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Abstract

Adult stem cell niches are often co-inhabited by cycling and quiescent stem cells. In the intestine, lineage tracing has
identified Lgr5* cells as frequently cycling stem cells, whereas Bmil*, mTert*, Hopx" and Lrig1" cells appear to be more
quiescent. Here, we have applied a non-mutagenic and cell cycle independent approach to isolate and characterize small
intestinal label-retaining cells (LRCs) persisting in the lower third of the crypt of Lieberkiihn for up to 100 days. LRCs do not
express markers of proliferation and of enterocyte, goblet or enteroendocrine differentiation, but are positive for Paneth cell
markers. While during homeostasis, LR/Paneth cells appear to play a supportive role for Lgr5* stem cells as previously
shown, upon tissue injury they switch to a proliferating state and in the process activate Bmil expression while silencing
Paneth-specific genes. Hence, they are likely to contribute to the regenerative process following tissue insults such as
chronic inflammation.
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Introduction

The dichotomy of cycling and quiescent stem cells is thought to
meet the demands of two distinct settings, namely daily turnover
and regeneration upon tissue insults [1,2]. Accordingly, stem cell
niches such as skin [3,4,5,6], the stomach antrum [7,8], and bone
marrow [9,10] have been shown to encompass both quiescent and
cycling populations. Whereas cycling stem cells maintain daily
homeostasis, their quiescent equivalents have been postulated to
play a rate-limiting role in tissue regeneration upon injury [10].

The epithelial lining of the upper gastro-intestinal tract is
characterized by a unique tissue architecture consisting of villi and
crypts. The intestinal crypt of Lieberkiihn is a highly dynamic
niche with stem cells residing in its lower third, a position from
where they give rise to a population of fast-cycling transit-
amplifying (T'A) cells. TA cells undergo a limited number of cell
divisions and eventually differentiate into the four specialized cell
types of the small intestine, namely absorptive, enteroendocrine,
goblet, and Paneth cells. Based on clonal analysis and knock-in
experiments, it was shown that the crypt base columnar cells
(CBCis) located in the lower third of the crypt and earmarked by
Lgr5 (leucine-rich repeat containing G protein-coupled receptor 5) expression,
represent actively cycling stem cells capable of giving rise to all
differentiated cell types of the intestinal epithelium [11,12,13,14].
However, targeted ablation of Igr5" CBCs demonstrated that
these cells are in fact dispensable [15,16]. Accordingly, upon
radiation-induced tissue injury, Lgri" CBCs are lost without
affecting the regenerative process [17], thus pointing at the
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existence of additional, possibly quiescent, stem cell types in the
intestine capable of underlying tissue regeneration following major
tissue injury.

To date, different populations of quiescent or infrequently
dividing stem cells have been identified in the mouse intestine by
lineage tracing: Bmil was identified as a marker of slower cycling
intestinal stem cells located at position +4 from the base of the
crypt in the proximal mouse duodenum [18]. Subsequently, cells
earmarked by mouse felomerase reverse transcriptase expression (mTeri")
were also found to represent slow cycling stem cells located at
position four from the crypt base [19]. The location of Bmil* and
mTert" cells along the crypt-villus axis is reminiscent of cells with
long-term BrdU label-retaining capacity, an alleged characteristic
of quiescent stem cells, previously shown to map at the same +4
position [20]. Upon irradiation, the +4 cells enter the cell cycle
and, as such, are thought to underlie the clonogenic regenerative
response of the crypt [21,22]. Yet, these early studies were limited
by the lack of specific markers to allow isolation and lineage
tracing of the +4 cells. Moreover, DNA-labeling by BrdU is
dependent on cell division and does in itself represent a genotoxic
msult for quiescent stem cells, thus triggering their cell cycle
activation [9].

The Decamkl1 (doublecortin and CaM kinase-like-1) was also proposed
as a putative intestinal marker of radiation-resistant stem cells
though, formally, the lineage labeling capacity of Deamkll* cells
has not been demonstrated yet [23].

More recent studies added on the complexity of stem cells
subpopulations co-inhabiting the intestinal crypt and their inter-

June 2012 | Volume 7 | Issue 6 | e38965



relation. First, while the actively cycling Igrit CBCs are
responsible for daily homeostasis, upon tissue insults their more
quiescent Bmil™ and mTeri" equivalents at position +4 become
active and can give rise to Lgr5" cells and to all differentiated
intestinal cell types [19,24]. Hence, although functionally distinct,
cycling and quiescent intestinal stem cells appear to be able to give
rise to each other, thus demonstrating a bidirectional lineage
relationship [19,24]. The latter was shown to be true for yet
another subpopulation of slow-cycling intestinal stem cells located
at position +4 earmarked by expression of Hopx, an atypical
homeobox protein [25].

Lastly, the pan-ErbB inhibitor Lrig! (Leucine-rich repeats and
immunoglobulin-like domain 1) was elegantly shown to mark non-
cycling, long-lived stem cells located at the crypt base which, upon
tissue insults, proliferate and divide to underlie the regenerative
process [26]. However, the lincage and epistatic relationship
among the quiescent SC populations identified by Bmil, Tert,
Hopx, and Lrigl is at present unclear.

Here, we have applied a non-mutagenic and cell cycle
independent approach to identify label-retaining cells (LRCis)
persisting in the lower third of the crypt of Lieberkiihn of the
mouse small intestine for up to 100 days. These LRCs appear to
largely overlap with Paneth cells. Notably, upon radiation-induced
tissue injury, LRCs are activated to exit dormancy, enter the cell
cycle while progressively losing their Paneth cell identity and
acquiring gene expression features reminiscent of stem cells.

Results

In vivo |dentification and Isolation of Infrequently Cycling
Intestinal Cells

We employed a non-mutagenic and cell cycle independent
approach to isolate quiescent label-retaining intestinal cells,
namely i vivo pulse-chase with the histone 2B - green fluorescent
protein (H2B-GFP) [3,9,10]. This system compares favorably with
BrdU as labeling of cells occurs independently of the cell cycle and
viable cells can be recovered for analysis [9]. To this aim, we have
adapted the method originally developed by the Fuchs laboratory
[3] to label and isolate quiescent skin cells by breeding our
transgenic model expressing the tet repressor—VP16 cassette under
control of the villin promoter (villin-rtTA) [27] with transgenic
animals carrying the H2B-GFP expression cassette controlled by a
tetracycline-responsive regulatory element (TRE-H2B-
GFP)(Figure 1A). Upon doxycycline administration in the drinking
water (pulse), compound villin-rtTA/TRE-H2B-GFP animals
show complete labeling of the intestinal epithelium (Figure 1B—
C) [27]. Following doxycycline withdrawal (chase), expression of
H2B-GFP fusion protein is silenced (Figure 1D) and, due to the
high intestinal turnover rate, labeled cells are progressively cleared
(Figure 1E-I). Label-retaining cells (LRCs) are retained within the
lower third of the small intestinal crypt for at least 79 days
(Figure 11 and Figure S1).

LRCs Localize at the Crypt Base and do Not Express
Markers of Intestinal Proliferation and of Goblet and
Enteroendocrine Differentiation

To investigate the position and frequency of the LRCs in more
detail, we first employed IHC analysis of cross-sections of chased
mice to show that H2B-GFP LRCs cluster between positions +1
and +5 from the base of the crypt (Figure 2A,B). Next, we
visualized the intestines of pulse-chased animals in 3D by means of
multiphoton microscopy (Movies SI and S2). This approach
enabled the identification and localization of LRCs within the
entire volume of the lower third of the crypt, rather than looking at
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cross-sections (Figure 2C). Intestines were analyzed from doxycy-
cline-treated mice, after a medium- (20 or 35 days) and a long-
term chase (77 days). In agreement with our studies by IF and on
histological cross-sections by IHC, we found an average of
7.04%2.63 LRCs per crypt after 20 days of chase (data not
shown). In mice chased for over 70 days, LRCs were still present at
an average of approx. 1 per crypt (0.875%0.8)(Figure 2D). To
determine the relative position of LRCs along the crypt-villus axis,
we measured their distance from the dense irregular layer of
connective tissue (DICT) located at the crypt base. The collagen in
the DICT layer generates a strong signal when examined using
Second Harmonic Generation (SHG) and thus acts as a robust
standard to measure the distance of individual LRCs from the base
of the crypt. The average position of LRCs was 19.4+/—3.5 um
and 11.3+/—3.5 um to the DICT at 36 and 77 days of chase,
respectively (Figure 2E). The observed downward-shift of LRCs
with increasing chase time is most likely due to the fact that more
terminally differentiated Paneth cells retain the H2B-GFP label for
longer times and are located at lower positions. As a reference,
Lor5" cells in Lgr5-EGFP-IRES-CreER™ knock-in mice (here
referred to as Lgr5-EGFP) [14] are located at 17.6 pm +/5.02 pm
from the DICT (peak to peak)Figure 2E).

Taken together, the data show that the LRCs are located at the
base of the crypt at a position largely overlapping with that of
Lar5*t cells.

