inhibition (4 d) caused a transition to an intermediate G, state,
with significantly reduced Ki67 expression but with total Mcm2
levels maintained (Fig. 6, D and E). Both states were reversed by
removal of EGFR inhibitors and addition of fresh EGFs (Fig. 6, D
and E). Previously it was shown that EGFR increases Lgr5 expres-
sion (Basak et al., 2017), suggesting that these transitional states
(unlicensed G, and Gy) are associated with “stemness.” Addition-
ally, EGFR inhibitors appeared to potently kill TA cells (Fig. S5,

are pooled data from three mice. (F) Simulated ergodic-rate analysis of origin licensing during Gy, with the licensing rate varied and a significant paused period
incorporated (unlicensed Gy). The displayed histograms show the frequency distribution of DNA-bound Mcm2 of G; cells (n = 10,000). Please refer to Materials
and methods for further information. However, an analogy to explain the model is as follows, as described in Matson et al. (2017): Origin licensing through G,
can be thought of as cars traveling along a long stretch of motorway; if cars enter the motorway at a fixed rate (i.e., unsynchronized cell cycles, cells entering
Gy), the density of the cars at any one point is inversely proportional to the speed at which they are traveling (“speed” in this case means the rate of licensing).
We have added the concept of delays at the start and end, like tollbooths. In our model, there is a minimum drive time (minimum length of G, required for
cells to grow to a critical size before they enter the S phase; arbitrarily set at 100%). If the speed of the cars means they don'’t reach the end of the motorway
before that time is up, cars maintain a constant speed along the entire road and exit the motorway as soon as they reach the end. If cars drive faster, and they
reach the end before that time is up (>100%), they have to wait at the end of the motorway until the critical time has expired, resulting in a peak accumulation
at the fully licensed point. Unlicensed G; is an enforced time that cars have to wait once they enter the motorway before they are allowed to drive along it.
This creates a peak on the left (unlicensed cells). If the cars then drive slowly, when they get to the end of the motorway, they exit immediately because the
critical time has expired (center), but if they drive fast enough, they reach the end of the motorway before the critical time has expired. This results in a peak
accumulation at both minimally and maximally licensed points. (G) Comparison of DNA-bound Mcm2 content of Lgr5* and Lgr5™ G; cells and of cells in the very
early S phase. Shown are pooled data from three mice.
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tration of doxycycline for 7 d. After complete labeling, doxycycline was removed, and mice rested for 7 d. During that chase period, most H2B-GFP* cells are
lost by label dilution because of cell division and upward migration. Both Paneth cells and +4 LRCs are H2B-GFP* after the chase period. The +4 LRCs were
distinguished from Paneth cells by the lack of UEA staining (Buczacki et al., 2013). (B) Representative images of whole-mount sections of H2B-GFP expressing
small-intestine tissue after a 7-d labeling period (i). Bars, 100 um. A vibratome section (ii) of intestinal tissue after a subsequent 7-d chase period, stained with
Hoechst (nuclei), UEA (gray), and an antibody against Mcm?2 (red). Bars, 50 um. An enlarged image of the marked crypt is shown. Bar, 10 um. A UEA" LRC is
marked with a white arrow. Quantification of the mean GFP intensity for all cells along the crypt-villus axis is shown after the 7-d chase period (n = 3,525 cells
(iii). (C) A representative image (i) of an LRC in an intestinal crypt stained with Hoechst (blue), UEA (white), and an antibody against Mcm2 (red). Bar, 10 um. The
LRCs (white arrows) do not express Mcm?2. The quantification of Mcm2 expression in LRCs (n = 12), Paneth cells (n = 116), and all cells (n = 543) is shown ((ii).
(D) Representative images of extracted H2B-GFP crypts after the 7-d chase period. Bar, 10 um. H2B-GFP"i cells (bright green) represent Paneth cells and +4
LRCs (i), and H2B-GFP"" cells (faint green) represent daughter cells (white arrows) that have diluted H2B-GFP content because of cell division (ii). The quantifi-
cation of DNA-bound Mcm2 in GFP'LRCs (n = 110) and GFP' daughter cells (n = 186) compared with the total cell population (all cells; n = 3,236) is shown iii).

B and C), leaving branches containing only stem cells (Basak et Treatment with the Wnt agonist Chir99021 did not appear
al., 2017). This suggests that both the fully quiescent G, and the  to significantly affect licensing dynamics (Fig. S5 C). Strik-
unlicensed G, states can provide protection to stem cells. ingly, treatment with valproic acid (a Notch activator) alone or
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Figure 6. Licensing dynamics in intestinal organoids. (A) Representative image of unextracted and extracted intestinal organoids stained with Hoechst
(blue) and an antibody against Mcm2 (red) after a 1-h EU pulse (green). Bars, 15 um. (B) Representative flow cytometry profiles from isolated organoid cells
showing Ki67 (i) or DNA-bound Mcm? (ji) content versus DNA content. Data are representative of three independent experiments. (C) Representative flow
cytometry profile from cells isolated from cultured organoids (i) or intestinal crypts (i) showing DNA-bound Mcm2 versus Ki67 (Fig. S5 A). Ki67 loss and sub-
sequent loss of Mcm2 during differentiation is apparent, starting from unlicensed G, (dashed arrow). Quantification of discrete populations (gates shown in
i) was performed: (1) Gy, (2) transition (Go <= unlicensed Gy), (3) unlicensed Gy, and (4) licensed Gy, (5) S phase, and (6) late S/G,/M (n = 3) with means + SEM
displayed. (D) Representative flow cytometry profiles of isolated organoid epithelial cells grown in ENR (control) and treated with the EGFR inhibitor gefitinib
for the indicated times (i-iii). After 4 d in gefitinib, organoids were reactivated by removal of the gefitinib and readdition of fresh growth factors (ENR) for
2 d (iv). Displayed are profiles comparing DNA-bound Mcm?2 versus Ki67 (top) or total Mcm2 content (bottom). Data are representative of three independent
experiments. (E) The G, cell populations, as shown in D, were quantified. DNA-bound Mcm2 profiles (i) show (1) unlicensed G, (2) licensed Gy, (3) transition
(Go <= unlicensed G,), and (4) G, populations. Total-Mcm2 profiles (i) show Mcm2-expressing, i.e., Mcm2*, and nonexpressing, i.e., Mcm2-, cells (n = 3). Data
are displayed as percentage means + SEM.

this was associated with the appearance of a population of cells
with low levels of Ki67 and intermediate levels of DNA-bound
Mcm2 (Fig. S5D), similar to the intermediate, unlicensed G, state
induced by EGFR inhibitors. Surprisingly, we observed an arc of

in combination with Chir99021 significantly altered licensing
profiles (Fig. S5, D and F). The combination of Chir99021 and
valproic acid induced Lgr5 expression throughout the organ-
oid epithelium (Fig. S5 E; Yin et al., 2014). Our data showed that
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cells connecting this to the fully licensed state, suggesting that
relicensing of these cells occurs before they express high levels
of Ki67 and that cells can reactivate licensing from a deeper state
of G, directly (Fig. S5, D and F).

Inhibiting Notch signaling with DAPT (N-[N-(3,5-difluoro-
phenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), which
induces terminal secretory cell differentiation (van Es et al.,
2005), also significantly altered licensing dynamics and induced
deep G, with reduced Ki67 and loss of Mcm2 proteins (Fig. S5 G).
Together, these data suggest that both EGFR and Notch signaling
can significantly influence the licensing dynamics during the
transition between quiescence and unlicensed G;.

The unlicensed-G; state is lost in Apc mutant organoids

Many established cell lines appear to lack an unlicensed G, state;
instead, licensing of all origins occurs immediately upon mitotic
exit (Friedrich et al., 2005; Hiland et al., 2015; Moreno et al.,
2016; Matson et al., 2017). In addition, many of these cell lines
lack a functional licensing checkpoint (Shreeram et al., 2002;
Feng et al., 2003; Liu et al., 2009; Nevis et al., 2009), which has
been suggested to arrest cells in G, by inactivation of the RB-E2F
restriction point (Shreeram et al., 2002; Machida et al., 2005;
Teer et al., 2006; Liu et al., 2009; Nevis et al., 2009). To under-
stand the biological relevance of the unlicensed G, state, we
determined whether origin licensing dynamics during G; were
altered during the initial stages of tumorigenesis.

The first initiating mutations in colorectal cancer are usually
in adenomatous polyposis coli (Apc). Therefore, we investigated
whether licensing dynamics were altered in Apc-mutant intesti-
nal epithelium. In ApcM*/* epithelium in vivo, Mcm2 expression
appeared normal in areas of normal histology but was greatly
increased in polyps (Fig. 7 A). In isolated ApcMi*/* crypts, there
was a slight increase in the size of the proliferative compartment
similar to that found in a previous study (Trani et al., 2014), and
a slight increase in the number of EdU* cells in the stem cell
compartment (Fig. 7 B [iand iii]). However, in most crypts, there
were no significant differences in the number or distribution of
licensed cells in the stem-cell compartment (Fig. 7 B [i and iii]).
However, we found a small number of crypts that were consid-
erably larger. Strikingly, within these crypts, we noticed small
“ribbons” of EAU* cells that extended significantly into the TA
compartment (Fig. 7 B [ii]). We suspected that these ribbons rep-
resent clones of cells that had undergone loss of heterozygosity
(LOH) and that continually reengage with the cell cycle. This,
in turn, suggests that the LOH event that converts ApcMi/* to
ApcMin/Min cells significantly alters cell-cycle dynamics.

To determine whether LOH alters origin licensing dynam-
ics by modifying G,, we compared WT and ApcMi*/Min organoids
(Fig. 7 C). ApcMin/Min oraanoids contained many more licensed
cells that were distributed randomly throughout the organoid
(Fig. 7 D), reminiscent of the altered distribution of Ki67* cells
in these organoids (Fatehullah et al., 2013). Strikingly, we found
that licensing dynamics in the G, phase of Apc™in/Min cells were
different, and there was a significant loss of the unlicensed G,
population (Fig. 7 E). Instead, most cells appear to license imme-
diately upon G, entry and progressed into S phase immediately
after minimal licensing (Fig. 7, E and F). Nonetheless, we still
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detected a population of cells that licensed as many origins as
cells in WT organoids. These may be residual ApcMi™/* cells that
had not undergone LOH yet and thus maintained near-normal
cell-cycle dynamics.

A functional licensing checkpoint depends on an intact Rb
restriction point, and we tested whether the relative amounts
of hypo- and hyperphosphorylated Rb varied between WT and
ApcMin/Min epithelia. In WT organoids, we noticed that most of
the Rb appeared hypophosphorylated (Fig. 7 G). In contrast, in
ApcMin/Min oreanoids, at least half of the Rb appeared hyper-
phosphorylated, with atleast threefold more phosphorylated Rb.
Together, these data are consistent with the idea that cells exist
in an unlicensed G, state before passage through the restriction
point and activation of E2F-driven transcription. In contrast, Apc
mutant cells appear to have lost normal restriction-point control
so that they have constitutively hyperphosphorylated Rb, allow-
ing them to completely bypass the unlicensed G, state.

Discussion

The cell cycle of intestinal stem and TA cells is poorly understood.
By comparing the total and DNA-bound Mcm?2 in intact intestinal
crypts, we provide new insights into how licensing and cell-cycle
commitment are coupled in this tissue. We provide evidence that,
after their final mitosis, TA cells do not license their replication
origins and immediately exit the cell cycle. We show that many
Lgr5* stem cells spend most of the G, phase in an unlicensed
state, continually expressing Mcm2 and Ki67. In the unlicensed
G, phase, stem cells could be poised to respond to cues and prog-
ress past that restriction point to resume the cell division cycle.

Lgr5* stem cells have a cell-cycle length greater than TA cells
(Schepers et al., 2011). The biological relevance of this is cur-
rently unknown. The data presented here suggest a delay in ori-
gin licensing is a key feature of the prolonged cell cycle of Lgr5*
cells. Although ~80% of Lgr5* cells are thought to be continually
proliferative and express high levels of both Ki67 (Basak et al.,
2014) and Mcm2, we found that most Lgr5* cells reside in an unli-
censed state, with 2N DNA content and Mcm2 not bound to DNA.
Because the licensed state defines proliferative-fate commitment
(Blow and Hodgson, 2002), we suggest that these cells are tempo-
rarily paused in the G, phase, continuing to express proliferative
makers, such as Ki67 and Mcm2, but without fully committing to
the cell cycle (Fig. 8). We show that the number of Lgr5+ cells with
DNA-bound Mcm?2 was similar to the number of proposed active
stem cells determined in lineage-tracing experiments (Kozar et
al., 2013; Baker et al., 2014).

Prolonged arrest may eventually result in degradation of
MCM2-7 proteins and lead to induction of a state of deep qui-
escence (G,). Consistent with this idea, we observed that LRCs,
thought to provide a reserve of quiescent stem cells, did not
express Mcm2. The lack of Mcm2 expression may reflect that
significant time has passed since those cells divided. The delay
in activating the licensing system may create a prolonged time
window for Lgr5* cells to receive and interpret environmental
cues before deciding to commit to duplication, offering a means
to control their number. It is likely that most Lgr5* cells regu-
larly resume their cell cycle, given their continual expression
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Figure 7. Unlicensed G; is lost in Apc mutant epithelium. (A) A representative vibratome section of Apc™™+ intestinal epithelium stained with Hoechst
(nuclei), phalloidin, and an antibody against Mcm2. Bar, 200 um. Regions of normal histology and a region containing a polyp are highlighted. (B) Representative
image of an extracted Apc™* isolated crypt (i) stained with Hoechst (nuclei) and an antibody against Mcm2 (red) after a 1-h EdU pulse (green). A representa-
tive image of an abnormally elongated crypt is displayed (ii) showing a clonal ribbon of cells in the distal TA compartment, which are EdU*. Quantification of
cell-cycle stages across the crypt axis (Fig. 3) is shown (iii; n = 40 crypts). Bars, 10 um. (C) Representative bright-field images of organoids cultured from WT
and ApcM"/+ mice that have undergone LOH (Apc™"/Mn). Bars, 50 um. (D) Representative images of unextracted and extracted ApcM"/Min organoids stained
with Hoechst (nuclei) and an antibody against Mcm2 (red) after a 1-h EdU pulse. Bars, 50 um. (E) Representative flow cytometry profiles from cells of extracted
WT and ApcMin/Min organoids showing DNA-bound Mcm2 versus DNA content (i). The 2N G, cells of the profile shown are displayed (i), showing unlicensed Gy,
early Gy, and peak (fully licensed) G, populations. Data are representative of three independent experiments. (F) Quantification of the populations described in
E(ii). Data are displayed as means + SEM (n = 3 organoids. (G) Western blot of Rb and pRb (low and high exposure) levels between WT and Apc*in/Min grganoids.
Two bands, corresponding to hypo- and hyperphosphorylated Rb, are shown. (H) Quantification of the fold increase of pRb:Rb for Apc™/Min organoids (n = 3)
and polyps isolated from Apc™/* mice (n = 6), compared with WT organoids and tissue.
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though the protein is still present. Mcm proteins then degrade slowly, where cells enter a terminally differentiated state (deep Gy). Alternatively, cells can exit
mitosis, not relicense their DNA but maintain proliferative markers, and disengage from the cell cycle for some time (unlicensed Gy). Two major classes of intes-
tinal stem cells exist: “active” stem cells, engaged with the cell cycle, and reserve, quiescent LRCs. LRCs are in a state of “deep” quiescence and do not contain
MCM2-7 because they have disengaged from the cell cycle for some time. In this study, we show that most active Lgr5* stem cells reside in an unlicensed state
but contain MCM2-7 proteins. These cells reside in an unlicensed G; phase until they make a proliferative-fate decision, enter the cell cycle, and license. This
provides an explanation for the elongated cell cycle of intestinal stem cells; they reside in a partial resting state in which they may be able to respond to niche

cues to divide. This, therefore, may constitute a unique mechanism to control stem cell numbers.

of proliferation markers (Basak et al., 2014). The identity and
decisions of Lgr5* cells are governed by stochastic choices, and
the ability to pause briefly in G, offers them unique flexibility in
making those choices.