Intestinal quiescent stem cells are expected not to express
differentiation and proliferation markers. Accordingly, we ana-
lyzed the newly identified LRCs by FACS at different chase times
to assess co-expression of H2B-GFP with the enteroendocrine
differentiation marker synaptophysin (Figure 3A) and with the
proliferation marker Ki-67 (Figure 3B). As shown in Figure 3A-B,
both markers are progressively lost from the H2B-GFP* popula-
tion within 21 days. The resting (Gg) state of LRCs was confirmed
by the lack of Ki-67 staining in GFP" cells (Figure 3C). Of note,
cycling crypt base columnar cells were labeled by Ki-67 staining
(Figure 3C, arrowhead). Likewise, co-staining with antibodies
directed against GFP together with PAS (Periodic-Acid-Schif)
staining confirmed that LRCs do not express this goblet cell-
specific differentiation marker (Figure 3D).

LRCs Co-express Paneth and Stem Cell Markers

Paneth cells are long-lived, terminally differentiated cells and
thus potentially label-retaining [28,29]. The average life span of
Paneth cells has been estimated around 60 days [29]. In the
duodenum, we were able to detect LRCs for up to 100 days of
chase (data not shown). These cells were located within the Paneth
cell zone of the crypt and often (Figure 4A, arrow and red bar),
though not exclusively (Figure 4A, arrowhead and green bar),
stained positively for the Paneth cell marker lysozyme.

To further clarify the relationship between LRCs and Paneth
cells, we applied the recently reported CD24"SSC™ FACS gating
strategy (Figure 4B) [30]. CD24/SSC FACS analysis of crypt
epithelial cells from compound villin-rtTA/TRE-H2B-GFP ani-
mals chased for longer than 70 days revealed that LRCs represent
about 0.7% of the small intestinal crypt cells. The majority of
LRCs falls directly into the CD24"SSC™ gate (75.4%,
Figure 4C,D), where lysozyme-positive cells were previously
reported to cluster [30]. In fact, the vast majority, if not all, of
the LRCs seem to represent a homogeneous cell population as
those cells falling outside the CD24™SSC™ gate are scattered
around it (Figure 4C). Some of the cells located in close proximity
to the CD24™MSSC™ gate fall within the upper edge of the
CD24™4 gate (Figure 4C,D; 3.1% CD24™Y). Of note, only a very
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Figure 1. /n vivo identification and isolation of infrequently cycling cells (LRCs) from the mouse intestine. (A, D) General strategy. Villin-
rtTA and TRE-H2B-GFP transgenic mice were bred to generate compound experimental animals. The H2B-GFP construct is exclusively expressed upon

doxycycline administration in the drinking water. (B-I) Duodenal sections of villin-rtTA/TRE-H2B-GFP mice before (B,C) and after 2 (E), 4 (F),

7(G), 10

(H), and 70 (l) days of chase shown by epifluorescence (B, E-I; green), DAPI counterstain (E-I; blue) and by immunohistochemistry (IHC, C, brown).
(B,C) Cell labeling occurs throughout the entire crypt-villus axis. (D-I) Following doxycycline-withdrawal, H2B-GFP expression is silenced and

progressively lost from dividing cells.
doi:10.1371/journal.pone.0038965.g001

small minority of LRCs does not express CD24 and clearly falls
outside of this cluster (Figure 4D; 5.5% CD24-negative).

Next, we isolated the different CD24™SSC™ H2B-GFP* (LRCs)
and H2B-GFP" (non label-retaining) subpopulations to perform
quantitative RT-PCR (qPCR) expression analysis of genes known
to earmark Paneth cells (Defal) as well as cycling and quiescent
stem cells (Bmil [18], Lgrd [14], Msil [31], ProxI [32], Tert [19],
DIil1 [33], Lrgl [34]). As a control for the qPCR analysis, we
employed Lgr5-EGFP knock-in mice which express EGFP under
the control of the endogenous Igr5 gene promoter [14]. gPCR
analysis of H2B-GFP*CD24"SSCM cells (LRCs) and their GFP-
negative counterpart was performed from five villin-rtTA/TRE-
H2B-GFP animals chased for 64 (2 mice) and 83 days (3 mice),
respectively. None of the markers showed significant expression
differences between samples taken at 64 and 83 days of chase (not
shown). Consequently, data from all five animals were combined
and displayed in Figure 4E. High Defal expression confirmed the
Paneth cell identity of H2B-GFPTCD24"SSCM LRCs. Of note,
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LRCs within the CD24MSSC™ gate show significantly higher
Defal expression than their GFP—negame counterpart (p<<0.005).
Expression of Lgr5 was very low in LRCs (when compared with
Lgr5* cells) and did not significantly differ between CD24"SSC™
LRCs and H2B-GFP'CD24"SSC" cells. The latter was also true
for Bmil, Tert, Lrigl, and ProxI. Notably, DIl] expression was
significantly lower in CD24"SSC™ LRCs compared to H2B-
GFP"CD24"SSCM cells (p<<0.005). Among the stem cell markers,
only Msil was significantly higher expressed in LRCs (p<<0.02).
To obtain further confirmation of the Paneth identity of LRCs
but also to better characterize their gene expression patterns, we
obtained genome-wide transcriptional profiles from H2B-GFP*
and H2B-GFP" intestinal cells sorted by FACS after at 4647 days
of chase (Table S1). Several Paneth-cell specific genes including
Mmp7 (37 x), Defad (20 x), Cd24 (14 x), Lyz (lysozyme; 11 x), Deferd
(11x), Sox9 (10x), and Defb! (9x) are upregulated among H2B-
GFP* cells (Table S2). Also, comparison of these profiling data
with those obtained by Sato et al. by comparing CD24"SSC™ cells
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Figure 2. Mapping of Label Retaining Cells along the crypt-villus axis. Mapping of LRCs was performed in small intestinal samples stained
for GFP by IHC (A, brown) from animals chased for 4-6 weeks. (B) Box and whisker plots of the frequency at which LRCs were positioned relative to
the bottom of the small intestinal crypt (+1). A total of 594 LRCs were mapped to a given position. The majority (90.2%) localize to position +1 to +3.
The remaining 9.8% of LRCs appear to map to position +4 and +5. (C-E) Analysis of H2B-GFP retention by means of multiphoton microscopy. (C)
Representative images of H2B-GFP expression of intestinal crypts at days 20, 36, and 77 following doxycycline withdrawal on day 0. Images are single
planes selected near the base of the crypt from within Z-stacks having X-Y-Z dimensions of 250x250x60 um. Note that different contrast
adjustments have been made for each image, and that intensities are therefore not directly comparable between images. (D) Histogram based on
three dimensional analysis showing the number of crypts containing 0, 1, 2, 3, or 4 nuclei at day 77 following removal from doxycycline. 85 Nuclei
were counted in 104 crypts, and the average number of cells per crypt is 0.82+0.9. Note that while many crypts show no H2B-GFP positive nuclei,
other crypts have multiple H2B-GFP nuclei. (E) Position and intensity of H2B-GFP retaining nuclei relative to the DICT layer at the crypt base and LGR5.
DICT was imaged using collagen SHG. The X-axis of the graph (which corresponds to the Z axis of the data volumes) has been set so that ‘0’ coincides
with the center of the DICT peak. The average separation between the centroids of the DICT and LGR5 peaks was 17.6+5.02 um. The average
separation between the centroids of the DICT peak and the average position of the H2B nuclei was 19.4%3.5 um for short (n =49 nuclei) and long
11.30%3.46 um (n=27 nuclei) chases, which indicates that over time the label retaining nuclei occupied positions closer to the crypt base. There is no
apparent relationship between nuclear position and H2B-GFP intensity on either day 36 or day 77. Nuclear intensities have been normalized against
the brightest nucleus measured on each day, and are therefore not comparable between days on this graph.
doi:10.1371/journal.pone.0038965.9g002
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Figure 3. Analysis of proliferation and differentiation markers in LRCs. (A-B) Progressive loss of expression of differentiation and
proliferation markers in LRCs following doxycycline withdrawal. The enteroendocrine differentiation marker synaptophysin (A) and the proliferation
marker Ki-67 (B) were detected by APC-A whereas FITC-A detects H2B-GFP. The size of each population is indicated as the percentage of epithelial
cells. (C-D) Analysis of small intestinal sections from villin-rtTA/TRE-H2B-GFP mice chased for 5 weeks. (C) LRCs (GFP, green) and cycling cells (ki-67,
red), the white arrowhead points to a cycling crypt base columnar cell (ki-67, red); (D) LRCs (GFP, arrowheads, brown) and goblet cell marker PAS

(arrows, red).
doi:10.1371/journal.pone.0038965.9g003

with Lgr5" CBCs [30], revealed a large number of common genes
thus confirming that the majority of LRCs fall within the
CD24"SSCM Paneth-specific FACS gate (Table S3).

Opverall, these results indicate that label-retaining cells have a
lifespan of up to 100 days and show a Paneth-like cell identity as
indicated by Defal expression and by their CD24™SSC™ FACS
phenotype. Furthermore, LRCs express relatively high levels of the
stem cell marker Msii.

Intestinal LRCs: Stem or Niche Cells?