As expected, the transition from unlicensed G; to licensed G,
seems dependent on EGFR signaling. However, other pathways
responsible for stem-cell maintenance can also significantly
cause the appearance of a unique population of unlicensed cells
with distinct cell-cycle dynamics. Growing evidence suggests
that intestinal stem-cell fate is not governed by asymmetric seg-
regation of fate determinants (Lopez-Garcia et al., 2010; Snippert
et al., 2010; Steinhauser et al., 2012). Instead, factors operating
in the stem-cell niche, such as Wnt and Notch signaling, affect
stem-cell fate decisions and also reduce the cycle rate of intes-
tinal stem cells (Hirata et al., 2013). This is consistent with the
idea that cell-fate choices are affected by decreasing prolifera-
tion rates and increasing Go/G; length. Indeed, extending G, in
mouse and human embryonic stem cells can drive differentia-
tion (Calder et al., 2013; Coronado et al., 2013). Similarly, long
G, phases are associated with the generation of fate-restricted
progenitors during neurogenesis (Arai et al., 2011). An extended
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time window in the cell cycle has been suggested to allow niche
factors and/or fate determinants to accumulate to direct pro-
genitor fate (Calegari and Huttner, 2003). In the case of adult
intestinal stem cells, holding cells in G; may allow an extended
time for stem-cell fate factors to act and maintain stem-cell fate.
In contrast, many embryonic stem cells license rapidly, and the
cell cycle slows throughout differentiation (Matson et al., 2017).

However, similar to embryonic stem cells (Ge et al., 2015),
intestinal stem cells appear to have licensed more origins than
non-stem cells have when they enter the S phase. This may
help ensure accurate and complete genome duplication in long-
lived stem cells (Moreno et al., 2016). With a greater demand
for licensed origins, intestinal stem cells may, therefore, more
readily engage the licensing checkpoint that ensures that all
origins are licensed before cells enter the S phase (Shreeram
et al., 2002; Liu et al., 2009; Alver et al., 2014). This additional
demand for licensed origins in stem cells may also explain why
crypts that are hypomorphic for Mcm?2 have stem-cell deficien-
cies (Pruitt et al., 2007).

Itisunclear how intestinal stem cells enter a significant, unli-
censed G state. The simplest explanation is thatlicensing factors,
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such as Cdtl or Cdcé, are not readily available in new-born stem
cells, and their synthesis has to be stimulated by an upstream
signal for fate commitment via activation of E2F-driven tran-
scription. This is the situation after prolonged quiescence,
which is accompanied by passive down-regulation of licensing
factors (Coller, 2007). In contrast, in continually dividing cells,
their levels are maintained. Consistent with this idea, licensing
factors such as Cdc6, along with many cyclin-dependent kinase
complexes, are down-regulated beyond the end of the TA zone
(Frey etal., 2000; Smartt et al., 2007). Cells without a functional
restriction point, such as Apc mutant cells or most cancer cell
lines, could immediately license their origins upon entering G,
and can progress into S phase without sufficient origins being
licensed. Interestingly, both TA cells and highly proliferative Apc
mutant cells are very sensitive to replication inhibitors, such as
gefitinib (Fig. S5 H). WT stem cells survive this treatment, poten-
tially by engaging the licensing checkpoint to reversibly stall
in the unlicensed G, phase. This suggests that the unlicensed
G, phase can protect stem cells from replication inhibitors and
offers researchers a potentially selective means to kill highly pro-
liferative cells, such as Apc mutant cells (Shreeram et al., 2002;
Blow and Gillespie, 2008).

In summary, we demonstrate that the dynamics of the DNA
replication licensing system provides a new way for measuring
the proliferative fate of intestinal stem cells. We suggest a model
for “working” intestinal stem cells that spend a significant pro-
portion of the G, phase in an unlicensed state until a prolifer-
ative-fate decision is made. Correspondingly, exit from the cell
cycle in +4 LRCs leads to loss of proliferative capacity and loss
of Mcm?2 expression causing cells to enter a deeply G, quiescent
state (Fig. 6). The unlicensed G, state is lost in Apc mutant epi-
thelia, which lack a functional Rb-restriction point. We suggest
that the unlicensed G, state serves stem cells in controlling their
numbers by regulating the cell cycle.

Materials and methods

Mice

All experiments were performed under UK Home Office guide-
lines. CL57BL/6 (WT), R26-rtTA CollAl-H2B-GFP (H2B-GFP),
Lgr5-EGFP-IRES-creERT2 (Lgr5¢F/+), and ApcM™* mice were
sacrificed by cervical dislocation or CO, asphyxiation. Fucci2aR
mice (Mort et al., 2014) were a gift from R. Mort (University of
Edinburgh, Edinburgh, Scotland, UK).

Tissue preparation: whole small intestine

Dissected pieces of adult-mouse small intestine were washed
briefly in PBS and then fixed in 4% PFA for 3 h at 4°C. Intestines
were cut into 2 x 2-cm? pieces and fixed overnight in 4% PFA at
4°C. Tissue was embedded in 3% low-melting-temperature aga-
rose and cut into 200-pm sections with a Vibratome (Leica Bio-
systems). Sections were washed in PBS, permeabilized with 2%
Triton X-100 for 2 h, and incubated with blocking buffer (1% BSA,
3% normal goat serum, and 0.2% Triton X-100 in PBS) for 2 h at
4°C. Tissue was incubated in working buffer (0.1% BSA, 0.3%
normal goat serum, and 0.2% Triton X-100 in PBS) containing
primary antibody Mcm2 (1:500; Cell Signaling Technology) for
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48 h at 4°C. Sections were washed five times with working buf-
fer before 48-h incubation with secondary antibodies diluted in
working buffer: Alexa Fluor-conjugated goat anti-rabbit (1:500;
Molecular Probes) plus 5 pg/ml Hoechst 33342 and Alexa Fluor-
conjugated phalloidin (1:150; Molecular Probes). Sections were
mounted on coverslips in ProLong Gold (Thermo Fisher Scien-
tific) between 2 x 120-pm spacers.

Tissue preparation

Isolating and staining crypts

Small intestines were dissected, washed in PBS and opened lon-
gitudinally. Villi were removed by repeated (<10 times) scraping
of the luminal surface with a coverslip. Tissue was washed in PBS
and incubated in 30 mM EDTA (25 min at 4°C), and crypts were
isolated by vigorous shaking in PBS. Crypt suspensions were cen-
trifuged (fixed rotor, 88 relative centrifugal force, 4°C), and the
pellet was washed twice in cold PBS. Crypts were fixed in 4% PFA
(30 min at room temperature), permeabilized in 1% Triton X-100
(1h at room temperature), and blocked in blocking buffer (2 h at
4°C). Crypts were incubated with primary antibodies diluted in
working buffer: Mcm? (1:500; Cell Signaling Technology), phos-
po-Histone H3 (1:500; Abcam), Ki67 (1:250, ab15580; Abcam),
and aGFP (1:500; Abcam); washed five times with working buffer,
before overnight incubation with secondary antibodies diluted in
working buffer: Alexa Fluor-conjugated goat anti-mouse or anti-
rabbit (1:500; Molecular Probes); or stains: rhodamine-labeled
UEAI(1:500), 5 pug/ml Hoechst 33342, or Alexa Fluor-conjugated
phalloidin (1:150) at 4°C. Crypts were mounted directly on slides
in ProLong Gold overnight.

Cytoskeleton buffer extraction of isolated crypts

Soluble proteins were extracted from crypts isolated as described
above by incubation with cytoskeleton extraction buffer (10 mM
Hepes, 100 mM NaCl, 3 mM MgCl,, 1 mM EGTA, 300 mM sucrose,
0.2% Triton X-100, 1 mM DTT, and 2% BSA) supplemented
with protease inhibitors (PMSF, pepstatin, leupeptin, cystatin,
NazVO,, NaF, and aprotinin) for 20 min on ice before fixation.
Crypts were then fixed with 4% PFA and processed for imaging
as described above.

H2B-GFP label retention

H2B-GFP expression in transgenic R26-rtTA CollAI-H2B-GFP
mice was induced by replacing normal drinking water with 5%
sucrose water supplemented with 2 mg/ml doxycycline. After 7
d, doxycycline water was replaced with normal drinking water.
Subsequently, mice were sacrificed after 7 d.

EdU incorporation and detection

Mice were injected i.p. with 100 ug EdU (Thermo Fisher Scien-
tific) prepared in 200-ul sterile PBS. Mice were sacrificed 1 h
or 17 h after induction. For organoids, 10 uM EdU was included
in crypt medium for 1 h before harvesting. EdU was detected
by Click-it chemistry (Thermo Fisher Scientific) by incuba-
tion in EdU working buffer (1.875 pM Alexa Fluor 488 azide;
Thermo Fisher Scientific), 2 mM CuSO,, and 10 mM ascor-
bic acid overnight at 4°C before processing for immunofluo-
rescence staining.
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Organoid culture

Isolated crypts were dissociated to single cells with TripLE
express (Thermo Fisher Scientific) at 37°C for 5 min. Dissoci-
ated cells were filtered through a 40-pm cell strainer (Greiner
Bio-One) and suspended in growth factor-reduced Matrigel
(BD Biosciences). Organoids were grown in crypt medium
(advanced DMEM/F12 [ADF] supplemented with 10 mM
Hepes, 2 mM Glutamax, 1 mM N-acetylcysteine, N2 [Gemini
Bio Products], B27 [Thermo Fisher Scientific], and penicil-
lin/streptomycin [MilliporeSigma]) supplemented with EGF/
Noggin/R-spondin 1 (ENR) medium (50 ng/ml EGF [Thermo
Fisher Scientific], 100 ng/ml Noggin [Thermo Fisher Scien-
tific], and R-spondin-conditioned media) produced from sta-
bly transfected L cells (1:4). Chiron99021 (3 uM), valproic acid
(1 mM; Thermo Fisher Scientific), and Y27632 (10 uM; Thermo
Fisher Scientific) were added to the culture for the first 48 h.
Organoids were passaged every 3-5 d by mechanically disrupt-
ing Matrigel and by washing and pipetting in ADF. Dissociated
crypts were resuspended in fresh Matrigel and grown in crypt
medium supplemented with EGFs.

For small-molecule treatments, primary intestinal epithelial
cells were cultured in ENR plus Chiron99021, valproic acid, and
Y27632 for 3 d, and then, organoids were subcultured in ENR
for an additional 2 d before the start of the experiment. Organ-
oids were then treated with the stated small molecules for the
indicated times. For induction of unlicensed G,, organoids were
treated with gefitinib (5 uM), coupled with removal of EGF from
the crypt medium. For the reactivation/chase period, the medium
was removed and fresh EGFs were added. All EGFs and inhibitors
were replenished every 2 d throughout the experiment.

Flow cytometry and cell sorting

Intestinal crypts were isolated and dissociated to single cells
as described above. Isolated cells were filtered through 40-pm
cell strainers (Greiner Bio-One). After one PBS wash, organoids
were dissociated to single cells by incubation in TrypLE Express
(Thermo Fisher Scientific) for 15 min at room temperature,
followed by manual disruption by pipetting. Cells were then
extracted with cytoskeleton buffer for 20 min on ice, followed by
fixation in 0.5% PFA (pH 7.40 for 15 min at room temperature).
Cells were then washed once in 1% BSA and permeabilized with
ice-cold 70% EtOH for 10 min. Cells were then washed in 1% BSA
and resuspended with primary antibodies (Mcm2, 1:500; GFP,
1:500; and Ki67, 1:200) diluted in working buffer overnight at
4°C). After two washes in working buffer, cells were resuspended
in secondary antibodies goat anti-mouse or anti-rabbit (Alexa
Fluor 647 [1:500; Molecular Probes] or Alexa Fluor 488-Ki67
[1:400, clone SolA15; BD Biosciences]), diluted in working buffer
(1hat room temperature). After two washes in 1% BSA, cells were
suspended in working buffer containing 15 ug/ml DAPI. Samples
were analyzed on an FACS Canto (BD Biosciences).

For cell sorting, cells were isolated from Lgr5-GFP mice as
described above by treatment with TrypLE Express for 15 min
at 37°C, followed by filtration through 40-pm filters (Greiner
Bio-One). Cells were sorted in ADF supplemented with 1% FBS
and DAPI (15 pg/ml). Sorting was performed with an Influx cell
sorter (BD Biosciences). Cells were checked after being sorted
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to ensure sample purity by reexamining Lgr5 expression in
the sorted gates.

Microscopy and image analysis

Samples were imaged with an LSM 710 microscope (Carl Zeiss)
with 25x/0.8 NA and 40x/1.3 NA LD Plan-Neofluar objective
lenses and immersion oil with a refractive index of 1.516. Z stacks
were acquired at optimal-section intervals between 0.3 and 0.8
pm at room temperature with Zen 2011 acquisition software
(Carl Zeiss). All fixed samples were mounted in ProLong Gold.
For quantification, images were acquired at 16 bit-depth.

Image processing and analysis were performed with Imaris
software (Bitplane). Images of individual crypts were manually
cropped, ensuring that an individual crypt was the only region
of interest. All nuclei were detected in individual crypts with
automated thresholding in Imaris, with the measurement-point
function set to detect nuclei at an estimated size of 3.5 ym.
Missed or incorrectly assigned nuclei were manually identified.
This function produced measurement points that segmented the
specific region at the corresponding coordinate of the measure-
ment point. Mean intensities for different channels were calcu-
lated per spot. This equates to the intensity at the center region
of each nucleus. A reference nucleus at the crypt base was used
to define the crypt-base position. The Euclidean distance to that
point was measured and defined as the distance to the cryptbase.
Multiple images were analyzed with the same workflow, and the
analyzed files were collated. For vibratome sections, a plane was
manually defined running through to the muscle layer beneath
the epithelium. The smallest distance to that surface was defined
for segmented nuclei. For nuclear-volume estimation, the nuclei
were manually segmented in 3D with the manual segmentation
tools within Imaris (Fig. S1).

Flow cytometry analysis

Flow cytometry data were analyzed with FlowJo software (Tree
Star) and a standardized gating strategy (Fig. S1). In brief, cells
were identified by forward and side light scatter. After doublet
discrimination, gates were set with appropriate controls lacking
conjugated secondary antibodies and without primary antibod-
ies. Mcm2-negative gates were set by secondary-only controls in
conjunction with the Mcm?2 intensity of G, cells. G, cells were
discriminated based on the maximal DNA-bound Mcm?2 intensity
before the S phase and by DAPI intensity.

Computational modeling

A deterministic computer model for licensing in G, was writ-
ten in the Swift programming language (Apple) in the Xcode 9
development environment. The model assumes that there is a
minimum G, period that is required for cells to grow to a crit-
ical size before they can enter the S phase. Licensing can take
place during that period at a constant rate. A licensing rate of 1
means that cells will be fully licensed in exactly the minimum
G, period. It was also assumed that cells had a robust “licensing
checkpoint” (Shreeram et al., 2002; Blow and Gillespie, 2008),
so that they could not enter the S phase until the origins have
been fully licensed. An optional “unlicensed G, period” occurred
at the start of G;; during which time, no licensing takes place. In
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the simulation, cells enter G,, wait for any optional “unlicensed
G, period,” then start to license origins at a fixed rate; cells exit
G; and modeling ceases only when they have become maximally
licensed and the minimum G; period had elapsed. The model
divided the minimum G, period into 10,000 equal steps and
recorded the degree of licensing at the end of each step in the
licensing array. The contents of the licensing array were dis-
tributed into 101 different frequency bins, ranging from 0 (no
licensing) to 100% (maximal licensing). To model the background
signal recorded by flow cytometry, all the licensing values were
increased by 5%. To model the flow cytometry measurement
error, the frequency array was smoothed by starting at the small-
est bin and pushing 80% of the cell counts into the next largest
bin and, then, starting at the largest bin, pushing 80% of the cell
counts into the next-smallest bin.