The observed Msil expression in LRCs indicates that, next to
their Paneth cell identity, they may be multipotent, i.e. capable of
giving rise to the various differentiated epithelial lineages of the
adult GI tract, even in homeostasis. To test this hypothesis we
applied previously established culture conditions [35] to generate
ex vivo crypt-villus organoids from LRCs thus assaying their
multipotency in comparison with Lgr5" stem cells. To this aim, we
employed CD24/SSC FACS to sort H2B-GFP" and H2B-GFP-
cells from pulsed-chased villin-rt TA/TRE-H2B-GIFP animals and,
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as control, Lgrd-GFP* cells from Lgr5-EGFP mice [14]. Figure 5A
shows the average percentages of organoids formed in five
independent experiments carried out with FACSorted single cells
obtained from small intestinal crypts of pulsed-chased villin-rtTA/
TRE-H2B-GFP animals (chase time 72-78 days). Organoids were
obtained from LRCs (H2B-GFP*CD24™SSC™) at higher frequen-
cies (~4 fold, 0.08%) than from H2B-GFP"CD24™ cells (0.02%),
ie. the sorting gate where Lgr5" cells are known to reside
(Figure 5A and S7I) [30]. Their GFP-negative counterpart (H2B-
GFPCD24"SSCM) was able to form organoids with a frequency
(0.06%) comparable to that of LRCs (Figure 5A). Of note, CD24-
negative LRCs, which constitute 5.5% of all LRCs (Figure 4D),
were not able to give rise to organoids (data not shown). LRCs-
derived organoids were morphologically indistinguishable from
those obtained from GFP-negative cells and from whole crypts,
and encompassed all differentiated cell types, namely enterocytes,
Paneth, goblet, and enteroendocrine cells. Also, Lgr5 expression
was detected by RT-PCR in the LRC-derived organoids (Figure
S2).
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Figure 4. Characterization of LRCs for Paneth and stem cell markers. (A) Co-staining of small intestinal sections from villin-rtTA/TRE-H2B-GFP
mice chased for 79 days of LRCs (arrow and arrowhead, GFP, green) and Paneth cells (lysozyme; red). Several (arrow) but not all (arrowhead) LRCs are
positive for the Paneth cell marker lysozyme. Imaginary cell boundaries have been drawn (white dotted line). The number of lysozyme-positive and
lysozyme-negative LRCs was quantified at chase day 41 and 70. Between 29% (chase 41 days) and 39.9% of LRCs are not expressing lysozyme. (B)
Representative FACS image of mouse small intestinal epithelial crypt cells analyzed for the Paneth cell marker CD24. Paneth cells fall commonly
within the CD24Mssch gate. The size of each population is indicated as percentage of live epithelial cells. (C) Representative FACS image of label
retaining cells (chase 75 days) analyzed for the Paneth cell marker CD24. The size of each population is indicated as percentage of live epithelial cells.
The majority of LRCs falls directly into the CD24"'ssC" gate, while others scatter just around the CD24MSSCM gate in close proximity. Some of these
cells in close proximity to the CD24"SSCM gate fall within the upper edge of the CD24™? gate. Of note, only a very small minority of LRCs falls
outside of this cell cluster and is CD24™ (5.54%). (D) Composition of LRCs according to CD24. Displayed are averages of five independent mice chase
for 72 to 78 days (* s.d.). The percentage of CD24 subpopulations within the LRCs does not add up to 100%, as some cells fall outside of the drawn
gates. (E) Plots of relative gene expression levels (QRT-PCR) of Defa1, Lgr5, Bmi1, Msi1, Tert, DII1, Lrig1, and Prox1. CD24"'sSC" LRCs (dark green) and
their H2B-GFP-negative counterpart (grey) were sorted from five different animals and analyzed by qRT-PCR. Comparison of the marker expression at
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the two different chase time points (64 days and 83 days) did not show any significant differences (data not shown). Therefore, data from all five
animals were analyzed together and shown here. Displayed are averaged f-actin normalized values (£ s.e.m.) and the corresponding p-values
obtained by two-sample t-test (* <0.02; ** <0.005; *** <2x10e-6). Analysis of Lgr5 was also performed in two populations sorted from 3 Lgr5-EGFP
mice, namely Lgr5* (blue) cells and Lgr5"CD24h'SSCh' (black) cells, to compare the Lgr5 expression levels in Lgr5-EGFP cells (blue) with that of
CD24MsSC" LRCs (dark green).

doi:10.1371/journal.pone.0038965.9004

As recently reported, doublets of Zgr5" (cycling stem cells) and well of a 6-well plate, imaged by confocal microscopy and counted.
CD24MSSC™ (allegedly Paneth) cells have increased organoid- Figure 5B shows representative images of each H2B-
forming capacity when compared with single Zgr5* cells (up to 80 GFP'CD24"SSCM (left) and H2B-GFP'CD24"'SSC™ population
fold) [30]. We performed similar control experiments by (right). The percentage of single cells and doublets present in
employing Lgr5-EGFP mice and tested the organoid-forming sorted CD24MSSC™ LRCs (Figure 5C, left, 8.9%) and in H2B-
capacity of different sub-populations FACSorted according to GFPCD24"SSC" (Figure 5C, right, 11.4%) cells is displayed.
their Lgr5-GFP staining (here indicative of Lgrd expression) and to However, Lgr5 expression was found to be very low in the sorted
the CD24™SSC" markers (Figure S3A). While Lgr5" single cells  LRCs (Figure 4E) and did not differ between CD24"SSC™ LRCs
showed a very low organoid-forming capacity, Lgr5- and H2B-GFP"CD24™SSC™ cells. Hence, although the “contam-
GFP'CD24"SSCM doublets (i.e. composed of Igr5" and Paneth inating” presence of Lgr5-Paneth doublets in the CD24"SSC™

cells) were significantly (~70 fold) more efficient in forming viable FACS gate do not seem to represent a problem for the expression
organoids. The composition and percentages of single cells and analysis, their organoid-formation capacity is likely to be of a
aggregates within each population is depicted in Figure S3B. much larger order of magnitude and does not allow us to draw any

Because of their size, these [gr5"CD24"SSC™ doublets are definitive conclusion on the capacity of single LRCs to form
likely to contaminate the CD24™SSC" sorting gate in the LRC- organoids.
sorting experiments even when stringent single cell selection is In confirmation of a previously published study [30], these data
applied. Highly stringent gating for single cells was performed in a point to an essential role of Pancth-like CD24™SSC™ cells in
two-step strategy and is explained in detail in the Methods Section providing niche support to actively cycling Igr5" cells during
(Figure S7). To assess the presence of doublets among the sorted homeostasis.
LRCs, we examined the different subpopulations by confocal
microscopy (Figure 5B). To this aim, 500 cells were sorted in each
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Figure 5. Organoid-formation assay. (A) Organoid-forming capacity of sorted populations from villin-rtTA/TRE-H2B-GFP mice, chased for 72-78
days. Displayed are average percentages of organoids formed (*s.e.m.) from 5000 FACS-sorted and plated events in 5 independent experiments as
scored 14 days after plating. (B-C) To assess the presence of doublets among the sorted LRCs, the different subpopulations were examined by
confocal microscopy. 500 cells were sorted in each well of a 6-well plate, imaged by confocal microscopy (B) and counted (C). (B) Representative IF
images showing the composition of the LRC CD24"'ssC" population (left) and the H2B-GFP~ CD24MSSC™ population (right). (C) Quantification of the
composition of FACS-sorted LRC CD24"sSCM (left) and H2B-GFP~ CD24MsSC™ (right) by morphology for single cells and aggregates of differently
sized cells; displayed are percentages.

doi:10.1371/journal.pone.0038965.g005
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Label-retaining Cells Respond to Radiation-induced
Tissue Injury by Entering the Cell Cycle and Acquiring
Stem-like Characteristics and by Losing their Paneth Cell
Identity

Quiescent stem cells are thought to play a rate-limiting role in
the regenerative process following tissue injury as previously shown
in other stem cell niches [3,5,6,10]. In the mouse GI tract, tissue
injury can be experimentally simulated by whole-body exposure to
ionizing radiation leading to complete cell death of crypt cells
(crypt clearance). Irradiated crypts progressively shrink and
eventually disappear within two days [36]. After a lag in growth
following a single 12 Gy radiation dose, new outgrowing crypts are
thought to result from single clonogenic cells [36]. To study the
behavior of LRCs upon tissue injury, villin-rt TA/TRE-H2B-GIP
mice were exposed to a single 12 Gy dose following a four-week
chase period. After an 8-12 hour recovery time, animals were
injected five times with BrdU at 4-hour intervals to mark
proliferating cells. Animals were analyzed 28 and 32 hours after
irradiation, respectively (Figure 6A). When compared with non-
irradiated controls (Figure 6B), several clusters of multiple H2B-
GFP positive cells were observed in the small intestines of mice
analyzed at 32 hours after radiation (Figure 6C,D). These results
are indicative of the proliferative activation of LRCs upon tissue
injury, as also suggested by the observed diminished H2B-GFP
intensity within the LRC clusters due to the progressive dilution of
the H2B-GFP signal after each cell division cycle.