Online supplemental material

Fig. S1 illustrates the image-analysis workflow used to measure
licensing dynamics along the crypt axis and describes the flow
cytometry gating strategy. Fig. S2 shows the clonal cell-cycle field
effects reflected by neighboring cells along the crypt axis with
similar licensing and replication profiles, and the flow cytom-
etry and nuclear volume measurements are used to show that
intestinal stem cells have a normal cell-cycle distribution and are
not all in the G, phase of the cell cycle. Fig. S3 shows the ubiqui-
tous expression of Ki67 along the crypt axis. Fig. S4 examines
the expression of the fluorescence ubiquitination cell-cycle indi-
cator and reporters in the intestinal epithelium, showing that
most stem cells express little of the G, hCdt1(30/120) marker,
consistent with an unlicensed G, phase. Fig. S5 shows the licens-
ing dynamics in the intestinal organoids with altered stem cell-
niche signaling. This revealed that (a) the combination of Ki67
and DNA-bound Mcm?2 is a robust means of exploring cell-cycle
dynamics during transitions to quiescence, (b) Chir99021 and
valproic acid treatments induce unique cell-cycle dynamics, and
(c) ApcMin/Min oreanoids are sensitive to gefitinib, whereas WT
organoids are not. Video 1 shows cell-cycle clones. We also include
the source code used for the simulations of licensing through G,.

Acknowledgments
We thank members of the Nathke and Blow laboratories for
general assistance and helpful discussions. We thank Dr. Paul
Appleton, Dr. Graeme Ball, and the Dundee Imaging and Tissue
Imaging Facility for support with microscopy and image analysis.
We thank Dr. Rosemary Clarke and the Dundee Flow Cytometry
Facility for support with flow cytometry, cell sorting, and analy-
sis. We thank Dr. Richard Mort for the Fucci2aR mouse tissue.

The imaging facility is funded by the Wellcome Trust tech-
nology platform award (097945/B/11/Z) and Wellcome Trust
award (101468/Z/13/Z). This work was supported by program
grants from Cancer Research UK to I. Nithke (C430/A11243)
and to J.J. Blow (C303/A14301), a grant from the Wellcome Trust
(WT096598MA), and a Medical Research Council studentship
award to T.D. Carroll.

The authors declare no competing financial interests.

Carroll et al.
Lgr5* intestinal stem cells reside in an unlicensed G, phase

Author contributions: T.D. Carroll, J.J. Blow, and I. Nithke
conceived and designed the study; T.D. Carroll and I.P. Newton
collected the data; Y.C. Chen assisted with organoid experiments;
and T.D. Carroll performed the data analysis. J.J. Blow performed
the modeling simulations. T.D. Carroll, I. N4thke, and J.J. Blow
wrote the manuscript.

Submitted: 3 August 2017
Revised: 23 January 2018
Accepted: 27 February 2018

References

Alver, R.C., G.S. Chadha, and ].J. Blow. 2014. The contribution of dormant
origins to genome stability: from cell biology to human genetics. DNA
Repair (Amst.). 19:182-189. https://doi.org/10.1016/j.dnarep.2014.03.012

Arai, Y., J.N. Pulvers, C. Haffner, B. Schilling, I. Niisslein, F. Calegari, and
W.B. Huttner. 2011. Neural stem and progenitor cells shorten S-phase
on commitment to neuron production. Nat. Commun. 2:154. https://doi
.org/10.1038/ncomms1155

Baker, A.M., B. Cereser, S. Melton, A.G. Fletcher, M. Rodriguez-Justo, PJ.
Tadrous, A. Humpbhries, G. Elia, S.A. McDonald, N.A. Wright, etal. 2014.
Quantification of crypt and stem cell evolution in the normal and neo-
plastic human colon. Cell Reports. 8:940-947. https://doi.org/10.1016/j
.celrep.2014.07.019

Barker, N., J.H. van Es, J. Kuipers, P. Kujala, M. van den Born, M. Cozijnsen,
A. Haegebarth, J. Korving, H. Begthel, PJ. Peters, and H. Clevers. 2007.
Identification of stem cells in small intestine and colon by marker gene
Lgr5. Nature. 449:1003-1007. https://doi.org/10.1038/nature06196

Basak, O., M.. van de Born, J. Korving, J. Beumer, S. van der Elst, J.H. van Es,
and H. Clevers. 2014. Mapping early fate determination in Lgr5* crypt
stem cells using a novel Ki67-RFP allele. EMBOJ. 33:2057-2068. https://
doi.org/10.15252/embj.201488017

Basak, O.,]. Beumer, K. Wiebrands, H. Seno, A. van Oudenaarden, and H. Clev-
ers. 2017. Induced quiescence of Lgr5* stem cells in intestinal organoids
enables differentiation of hormone-producing enteroendocrine cells.
Cell Stem Cell. 20:177-190.e4.

Blow, J.J., and PJ. Gillespie. 2008. Replication licensing and cancer—A fatal
entanglement? Nat. Rev. Cancer. 8:799-806. https://doi.org/10.1038/
nrc2500

Blow, JJ., and B. Hodgson. 2002. Replication licensing—Origin licensing:
Defining the proliferative state? Trends Cell Biol. 12:72-78. https://doi
.org/10.1016/S0962-8924(01)02203-6

Buczacki, SJ., H.I. Zecchini, A.M. Nicholson, R. Russell, L. Vermeulen, R.
Kemp, and D.J. Winton. 2013. Intestinal label-retaining cells are secre-
tory precursors expressing Lgr5. Nature. 495:65-69. https://doi.org/10
.1038/naturel1965

Calder, A., I. Roth-Albin, S. Bhatia, C. Pilquil, ].H. Lee, M. Bhatia, M. Leva-
doux-Martin, J. McNicol, J. Russell, T. Collins, and J.S. Draper. 2013.
Lengthened G1 phase indicates differentiation status in human embry-
onic stem cells. Stem Cells Dev. 22:279-295. https://doi.org/10.1089/scd
.2012.0168

Calegari, F., and W.B. Huttner. 2003. An inhibition of cyclin-dependent
kinases that lengthens, but does not arrest, neuroepithelial cell cycle
induces premature neurogenesis. J. Cell Sci. 116:4947-4955. https://doi
.0rg/10.1242/jcs.00825

Champeris Tsaniras, S., N. Kanellakis, I.E. Symeonidou, P. Nikolopoulou, Z.
Lygerou, and S. Taraviras. 2014. Licensing of DNA replication, cancer,
pluripotency and differentiation: an interlinked world? Semin. Cell Dev.
Biol. 30:174-180. https://doi.org/10.1016/j.semcdb.2014.03.013

Chwalinski, S., and C.S. Potten. 1987. Influence of irradiation or thymidine
(TdR) on the pattern of 3H-TdR incorporation at each cell position
in the crypts of the small intestine of the mouse. Int. J. Radiat. Biol.
Relat. Stud. Phys. Chem. Med. 51:243-254. https://doi.org/10.1080/
09553008714550741

Coller, H.A. 2007. What's taking so long? S-phase entry from quiescence ver-
sus proliferation. Nat. Rev. Mol. Cell Biol. 8:667-670. https://doi.org/10
.1038/nrm2223

Coronado, D., M. Godet, PY. Bourillot, Y. Tapponnier, A. Bernat, M. Petit, M.
Afanassieff, S. Markossian, A. Malashicheva, R. Iacone, et al. 2013. A