In order to quantify the levels of H2B-GFP at this time point,
FACS analysis of live epithelial cells was applied 32 hrs. after
radiation: a distinct population of cells with intermediate GFP
intensity (GFP™?) when compared with the parental LRCs
(mainly GFPhi) becomes evident upon irradiation (Figure 6LE).
To ensure that the observed GFP-levels do not result from non-
specific, endogenous fluorescence or radiation-induced expression
of the H2B-GFP transgene, sham-pulsed mice were subjected to
the same treatment (Figure S4A). Sham-pulsed animals and
doxycycline-pulsed and chased mice were analyzed at 32 hours
after radiation (Figure S4A), the same time point when the above-
mentioned cell clusters (Figure 6C,D) and the GFP™ population
(Figure 6E) appeared. GFP-levels of sham-pulsed animals, when
compared to littermates treated with doxycycline and chased, were
close to background levels (Figure S4B). The GFP™ population
was absent in sham-pulsed mice and a significantly smaller fraction
of GFP™ cells was measured (Figure S4B, p<<0.001). Hence,
irradiation and BrdU-injection by itself does not induce the
expression of the H2B-GFP transgene. On the contrary, the
GFP™ cells detected after radiation descend from the population
of cells that retained the H2B-GFP-protein prior to the radiation
insult.

To confirm that the GFP™ population results from cell cycle
activation of H2B-GFP LRCs, BrdU-uptake was compared
between GFP™ and GFP™ cells at 28 and 32 hours after
irradiation (Figure 6F). While at 28 hrs. after radiation, the
proliferation rates of GFP™ and GFP" cells did not differ, at
32 hrs., i.e. the time point when clusters of H2B-GFP positive cells
were observed (Figure 6C,D), GFP™ cells show a clear increase
in BrdU-uptake when compared to GFP" cells (Figure 6F). Hence,
the GFP™ cells descend from H2B-GFP LRCs which react to the
tissue insult by entering the cell cycle thus incorporating BrdU and
progressively diluting the GIFP-labeled chromatin. The prolifera-
tive response of LRCs to tissue injury was confirmed by single-cell
RT-PCR (Figure 6G). Only a small proportion of the quiescent
cells (ie. LRCs from non-irradiated mice) and of the GFP" cells
following irradiation expressed CyclinD1. In contrast, the
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percentage of CyclinD1-expressing cells in the GFP™ population
was significantly higher than in the GFP™ cells upon tissue insult
(Figure 6G, p<<0.02).

The presence of clusters of H2B-GFP nuclei in each crypt and
the decrease of H2B-GFP intensity following radiation-induced
tissue injury was confirmed and quantified by multiphoton
microscopy (Figure S5). Here, we examined the number and
intensity of LRCs after a short-term chase (35 days). Consistent
with a stimulation of proliferation following tissue injury, there was
a significantly increased number of H2B-GFP" cells at 3 and 5
days following gamma irradiation (12 Gy)(Figure S5A) with
altered position (Figure S5B) and a significantly reduced GFP
intensity (Figure S5C).

To further characterize the GFP™ and GFP™? cells arising
upon irradiation, single-cell RT-PCR analysis was carried out for
the Defal, Bmil and Lgr5 genes (Figure 6H). As predicted by the
previously reported radio-resistance of Paneth cells [28], the GFP™
fraction encompasses a majority of Defal-expressing cells when
compared with GFP™? cells. Instead, the GFP™ population is
clearly enriched in Bmil™ cells (Figure 6H). Notably, only very few
GFP™ cells expressed Lgr5 (Figure 6H), thus suggesting that
Bmil™ cells but not crypt base columnar cells are direct
descendants of LRCs upon radiation-induced tissue injury.
Complete regeneration following the radiation dosage of 12 Gy
is very efficient and is completed within the first four days (Figure
S6).

Overall, these results indicate that, upon radiation-induced
tissue injury, dormant LRCs exit the G phase of the cell cycle and
start dividing as part of the physiologic regenerative response of
the intestinal epithelium. During this process, LRCs loose markers
of Paneth cell differentiation acquire Bmil expression and
therewith a more stem-like identity.

Discussion

The existence within the crypts of Lieberkithn of dormant cells
which become activated and proliferate in response to tissue insults
is reminiscent of the scenario observed in other stem cell niches,
e.g. the stomach antrum [7,8] and the bone marrow [9,10,37],
where, while resident stem cells are responsible for the daily
homeostasis, dormant stem cells are activated and recruited upon
tissue damage [1]. In the mouse GI tract, depletion of cycling
intestinal stem cells has first been achieved through the targeted
deletion of the Asc/2 gene whose expression largely overlaps that of
Lgr5 [15]. Notwithstanding the high efficiency of this targeted
depletion, complete regeneration of the intestinal epithelium was
observed between 6 and 10 days after disappearance of the cycling
stem cell population [15]. More recently, an even more complete
ablation of Lgr5-expressing cells showed that these stem cells are
dispensable and that their loss is compensated by the expansion of
the Bmil" stem cell pool [16]. Upon their activation, Bmil* stem
cells give rise to Lgrd" cells together with all other differentiated
lineages of the mouse small intestine [16]. Lineage tracing
experiments have confirmed that the Bmi/-expressing cells at
position +4 and the more cycling Zgr5" CBCs represent stem cell
pools with distinct functions in homeostasis and tissue injury, albeit
with a bidirectional lineage relationship [16,24]. More recently,
the existence of additional populations of slow-cycling intestinal
stem cells capable of underlying the regenerative response upon
tissue insults have been demonstrated in several high-impact and
elegant publications: apart from Bmil*, also mTeri", Hopx" and
LrigI" cells were shown by lineage tracing to represent bona fide
stem cells capable of compensating loss of actively cycling CBCs
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Figure 6. Proliferative response of LRCs upon radiation-induced tissue injury. (A) Experimental scheme. (b-d) IF analysis for GFP (green,
LRCs) and lysozyme (red, Paneth cells) relative to a non-irradiated control animal at four weeks of chase (B) and to two irradiated animals that were
treated according to the scheme in (A) analyzed at 32 hours after irradiation (C,D). (E) Overlay of representative image of FACS analysis of intestinal
epithelial cells of non-irradiated animals at four weeks of chase (black) compared to animals at 32 hours after whole-body irradiation (red, treated

@ PLoS ONE | www.plosone.org 9 June 2012 | Volume 7 | Issue 6 | e38965



Paneth Cells Contribute to Tissue Repair

according to the scheme in 6A) for H2B-GFP intensity. Two GFP-positive populations, GFP" and GFP™e are resolved. Following radiation-induced

tissue injury, a new GFp™ed population appears (red peak), which is almost absent in untreated control animals (black line). (F) BrdU uptake as a
measure of the LRCs’ proliferative response to tissue injury. The GFP" and GFP™® populations were evaluated for the percentage of BrdU" cells at 28
and 32 hrs following radiation as depicted in A. The average BrdU levels (*s.d.) measured in 2 independent mice are displayed. (G) CyclinD1-
expression as a measure of the LRCs' proliferative response to tissue injury. Displayed is the percentage of CyclinD1-expressing cells from all Actb-
positive ones as determined by single-cell RT-PCR. LRCs were obtained from three pulse chased animals; GFP" and GFP™ cells were obtained from
three pulse-chased animals and isolated 36 hrs. after irradiation. Single cell RT-PCR was carried out on a total of 3x90 LRCs, 3x60 GFP" and 3 x120
GFP™® cells. Single cells were only included in the analysis when the housekeeping gene Actb was expressed. The average percentages of CyclinD1-
expressing cells from all Actb-positive ones (+s.d.) and the corresponding p-values obtained by two-sample t-test (* <0.02) are shown. (h)
Percentage of GFP" and GFP™? cells expressing Defal, Bmi1, and Lgr5 as determined by single cell RT-PCR. FACSorted GFP" and GFP™ cells were
isolated 36 hrs. after radiation-induced tissue injury. Single-cell RT-PCR was carried out on a total of 2x30 GFP" and 2x60 GFP™? cells from each one
male and one female mouse. Gene expression status of single cells was only included in the charts when the housekeeping gene Actb was expressed.
The average proportion of cells expressing each gene (*s.d.) is displayed.

doi:10.1371/journal.pone.0038965.9006

and giving rise to Lgr5" cells and to all differentiated intestinal cell impaired in Atohl ™'~ crypts compared to AfohI-proficient crypts in