Journal of Cell Biology
https://doi.org/10.1083/jcb.201708023

202 Iudy GZ uo 3senb Aq 4pd-£2080.10Z A2l/9€ 2009 1/2991/G/ L1 Z/3pd-8jo1e/qol/B10"sseidn.-qalj:dpy wouy pepeojumoq

1683


https://doi.org/10.1016/j.dnarep.2014.03.012
https://doi.org/10.1038/ncomms1155
https://doi.org/10.1038/ncomms1155
https://doi.org/10.1016/j.celrep.2014.07.019
https://doi.org/10.1016/j.celrep.2014.07.019
https://doi.org/10.1038/nature06196
https://doi.org/10.15252/embj.201488017
https://doi.org/10.15252/embj.201488017
https://doi.org/10.1038/nrc2500
https://doi.org/10.1038/nrc2500
https://doi.org/10.1016/S0962-8924(01)02203-6
https://doi.org/10.1016/S0962-8924(01)02203-6
https://doi.org/10.1038/nature11965
https://doi.org/10.1038/nature11965
https://doi.org/10.1089/scd.2012.0168
https://doi.org/10.1089/scd.2012.0168
https://doi.org/10.1242/jcs.00825
https://doi.org/10.1242/jcs.00825
https://doi.org/10.1016/j.semcdb.2014.03.013
https://doi.org/10.1080/09553008714550741
https://doi.org/10.1080/09553008714550741
https://doi.org/10.1038/nrm2223
https://doi.org/10.1038/nrm2223

short G1 phase is an intrinsic determinant of naive embryonic stem cell
pluripotency. Stem Cell Res. (Amst.). 10:118-131. https://doi.org/10.1016/
j.scr.2012.10.004

Dalton, S. 2015. Linking the cell cycle to cell fate decisions. Trends Cell Biol.
25:592-600. https://doi.org/10.1016/j.tch.2015.07.007

Dimitrova, D.S., T.A. Prokhorova, ].J. Blow, L.T. Todorov, and D.M. Gilbert. 2002.
Mammalian nuclei become licensed for DNA replication during late
telophase. J. Cell Sci. 115:51-59.

Evrin, C., P. Clarke, J. Zech, R. Lurz, J. Sun, S. Uhle, H. Li, B. Stillman, and C.
Speck. 2009. A double-hexameric MCM2-7 complex is loaded onto ori-
gin DNA during licensing of eukaryotic DNA replication. Proc. Natl. Acad.
Sci. USA. 106:20240-20245. https://doi.org/10.1073/pnas.0911500106

Eward, K.L., E.C. Obermann, S. Shreeram, M. Loddo, T. Fanshawe, C. Williams,
H.IL Jung, AT. Prevost, J.J. Blow, K. Stoeber, and G.H. Williams. 2004.
DNA replication licensing in somatic and germ cells. J. Cell Sci. 117:5875-
5886. https://doi.org/10.1242/jcs.01503

Fatehullah, A., P.L. Appleton, and I.S. Néthke. 2013. Cell and tissue polarity in
the intestinal tract during tumourigenesis: Cells still know the right way
up, but tissue organization is lost. Philos. Trans. R. Soc. Lond. B Biol. Sci.
368:20130014. https://doi.org/10.1098/rsth.2013.0014

Feng, D., Z. Tu, W. Wu, and C. Liang. 2003. Inhibiting the expression of DNA
replication-initiation proteins induces apoptosis in human cancer cells.
Cancer Res. 63:7356-7364.

Frey, M.R., J.A. Clark, O. Leontieva, J.M. Uronis, A.R. Black, and ].D. Black.
2000. Protein kinase C signaling mediates a program of cell cycle with-
drawal in the intestinal epithelium. J. Cell Biol. 151:763-778. https://doi
.org/10.1083/jcb.151.4.763

Friedrich, T.D., E. Bedner, Z. Darzynkiewicz, and J.M. Lehman. 2005. Distinct
patterns of MCM protein binding in nuclei of S phase and rereplicating
SV40-infected monkey kidney cells. Cytometry A. 68:10-18. https://doi
.org/10.1002/cyto.a.20185

Gambus, A., G.A. Khoudoli, R.C. Jones, and J.J. Blow. 2011. MCM2-7 form dou-
ble hexamers at licensed origins in Xenopus egg extract. J. Biol. Chem.
286:11855-11864. https://doi.org/10.1074/jbc.M110.199521

Ge, X.Q,, J. Han, E.C. Cheng, S. Yamaguchi, N. Shima, J.L. Thomas, and H. Lin.
2015. Embryonic stem cells license a high level of dormant origins to
protect the genome against replication stress. Stem Cell Reports. 5:185-
194. https://doi.org/10.1016/j.stemcr.2015.06.002

Gonzalez, M.A., K.E. Tachibana, R.A. Laskey, and N. Coleman. 2005. Control of
DNA replication and its potential clinical exploitation. Nat. Rev. Cancer.
5:135-141. https://doi.org/10.1038/nrc1548

Haland, TW., E. Boye, T. Stokke, B. Grallert, and R.G. Syljuésen. 2015. Simulta-
neous measurement of passage through the restriction point and MCM
loading in single cells. Nucleic Acids Res. 43:e150. https://doi.org/10.1093/
nar/gkv744

Hirata, A., J. Utikal, S. Yamashita, H. Aoki, A. Watanabe, T. Yamamoto, H.
Okano, N. Bardeesy, T. Kunisada, T. Ushijima, et al. 2013. Dose-depen-
dent roles for canonical Wnt signalling in de novo crypt formation and
cell cycle properties of the colonic epithelium. Development. 140:66-75.
https://doi.org/10.1242/dev.084103

Ilves, 1., T. Petojevic, ]J. Pesavento, and M.R. Botchan. 2010. Activation of the
MCM2-7 helicase by association with Cdc45 and GINS proteins. Mol.
Cell. 37:247-258. https://doi.org/10.1016/j.molcel.2009.12.030

Jurikova, M., L. Danihel, S. Polék, and I. Varga. 2016. Ki67, PCNA, and MCM
proteins: Markers of proliferation in the diagnosis of breast cancer. Acta
Histochem. 118:544-552. https://doi.org/10.1016/j.acthis.2016.05.002

Kafri, R., ]. Levy, M.B. Ginzberg, S. Oh, G. Lahav, and MW. Kirschner. 2013.
Dynamics extracted from fixed cells reveal feedback linking cell growth
to cell cycle. Nature. 494:480-483. https://doi.org/10.1038/naturel1897

Kingsbury, S.R., M. Loddo, T. Fanshawe, E.C. Obermann, A.T. Prevost, K. Stoe-
ber, and G.H. Williams. 2005. Repression of DNA replication licensing
in quiescence is independent of geminin and may define the cell cycle
state of progenitor cells. Exp. Cell Res. 309:56-67. https://doi.org/10
.1016/j.yexcr.2005.05.027

Kozar, S., E. Morrissey, A.M. Nicholson, M. van der Heijden, H.I. Zecchini,
R. Kemp, S. Tavaré, L. Vermeulen, and D.J. Winton. 2013. Continuous
clonal labeling reveals small numbers of functional stem cells in intes-
tinal crypts and adenomas. Cell Stem Cell. 13:626-633. https://doi.org/10
.1016/j.stem.2013.08.001

Krude, T., C. Musahl, R.A. Laskey, and R. Knippers. 1996. Human replica-
tion proteins hCdc21, hCdc46 and PIMcm3 bind chromatin uniformly
before S-phase and are displaced locally during DNA replication. J. Cell
Sci. 109:309-318.