types in situations of tissue injury [16,19,25,26]. the same mosaic mice [45]. Also, increased apoptosis after DSS-
Tissue injury in the intestine is often due to inflammation and/ induced injury was observed in Atohl ™"~ crypts (Dr. N. Shroyer,
or dietary mutagens. Experimentally, tissue injury can be personal communications).
simulated by whole-body exposure to ionizing radiation leading Paneth cells are found in the small intestine yet not in the colon
to complete sterilization of the epithelial lining followed by tissue where otherwise uncharacterized CD24" cells are intermingled
regeneration from clonogenic stem cells [36]. Irradiation of Lgrd- with Lgr5" stem cells similar to the organization of Paneth and
EGFP mice was shown to result in the depletion of Zgr5" stem cells Lgr5" cells in the upper intestine [30]. More recently, CD24"/c-
followed by a proliferative, regenerative phase [17]. In view the Kit*/CD117" secretory cells have been characterized in the
results presented here, the activation and recruitment of Paneth mouse colon which support Lgr5" stem cells [46]. Notably, Paneth
cells capable of de-differentiation into Bmil" stem cells is likely to cell metaplasia, i.e. the unusual appearance of Paneth cells in the
represent yet another mechanism to account for the rapid colon, has been reported in patients affected by chronic
regenerative process upon loss of Zgr5" cycling stem cells following inflammatory bowel diseases such as Ulcerative Colitis [47,48].
radiation-induced tissue injury. Our results are indicative of an Also, genetic analysis of the role played by Wnt/8§-catenin
entirely novel functional role for the infrequently dividing, Paneth signaling in Paneth cell differentiation has shown that expression
cells as source of stem cells upon tissue injury. When massive cell of markers such as Lyz, Pla2g2a and several defensins immediately
death is induced by irradiation, Paneth/LRCs survive because of follows loss of Apc function in both the small and large intestine of
their intrinsic radio-resistance [28] and become activated to the mouse [49]. Likewise, early sporadic human adenomas reveal
proliferate and acquire a stem-like identity, as shown by Bmil expression of the same markers of Paneth cell differentiation [49].
expression [16,18] and the simultaneous loss of their Paneth cell In fact, Paneth cell metaplasia is not only observed in colorectal
identity. Nevertheless, given the increasing complexity of subpop- adenomas but also in the non-neoplastic mucosa surrounding the
ulations of slow-cycling stem cells capable of a regenerative adenomatous lesion often carrying early genetic alterations (e.g.
response upon (radiation-induced) tissue injury, their hierarchical KRAS) [50]. A second study on a mouse model of dietary-induced
relationship remains unclear. The Paneth/LRCs here identified sporadic colon cancer showed that the very first measurable
do not express m7ert and Lrgl during homeostasis. Future change before tumor onset consists of ectopic expression of Paneth
experiments will have to address whether Tert- and Lrigl- cell markers together with transcriptional activation of Fzd5 and
expressing cells descend (directly or through the Bmil®* cells) from EphB2, two members of the Wnt signaling cascade necessary for
Paneth/LRCs following tissue injury or if they represent a distinct Paneth cell differentiation and localization [51].
population of quiescent stem cells. In view of our results, Paneth cells metaplasia in colorectal
Although Paneth cells play an essential role both as integral part adenomas together with the observed early expression of Paneth
of the Lgr niche [30] and during the regenerative response (this cell markers upon constitutive Wnt signaling activation in
study), their functional relevance has been challenged by the preneoplastic colonic epithelium are highly suggestive of a
generation of mouse strains where this lineage is ablated to functional role of Paneth cells in inflammation and colorectal
different extents: Gfil_’~ [38], a conditional deletion of Sox9 tumor initiation. On one hand, metaplastic Paneth cells may
[39,40], a transgenic model where diphtheria toxin A expression is support the nascent Lgrd™ cancer stem cell [52] analogous their
controlled by the Paneth cell-specific cryptdin 2 (Cr2) promoter role as niche of normal CBCs [30]. On the other hand, upon
[41], and, more recently, a conditional Atohl ™~ model [42]. As chronic inflammation, metaplastic Paneth cells may represent
none of these models show a morbid phenotype, doubts have been source of activated Bmil®™ stem cells which, because of their
raised relative to the functional relevance of Paneth cells in the increased proliferation rate, may acquire somatic mutations at
upper intestinal tract. However, with the only possible exception of oncogenes and tumor suppressors thus underlying cancer onset.
the study by Kim et al. [42], Paneth cell numbers are reduced Recently, Sei et al. reported that few enteroendocrine cells
among these mice though not entirely depleted [43,44], which earmarked by cholecystokinin-GIP expression localize at the crypt
does not allow any definitive conclusion relative to Paneth cells’ base where the stem cells reside [53]. These cells express several
functional relevance. Moreover, the multiplicity of Zgr5" stem cells intestinal stem cell markers (Lgr5, Decamkll, Cd133) together with
was shown to be reduced among the majority these models [30] multiple endocrine hormones. The results suggest that a subset of
though not in the Atohi-deficient mice [42]. More importantly, in enteroendocrine cells migrates down to the crypt base or stays
the above studies the Paneth cell depleted mouse models were localized at the crypt base, where they express, analogous to the
never challenged by chronic inflammation or irradiation to assess Paneth cells in our study, both stem and postmitotic endocrine
their regenerative capacity when compared with wild type mice. In markers. In view of these data, rather than a dichotomy of cycling
fact, the adaptive response to small bowel resection is subtly and quiescent stem cells, the intestinal stem cell niche seems to
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encompass a continuum of cellular phenotypes (e.g. different
degrees of proliferation rates, pluripotency and plasticity) with
postmitotic, apparently fully differentiated cells capable of de-
differentiation and acquisition stem-related functions.

In conclusion, we identified Paneth cells as long-term label
retaining cells which, in the presence of tissue insults, switch from a
resting to a proliferative, stem-like state and as such actively
contribute to the regenerative response of the injured intestinal
epithelium.

Methods

Ethics Statement
This study has been approved by the stichting Dier Experi-
menten Commissie (DEC), approval number EUR1383.

Mice

Transgenic Villin-rtTA2-M2 animals [27] were bred with tetO-
HISTIH2BJ/GFP (H2BGFP) animals [3]. Transgene expression
was induced in compound heterozygous animals and their
littermates by replacing normal drinking water with 5% sucrose
water containing 2 mg/ml doxycycline (Sigma, D9891). Dox-
treated water was changed every 2 days. After 7 days, doxycycline
treatment was stopped and mice received regular drinking water
again. At defined time-points after doxycycline-withdrawal, mice
were sacrificed and tissues were analyzed for H2B-GFP-expres-
sion.

Radiation and BrdU Injection
Animals were exposed to 12 Gy of whole-body y-radiation.

Mice were injected intraperitoneally at 4-hour intervals with
100 ul BrdU solution in PBS at 10 mg/ml~" (BD Pharmingen).

Immunofluorescence

GFP (1:50, A11222, Invitrogen), Ki67 (1:50, M7249, Dako),
BrdU (1:50, BD Pharmingen) and Lysozyme (1:1000, A0099,
Dako) were employed for Immunofluorescence analysis. Ki67 was
detected using rabbit-anti-rat-A594 (Invitrogen), BrdU was
detected using goat-anti-mouse-A594 (Invitrogen) and goat-anti-
rabbit-A488 (Invitrogen) was used for signal detection of GFP.

Immunohistochemistry

Tissues were fixed in 4% PFA and embedded in paraffin. Four
um sections were mounted on slides and stained by HE and PAS
for routine histology. Immunohistochemistry was performed
according to standard procedures using the following antibodies:
GFP (1:800, A11222, Invitrogen), Lysozyme (1:5000, A0099,
Dako), Synaptophysin (1:750, A0010, Dako), Villin (1:200,
610359, BD Transductoin Laboratories) and BrdU (1:250, BD
Pharmingen). Signal detection was performed using Rabbit
EnVision+ System-HRP (K4011, Dako) for GFP, Lysozyme and
Synaptophysin. Villin and BrdU were detected using Mouse
EnVision+ System-HRP (K4001, Dako).

Multiphoton Microscopy

Mice were sacrificed and a ~1 cm section of the intestine was
removed at ~5 cm distance from the stomach. The intestinal
section was rinsed twice in PBS and placed in a glass-bottomed
petri dish (Matek) in a few drops of PBS containing the muscle
relaxant scopolamine (Sigma) to stop peristalsis and stabilize the
sample for imaging. Samples were imaged on a LaVision Biotec
TRIM scope using an Olympus 20 x, 0.95 NA water immersion
objective on an inverted Nikon Eclipse T2000 stand. Samples
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were illuminated using a Coherent Chameleon II Ultrafast laser at
850 nm. GFP fluorescence and collagen SHG were simultaneously
detected using 525/50 and 435/40 nm band-pass filters (respec-
tively).

Images were analysed using Iiji 1.451 (Image]) and SigmaPlot.
A gaussian curve was fit to the axial profile of SHG intensity in
order to determine the centroid and width of the dense irregular
connective tissue (DICT) layer at the base of each crypt. The
Image] macro “3D Objects Counter” was used to determine the
intensities and axial positions of the GFP-H2B labeled nuclei
within a given crypt. Axial position was then compared to the
SHG centroid of the DICT beneath that crypt.

Crypt Isolation and Cell Culture

Crypts were isolated and cultured according to the protocol
kindly provided and previously described by T'. Sato, R. Vries, and
H. Clevers [35]. Sorted cells were collected in crypt culture
medium and embedded in Matrigel containing Jagged-1 peptide
(1 mM; AnaSpec), EGF (10-50 ng/ml; Peprotech), R-spondin 1
(1000 ng/ml; R&D Biosystems) and Noggin (100 ng/ml; Pepro-
tech). 500 sorted events were plated per well of a 48-well plate.
Crypt culture medium (250 ml for 48-well plates) containing Y-
27632 (10 mM) was overlaid. Growth factors were added every
other day and the entire medium was changed every 4 days.
Organoid counting was done two weeks after plating and
percentages were calculated using the total number of sorted
events per population.

For passage, organoids were removed from Matrigel and
mechanically dissociated into single-crypt domains, and then
transferred to fresh Matrigel. Organoids were passaged every 1-2
weeks.

Cell Preparation for FACS

Small intestinal crypts were isolated as described above. Crypts
were spun twice at 600 rpm for 2 min. to remove blood cells and
other single cells. Clean crypt preparations were digested into
single cells in TrypLE (Invitrogen) for 30 min. at 37C. The cell
suspension was passed through a 40 um cell strainer, washed by
doubling the volume using 2% FCS/PBS, and spun down for
5 min. at 1200 rpm at iC. All staining steps were performed for
30 min. at 4C in the dark. Antibodies: synaptophysin (DakoCy-
tomation) and secondary APC-conjugated F(ab’)2 Donkey-anti-
rabbit IgG(H+L) (Jackson); ki-67 (DakoCytomation) and second-
ary APC-conjugated goat-anti-rat Ig specific (BD Pharmingen);
anti-mouse CD24-APC clone M1/69 (BioLegend); APC. BrdU
Flow Kit (BD Pharmingen); LIVE/DEAD Fixable Dead Cell
Stain Kit (L10119, Invitrogen).

FACS

A detailed description of our gating strategy including
representative FACS plots can be found in Figure S7.

Quantitative PCR

CD24MSSC™ LRCs and their GFP-negative counterpart were
sorted from crypt preparations of the small intestine of five animals
that were chased for 64 (2) and 83 (3) days respectively. Likewise,
Lgro-positive cells and CD24"SSC™ were sorted from three
different Lgr5-EGFP animals. Total RNA was isolated using
RNeasy Mini Kit (Quiagen), converted into cDNAs using High
Capacity RNA-to-cDNA kit (Applied Biosystems) and employed in
a pre-amplification step using the Taqman®PreAmp Master Mix
(Applied Biosystems) according to manufacturer’s instructions.
The Linearity of pre-amplification was controlled for all primers.
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Gene

TaqMan assay

actin, beta (Actb)

defensin, alpha 1 (Defa1)

leucine rich repeat containing G protein coupled receptor (Lgr5)
Bmi1 polycomb ring finger oncogene (BmiT)

Musashi homolog 1(Drosophila) (Msi1)

prospero-related homeobox 1 (Prox1)

leucine-rich repeats and immunoglobulin-like domains 1 (Lrig1)
delta-like 1 (Drosophila) (DIIT)

telomerase reverse transcriptase (Tert)

MmO00607939_s1
Mm02524428_g1
Mm00438890_m1
MmO03053308_g1
MmO00485224_m1
MmO00435969_m1
MmO00456116_m1
MmO01279269_m1
MmO00436931_m1

doi:10.1371/journal.pone.0038965.t001

Assays were carried out as duplicate reactions using the 7900HT
Fast Real Time system (Applied Biosystems). Quantitative PCR
was performed for the following markers: Acth, Defal, Lgrd, Bmil,
Msil, Prox1, Lrigl, DIlI and Tert using inventoried TagMan assays
(Applied Biosystems, see Table 1) according to manufacturer’s
mstructions. The Actb gene was used as housekeeping gene.
Comparison of the marker expression at the two different chase
time points (64 days and 83 days) did not show any differences.
Therefore, data from all five animals was analyzed together.
Displayed are thus the averages of five animals, the standard error
of means and the corresponding p-values obtained by two-sample
t-test.

Single Cell RT-PCR

Single cells were directly sorted into PCR tubes containing 9-ul
aliquots of RT-PCR lysis buffer and treated as described
previously and two-step multiplex nested single cell RT-PCR
was done as described [54]. Multiplex single cell RT-PCR allows
the detection of multiple genes expressed in one single cell. RNA-
quality control was achieved by using the housekeeping gene Acth
and examining different gene products at the same time. Primer
sequences are displayed in Table 2.

Single cell RT-PCR of CyclinDI: LRCs were obtained from
three pulse chased animals; GFP™ and GFP™ cells were obtained
from three pulse-chased animals and isolated 36 h after irradia-
tion. Single cell RT-PCR was carried out on a total of 3x90
LRCs, 3x60 GFP" and 3x120 GFP™ cells. Single cells were
only included in the analysis if the housekeeping gene Acth was
expressed. The average percentage of CyclinDI-expressing cells
was calculated from the number of Actb-positive cells (Es.d.).
Single cell RT-PCR expression analysis of the Defal, Bmil, and
Lgr5 genes, performed on FACSorted GFP™ and GFP™ cells
36 hrs. following radiation, was carried out on a total of 2x30
GFP" and 2x60 GFP™ cells from each of one male and one
female mouse. Single cells were included in the charts only when
the housekeeping gene Acth was expressed. The average percent-
age of expressing cells was calculated from the number of Actb-
positive ones.

RNA-isolation and RT-PCR

RNA was isolated from organoid cultures using TRIzol Reagent
(Invitrogen) and cDNA was synthesized using RevertAid H Minus
First Strand ¢cDNA Synthesis Kit (Fermentas) following the
manufacturer’s instructions. RT-PCR was done using primers
Lgr5_F1 (5'-acctcagtatgaacaacatc-3") and Lgr5_R1 (5'-ggagtccat-
caaagcatttc-3).

@ PLoS ONE | www.plosone.org

12

Table 2.

gene primer sequence
Actb_F1 5’-atatcgctgcgctggtcgte-3’
Actb_R1_R2 5'-ccggagtccatcacaatgcc-3’
Actb_F2 5'-tggtgggaatgggtcagaag-3’
CyclinD1_F1 5'-gcgtaccctgacaccaatc-3’
CyclinD1_R1 5'-gcttgttctcatccgecte-3'
CyclinD1_F2 5'-catgcggaaaatcgtggec-3’
CyclinD1_R2 5'-ggccggatagagttgtcag-3’
Defal_F1 5’-cctactctttgcccttgtec-3'
Defa1_R1 5'-ctcatgctcgtcttgttctc-3'
Defa1_F2 5’-agagactaaaactgaggagc-3'
Defal_R2 5'-caggttccattcatgcgttc-3'
Bmil _F1 5'-tgcatcgaacaaccagaatc-3’
Bmil1_ R1 5’-atcattcacctcttccttag-3’
Bmi1 _F2 5'-cactaccataatagaatgtc-3’
Bmil1_ R2 5'-aatctcttcttctcttcatc-3’
Lgr5_F1 5'-acctcagtatgaacaacatc-3’
Lgr5_R1 5'-ggagtccatcaaagcatttc-3’
Lgr5_F2 5'-ttacgtcttgctggaaatge-3’
Lgr5_R2 5'-gagcattgtcatctagccac-3’
doi:10.1371/journal.pone.0038965.t002

Microarray Analysis

10.000 H2B-GFP" (LRCs) and H2B-GFP™ cells were sorted
from the upper intestinal tract of two double transgenic animals at
46 and 47 days of chase. Total RNA was isolated with RNeasy
Micro kit (QIAGEN) and quality controlled with RNA 6000 Pico
and Nano LabChip kits (Agilent Technologies). Sample labelling,
hybridization, staining and scanning were performed on the
Affymetrix MOE430 plus2.0 microarray platform using the Two-
cycle Labelling kit according to manufacturer’s protocols. Expres-
sion levels were extracted from Affymetrix Mouse430_2 arrays
and normalized with RMA using Partck® Genomics Suite™™
[http://www.partek.com/]. A principle component analysis (PCA)
was performed in Partek® and the two groups (LRCs and non
LRCs) were analysed using Significance Analysis of Microarrays
(SAM, Stanford University) as implemented in Biowisdom’s
OmniViz [http://www.biowisdom.com/content/omniviz]. Five-
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fold difference in expression between the two groups and a false
discovery rate below 1% were used as cut-offs. The resulting list of
differentially expressed transcripts was uploaded into Ingenuity
IPA [Ingenuity Systems, Redwood City, CA, www.ingenuity.com]
and BioBase ExPlain system [BIOBASE GmbH, Germany, www.
biobase-international.com] as the starting points for the generation
of biological networks. Additional annotations were retrieved using
the PantherDB [http://www.pantherdb.org/] [55]. In both
systems a p-value is calculated determining the probability that
each biological function and/or disease assigned to the data set of
interest is due to chance alone. Selected genes were visualized in a
molecular network using information contained in IPA and show
the connectivity of the individual proteins. Additionally, differen-
tially expressed transcripts and genes are classified either by
proprietary ontology’s or by MESH terms according to the
categories of canonical pathways, therapeutic target, biomarker,
and molecular mechanism. The significance of the association
between the dataset and the categories is measured by the ratio of
the number of proteins from the dataset that map to the category
divided by the total number of proteins that map to the canonical
pathway.

Supporting Information

Figure S1 In vivo identification of infrequently cycling
cells (LRCs) from the mouse intestine. Following doxycy-
cline-withdrawal (chase), expression of H2B-GFP is silenced.
Sections of jejunum (A, C, E, G, I) and ileum (B, D, F, H, J) are
analyzed on chase days 2 (A, B),4 (C, D), 7 (E, F), 10 (G, H) and 70
{1, J) for H2B-GFP epifluorescence (green) and DAPI (blue).
(TIF)

Figure S2 Analysis of crypt-villus organoids derived
from sorted LRCs. Organoids encompass all differentiated
intestinal lineages together with Lgr5+ CBCs. Serial sections from
the same organoid were stained for HE (A), villin (B; brown;
enterocytes), PAS and Alcian Blue (C: red, D; blue, both Goblet
cells), lysozyme (E; brown; Paneth cells), and synaptophysin (F;
brown; enteroendocrine cells). G. Lgrd RT-PCR analysis. The
upper and lower gel panels depict the products of Lgrd and Actb
RT-PCR analyses. Lanes 1 and 3: RNA from LRCs-derived
organoids; lane 2: GFP-derived organoids;lane 4: organoids from
whole crypts; lane 5: positive control; lane 6 negative control (no
RNA input).