Carroll et al.
Lgr5* intestinal stem cells reside in an unlicensed G, phase

Leone, G., ]. DeGregori, Z. Yan, L. Jakoi, S. Ishida, R.S. Williams, and J.R. Nev-
ins. 1998. E2F3 activity is regulated during the cell cycle and is required
for the induction of S phase. Genes Dev. 12:2120-2130. https://doi.org/10
.1101/gad.12.14.2120

Liu, P, D.M. Slater, M. Lenburg, K. Nevis, J.G. Cook, and C. Vaziri. 2009. Rep-
lication licensing promotes cyclin D1 expression and G1 progression in
untransformed human cells. Cell Cycle. 8:125-136. https://doi.org/10
4161/cc.8.1.7528

Lopez-Garcia, C., A.M. Klein, B.D. Simons, and D.J. Winton. 2010. Intesti-
nal stem cell replacement follows a pattern of neutral drift. Science.
330:822-825. https://doi.org/10.1126/science.1196236

Lynch, TJ., DW. Bell, R. Sordella, S. Gurubhagavatula, R.A. Okimoto, BW.
Brannigan, P.L. Harris, S.M. Haserlat, J.G. Supko, F.G. Haluska, et al.
2004. Activating mutations in the epidermal growth factor receptor
underlying responsiveness of non-small-cell lung cancer to gefitinib.
N. Engl. J. Med. 350:2129-2139. https://doi.org/10.1056/NEJMoa040938

Machida, YJ., J.K. Teer, and A. Dutta. 2005. Acute reduction of an origin rec-
ognition complex (ORC) subunit in human cells reveals a requirement
of ORC for Cdk2 activation. J. Biol. Chem. 280:27624-27630. https://doi
.0rg/10.1074/jbc.M502615200

Makarova, K.S., EV. Koonin, and Z. Kelman. 2012. The CMG (CDC45/Rec],
MCM, GINS) complex is a conserved component of the DNA replication
system in all archaea and eukaryotes. Biol. Direct. 7:7. https://doi.org/10
.1186/1745-6150-7-7

Matson, J.P.,, R. Dumitru, P. Coryell, R.M. Baxley, W. Chen, K. Twaroski, B.R.
Webber, J. Tolar, A.K. Bielinsky, J.E. Purvis, and J.G. Cook. 2017. Rapid
DNA replication origin licensing protects stem cell pluripotency. eLife.
6:6. https://doi.org/10.7554/eLife.30473

Moreno, A., J.T. Carrington, L. Albergante, M. Al Mamun, E.J. Haagensen, E.S.
Komseli, V.G. Gorgoulis, T.J. Newman, and J.J. Blow. 2016. Unreplicated
DNA remaining from unperturbed S phases passes through mitosis for
resolution in daughter cells. Proc. Natl. Acad. Sci. USA. 113:E5757-E5764.
https://doi.org/10.1073/pnas.1603252113

Mort, R.L., M.J. Ford, A. Sakaue-Sawano, N.O. Lindstrom, A. Casadio, A.T.
Douglas, ML.A. Keighren, P. Hohenstein, A. Miyawaki, and L]. Jackson.
2014. Fucci2a: a bicistronic cell cycle reporter that allows Cre mediated
tissue specific expression in mice. Cell Cycle. 13:2681-2696. https://doi
.org/10.4161/15384101.2015.945381

Moyer, S.E., PW. Lewis, and M.R. Botchan. 2006. Isolation of the Cdc45/
Mcm2-7/GINS (CMG) complex, a candidate for the eukaryotic DNA rep-
lication fork helicase. Proc. Natl. Acad. Sci. USA. 103:10236-10241. https://
doi.org/10.1073/pnas.0602400103

Muiloz, J., D.E. Stange, A.G. Schepers, M. van de Wetering, B.K. Koo, S. Itzkov-
itz, R. Volckmann, K.S. Kung, J. Koster, S. Radulescu, et al. 2012. The Lgr5
intestinal stem cell signature: robust expression of proposed quiescent
'+4’ cell markers. EMBO J. 31:3079-3091. https://doi.org/10.1038/emboj
.2012.166

Musahl, C., H.P. Holthoff, R. Lesch, and R. Knippers. 1998. Stability of the rep-
licative Mcma3 protein in proliferating and differentiating human cells.
Exp. Cell Res. 241:260-264. https://doi.org/10.1006/excr.1998.4041

Namdar, M., and S.E. Kearsey. 2006. Analysis of Mcm2-7 chromatin binding
during anaphase and in the transition to quiescence in fission yeast.
Exp. Cell Res. 312:3360-3369. https://doi.org/10.1016/jyexcr.2006.07.001

Nevis, K.R., M. Cordeiro-Stone, and J.G. Cook. 2009. Origin licensing and p53
status regulate Cdk2 activity during G(1). Cell Cycle. 8:1952-1963. https://
doi.org/10.4161/cc.8.12.8811

Ohtani, K., R. Iwanaga, M. Nakamura, M. Ikeda, N. Yabuta, H. Tsuruga, and H.
Nojima. 1999. Cell growth-regulated expression of mammalian MCM5
and MCM6 genes mediated by the transcription factor E2F. Oncogene.
18:2299-2309. https://doi.org/10.1038/sj.0nc.1202544

Potten, C.S., and M. Loeffler. 1990. Stem cells: Attributes, cycles, spirals, pit-
falls and uncertainties. Lessons for and from the crypt. Development.
110:1001-1020.

Potten, C.S., G. Owen, and D. Booth. 2002. Intestinal stem cells protect their
genome by selective segregation of template DNA strands. J. Cell Sci.
115:2381-2388.

Pruitt, S.C., K.J. Bailey, and A. Freeland. 2007. Reduced Mcm2 expression
results in severe stem/progenitor cell deficiency and cancer. Stem Cells.
25:3121-3132. https://doi.org/10.1634/stemcells.2007-0483

Pruitt, S.C., A. Freeland, and A. Kudla. 2010. Cell cycle heterogeneity in the
small intestinal crypt and maintenance of genome integrity. Stem Cells.
28:1250-1259.

Remus, D., F. Beuron, G. Tolun, ].D. Griffith, E.P. Morris, and J.F. Diffley. 2009.
Concerted loading of Mcm2-7 double hexamers around DNA during

Journal of Cell Biology
https://doi.org/10.1083/jcb.201708023

202 Iudy GZ uo 3senb Aq 4pd-£2080.10Z A2l/9€ 2009 1/2991/G/ L1 Z/3pd-8jo1e/qol/B10"sseidn.-qalj:dpy wouy pepeojumoq

1684


https://doi.org/10.1016/j.scr.2012.10.004
https://doi.org/10.1016/j.scr.2012.10.004
https://doi.org/10.1016/j.tcb.2015.07.007
https://doi.org/10.1073/pnas.0911500106
https://doi.org/10.1242/jcs.01503
https://doi.org/10.1098/rstb.2013.0014
https://doi.org/10.1083/jcb.151.4.763
https://doi.org/10.1083/jcb.151.4.763
https://doi.org/10.1002/cyto.a.20185
https://doi.org/10.1002/cyto.a.20185
https://doi.org/10.1074/jbc.M110.199521
https://doi.org/10.1016/j.stemcr.2015.06.002
https://doi.org/10.1038/nrc1548
https://doi.org/10.1093/nar/gkv744
https://doi.org/10.1093/nar/gkv744
https://doi.org/10.1242/dev.084103
https://doi.org/10.1016/j.molcel.2009.12.030
https://doi.org/10.1016/j.acthis.2016.05.002
https://doi.org/10.1038/nature11897
https://doi.org/10.1016/j.yexcr.2005.05.027
https://doi.org/10.1016/j.yexcr.2005.05.027
https://doi.org/10.1016/j.stem.2013.08.001
https://doi.org/10.1016/j.stem.2013.08.001
https://doi.org/10.1101/gad.12.14.2120
https://doi.org/10.1101/gad.12.14.2120
https://doi.org/10.4161/cc.8.1.7528
https://doi.org/10.4161/cc.8.1.7528
https://doi.org/10.1126/science.1196236
https://doi.org/10.1056/NEJMoa040938
https://doi.org/10.1074/jbc.M502615200
https://doi.org/10.1074/jbc.M502615200
https://doi.org/10.1186/1745-6150-7-7
https://doi.org/10.1186/1745-6150-7-7
https://doi.org/10.7554/eLife.30473
https://doi.org/10.1073/pnas.1603252113
https://doi.org/10.4161/15384101.2015.945381
https://doi.org/10.4161/15384101.2015.945381
https://doi.org/10.1073/pnas.0602400103
https://doi.org/10.1073/pnas.0602400103
https://doi.org/10.1038/emboj.2012.166
https://doi.org/10.1038/emboj.2012.166
https://doi.org/10.1006/excr.1998.4041
https://doi.org/10.1016/j.yexcr.2006.07.001
https://doi.org/10.4161/cc.8.12.8811
https://doi.org/10.4161/cc.8.12.8811
https://doi.org/10.1038/sj.onc.1202544
https://doi.org/10.1634/stemcells.2007-0483