(TIF)

Figure $3 Organoid-formation assay in Lgr5-EGFP
mice. (A) Organoid-forming capacity of sorted populations from
Lgr5-EGFP mice. Displayed are average percentages of organoids
formed (£s.e.m.) from 5000 FACS-sorted and plated events in 5
independent experiments as scored 14 days after plating. (B) To
assess the presence of doublets among the sorted cells, the different
subpopulations were examined by confocal microscopy. 500 cells
were sorted in each well of a 6-well plate, imaged by confocal
microscopy and counted. Representative IF images showing the
composition of all sorted cell populations (left, - 20 um) and their
quantification by morphology for single cells and aggregates of
differently sized cells (right), displayed as percentages.

(TIF)

Figure $4 12Gy whole-body irradiation does not induce
expression of the H2B-GFP transgene. (A) T'wo sham pulse-
chased (top) and two doxycycline pulse-chased (bottom) compound
heterozygous villin-rtTA/TRE-H2B-GFP mice were subjected to
12 Gy whole-body irradiation and five injections of BrdU every
four hours, following a twelve-hour recovery time after radiation.
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Animals were FACS-analyzed at 32 hours after radiation. (B)
Results of the FACS analysis of live epithelial cells prepared from
the intestines of these animals for GFP expression. Displayed are
the average GFP-levels measured by FACS (* s.d.) 32 hours after
radiation. While sham-pulsed control animals show only very low
levels of GFP, doxycycline pulsed and chased animals display the
clear presence of a GFP high and a GFP medium population.
Doxycycline pulsed and chased animals have significantly more
GFP medium cells than sham-pulsed mice (** p<<0.001).

(TIF)

Figure S5 Analysis of H2B-GFP retention following
radiation treatment. (A) The number of H2B-GFP nuclei
per crypt was quantified for control mice, and on days 1, 2, 3, and
5 following radiation treatment. Graph shows increased numbers
of LRC at days 3 and 5 (Day 3/5 v Day 0,** p value =>0.001.
Mann Whitney at least 75 crypts scored per day). (B) Quantifi-
cation of the mean distance between the centers of H2B-GIP
nuclei and the local center of the DICT layer. Graph shows that
following radiation treatment H2B-GFP nuclei are located
progressively more closely to the crypt base (Day 5 v Day 0, **
p value =>0.001. Mann Whitney: at least 75 crypts scored per
day). (C) The intensity of H2B-GFP signal is diluted on day 2
following radiation treatment. There is an 8 fold difference in the
average intensity of nuclei A and B (within the same crypt). There
1s a 17 fold difference in the average intensity of nuclei B and C
(within different crypts). Note that in order to visualize nucleus B,
image contrast has been set so that both nuclei A and C appear
saturated. Image field is 140x140 pum.

(TIF)

Figure S6 Regeneration of the small intestine following
tissue injury. Compound heterozygous animals were subjected
to tissue injury by 12 Gy of whole body ionizing irradiation at 14
days of chase. Two experimental animals were sacrificed at each
36 hours, 3 days, 4 days and 5 days following tissue injury. The
morphology of the small intestine was analyzed by HE and
immunohistochemistry for the intestinal differentiation markers
PAS (goblet cells), synaptophysin (enteroendocrine cells) and
lysozyme (Paneth cells). Complete regeneration following a
radiation dosage of 12Gy is realized within the first four days.
Cells of all the intestinal differentiation types are formed as shown
by staining for PAS, synaptophysin and lysozyme at day 4 and 5.
Crypt overgrowth recognizable by the appearance of elongated
crypt structures can be observed at day 4 and 5 after irradiation.

(TIF)

Figure 7 Methods. Description of the gates applied for
the definition of singlets, doublets, higher level aggre-
gates. A preliminary gate (not shown) was applied on FSC-A vs
SSC-A to discriminate cells from debris and big aggregates,
followed by a gate to discriminate live and dead cells with hoechst
33258 (not shown). (A) A gate in FSC-H vs FSC-W was applied to
divide singlets and doublets from higher level aggregates, and was
refined by a similar gate in SSC-H vs. SSC-W (not shown). (B-D)
The population of singlets + doublets was further analyzed for the
pattern of expression of GFP (H2B-GFP LRCs and Lgr5-GFP)
and CD24. (E-T) The selected populations were divided in singlets
and doublets with a further gate on FSC-A vs SSC-A. The
following populations were obtained: (G) CD24"SSC™ LRCs and
GFP CD24"SSC single cells, (I) Lgr3-GFP™ singlets, (J) doublets
of  Lgr5-GFP"  with  CD24™SSCM™  Paneth  cells
(GFP*CD24MSSCM). This strategy, based on the fine-tuning of
the single cell gates on the specific populations of interest, allowed
to obtain a higher percentage of single cells, together with a good
recovery during sorting, if compared with a general initial
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stringent gate on FSC-H vs FSC-W (indicated by the dashed line
in plot A).

(TIF)

Movie S1 3D Multiphoton Microscopy of intestinal
crypts from compound villin-rtTA/TRE-H2B-GFP ani-
mals after pulse (Movie S1, field size 300 x300 um). After
pulse, all nuclei within the crypt show H2B-GFP labeling (Movie
S1).

MOV)

Movie S2 3D Multiphoton Microscopy of intestinal
crypts from compound villin-rtTA/TRE-H2B-GFP ani-
mals following 36 days of chase (Movie S2, field size
250%250 um). Following 36 days of chase, LRCs (Movie S2,
green nuclei) can be identified and localized within the entire
volume of the lower third of the crypt. The collagen in the dense
irregular layer of connective tissue (DICT) generates a strong
signal when examined using Second Harmonic Generation (red)
and thus acts as a robust standard to measure the distance of
individual LRCs from the base of the crypt.

MOV)

Table S1 List of genes upregulated in EGFP' cells
(LRCs) when compared with EGFP" cells.
(XLSX)

References

1. Fuchs E (2009) The tortoise and the hair: slow-cycling cells in the stem cell race.
Cell 137: 811-819.

2. Linheng L, Clevers H (2010) Coexistence of quiescent and active adult stem cells
in mammals. Science 327: 542-545.

3. Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, et al. (2004) Defining
the epithelial stem cell niche in skin. Science 303: 359-363.

4. Jaks V, Barker N, Kasper M, van Es JH, Snippert HJ, et al. (2008) Lgr5 marks
cycling, yet long-lived, hair follicle stem cells. Nat Genet 40: 1291-1299.

5. Ito M, Liu Y, Yang Z, Nguyen J, Liang F, et al. (2005) Stem cells in the hair
follicle bulge contribute to wound repair but not to homeostasis of the epidermis.
Nat Med 11: 1351-1354.

6. Ito M, Yang Z, Andl T, Cui C, Kim N, et al. (2007) Wnt-dependent de novo
hair follicle regeneration in adult mouse skin after wounding. Nature 447: 316—
320.

7. Qiao XT, Ziel JW, McKimpson W, Madison BB, Todisco A, et al. (2007)
Prospective identification of a multilineage progenitor in murine stomach
epithelium. Gastroenterology 133: 1989-1998.

8. Barker N, Huch M, Kujala P, van de Wetering M, Snippert HJ, et al. (2010)
Lgr5(+ve) stem cells drive self-renewal in the stomach and build long-lived
gastric units in vitro. Cell Stem Cell 6: 25-36.

9. Foudi A, Hochedlinger K, Van Buren D, Schindler JW, Jaenisch R, et al. (2009)
Analysis of histone 2B-GFP retention reveals slowly cycling hematopoietic stem
cells. Nat Biotechnol 27: 84-90.

. Wilson A, Laurenti E, Oser G, van der Wath RC, Blanco-Bose W, et al. (2008)
Hematopoietic stem cells reversibly switch from dormancy to self-renewal during
homeostasis and repair. Cell 135: 1118-1129.

. Bjerknes M, Cheng H (1999) Clonal analysis of mouse intestinal epithelial
progenitors. Gastroenterology 116: 7-14.

. Cheng H, Leblond CP (1974) Origin, differentiation and renewal of the four
main epithelial cell types in the mouse small intestine. V. Unitarian Theory of
the origin of the four epithelial cell types. Am J Anat 141: 537-561.

. Bjerknes M, Cheng H (1981) The stem-cell zone of the small intestinal
epithelium. III. Evidence from columnar, enteroendocrine, and mucous cells in
the adult mouse. Am J Anat 160: 77-91.

. Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, et al. (2007)
Identification of stem cells in small intestine and colon by marker gene Lgr5.
Nature 449: 1003-1007.

5. van der Flier LG, van Gijn ME, Hatzis P, Kujala P, Haegebarth A, et al. (2009)
Transcription factor achaete scute-like 2 controls intestinal stem cell fate. Cell
136: 903-912.

. Tian H, Bichs B, Warming S, Leong KG, Rangell L, et al. (2011) A reserve stem

cell population in small intestine renders Lgr5-positive cells dispensable. Nature

478: 255-259.

Quyn AJ, Appleton PL, Carey FA, Steele R], Barker N, et al. (2010) Spindle

orientation bias in gut epithelial stem cell compartments is lost in precancerous

tissue. Cell Stem Cell 6: 175-181.

Sangiorgi E, Capecchi MR (2008) Bmil is expressed in vivo in intestinal stem

cells. Nat Genet 40: 915-920.

@ PLoS ONE | www.plosone.org

14

Paneth Cells Contribute to Tissue Repair

Table S2 Paneth cell-specific genes in LRCs collected
after 46—47 days of chase.
(XLSX)

Table S3 Comparative analysis of genes differentially
expressed in LRCs, (EGFP'/EGFP) and in CD24"SSC"/
Legr5".
(XLSX)

Acknowledgments

The authors are grateful to E. Fuchs and T. Tumbar for providing the
tetO-HIST1H2BJ/GFP mice. We thank the EDC personnel for their help
with mouse housing and breeding. We are also grateful to T. Sato, R.
Vries, and H. Clevers for providing us with the crypt culture protocol and
reagents, to F. Panne for his help in preparing the artwork, to Ron Smits
for his suggestions and critical comments, and to Matthias Schewe for his
assistance with the analysis of the profiling data.

Author Contributions

Conceived and designed the experiments: RF SR OS. Performed the
experiments: SR PF AS AK KA. Analyzed the data: RF OS AK SR.
Contributed reagents/materials/analysis tools: AK KA. Wrote the paper:
RF SR.

. Montgomery RK, Carlone DL, Richmond CA, Farilla L., Kranendonk ME, et
al. (2011) Mouse telomerase reverse transcriptase (mTert) expression marks
slowly cycling intestinal stem cells. Proc Natl Acad Sci U S A 108: 179-184.
Potten CS, Booth C, Pritchard DM (1997) The intestinal epithelial stem cell: the
mucosal governor. Int J Exp Pathol 78: 219-243.

Potten CS, Grant HK (1998) The relationship between ionizing radiation-

induced apoptosis and stem cells in the small and large intestine. Br J Cancer 78:

993-1003.

Potten CS, Owen G, Booth D (2002) Intestinal stem cells protect their genome

by selective segregation of template DNA strands. J Cell Sci 115: 2381-2388.

May R, Riehl TE, Hunt C, Sureban SM, Anant S, et al. (2008) Identification of

a novel putative gastrointestinal stem cell and adenoma stem cell marker,

doublecortin and CaM kinase-like-1, following radiation injury and in

adenomatous polyposis coli/multiple intestinal neoplasia mice. Stem Cells 26:

630-637.

. Yan KS, Chia LA, Li X, Ootani A, Su J, et al. (2012) The intestinal stem cell
markers Bmil and Lgr5 identify two functionally distinct populations. Proc Natl
Acad Sci U S A 109: 466-471.

. Takeda N, Jain R, LeBoeuf MR, Wang Q, Lu MM, et al. (2011) Interconversion

between intestinal stem cell populations in distinct niches. Science 334: 1420

1424.

Powell AE, Wang Y, Li Y, Poulin EJ, Means AL, et al. (2012) The Pan-ErbB

Negative Regulator Lrigl Is an Intestinal Stem Cell Marker that Functions as a

Tumor Suppressor. Cell 149: 146-158.

Roth S, Franken P, van Veelen W, Blonden L, Raghoebir L, et al. (2009)

Generation of a tightly regulated doxycycline-inducible model for studying

mouse intestinal biology. Genesis 47: 7-13.

Porter EM, Bevins CL, Ghosh D, Ganz T (2002) The multifaceted Paneth cell.

Cell Mol Life Sci 59: 156-170.

Ireland H, Houghton C, Howard L, Winton DJ (2005) Cellular inheritance of a

Cre-activated reporter gene to determine Paneth cell longevity in the murine

small intestine. Dev Dyn 233: 1332-1336.

Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, et al. (2010) Paneth cells

constitute the niche for Lgrb stem cells in intestinal crypts. Nature 469: 415-418.

Potten CS, Booth C, Tudor GL, Booth D, Brady G, et al. (2003) Identification of

a putative intestinal stem cell and early lineage marker; musashi-1. 28-41.

Petrova TV, Nykanen A, Norrmen C, Ivanov KI, Andersson LC, et al. (2008)

Transcription factor PROXI1 induces colon cancer progression by promoting

the transition from benign to highly dysplastic phenotype. Cancer Cell 13: 407

419.

Pellegrinet L, Rodilla V, Liu Z, Chen S, Koch U, et al. (2011) DII1- and DI14-

mediated Notch signaling is required for homeostasis of intestinal stem cells.

Gastroenterology.

Jensen KB, Watt FM (2006) Single-cell expression profiling of human epidermal

stem and transit-amplifying cells: Lrigl is a regulator of stem cell quiescence.

Proc Natl Acad Sci U S A 103: 11958-11963.

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, et al. (2009)

Single Lgrd stem cells build crypt-villus structures in vitro without a

mesenchymal niche. Nature.

20.

21.

22.

23.

26.
27.

28.

29.

30.
31.

32.

33.

34.

June 2012 | Volume 7 | Issue 6 | €38965



36.

37.

38.

39.

40.

41.

Potten CS (1990) A comprehensive study of the radiobiological response of the
murine (BDFI) small intestine. Int J Radiat Biol 58: 925-973.

Baldridge MT, King KY, Boles NC, Weksberg DC, Goodell MA (2010)
Quiescent haematopoietic stem cells are activated by IFN-gamma in response to
chronic infection. Nature 465: 793-797.

Shroyer NF, Wallis D, Venken K], Bellen HJ, Zoghbi HY (2005) Gfil functions
downstream of Mathl to control intestinal secretory cell subtype allocation and
differentiation. Genes Dev 19: 2412-2417.

Mori-Akiyama Y, van den Born M, van Es JH, Hamilton SR, Adams HP, et al.
(2007) SOX9 is required for the differentiation of paneth cells in the intestinal
epithelium. Gastroenterology 133: 539-546.

Bastide P, Darido C, Pannequin J, Kist R, Robine S, et al. (2007) Sox9 regulates
cell proliferation and is required for Paneth cell differentiation in the intestinal
epithelium. J Cell Biol 178: 635-648.

Garabedian EM, Roberts L], McNevin MS, Gordon JI (1997) Examining the
role of Paneth cells in the small intestine by lineage ablation in transgenic mice.

J Biol Chem 272: 23729-23740.

. Kim TH, Escudero S, Shivdasani RA (2012) Intact function of Lgr5 receptor-

expressing intestinal stem cells in the absence of Paneth cells. Proc Natl Acad
Sci U S A 109: 3932-3937.

. Bjerknes M, Cheng H (2010) Cell Lineage metastability in Gfil-deficient mouse

intestinal epithelium. Dev Biol 345: 49-63.

Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, et al. (2010) Paneth cells
constitute the niche for Lgr5 stem cells in intestinal crypts. Nature.

Shroyer NF, Helmrath MA, Wang VY, Antalffy B, Henning SJ, et al. (2007)
Intestine-specific ablation of mouse atonal homolog 1 (Mathl) reveals a role in
cellular homeostasis. Gastroenterology 132: 2478-2488.

@ PLoS ONE | www.plosone.org

15

46.

47.

48.

49.

50.

51.

53.

54.

Paneth Cells Contribute to Tissue Repair

Rothenberg ME, Nusse Y, Kalisky T, Lee JJ, Dalerba P, et al. (2012)
Identification of a cKit(+) Colonic Crypt Base Secretory Cell That Supports
Lgr5(+) Stem Cells in Mice. Gastroenterology 142: 1195-1205 ¢1196.
Symonds DA (1974) Paneth cell metaplasia in diseases of the colon and rectum.
Arch Pathol 97: 343-347.

Shi J (2007) Defensins and Paneth cells in inflammatory bowel disease. Inflamm
Bowel Dis 13: 1284-1292.

Andreu P, Peignon G, Slomianny C, Taketo MM, Colnot S, et al. (2008) A
genetic study of the role of the Wnt/beta-catenin signalling in Paneth cell
differentiation. Dev Biol 324: 288-296.

Wada R, Yamaguchi T, Tadokoro K (2005) Colonic Paneth cell metaplasia is
pre-neoplastic condition of colonic cancer or not? J Carcinog 4: 5.

Wang D, Peregrina K, Dhima E, Lin EY, Mariadason JM, et al. (2011) Paneth
cell marker expression in intestinal villi and colon crypts characterizes dietary
induced risk for mouse sporadic intestinal cancer. Proc Natl Acad Sci U S A 108:
10272-10277.

. Barker N, Ridgway RA, van Es JH, van de Wetering M, Begthel H, et al. (2009)

Crypt stem cells as the cells-of-origin of intestinal cancer. Nature 457: 608-611.
Sei Y, Lu X, Liou A, Zhao X, Wank SA (2011) A stem cell marker-expressing
subset of enteroendocrine cells resides at the crypt base in the small intestine.
Am ] Physiol Gastrointest Liver Physiol 300: G345-356.

Sacco A, Doyonnas R, Kraft P, Vitorovic S, Blau HM (2008) Self-renewal and
expansion of single transplanted muscle stem cells. Nature 456: 502-506.

. Thomas PD, Campbell MJ, Kejariwal A, Mi H, Karlak B, et al. (2003)

PANTHER: a library of protein families and subfamilies indexed by function.
Genome Res 13: 2129-2141.

June 2012 | Volume 7 | Issue 6 | €38965