DNA replication origin licensing. Cell. 139:719-730. https://doi.org/10
.1016/j.cell.2009.10.015

Rhind, N., and D.M. Gilbert. 2013. DNA replication timing. Cold Spring Harb.
Perspect. Biol. 5:a010132. https://doi.org/10.1101/cshperspect.a010132

Roth, S., P. Franken, A. Sacchetti, A. Kremer, K. Anderson, O. Sansom, and
R. Fodde. 2012. Paneth cells in intestinal homeostasis and tissue injury.
PLoS One. 7:e38965. https://doi.org/10.1371/journal.pone.0038965

Sato, T., ].H. van Es, H.J. Snippert, D.E. Stange, R.G. Vries, M. van den Born, N.
Barker, N.F. Shroyer, M. van de Wetering, and H. Clevers. 2011. Paneth
cells constitute the niche for Lgr5 stem cells in intestinal crypts. Nature.
469:415-418. https://doi.org/10.1038/nature09637

Schepers, A.G., R. Vries, M. van den Born, M. van de Wetering, and H. Clevers.
2011. Lgr5 intestinal stem cells have high telomerase activity and ran-
domly segregate their chromosomes. EMBO J. 30:1104-1109. https://doi
.org/10.1038/emboj.2011.26

Shreeram, S., A. Sparks, D.P. Lane, and J.J. Blow. 2002. Cell type-specific
responses of human cells to inhibition of replication licensing. Onco-
gene. 21:6624-6632. https://doi.org/10.1038/sj.onc.1205910

Smartt, HJ., S. Guilmeau, SV. Nasser, C. Nicholas, L. Bancroft, S.A. Simpson,
N. Yeh, W. Yang, ].M. Mariadason, A. Koff, and L.H. Augenlicht. 2007.
p27kipl Regulates cdk?2 activity in the proliferating zone of the mouse
intestinal epithelium: potential role in neoplasia. Gastroenterology.
133:232-243. https://doi.org/10.1053/j.gastro.2007.04.043

Snippert, H.J., L.G. van der Flier, T. Sato, ].H. van Es, M. van den Born, C. Kro-
on-Veenboer, N. Barker, A.M. Klein, ]. van Rheenen, B.D. Simons, and H.
Clevers. 2010. Intestinal crypt homeostasis results from neutral compe-
tition between symmetrically dividing Lgr5 stem cells. Cell. 143:134-144.
https://doi.org/10.1016/j.cell.2010.09.016

Steinhauser, M.L., A.P. Bailey, S.E. Senyo, C. Guillermier, T.S. Perlstein, A.P.
Gould, RT. Lee, and C.P. Lechene. 2012. Multi-isotope imaging mass
spectrometry quantifies stem cell division and metabolism. Nature.
481:516-519. https://doi.org/10.1038/naturel0734

Stoeber, K., T.D. Tlsty, L. Happerfield, G.A. Thomas, S. Romanov, L. Bobrow,
E.D. Williams, and G.H. Williams. 2001. DNA replication licensing and
human cell proliferation. J. Cell Sci. 114:2027-2041.

Symeonidou, L.E., P. Kotsantis, V. Roukos, M.A. Rapsomaniki, H.E. Grecco,
P. Bastiaens, S. Taraviras, and Z. Lygerou. 2013. Multi-step loading of

Carroll et al.
Lgr5* intestinal stem cells reside in an unlicensed G, phase

human minichromosome maintenance proteins in live human cells. J.
Biol. Chem. 288:35852-35867. https://doi.org/10.1074/jbc.M113.474825

Teer, J.K., Y.J. Machida, H. Labit, O. Novac, O. Hyrien, K. Marheineke, M. Zan-
nis-Hadjopoulos, and A. Dutta. 2006. Proliferating human cells hypo-
morphic for origin recognition complex 2 and pre-replicative complex
formation have a defect in p53 activation and Cdk2 kinase activation.
J. Biol. Chem. 281:6253-6260. https://doi.org/10.1074/jbc.M507150200

Todorov, I'T., B.A. Werness, H.Q. Wang, L.N. Buddharaju, P.D. Todorova, H.K.
Slocum, J.S. Brooks, and J.A. Huberman. 1998. HsMCM2/BM28: a novel
proliferation marker for human tumors and normal tissues. Lab. Invest.
78:73-78.

Trani, D., S.A. Nelson, B.H. Moon, ].J. Swedlow, E.M. Williams, S.J. Strawn, P.L.
Appleton, B. Kallakury, I. Nathke, and A.J. Fornace Jr. 2014. High-energy
particle-induced tumorigenesis throughout the gastrointestinal tract.
Radiat. Res. 181:162-171. https://doi.org/10.1667/RR13502.1

van der Flier, L.G., and H. Clevers. 2009. Stem cells, self-renewal, and dif-
ferentiation in the intestinal epithelium. Annu. Rev. Physiol. 71:241-260.
https://doi.org/10.1146 /annurev.physiol.010908.163145

van Es, J.H., M.E. van Gijn, O. Riccio, M. van den Born, M. Vooijs, H. Begthel,
M. Cozijnsen, S. Robine, D.J. Winton, F. Radtke, and H. Clevers. 2005.
Notch/y-secretase inhibition turns proliferative cells in intestinal
crypts and adenomas into goblet cells. Nature. 435:959-963. https://doi
.org/10.1038/nature03659

Williams, G.H., P. Romanowski, L. Morris, M. Madine, A.D. Mills, K. Stoeber,
J. Marr, R.A. Laskey, and N. Coleman. 1998. Improved cervical smear
assessment using antibodies against proteins that regulate DNA rep-
lication. Proc. Natl. Acad. Sci. USA. 95:14932-14937. https://doi.org/10
.1073/pnas.95.25.14932

Williams, G.H., R. Swinn, A.T. Prevost, P. De Clive-Lowe, 1. Halsall, J.]. Going,
C.N. Hales, K. Stoeber, and S.J. Middleton. 2004. Diagnosis of oesoph-
ageal cancer by detection of minichromosome maintenance 5 protein
in gastric aspirates. Br. J. Cancer. 91:714-719. https://doi.org/10.1038/sj
.bjc.6602028

Yin, X., H.F. Farin, J.H. van Es, H. Clevers, R. Langer, and .M. Karp. 2014.
Niche-independent high-purity cultures of Lgr5+ intestinal stem cells
and their progeny. Nat. Methods. 11:106-112. https://doi.org/10.1038/
nmeth.2737

Journal of Cell Biology
https://doi.org/10.1083/jcb.201708023

202 Iudy GZ uo 3senb Aq 4pd-£2080.10Z A2l/9€ 2009 1/2991/G/ L1 Z/3pd-8jo1e/qol/B10"sseidn.-qalj:dpy wouy pepeojumoq

1685


https://doi.org/10.1016/j.cell.2009.10.015
https://doi.org/10.1016/j.cell.2009.10.015
https://doi.org/10.1101/cshperspect.a010132
https://doi.org/10.1371/journal.pone.0038965
https://doi.org/10.1038/nature09637
https://doi.org/10.1038/emboj.2011.26
https://doi.org/10.1038/emboj.2011.26
https://doi.org/10.1038/sj.onc.1205910
https://doi.org/10.1053/j.gastro.2007.04.043
https://doi.org/10.1016/j.cell.2010.09.016
https://doi.org/10.1038/nature10734
https://doi.org/10.1074/jbc.M113.474825
https://doi.org/10.1074/jbc.M507150200
https://doi.org/10.1667/RR13502.1
https://doi.org/10.1146/annurev.physiol.010908.163145
https://doi.org/10.1038/nature03659
https://doi.org/10.1038/nature03659
https://doi.org/10.1073/pnas.95.25.14932
https://doi.org/10.1073/pnas.95.25.14932
https://doi.org/10.1038/sj.bjc.6602028
https://doi.org/10.1038/sj.bjc.6602028
https://doi.org/10.1038/nmeth.2737
https://doi.org/10.1038/nmeth.2737

